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Much recent research has focused on the development lead-free perovskite
piezoelectrics as environmentally compatible alternatives to lead zirconate
titanate (PZT). Two main categories of lead free perovskite piezoelectric
ceramic systems were investigated as potential replacements to lead zirconate
titanate (PZT) for actuator devices. First, solid solutions based on Li, Ta, and Sb
modified (KosNaos)NbOz (KNN) lead-free perovskite systems were created
using standard solid state methods. Secondly, Bi-based materials a variety of
compositions were explored for (1-x)(BipsNaos)TiO3-xBi(ZngsTips)Os (BNT-

BZT) and Bi(ZnosTios)0s—(BiosKos) TiOs—(BiosNaos)TiOs (BZT-BKT-BNT).

It was shown that when BNT-BKT is combined with increasing

concentrations of Bi(Zn;,.Tiy,2)03 (BZT), a transition from normal ferroelectric



behavior to a material with large electric field induced strains was observed.
The higher BZT containing compositions are characterized by large hysteretic
strains (> 0.3%) with no negative strains that might indicate domain switching,
This work summarizes and analyzes the fatigue behavior of the new generation
of Pb-free piezoelectric materials. In piezoelectric materials, fatigue is
observed as a degradation in the electromechanical properties under the
application of a bipolar or unipolar cyclic electrical load. In Pb-based materials
such as lead zirconate titanate (PZT), fatigue has been studied in great depth
for both bulk and thin film applications. In PZT, fatigue can result from
microcracking or electrode effects (especially in thin films). Ultimately,
however, it is electronic and ionic point defects that are the most influential

mechanism.

Therefore, this work also analyzes the fatigue characteristics of bulk
polycrystalline ceramics of the modified-KNN and BNT-BKT-BZT compositions
developed. The defect chemistry that underpins the fatigue behavior will be
examined and the results will be compared to the existing body of work on
PZT. It will be demonstrated that while some Pb-free materials show severe
property degradation under cyclic loading, other materials such as BNT-BKT-
BZT essentially exhibit fatigue-free piezoelectric properties with chemical
doping or other modifications. Based on these results, these new Pb-free
materials have great potential for use in piezoelectric applications requiring a
large number of drive cycles such as MEMS devices or high frequency

actuators.



©Copyright by Eric Andrew Patterson
September 17, 2012
All Rights Reserved



Development, Characterization and Piezoelectric Fatigue Behavior of
Lead-Free Perovskite Piezoelectric Ceramics

by
Eric Andrew Patterson

A DISSERTATION
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented September 17, 2012
Commencement June 2013



Doctor of Philosophy dissertation of Eric Andrew Patterson presented on
September 17, 2012.

APPROVED:

Major Professor, representing Materials Science

Director of the Materials Science Graduate Program

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Eric Andrew Patterson, Author



ACKNOWLEDGEMENTS

[ want to start with a deep and sincere thanks to my advisor, Dr. David Cann, for all of the
years of support and encouragement, starting all the way back at lowa State University.
Can you believe when I first met you, I told you I was going to study metals and
polymers? It seems impossible now. Thanks for all of the great opportunities you have
given me; from moving to Oregon, to working in Japan, and now studying in Germany.

Also, thanks for all of the beer and good memories.

Thank you, Dr. Brady Gibbons for your continuous support, critiques and valuable input
on my experiments. Working on the XRD with you, learning how to fix it when it broke,
and training student users was a great experience. Your sense of humor and quick wit

has been fun.

Next, I want to thank Atsushi Hitomi. Hitomi-san, | can’t imagine a better experience than
the one I had working at TDK in your group. I learned a great deal about many different
topics, about ceramics processing, and bringing a new product out of development. More

importantly I got to experience Japan in a

Peter Mardilovich, thank you for all of the coordinating you have done for us with HP.
Thanks for the opportunity to work with you and learn so much about thin film PZT and
characterization methods. It was great to expand and my knowledge into another area.
You challenged me and I always enjoy are discussions and the way you get me to think

deeper into a subject.

Thanks to Yu Hong Jeon. This is it buddy. Thanks for all of your help and discussions
during really late nights in the office doing homework, to having me see your home in

Korea, for being a fun roommate, and for everything in between.

[ am grateful to all of the past members of our Electroceramics group that I have had the
pleasure to know and work with. Thanks to Meagen Gillespie for being a good mentor at

lowa State and a good friend once you moved out to Oregon too. Thanks to Seunghwa



Kwon and Chien-Chih Huang for being great colleagues, for all of your work setting up

the new lab, and for being dear friends.

Thank you dear roommates, old and new, at the Mat Sci Power House. You have been a
great “family” and have been wonderful in making Corvallis feel like home. Sarah Gallops,
thanks for the Southern Cookin’ lessons and great memories. To Jon Mueller, thanks for
all of the Minnesota Nice and for getting me to ride bikes again. To my friends back home

in lowa or around the world in Japan, | miss you and hope to see you again soon.

Last, but never least, a most heartfelt thanks to my family. To my Mom, thanks for all of
the care packages and kind words of support. Thanks to my sisters, Lizzie and Cathy,
who are funny, witty, kind and caring. I'm glad we’ve only become better friends as we've
gotten older. To my Dad, thanks for always being there when I need to talk (or vent) and
for driving out to see me so much. I couldn’t have made it here with you all having my

back. I love you guys.



CONTRIBUTION OF AUTHORS

Dr. Jan Pokorny assisted with the Raman spectroscopy measurements at the University
of Sheffield (Sheffield, UK). Dr. [an M. Reaney, also of the University of Sheffield assisted
in the analysis and interpretation of data for the BZT-BKT-BNT system described in

chapter 6.



TABLE OF CONTENTS

Page

1 Introduction and MOTIVALION. ... sss s ssss s ssesssssees 1
1.1 COMPOSITION STUAIES wcvuivrierriit ettt ettt ss st bbb bbb e 2
1.2 FatiGUe STUAIES ..ottt ses et bbb bbb e 2

2 LITErature ReVIEW ... sss s ssns s ssns s ss s s 3
2.1 PIBZOCIBCLIICILY ..ceoveueereeineeese ettt sttt sbs st b b b e Rs £ bs bbb 3
2.2 FOITOCICCLIICILY oottt bt b b b b bbb e 7
2.3 PerovVSKIte MAULEITAIS.......coveueeeeereeerseesnsesnsse s e sssss st st s s ss s 14
2.4 Morphotropic Phase Boundary (MPB) ... ssssssssssons 17
2.5 SEADIILY Of PEIrOVSKILES .....coueeeieereertetse sttt sttt ettt ettt spsst s 20
2.6 PIeZ0CIECLIIC FALIGUE. ...ttt ettt seb s bttt s st sbe s 22
2.6.1  BiPOIAT FALIGUE ...ttt sttt bs sttt ss e e 25
2.6.2  Point Defect AGGIOMETALION .........coviorieneeiessintnsi sttt st ssnas 31
2.6.3  UNIPOIAY FOALIGUE ...ttt ettt st s s s s 35

2.7 Lead-Free Perovskite PieZOCIECLTICS. ... s sssss s sssessssssssesssns 36
2.7.1 (K NQ)NDO3-BASEA SYSEOMIS...cviureririetreiriesseiissesse st st issssss sttt saes 36
2.7.2  (BigsNays)TiOs -(BiosKo5) TiOz SOl SOIULIONS: ....cuveeeeetnireereereeseeene e 39
2.7.3  (BiosKos5)TiOs - Bi{Zny/2Ti1/2)03 SOlid SOIULIONS: ....ocoureeeeenesennereneseissiens 42

2.8 REJOIEIICES: ..ottt sttt e bbb b s e e 47



TABLE OF CONTENTS (Continued)

Page

3 Materials and MethodS ... ssss s sesss s 52
3.1 MALeriQls SYNERESIS ...ttt bbb spe 52
3.1.1  (KNG)NDO3z BASEA SYSELEMS: ...ceuuverieerenretretneetses et sttt st st 53
3.1.2  Bi-DASEA SYSTOIMIS ..ot tiseessassss st ssss sttt sb st ssb e b e 53

3.2 EIECETICAI TESLING.ccouverieeureers ettt sttt sss sttt e bttt 54
3.3 FOLIGUE TESEING ..o vttt et bt sss bbbt b bbbt bbb 55
3.3.1  (KNG)NDO3z BASEA SYSEEMS: ..ottt st ssss sttt ssss s s sens 55
3.3.2  Bi-DASEA SYSTOIMIS ..ot iesessass sttt sss sttt sb st ses e bt et e 56

4 Dielectric and Piezoelectric Properties of (KNa)NbOs-based Piezoelectric

COTAIMICS ...vuetreer ettt ebt ettt b b b8 Re £ R4 88 RE e e b 57
A1 ADSETQCE oottt sttt et et e e e R Rt e e 58
A2 INETOTUCEION ...ttt sttt e et bt bbb e e 58
4.3 EXperimental MELROM ...ttt st s 61
4.4  XRD and Dielectric CharacteriZation ... ssssssssssssssssss s s sesssssens 62
4.5 Piezoelectric CRArACEETIZALION ...ttt bt ssss e 65
4.6 CONCIUSIONS ..ottt ettt e e et b bbb e e 69
4.7 ACKNOWIBAGEIMENTES ...ttt sttt st bbbt e e 70

8 REOIENCES oottt sttt sttt e e e e b bbb Re e 71



TABLE OF CONTENTS (Continued)

Page

5 Piezoelectric properties and unipolar fatigue behavior of KNN-based Pb-free

PLEZO CETAITIICS cov.vve e rereeerseessesse s ees e ssees e ees et e 88 £ E8 e £ ERRRE e R e e R et s E e e 72
5.1 ADSEFGCE ettt ettt bbb e £ RS b e e 73
5.2 INETOAUCEION. .ottt ettt sbs sttt bt e e bs bbb e 73
53 (K,NGQ)NDO3-BASEA SYSLEMS....curiurienierireessienssinsitssssessse s s sissssssssssssesssss sttt ssssssssssssnens 74
5.4 EXperimental MELROMS. ...ttt sttt s et 76
5.5 ReSUILS ANA DISCUSSTION .......uvcurieereirienieieeess sttt ssssse s s bs s st ssss sttt 77
5.6 CONCIUSIONS ..ottt sbs st bs s bt e bb s be bbb e 90
5.7 REFETEIICES ..ottt sttt ettt be e bs s bbb e bbb e bbbt 92

6 Electromechanical Strain in Bi(Zni,2Tii/2)03-(Bii/2Na1,2)TiO3-(Bi1/2K1/2)TiO3 Solid

SOTULIOTIS ...ttt ettt ettt et et e 8 R8RS e R8RS bbb 94
6.1 ADSLIGCE ..ottt ettt e bbb R R e e 95
6.2 INETOAUCTION. ..ottt bs s bbb bbb e bbbt 95
6.3 EXPErimental MEEROMS. ...ttt ss st b st 97
6.4 ReSUILS ANA DISCUSSION ....uueeeeereerietrereesseiste sttt sss st bbb bbb bbbt 98
6.5 CONCIUSIONS ..ottt sttt bt sbs s b Rs s Rs bbb 110
6.6 RESOIEIICES ..ottt ettt b sbs s bbb e bA bbb 112

7 Relaxor to Ferroelectric Transitions in (Bii,2Nai,2)TiOs - Bi(Zny,2Tii2)O3 Solid
Y0 1D L 1o ) PSPPSR 114



TABLE OF CONTENTS (Continued)

7o1 ADSETQCE oottt ettt st et e sbs bbb e e e 115
7.2 INETOQUCEION oottt ettt be st b e e 115
7.3 EXPerimental MELROUS. ...ttt sttt st 117
7o ROSUILS ..ottt ettt sttt s bbb e e 118
7.5 DISCUSSION .coueereresteesees ettt sttt sttt ss e e bt b £ e b bbb 125
7.6 CONCIUSIONS ..ottt ettt e be b e b e bbb 128
7.7 REFOIEICES ..ottt ettt st bbb e bbb 129

8 Bipolar Piezoelectric Fatigue of Bi(ZngsTie5)03 -(BigsKes)TiO3 -(BigsNags)TiOs Pb-

fTEE CRTAIMICS ..oueuee ettt ettt ettt b s b8R8 R e b bbb 134
8.1 ADSETACE ..ottt sttt ettt e bbb bR bbb 135
8.2 BACKGTOUNG ..ottt et ettt bbb b st 135
8.3 EXPErimental MELAOMS. ...ttt sttt sttt st 137
8.4 ReSUILS ANA DISCUSSION. ...ttt st sssss sttt st st s et 141

84.1 2E;Fatigue of 2.5%BZT (50 KV/CM] ..o ssssssssnens 141
84.2 5E; Fatigue of S5H%BZT (50 KV/CM) oo sssssssssens 143
84.3 2E; Fatigue of S5U%BZT (20 KV/CM) o sssssssssens 145
8.5 REfOIENCES ..ottt ettt et st e e e bt 148

9 Summary and FUBUIE WOTK ...t sssss st ssses s sesss s 151



TABLE OF CONTENTS (Continued)

Page
9.1  (K,NG)NDO3 BASEA SYSEOIIS: ..ottt sss st ssssss s sessssss s sssss st st sassssssssssiens 151
9.2 Bi-DASEU SYSEOIMIS.....cuureereitrtse sttt sttt sssss sttt sbs sttt sttt 152
0.3 FAlIGUE ..ottt ettt sttt e bbb bbb 154
10 FULUTE WOTK...oio s sess s sss s sns s s s sss s sns s snsss s s 157

11 BIDHOGIAPNY oottt ettt s sbs et bbb bbb 159



LIST OF FIGURES

Figure Page
Fig. 2.1 a) direct and b) indirect piezoelectric effect, adapted from[6]. .........oovronvnnenn. 3

Fig. 2.2 Importance of direction of applied stress on simple hexagonal structure a) with no

applied force, b) dipole generated in the y-direction c) no dipole generated along x-axis

Fig. 2.3 Permittivity vs Temperature for transition from cubic, paraelectric BaTiO; to

ferroelectric structures (Tetragonal, orthorhombic, rhombohedral) adapted from[11]...10

Fig. 2.4 Typical ferroelectric hysteretic behavior of a) (generic) polarization loop and b)
strain (0.955 Pb(Znisz Nb;s3)03-0.045PbTiOz) [[8, 12]] and theoretical schematic of c)
polarization and d) SEFAIN [13 ]ttt esb e st b e 12

Fig. 2.5 Phase diagram and piezoelectric properties for Pb(ZryTi;) O3 [8] ... 18

Fig. 2.6 Schematic of the perovskite phases present in a number of binary solid solutions

with t of the'MPB’ compOSItion INAICALEA. ...ttt snens 21

Fig. 2.7 Bipolar fatigue affects on polarization and strain in bulk PZT after a) 0 b) 3x105
ANA €) 108 CYCIBS[25]. oottt sbs st bbbt bbb b e e 23

Fig. 2.8 Post-fatigue hysteresis (2x107 cycles at 2E) with E.p, decreasing from 4 to 2 E,
[25] ettt R R RS E £ RRSRERERRRREeE 27

Fig. 2.9 Polarization and strain after fatigue of 2x107 cycles (left) and before fatigue
(right) when fields are applied parallel to the fatigue direction (z-axis) [25]....c..cnenn. 28

Fig. 2.10 Polarization and strain after fatigue (2x107 cycles) when fields are applied to

new electrodes located normal to the fatigue direction [25] ... 30



LIST OF FIGURES (Continued)
Figure Page
Fig. 2.11 A 180° domain with an existing agglomerate(+) and space charges(-) and a) no
applied field (b) downward pointing applied field (c) upward pointing applied field
aligned with dipole field acts to grow of the agglomerate in-plane, and (d) the

agglomerate capture range within a cylinder grain with dimensionsd, h= "g” [25]........... 32

Fig. 2.12 SEM images of domain structure a) before fatigue isrhombohedraland b) post-
JAIGUE 1S LELTAGONAL [25] oottt sttt s sbs sttt st b 33

Fig. 2.13 AFM images showing domain structure a) before and b) after 108 cycles of
bipolar fAtiGue At 2E¢ [36] ... ss e s ss s sss s sssenns 34

Fig. 2.14 Unipolar and bipolar P-E (a,c) and S-E (b,d) hysteresis loops after initial and 10°
cycles of Unipolar fAtiGUe [38] ...ttt ess bbb s 36

Fig. 2.15 a) KNN-modified phase diagram showing piezoelectric properties and b)

plotting current known piezoelectrics using Curie point versus dsz [39] ....c.conivninens 37
Fig. 2.16 Binary phase diagram of XBKT-(1-X)BNT [60]. ........cnnninnnesnsissssinnss 41
Fig. 2.17 Hysteresis loops of (0.94, 0.8, 0.7) BNT - (0.06, 0.2, 0.3) BKT at RT [51]................ 42

Fig. 2.18 Dielectric properties of a) pure BKT (left) and b) 0.9 BKT - 0.1 BZT (right) [61]44
Fig. 2.19 a) PE loops and b) strain hysteresis of pure BKT and 0.9 BKT - 0.1 BZT [61].....45
Fig. 3.1 High temperature DC bias poling SCAEMALIC...........cueeneonineneinenesssessessesseseesessens 55

Fig. 4.1 XRD data showing single-phase perovskite structure for all LF4 compositions
IAVESLIGATOA. ...ttt ettt 8 eS8 R RE RS b e 62

Fig. 4.2 Dielectric properties of all three undoped LF4 compositions at 10 kHz.................. 63


http:BNT-(0.06
http:loopsof(0.94

LIST OF FIGURES (Continued)
Figure Page
Fig. 4.3 Frequency dependence of e (solid lines) and tan d (dotted lines) as a function of

temperature a) LF4-2 and b) LF4-2 + 0.2wt% CuO with arrows indicating increasing

frequency. In both Figs, the inset shows tan d values at room temperature as function of

Fig. 4.4 XRD vs Temperature for LF4-2 + 0.2 wt% CuO with transition between tetragonal

and cubic phase 0CCUITING AL 300 °C....... ettt st sttt 65
Fig. 4.5 Typical bipolar hysteresis at 1 Hz for LF4-2 and LF4-2 +CuQ with E¢ highlighted66

Fig. 4.6 Typical bipolar hysteresis for a) polarization at 1 Hz and b) electromechanical
strain at 0.1 Hz for LF4-2 + 0.2 wt% CuO under increasing applied fields. At 50 kV/cm, the
effective dsz3* WaS 450 PIN/V. ..o sssss s s sssssssssesssenes 68

Fig. 5.1 Typical bipolar hysteresis of LF4-2 + 0.2 wt% CuO ceramics for a) polarization

and b) strain at increasing field levels (from 20 to 50 kV/cm) show a maximum strain of

Fig. 5.2 Fatigue behavior of undoped LF4-2 with a) 18 kV/cm (1E¢) and b) 36 kV/cm
(2E¢) applied fields at 10 HZ fOr 107 CYCIES. ...t sssss s sssssns 80

Fig. 5.3 Unipolar fatigue behavior of 0.2 wt% CuO doped LF4-2 at 2E for 106 cycles with

a) unpoled and b) poled CETraMIC SAMPIES ...ttt 82

Fig. 54 Unipolar fatigue behavior of 0.2 wt% CuO doped LF4-2 at a) 3E: for 10¢ cycles
(10 Hz) and b) 2E¢ for 107 cycles (50 HZ) ... sssssss s 84

Fig. 5.5 Maximum polarization vs number of poling cycles at 10 Hz for a) undoped and b)
0.2 Wt CUO AOPOU SAMIPIBS.....o.eeeeeeeeeeeirieriseessesse s e ss s s s s s 86



LIST OF FIGURES (Continued)

Figure Page

Fig. 5.6 Polarization and Strain Hysteresis for 0.2 wt% CuO doped LF4-2 samples before
and after fatigue at 16kV/cm (2E;) for 107 cycles at a) fatigue cycling field levels
(16kV/cm) and b) saturation field levels (50 KV /CIM) ... 88

Fig. 5.7 Effective change in low field ds; as a function of applied field during fatigue and
total number of cycles applied for all SAMPIE LYPES ...t 90

Fig. 6.1 XRD patterns as a function of 26 for the indicated compositions (%BZT-%BKT-
YBN) WiIth PEAKS INACXEA. ...ttt ettt sttt st st st 99

Fig. 6.2 a) Dielectric properties as a function of temperature at 10 kHz for the indicated
compositions (%BZT-%BKT-%BNT) and b) frequency dispersion of the dielectric
properties of the composition 2.5 BZT-40 BKT—=57.5 BNT. ... 101

Fig. 6.3 Raman Spectroscopy data for a) tetragonal 2.5%, 10% and 15% BZT
compositions at room temperature and b) showing the tetragonal to cubic transition of

2.5-40-57.5 With INCreasing teMpPerALUIe....... ittt 103

Fig. 6.4 a) Polarization and b) electromechanical strain as a function of the applied

electric field for compositions with a varying amount of BZT. ... 105

Fig. 6.5 Saturated polarization hysteresis as a function of temperature for a) 2.5-40-57.5
and b) 10-40-50 ceramics, Measured At 1 HZ. ... osssssesisssssssissesnens 107

Fig. 6.6 a) Sua [%] and b) ds3* [pm/V] values plotted on the BZT-BKT-BNT phase
GIAGTAM. .ottt ettt ettt RS 8 88 R A SRS bbb b0 109



LIST OF FIGURES (Continued)

Figure Page

Fig. 6.7 Phase diagram for BZT-BNT-BKT as a function of temperature showing
transition in hysteresis behaviors up to the solubility limit of 20 mol% BZT. The circles
and diamonds correspond to data taken from hysteresis measurements (e and u). The
squares and triangles correspond to Tmax values taken from Raman spectroscopy (n) and

L (ot Tol 1 N 7 TSP 110

Fig. 7.1 X-ray diffraction data on a) (1-x)BNT-xBZT solid solutions, with close ups on the
splittings in the b) (110), c) superlattice and (111), and d) (002) reflections. .............. 119

Fig. 7.2 Dielectric properties at 10 kHz of (1-x)BNT-xBZT ceramics as a function of

temperature (data taken 0N COOLING). ...ttt 121

Fig. 7.3 Dielectric spectra of 96BNT-4BZT on heating (triangles) and cooling (circles) at
frequencies 0f 1, 10, ANA 100 KHZ. ...ttt sssssss st sssssssssss s 122

Fig. 7.4 Polarization hysteresis measurements on (1-x)BNT-xBZT ceramics taken at room

EMPEFrALUTE AL 1 HZ. oottt ss s ss et e s s st s s st e 123

Fig. 7.5 Polarization hysteresis measurements taken on a) 98BNT-2BZT, b) 96BNT-4BZT
and c) 94BNT-6BZT ceramics at elevated temperatures At 1 HZ........coneoneneoninnns 124

Fig. 7.6 Schematic diagram showing the transition in polarization hysteresis behavior.
The circles correspond to data taken from hysteresis measurements (®). The squares and
triangles correspond to Tmax values taken from dielectric data on cooling () and heating

O 127

Fig. 8.1 (a) Polarization and (b) strain behaviors of 2.5%BZT and 5%BZT showing typical
ferroelectric loops that transition to a pinched, high electromechanical strain behavior

WItR INCTEASEA BZT CONERNL ..ot eese st s sss s sssss b it sttt ssasas s bt st bbb ss st st st st b tn 140



LIST OF FIGURES (Continued)

Figure Page

Fig. 8.2 Fatigue results for a typical 2.5%BZT sample tested at 50kV/cm and 10Hz for (a)
polarization hysteresis, (b) strain hysteresis, and (c) change in polarization values with

increasing number of CYCles COMPIELE ...ttt ss st 142

Fig. 8.3 Fatigue results for a typical 5%BZT tested at 50kV/cm and 10Hz for (a)
polarization hysteresis, (b) strain hysteresis, and (c) change in polarization values with

increasing number of CyCles COMPIELE ... sb st 144



LIST OF TABLES
Table Page

Table 2.1 Classification of crystallographic point group in terms of piezoelectric and

JErroelectric PrOPErtIES[10] ...ttt ss bbb st st e 8
Table 2.2 Common aliovalent dopants for PZT [11] ... ssssssssssssseens 19

Table 2.3 Summary of previously optimized LF4 compositions compared to a

commercially available PZT [39, 44, 45]. ...ttt st sssas 38

Table 4.1 Summary of previously optimized LF4 compositions compared to a

Commercially available PZT, [(Pbg,g5BClg,15)0,9925L610,005]X(Zr0,52Ti0,43)03 [3, 7, 8] .................... 60

Table 4.2 Summary of piezoelectric properties of optimized compositions compared to

LIEETALUIE VAIUBS [[7] oottt sbs st e bttt 67


http:Pbo.asBao.ts)o.992SLao.oos]x(Zro.sz

Development, Characterization and Piezoelectric Fatisue Behavior of Lead-Free
Perovskite Piezoelectric Ceramics

1 Introduction and Motivation

Piezoelectric ceramics, particularly PbZr,TixO3 (PZT), are the most widely used
for key components in a wide variety of device applications, such as in U.S. Military
underwater sonar systems, medical ultrasounds, actuators for fuel injection, printers or
positioning systems, pneumatic valves, gas igniters, transformers or high voltage sources
[1, 2]. While lead-based piezoelectrics currently hold exemptions from certain European
Union environmental standards, including the Restriction of Hazardous Substances
directive (RoHS), the Waste Elecrical and Electronic Equipment directive (WEEE), and
End of Life Vehicles Directive (ELV), they are not expected to be extended indefinitely.
These same regulations are also responsible for driving the development of the Pb-free
solders that are currently in use throughout the electronics industry. Therefore, the
search for lead-free alternatives to lead-zirconate-titanate (PZT) has been of increasing
interest and gaining more attention as companies endeavor to reduce the environmental
impact of their products. In addition to the environmental reasons, PZT is also known to
exhibit quite poor piezoelectric fatigue properties with relatively severe degradation in

strain behavior over only a few millions of cycles of applied field.

Recent research in Pb-free piezoelectrics has been focused on a few commonly
studied ferroelectric systems. The most common systems involve a binary system, which
typically includes (BiosKo5)TiO3s (BKT), (BiosNaos)TiOs (BNT), or (KosNags)NbO3; (KNN)
with another ABO3perovskite, such as BaTiO3 or one of the other starting components|3,
4]. In this work, new binary and ternary systems will be explored in order to further

enhance these piezoelectric properties. Fatigue of these lead-free systems will also be



evaluated in detail to determine if their behavior is as detrimental and if the mechanisms

are the same as those found for PZT based systems.

1.1 Composition Studies

Characterize piezoelectric propertics of KNN-based LF4

Explore and optimize piezoelectric properties of the new Bi-based system:
Bi(Zn, 5Tio 5)05 - (Biy 5Ky 5)Ti0; - (Big sNag 5) TiO; or BZT-BKT-BNT.
Characterize and investigate MPB compositions using X-ray diffraction, dielectric
and Raman spectroscopy, and polarization measurement techniques using

temperature-controlled environments to further understand changes in structure.

1.2 Fatigue Studies

L.

Characterize unipolar fatigue of undoped and CuO doped LF4 at multiples of
coercive field level.

Investigate the bipolar fatigue of the key compositions developed from the Bi-
based ternary systems in the previous section

Examine the nature of the transition between ferroelectric and new high strain

compositions to check if the level of degradation and mechanism are the same.



2 Literature Review

2.1 Piezoelectricity

Piezoelectric materials act to transmute mechanical energy into electrical energy,
or the exact opposite process, by means of changes to the crystal structure of the
material in question. The direct piezoelectric effect is the proportional electrical
polarization that is formed in response to a strain caused by an applied stress to a
material. The corresponding ‘converse’ or indirect effect is the development of a strain in
a material in response to an applied electric field. Pierre and Jacques Curie first
discovered the piezoelectric effect in 1880 while investigating the ability of pressure to

generate charge in quartz[5].

a) Force+1‘ — ’ b) _+__ Eavp
e e —_—
0y e (@
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| Y ‘ —() ‘ .
® @
— _—.——
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Fig. 2.1 a) direct and b) indirect piezoelectric effect, adapted from[6].

The direct piezoelectric effect shown in Figure 2.1 a), shows an exaggerated example of
ceramic with a specific crystal structure generating a voltage that drives a current
through a circuit when a stress is applied. For the indirect effect, Figure 2.1 b) shows an

electric field applied that is causing a material to strain by contracting vertically while



expanding horizontally. It is due to these effects that piezoelectric ceramics have so
many applications (sensors, actuators, ultrasonic devices, generators, etc) mentioned

previously.

The direction and degree of the induced polarization depends on the direction of
the applied stress on the crystal and the symmetry of crystal structure in question. This
is demonstrated in the generic 2D hexagonal structure shown in Figure 2.2 [6]. When a
compressive stress in the y-direction is applied to the stress-free unit cell in Figure 2.2
a), the resulting motion of positive “A” and negative “B” atoms will result in a separation
of the centers of positive and negative charge and a dipole is generated along the y axis,
as shown in Figure 2.2 b). If instead, a stress is applied along the x axis, there is no
induced polarization along the direction of the applied stress because there is no net
displacement between the center of positive and negative charge along the x-axis, but
there can be a net change along another direction (the y-axis in this simple case), as

shown in Figure 2.2 c) below.

{a} {b) o

Fig. 2.2 Importance of direction of applied stress on simple hexagonal structure a) with no
applied force, b) dipole generated in the y-direction c) no dipole generated along x-axis,
taken from [6]



In bulk solid systems, applied stress in one direction can likewise induce polarization in
other directions in a highly anisotropic manner. In piezoelectrics, polarization is linearly
proportional to stress by means of the piezoelectric coefficient, d. Through
thermodynamic calculations, strains are similarly shown to be directly proportional to
applied electric field [7]. Because stress (or strain) is a second rank tensor and
polarization (or field) is a vector, the piezoelectric coefficient is therefore described by a
third rank tensor, dju, having 27 tensor components after transforming the stress to the
new coordinate system. The direct and indirect piezoelectric effect should be written as
tensors, but due to the symmetry of the stress, ie. Xj = Xj;, only 18 components are
independent, which can be described by a 6x3 matrix conveniently given the form shown

in equations (2.1) and (2.2):

Direct Effect:

P=dX. (2.1)

Indirect Effect:

x,=d,E (2.2)

Where X is stress (N/mz), P is polarization, x is strain, and E is electric field. In both
cases, d; is the piezoelectric coefficient (pC/N or pm/V), the magnitude of which is

related to crystal structure. In either equation the lettersi=1 to 3 and j = 1 to 6, which



are used form the matrix for the 18 independent components of the piezoelectric
coefficient. In converting between tensor and matrix form, a factor of two arises for
piezoelectric involving shear stresses or shear strains. If j = 1,2,3 matrix coefficient d; =

dijj. If] = 4, 5, 6, then dij = Zdikl.

The piezoelectric matrix can be derived for all of the crystallographic point groups, as
well as the limiting (Curie) groups. Poled ferroelectrics, to be discussed in the following
section, have the symmetry point group com and are a key example. The poling process
consists of a strong DC field applied to a sample at elevated temperatures so that the
domain walls can move more easily giving a highly domain aligned sample. The com
point group has an co-fold axis parallel to Z3 and an infinite number of mirror planes (m)
parallel to Zs. Three of the mirror planes are perpendicular to Z,, to Z; and at 45° angle to
Z1 and Z;. For the mirror planes perpendicular to Z,, dix = 0 whenever there is an odd
number of 1s in the subscript, which reduces the matrix by 8 coefficients. For m
perpendicular to Z,, all of the remaining tensor coefficients with an odd number of 2s
likewise go to zero, leaving only 5 non-zero coefficients in the matrix (ds1, dsz, dss, da,
and dis). The third symmetry element was the mirror plane 45° to X; and X,. This
transformation would take 122, 2=>1, and 3 3. This results in dis = d24 and dz; = dsz,
leaving only 3 independent coefficients (ds1, d3s, and dis) for poled ferroelectric ceramics

and other com point group materials.

The effectiveness of the piezoelectric effect can also be represented by the

electromechanical coupling factor, k. This term gives the relative fraction of electrical



energy that is converted to mechanical energy or vice versa. The coupling factor can be

written as shown in equation (2.3) below:

» _ output mechanical energy converted from input electrical energy

keff -

total input electrical energy

Or (2.3)

» _ output electrical energy converted from input mechanical energy

keff -

total input mechanical energy

There is always energy loss during this conversion, so k2will necessarily be less than 1
for any system under consideration. The k value for quartz is 0.1, for BaTi03 ceramics
~0.4, Pb(Zr,Ti)O3 ceramics range between 0.5 to 0.7 depending on composition, and
Rochelle salt is approximately 0.9 (T. = 24°C). The k value for single crystals of Pb(Zr,

Ti)Os or BaTiOshave been found to be larger than 0.9 [8].

2.2 Ferroelectricity

Rochelle salt (KNaCsH406:4H20) was the first known ferroelectric discovered by
Valasekin 1921[9]. After his research, a large number of crystals possessing ferroelectric

behavior were discovered. Ferroelectrics are an important subset of piezoelectric



materials because the piezoelectric effect is enhanced from contributions associated
with domain wall motion, which will be described in more detail in this section.
Ferroelectric solid solutions are therefore among the most common materials systems
used in applications and as a system in general make for an obvious starting point for
developing new, competitive lead-free piezoelectrics. Specific symmetry requirements
exist for a material to qualify as a ferroelectric. They must be non-centrosymmetric (i.e.
lack inversion symmetry) like piezoelectrics but must also have a polar axis.
Ferroelectricity arises from these crystal distortions, so it is convenient to define these
systems by the relevant crystallographic point groups. There are a total of 32 possible
point-groups for different crystals, however 11 can be immediately eliminated from
consideration due to the presence of a center of symmetry. Out of the 21 remaining

systems, another 11 fail to qualify as ferroelectric due to the lack of a polar axis.

Table 2.1 Classification of crystallographic point group in terms of piezoelectric and
ferroelectric properties (taken from [10])

Polar (COS Cubic Hexagonal Tetragonal Trigonal Ortho | Mono | Tri
on T|mdm | m3 Pmmm | 6m Womm | 4m | 3m | T |[mom | 2m | 1
Polar 432 | 23 | 622 6 |42 4 32 222
, | %8m 6m2 am Piezoelectric paint groups
6mom [ 6 | 4mm 4 3m 3 | mm2 2 ‘ 1
Polar -
Ferroelectric paint groups m




Table 2.1 demonstrates the classification of crystallographic point groups in terms of the
center of symmetry (COS) and polar axis [10]. From this, an important distinction should
be noted that while all ferroelectrics can be classified as piezoelectrics, not all

piezoelectrics are ferroelectric (e.g. quartz, AlN, etc).

Ferroelectricity is present in materials where a spontaneous electrical
polarization exists that can be reoriented by the application of an external electric field.
Most terms used in describing these effects were adapted from ferromagnetic materials
due to their analogous behavior. The polarization comes from the separation of the
center of positive and negative charges in the crystals with symmetries as shown in
Table 2.1. Generally, distortions from a crystallographic phase transition from a high
symmetry paraelectric state to a lower symmetry state result in the necessary separation
in charge. The prototype for this behavior can be seen for the case of BaTiO3 in Figure
2.3, where the crystal distortions of a BaTiO; crystal are shown at different
temperatures. As the temperature is cooled below ~123°C, the separations of the centers
of mass for the positive charges, Baz+ and Ti#, and those of the negative, 02, produces
ferroelectric behavior in the now tetragonal crystal. The temperature which ferroelectric

property is lost upon heating through this phase transition is known as the Curie point

(Te)-
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Fig. 2.3 Permittivity vs. Temperature for transition from cubic, paraelectric BaTiOz to
ferroelectric structures (Tetragonal, orthorhombic, rhombohedral) adapted from[11].

For ferroelectrics the dielectric behavior when the temperature is above T,, is given by

the linear relation called the Curie-Weiss law, which is shown in equation (2.4).

— (2.4)

Where €. is the relative permittivity, C is a constant called the Curie constant, and 8¢ is the

Curie Temperature (an extrapolated constant, slightly different from the Curie point)

[11].

The strength of the ferroelectricity exhibited by a material is determined from its degree
of polarization. As a ferroelectric state forms in a material, regions with matching

polarization vectors will tend to align to form sub-grain boundary regions known as
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domains. Domain walls are defined as the regions where domains of different orientation
meet within a grain. The energy required to split into domains and thus form a domain
wall must reduce the overall energy of the system that arises from the depolarization
field and/or mechanical stresses that form as the material transitions and distorts as it is

lowered past the Curie point.

In the barium titanate example, these domains are generally oriented 180° from
each other to minimize the inherent depolarization field. Also, 90° domain boundaries
form to reduce mechanical stress introduced to the structure due to the transition to the
ferroelectric phase upon cooling. These domains will initially nucleate randomly, much
like the grains in polycrystalline materials, in order to most efficiently reduce the energy
of the overall system. The polarizations vectors occur along one of the “allowed”
symmetry directions, which are determined by crystal structure. Before any field is
applied, there is neutral overall polarization due to this randomization of domains. With
the introduction of an electric field, the domains oriented most closely to that applied
electric field will grow at the expense of those domains oriented opposed to the field.
Switching occurs when the direction of the electric field is changed and the polarization
vectors within the domain are reoriented. The hysteretic behavior of the polarization
and strain as a function of applied electric field (P-E loop and S-E loop respectively) is

shown is Figure 2.4 a) and b) below.
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Fig. 2.4 Typical ferroelectric hysteretic behavior of a) (generic) polarization loop and b)
strain (0.955 Pb(Zny/3 Nb;,3)03-0.045PbTiO3) taken from [8, 12] and theoretical schematic
of ¢) polarization and d) strain taken from [13]

In Figure 2.4 a), the value of the remanent polarization, P, is used to measure
ferroelectric strength and is the polarization observed once the applied electric field has
been removed. The energy required to reorient the polarization vectors in domains is

called the coercive field, Ec. The spontaneous polarization, P, is the linearly extrapolated
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value from the maximum or “saturation” polarization at high electric field (Pmax or Psar)
back to zero field. In polycrystalline ceramics, P; is larger than P: due to the presence of
domain switching being impeded by defects and internal strains arising from the random
alignment of grains. In comparison, for single crystal piezoelectric materials the values of
P.are almost the same as Ps and both are closer to Psa, S0 a more square shaped loop is

observed.

A strain-electric field hysteresis loop with the characteristic, highly symmetric,
“butterfly” shape is shown in Figure 2.4 b) [12]. The majority of the strain a ferroelectric
experiences depends on the type switching of domains in the bulk. An idealized boxy
polarization and butterfly-shaped strain loop are shown in Figure 2.4 c) and d),
respectively. At fields above the coercive field, domains are switching from a mixture of
180° and 90° to only 180° domains resulting in the steep increase in strain until
saturation is reached at point “B”. At higher fields some further electrostrictive increases
in strain occur. These consist of displacements of atoms relative to the lattice site and are
generally much more minor in comparison to those resulting from piezoelectricity.
Decreases of strain down to point “C” are from the switching of 180° domains from “up”
to “down” orientation. As further negative field is applied and the coercive field is again
reached, 90° domains are again formed as C=> C’ and eliminated as C’> D in favor of all

“down” oriented 180° domains.

Using the maximum strain divided by the maximum field, a high-field or effective
dz3" can be calculated with units of pm/V. This unit is used for clarification of the

measurement method but is an equivalent unit to the ds; values from direct
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measurements reported in units of pC/N. The ds;* values are often higher than ds; values
found for poled samples through direct, low-field measurements. This is especially true
for lead-free materials where the ds3* values are at a more fully “poled”condition at the
high field applied (used for calculation) than can be achieved at 0 field even after
optimized high temperature DC bias poling conditions. This is directly tied to their

generally lower remanent polarization values.

2.3 Perovskite Materials

Discovered in 1839 by Gustav Rose and named after renowned Russian
mineralogist Count Les Alexseevich Perovski, the Perovskite structure has a wide variety
of uses in technological applications. The perovskite structure is represented by the
generic formula AXIBYIX3, or ABO;for convenience [8, 11]. The A cation site is in 12-fold
coordination and has larger cations, whereas the B cation site is in 6-fold coordination
with generally smaller radius cations. The X sites represent 6-fold coordinated anions,
which will always be oxygen in these studies. Through manipulation of the composition
of each structural site, this versatile structure can serve as a catalyst, capacitor, magnetic
material, magnetoresistive material, non-linear optical material or even superconductors
[14]. Most importantly for this study, all of the most useful ferroelectric and piezoelectric
materials in industrial use are derived from the perovskite structure. The generic crystal

structure is shown in the right hand portion of Figure 2.3 for cubic BaTiO3(BT).

To investigate the origin of ferroelectricity in perovskites, modeling done from

first principal calculations has been studied for a wide variety of compositions, in
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particular for the seemingly similar BaTiO3z and PbTiO3 (PT). When calculations are made
that assume perfectly spherical electron clouds for ions (with no covalency), no
ferroelectric state arises for either BaTiO3; or PbTiOs. This is despite the fact that long
range coulombic forces (Madelung) favors the ferroelectric distortion, without the
strong covalent type bonding between Ti-O (as well as in the A-O bond), the short range
repulsions are strong enough to stabilize the paraelectric cubic phase in the model [15].
In a further modification to the model where covalency was used and the ferroelectric
state was achieved, by raising the energy parameter to reduce variational freedom
(essentially eliminating the Ti d-state interactions) the ferroelectric state was lost. In
most perovskites, the B site is dominated by cations (Ti%, Ta%+, Zr#+, etc.) where the
lowest unoccupied state is the d shell. So without the B cation hybridization with oxygen,
the short-range repulsions again dominate and do not allow the ferroelectric state in the
perovskite systems in general [15]. Essentially, the transition between the two states is
sensitive to defects that modify short-range interactions, as well as to carriers that
screen the long-range field effect. Both would tend to act against stabilization of

ferroelectricity (e.g. more photoelectrons increases such screening).

The A-cation has a relatively minor, but still important effect on the ground state
of the perovskite and the type of the transition. It acts to increase the ferroelastic strain
and acts to couple additively with the ferroelectric distortions. It can also hybridize with
the valence states leading directly to changes in the B-0 interactions, such as in the case
of Pb. This lead to an introduction of the concept of rhombohedral “ground state” (RGS)
perovskites (BT, KNN) vs. tetragonal “ground state (TGS) perovskites (like PT). In the

RGS case, the B-site atom’s average location is over low-energy [111] distortion
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directions that lead to a more elaborate series of transitions. In TGS, the strain is large
enough that the tetragonal phase is stabilized. However, even at high temperatures, PT
cubic phase has multiple well potential surfaces that are anharmonic (also empirically
observed by atoms that seldom sit on their equilibrium positions). This is also typical of
rotation instabilities that are quite common in many perovskites or alternatively tilt

instabilities in cuprate superconductors.

The perovskite structure can tolerate a wide range of compositional variation
due to the large number of ions that have high substitutional solubility in both the A and
B cation sites. In many cases the oxygen octahedral will exhibit tilting to some degree to
lower the energy of the system when A and B cations vary greatly in size. A general rule
for stable perovskites gives an average valence of 3 between the A and B site in
combinations divided into three groups:A2*B#03, A!*B5+03; A3+B3+0s;. All of these
structure types can be made stable in compositions that are off-stoichiometry, with
oxygen (anion) or cation deficiencies that will greatly affect their electrical properties.
Titanates are among most common and useful compounds of the A2+B4+03; compounds
(e.g. BaTiOs, PbTiO3-PbZrO3) due to their high dielectric, ferroelectric and piezoelectric
properties. Some examples for Al*B5+Ozperovskite include KNbO3;, NaNbOs;, and LiTaOs.
This group is of particular interest due to its piezoelectric properties. The third simple
perovskite group, A3+B3+0O3, includes BiFeO; and LaAlOs; and either possess a lower
symmetry structure like rhombohedral or orthorhombic or are not stable outside of use

as dopants or in solid solutions with other perovskites (e.g. BilnOs3) [16, 17].
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Binary or ternary solid solutions of more than one of these simple perovskite
allows for the creation of more complex perovskites. Essentially, multiple elements split
the occupancy of the A or B site and must average out to the appropriate charge for that
site according to the same principles used in the case of the three simple perovskite
types listed above. The high stability of the perovskite structure allows for highly
complex charge compensated compositions to form. The general formula for complex
perovskites can be written as (A’A”)X!(B’B”)¥X3.While many of the complex perovskite
families are known to be relaxor ferroelectric, there has been significant success in
modifying ferroelectric compositions such as (Bios3*Ko51*)TiO3, (Bios3*Naos!*)TiOs, and
many combinations of these two. Another highly investigated system to be covered is
(Kos*Nags*)(Nbyo+Tai°+)03, with even further elements being introduced to enhance

the piezoelectric properties.

2.4 Morphotropic Phase Boundary (MPB)

An MPB can be located at the compositional boundary between two perovskite
materials with different symmetries by controlling the ratio of each perovskite
component. The most common example of this phenomenon is the solid solution of lead
zirconate-titanate, or Pb(ZryTi1.4)Os (PZT). In fact, PZT is the most analyzed system with
an MPB due to its exceptionally large and constant piezoelectric properties. This is due to
the fact that PZT shows a nearly vertical, temperature independent, phase boundary
between the PbTiO; (tetragonal) and PbZrO; (rhombohedral) phases at a composition of

x~0.52, as shown in Figure 2.5 [8]. The origin for this maximization of the piezoelectric
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response in this MPB region is generally explained by the high degree of freedom for the

electric dipoles.
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Fig. 2.5 Phase diagram and piezoelectric properties for Pb(Zr,Ti;..)Os taken from [8]

This allows them to be easily oriented via an electric field in a large number of directions,
essentially combining the possible orientations of tetragonal (6 along [001]) with those
of rhombohedral systems (8 along [111]). Domain systems arising can orient along all of
these directions and form a more highly oriented polycrystalline sample under optimal
poling. More recent structural studies also indicate another possibility, that an
intermediate phase of monoclinic symmetry may instead exist at the MPB composition
and results in the enhancement of piezoelectric and dielectric properties [18]. Although
many lead free systems are described as having an MPB, usually the phase transition

observed is not highly independent of temperature, with fairly wide ranges of
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compositions and the resulting enhancement of properties is not as compelling. These

transitions are more aptly described by the term polymorphic phase transition.

Since various compositions of PZT are among the most utilized piezoelectric materials in
industry, a significant amount of work has been completed studying the ability of
dopants to change the switchability of domains. The resulting effects on dielectric and
piezoelectric properties can be quite significant and are relatively easy to understand
and control for Pb-based systems. In Table 2.2 the common aliovalent dopants and the
nature of their effects are listed. When such doping results in increased coercive field
and decreased dielectric properties, the PZT is termed hard PZT. Hard PZT is achieved by
adding in lower valency acceptors like K+ and Fe3+ on the A and B site, respectively.
Similarly, higher valency cation substitutions, or donors, like La3+ or Sb>+ are used to

lower the coercive field and obtain soft PZT.

Table 2.2 Common aliovalent dopants for PZT [11]

A site donors Soft PZT Las3+, Bi3+, Nd3+
B site donors Soft PZT Nb5+, Ta5+, Sb5+
A site acceptors Hard PZT K+, Rb*

C03+, Fe3+, SC3+, Ga3+, Cr3+, Mn3+,

B site acceptors Hard PZT
Mn2+, Mg2+, Cu2+
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Hard PZT results because the acceptor dopants form relatively unstable dipoles with
oxygen vacancies and when aligned can set up fields that act to stabilize the domain
structure, including pinning 90° wall motion. Thus the observed increase in coercive
field and reductions in dielectric properties occur due to this domain wall pinning. Donor
dopants form dipole pairs with A site vacancies and generally reduce the number of
oxygen vacancies, thus increasing domain mobility and having the opposite effect on its

properties.

2.5 Stability of Perovskites

One strategy for developing new piezoelectric compositions involves forming
solid solutions between two or more perovskite phases of different symmetries. The
proportions of each phase added are modified in an attempt to discern a morphotropic
phase boundary (MPB) similar to that found for PZT. The higher dielectric and
piezoelectric properties of materials at the MPB composition are then tested by common
dielectric and polarization techniques. The overall stability of these solid solutions can
be roughly calculated by means of a simple geometric relationship known as tolerance

factor, t, developed by Goldschmidt in 1926 and given as:

f=—24"~0
\2(r, +1,) 24

fwhere 14, 15, and 1o are the ionic radii of the A, B and O ions, respectively[19].
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For a tolerance factor equal to 1, an ideally cubic structure is formed, such as for the case
of SrTiOs. For values of t < 1, a lower symmetry phase is expected (rhombohedral or
orthorhombic). The opposite is observed for t > 1, resulting in either hexagonal or more
importantly ferroelectric tetragonal phases. If t is found to be between 0.88-1.09 for a
given composition there is a high probability that it will form a stable perovskite
structure. Combining two or more perovskite end members to reach a tolerance factor
value between 0.99 and 1.01 often results in a single-phase perovskite near a much
desired MPB [20]. Figure 2.6 illustrates a selection of perovskite phases and the location
of the MPB for a number of previously developed solid solutions, especially focusing on
those with PbTiO; as an end member. Note that the MPB is indeed commonly located

within a tolerance factor range of 0.99 to 1.01 for most binary solid solutions.

(Biy;;Na, ,)TiO, [Orthorhombie|(K, ,Na,,)NbO,
(BijzNay2)TiO; (Biy 5K ) TiO;
(Bij;,Nay ) TiO;! BaTiO,
Bi(Mg,,Ti;2)O5 PbTiO,
Bi(Mg1/2Zr12)O3 PbTIO,
Bi(Ni, ,Ti,,)0;  Rhombohedral Jetragonal  PbTiO,
Bi(Mgs3/sW1/4)O3 PbTIO,
BiFeO; PbTiO,
BiScO; PbTiO,
(Biyz2Nay2)TiOg inTiO3
PbZrO, PbTIO,

0.97 098 0.99 1 1.01 1.02 1.03

Fig. 2.6 Schematic of the perovskite phases present in a number of binary solid solutions
with t of the ‘MPB’ composition indicated.
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Tolerance factor alone is not sufficient to describe the stability of a compound in the
perovskite phase. For example, even though BiGaOshas a tolerance factor equal to one,
the structure does not form as a stable perovskite. Another factor used in conjunction
with tolerance factor as a guide to phase stability is the electronegativity difference
between the various cations and anions present in the structure and is given as:

MN:W (2.10)

Where ya.0 is the electronegativity difference between the A site and oxygen and yg.o is

the electronegativity difference between the B site and oxygen[21, 22].

This difference in electronegativity specifies the degree of ionic character of
bonding in the compound. In the more complex perovskite solid solutions, an
appropriate weighted average of the different A or B site cations must be used for the
component electronegativity differences. Larger electronegativity differences with
higher degree of ionic bonding tend to result in more stable perovskite structures.
Together these models provide a useful starting point for synthesizing new perovskite

compounds [14, 23, 24].

2.6 Piezoelectric Fatigue

Fatigue is a term most commonly associated with cyclic loading leading to mechanical
failure of materials, but in the case of piezoelectric fatigue, the change in property, type

of failure being considered, and the mechanisms that lead to deteriorating properties are
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altogether different. Fatigue in piezoelectrics is generally explained as the reduction of
polarization and strain with high cycling of an applied bipolar or unipolar electric field.
The corresponding strain and polarization reduction are difficult to isolate due to the
fact that the contributing mechanisms can be many and varied. For example, while
micro-cracking (either within the bulk of the material or due to isolated delamination
near-to and often parallel to the electrode) is an example of an extreme and permanent

mechanism for fatigue, its presence is not necessary for fatigue to occur.
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Fig. 2.7 Bipolar fatigue affects on polarization and strain in bulk PZT after a) 0 b) 3x105
and c) 108 cycles taken from [25].

The two most studied types of fatigue are based on whether the applied field is unipolar

or bipolar during cycling. While the two effects are related the manifestation of each is



24

not exactly the same. Two important fatigue-causing mechanisms have been identified
and will be elaborated upon here. Aside from simply an observation of decrease in
maximum polarization, both involve the separation of charge within the sample in the
form of electronic or ionic carriers. This results in either a less-stable space charge-like
bias field or an offset polarization yielding defect agglomerate type of behavior,
respectively. These offsets are observable in P-E loops as represented by asymmetry in
E¢ and P, with respect to the origin. In the largest study yet completed for fatigue of PZT,
bulk PIC 151 was used for all testing. PIC 151 is a commercial PZT with Ni and Sb doping
of the composition Pbggo[Zroas5Tio47(Nio33Sbos7)00s]O3 [25]. After fatigue under bipolar
conditions at 2E; for 108 cycles, a decrease of ~78.5% of the original value of Py is

shown in Figure 2.7 above [25].

Importantly, for bulk PZT samples thus far investigated in the literature, severe
fatigue is only observed when the applied field exceeds that of the coercive field for the
material. For thin films of certain PZT compositions, however, fatigue has been observed
at cycling fields as low as Eclevels [25]. Another important factor for thin films is the
additional effect of substrate clamping, which results in remanent polarizations at
around 30% P at high fields giving a more slanted hysteresis curve [25, 26]. This makes
it more difficult to obtain accurate values of P, and E¢ for thin films. The number of cycles
to failure is, regardless, similar in both bulk and thin film cases. The majority of the
published research has been focused on the effects of bipolar fatigue and thus will

largely make up the focus here.
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2.6.1 Bipolar Fatigue

In bipolar fatigue, the permanent effects are tied to reduction in strain and
switchable polarization simultaneously, implying a reduction of the mobility of 90°
domain walls. Significant fatigue was found to consistently begin in the range of 2.5x10°
and 3x106cycles of applied fields at twice the coercive field level of the PZT in question
[25]. There is another component to the fatigue effect that is quite apparent in Figure
2.5.1, the asymmetry of the degradation of the maximum strain observed. For these
measurements, a thermal treatment was applied (4 hours at 400°C) between the cycling

steps. The asymmetry persisted nonetheless.

There is a straightforward macroscopic explanation for the observed asymmetry. An
offset polarization was defined by Nuffer et al to explain the observed change in
behavior [27]. This could be explained by Landau-Devonshire theory for electrostrictive
materials, where strain is proportional to the square of total polarization. Technically,
this is only fully applicable in cases of a single domain near the Curie point for the phase
transition to the paraelectric phase. However, one must consider both the degradation of
the total amount of switchable polarization and also the formation of an offset
polarization, as both options could result in the reduced properties. As modeled by
Lupascu et al, a curve fit develops asymmetry only when an offset polarization is
applied and not when combinations of two volume sets of switchable and “frozen”, non-
switchable polarizations within a material are considered for a given domain [25]. This

indicates that an increasing polarization offset alone leads to the observed asymmetry.
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In addition to this, bias or offset fields develop that are different from offset
polarization. Offset fields still allows the domain system to move, and can be seen as the
shift of the polarization hysteresis loop in one direction along the field axis. This can be
observed due to just aging either under DC or without external loading conditions. It is
common for a relatively minor offset field to develop automatically as a reduction in the
energy of the system as a reaction to the spontaneous polarization generated upon
cooling below the Curie temperature. The charge buildup that forms during this
transition forms bias fields that tend to be located at grain boundaries or especially near
electrodes. While oxygen vacancy diffusion from external sources could compensate this
mechanism, ion diffusion through metal of electrodes is very small due to the large
energetic barriers. Instead, a space charge region develops in these areas. But the
resulting shift in the hysteresis is generally only seen in initial measurements, and is
decreased upon subsequent measurements. Offset polarization, on the other hand,
appears to arise from domains being pinned and no longer switching with the applied
field. Defects forming immobile dipoles throughout the bulk alone is insufficient to cause
the magnitude of offset polarization observed, as there would need to be n=1021 cm-3
defects[25]. For this reason, it was instead proposed that some internal domain pinning

mechanism must be in effect [28, 29].

Lupascu proposed that piezoelectric fatigue could be explained by a common
mechanism that reduces switchable polarization and strain simultaneously by focusing
on a mechanism that could possibly suppress 90° domain switching, These obstacles

would inherently need to grow during the fatigue cycling process in order to make sense.
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After 2E¢ bipolar fatigue of the samples, increasing the applied field, Eapp, from
2E¢ to 4E¢ one observes hysteresis loops restored to approximately full values of
remanent and maximum polarization[30, 31]. Fatigue-lowered maximum and remanent
polarization values are surpassed by the application of higher fields but the decreases
are not removed permanently. Further measurements gave similarly reduced values
when the field level was slowly stepped back down to 2E¢, but now the P-E hysteresis

was re-centered around the origin of the x-axis and S-E is once again fairly symmetric as

seen in Figure 2.8 below.

3
£
=
o T
a o
S @
c £
L. =
=2 =
<) »
a
1 i i A | 1 1 A A - -
4 3 2 -1 0 1 2 3 < 4 3 -2 1 0 1 2 3 -
Electric Field, E [kV/mm] Electric Field, E [kV/mm)]

Fig. 2.8 Post-fatigue hysteresis (2x107 cycles at 2E¢) with Eqy, decreasing from 4 to 2 E.
taken from [25].

Thermal annealing post fatigue was shown to be quite affective, yielding a maximum of
70% recovery of P under testing field levels after annealing 500°C for 1hr[25]. Higher
temperatures yielded no greater change. In this case micro-cracking is one likely

possible explanation for the remaining unrecovered losses.
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From general observations of the degree of anisotropy in the strain hysteresis, a
significant amount of information can be inferred. Large anisotropy is found in both the y
and z-direction. Here, the axes are defined relative to applied fields matching those used
in fatigue, i.e. the z direction. The defects acting as pinning mechanisms involved in the
fatigue process must themselves be highly oriented within the bulk. It was found that
fatigue is affecting specific domains for certain orientations of grains relative to the

applied field.
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In Figure 2.9 above it can be seen that maximum polarization, Pya decreases by ~78.5%
upon completion of 2x107 cycles. Strain along the z-axis is also severely degraded and
significant asymmetry has developed to the point where the hysteresis loses almost all of

the characteristic butterfly shape seen in the right column.

After the measurements in the z- and y-directions were completed, the
electrodes were ground off and reapplied and measurements were made along the x ory
directions. It can be seen that polarization and strain hysteresis were symmetric with
values nearing 80% and 70%, respectively, of the initial measurements along the original
z direction (shown in Figure 2.10 for the new perpendicular electrode configuration, i.e.
the “3” direction now being along the y-axis). The asymmetries associated with fatigue
can still be observed, however, when measuring strain in the z-axis with respect to

applied field in the y-axis.

This was similar to what was found in previous work with bulk PLZT
(7/62.5/37.5) where the z-axis polarization hysteresis was found to decrease by
approximately 75%, but the value was found to be virtually unaffected when new

electrodes were created along the y-axis [31, 32].
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Fig. 2.10 Polarization and strain after fatigue (2x107 cycles) when fields are applied to new
electrodes located normal to the fatigue direction taken from [25]

From this it can be said that 90° domain switching is relatively unaffected by

fatigue for both directions perpendicular to the cycling applied field, which is shown in

regions X(c) and Y(c) in Figure 2.10 above. This shows that not all domains are

participating in the fatigue of the switching process and that process is highly oriented

based on the direction of the applied field used. Fatigue is being limited to a fraction of

domains that are strongly affected by the applied field in a given grain.
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2.6.2 Point Defect Agglomeration

“Screening, internal, and offset” fields and polarizations are all terms that have
been used before to describe similar, internal field effects in materials [25]. But
differences between motions and offsets of electronic and ionic carriers and their effects
on piezoelectric properties exist and the terms need to be further clarified. Some of these
terms have meanings that still allow domains to switch and only modifies the external
applied field, while others will act to pin, clamp or ‘freeze’ domain motion. An offset
polarization can only be said to have formed when the orientation of the effected
domains is not random, for example. Shur et al. were the first to give a model for a
volume fraction of non-switchable polarization, albeit without attributing a microscopic
cause [33, 34]. The development of this hard agglomerates theory can also explain the
restoration of polarization with higher applied fields if the agglomerates are represented
as very largely increased, but not insurmountable, activation energies for domain
switching. Lupascu proposed that the agglomerating species were oxygen vacancies and
that the growth process was irreversible. The mean distance that oxygen vacancies
travel within a single grain’s lattice at room temperature is 100 nm after fatigue

measurements, which is sufficient for the proposed agglomeration effect [25].

It is also reasonable to suppose that the grain boundaries become partially
conducting due to diffusion of the Ag electrodes in to the bulk. Oxygen vacancies are
drawn under applied electric fields and act to further weaken the predominantly PbO
boundaries structurally. In the sample interior a lack of conduction paths means that
charged defects agglomerate to planar structures inside the grains. This in turn causes

the reduction of mobility of domain walls in the samples. Once a few of the ionic species
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are gathered along the same plane, they act as a 180° domain boundary. Figure 2.11
represents one such domain within a single grain of polycrystalline PZT. Normally,
oxygen vacancies within the domain do not have the necessary energy to move
themselves to join the agglomerate. In Figure 2.11 b) the applied field is against the
depolarizing field setup by the agglomerate. The growth process of these domains occurs
especially rapidly under bipolar field conditions when the external applied field adds to

the depolarizing field from the accumulated charged species, as seen in Figure 2.11 c).
Note that the oxygen vacancy, VO", still move to the edges of the agglomerate so that

growth is along the plane and it is not thickened in the direction parallel to the applied

field.
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Fig. 2.11 A 180° domain with an existing agglomerate(+) and space charges(-) and a) no
applied field (b) downward pointing applied field (c) upward pointing applied field aligned
with dipole field acts to grow of the agglomerate in-plane, and (d) the agglomerate capture

range within a cylinder grain with dimensions, d, h= “g” taken from [25]
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The angle between defect agglomerates was observed via SEM (when etched with a
HF/HCI solution for 60 seconds) to be on the {100} planes in the perovskite structure.
From the agglomerate, any 90° domains that form will be 35.3° from it, or 54.7° in the
rhombohedral case [25]. This results in a shear stress exerted on these domains, which
given large enough agglomerates can force a shift from a rhombohedral to a tetragonal

domain as observed via SEM after fatigue and as seen below in Figure 2.12.

Fig. 2.12 SEM images of domain structure a) before fatigue is rhombohedral and b) post-
fatigue is tetragonal taken from [25]

This switch from rhombohedral to tetragonal domains was shown to originate in the
center of the samples and grow with increased fatigue cycling duration (at 2E¢). Entire
sample cross-sections were observed to have 100% conversion from rhombohedral to
tetragonal-like domains [35]. This even includes regions directly under the electrodes,
although transformation in this region seemed to have happened to a lower degree and
at a later point in the fatigue process. Another possible explanation for domain

transformation includes an increased ionization of local defects yielding a breakup of
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larger domains into smaller ones [25]. Regardless, the domain structure is seen to be
changing entirely upon completion of fatigue. It has also been shown via Atomic Force
Microscopy imaging that a change from predominantly 180° domain walls to a dense 90°
domain system with needle-like domains extending across the entire sample can be
observed, as shown below in Figure 2.13. This is evidence of locking the domains and
could explain the lack of domains fully switching after the corresponding 180° domain
growth portion of the strain hysteresis loop, where 90° domains should form to enable

switching.

Fig. 2.13 AFM images showing domain structure a) before and b) after 108 cycles of bipolar
fatigue at 2Ectaken from [36]
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2.6.3 Unipolar Fatigue

For PZT samples, the effect of unipolar fatigue appears to be somewhat different
than that seen in bipolar fatigue. In general, the loss of maximum polarization (-11%)
and maximum strain (-4%) under unipolar fields after 10° cycles is lower than the losses
in the bipolar case [37]. For bipolar measurements of these samples before and after
fatigue, it has been observed that there is a less drastic change in symmetry for strain
hysteresis, as seen in Fig. 2.14 b) and d). In fact, for this bipolar measurement there is a
true reduction of strain only during negative applied fields. The positive applied field
actually increases the observed strain. For the bipolar polarization hysteresis, very little

change is observed.
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Fig. 2.14 Unipolar and bipolar P-E (a,c) and S-E (b,d) hysteresis loops after initial and 10°
cycles of unipolar fatigue taken from [38]

The asymmetry developed in the strain seems to indicate the formation of a bias
“poling” due to the cycling, which is similar to the bipolar case. It was posited that these
slight decreases are due to a reduction of 180° domain switchability, but there does not
seem to be a true degradation, just an imprint from an offset polarization. This effect is
also different from the aforementioned offset field, which these samples also
experienced. The offset field can be seen through the shift in the final bipolar
measurements along the field axis as well, although it is somewhat minor in the
polarization hysteresis here. Unipolar effects will be further explored in lead free

systems for this project.

2.7 Lead-Free Perovskite Piezoelectrics

2.7.1 (K Na)NbOs3-Based Systems

The KNN-based materials have been successfully modified using various A and B
cations to enhance its piezoelectric properties, in some cases to levels approaching those
of PZT. A pseudo ternary system was first formed between KNN, LiTaOs, and LiSbO3 by
researchers at Toyota Inc in 2004 [39, 40]. That composition,
(Ko.44Nag 52Li0.04) (NbogaTao 10Sbo.os )O3 was subsequently designated LF4 by the authors.
For ease of use it will be referred to as LF4-1 throughout this work. It's Curie

temperature was found to be T¢ = 253°C and a plot of this along with a simple phase
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diagram indicating dss; values can be found in Figure 2.15. In the textured case especially,
but also in untextured LF4-1, it is seen that this new piezoelectric approaches

comparable properties with PZT.
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Fig. 2.15 a) KNN-modified phase diagram showing piezoelectric properties and b) plotting
current known piezoelectrics using Curie point versus ds; taken from [39]

Several similar compositions have been investigated including those with only
LiTaO3 added, some with AgTa0Os;, and some modified by Ag(SbiTaix)0s; [41-43].
Although these all feature enhanced properties compared to KNN, this work is focused to

optimal compositions found using only the six main cations found in the original LF4.

One such similar composition was independently developed with only very
minor  differences found in the amount of Ta and Sb added
((K0_44Nao_52Lio_o4)(Nbo_sﬁTao_1()Sbo_o4)O3) and is referred to here as LF4-2 (Tc :3260(:) [44]

Another study maintained constant amounts of the B-site cation and studied the effect of


http:Ko.44Nao.szLio.o4)(Nbo.s6
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the ratio of K to Na, which when optimized gave yet another similar composition of
(KossNagsglioos)(Nboo1TagesSboos)Os or LF4-3 (with T¢ = 336°C) [45]. From these
formulae it becomes apparent that changes in the ratio Nb:Sb results in a dramatic
change in the Curie point. These compositions properties are summarized in Table 2.3

below.

Table 2.3 Summary of previously optimized LF4 compositions compared to a commercially
available PZT data summarized from [39, 44, 45]. *textured ceramic

PZT LF4-1* | LF4-2 LF4-3
d., [pC/N] 170 152 96 NA
d,; [pC/N] 410 416 NA 306
K, 0.6 0.61 0.28 0.48
Curie Point [°C]] 250 253 326 336

Further studies on LF4-2 compositions included doping with CuO and Fe,03, with CuO
showing enhanced sintering and better dielectric loss characteristics [44, 46]. Some
secondary K,CuNbgO,; phase was observed via X-ray diffraction (XRD) measurements.

The best properties and came from dopant levels of 0.2 wt% CuO [44].

While these enhanced properties are well documented, there is very little
research published regarding the effects of piezoelectric fatigue for lead-free ceramics in
general and LF4 (KNN-based) materials in particular. Most currently published data
shows enhanced fatigue-free behavior for bismuth layered structures, while simple

perovskite materials have yet to be explored [47]. One other study has shown significant
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improvement of fatigue properties for KNN when doped with CaTiOs;, but testing was

limited to only 10,000 cycles in duration [48].

2.7.2 (BipsNaos)TiOs -(BiosKo5)TiO3 Solid Solutions:

Many other Pb-free piezoelectric reports have focused on Bi-based perovskites
because Bi3* has a similar electronic configuration to Pb%* [49, 50]. Compounds such as
(BiosKo5)TiO3 (BKT) and (BiosNaps)TiOs (BNT), and their solid solutions together or with

BaTi03; have shown excellent piezoelectric properties as well [3, 4, 51-58].

Bismuth sodium titanate, BNT, has long been considered an excellent candidate to
replace Pb-based materials, and BNT - related solid solutions have been studied
extensively [4, 59, 60]. BNT has long been referenced as having a rhombohedral
structure at room temperature with the transition from rhombohedral to tetragonal
phase occurring at approximately 300 °C. The Curie temperature for BNT is 540 °C.
Although it shows a relatively high remanent polarization P,=38 uC/cmz?, unfortunately
this can only be achieved at very high applied fields. This limitation of its pure state is
necessarily tied to its extremely large coercive field, Ec = 73 kV/cm. This makes effective
poling of BNT ceramics and subsequent large values for low field ds; quite challenging to

obtain.

Bismuth potassium titanate, BKT, is another well-known non-lead ferroelectric
with the perovskite structure. It has a tetragonal symmetry with a=0.391 nm and

¢=0.399 nm at room temperature and shows a relatively high Curie temperature,
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T.=380°C [61]. However a common problem reported with BKT, its poor sinterability,
makes obtaining dense ceramic samples difficult when using conventional ceramic
fabrication processes. Like BNT, extremely large applied fields are needed to achieve
saturation in the polarization hysteresis. In hot pressed samples, saturation was found at
Eapp>100 kV/cm, which yielded a fairly large Pmax = 33 and a P, = 22.2 uC/cmz2 The
coercive field for these materials, while lower than BNT, is still unsuitably large at 52.5

kV/cm [51].

As Figure 2.16 from Hiruma indicates, a morphotropic phase boundary (MPB) can
be achieved when the rhombohedral and tetragonal perovskite phases are combined to
form the BNT-BKT system [54]. This somewhat mimics the behavior of PZT, where the
piezoelectric properties are optimized near the MPB composition of about 18-20 mol%
of BKT added, but is not as stable with temperature. This system highlights the major
advantage found when using BNT in solid solutions, namely that an MPB is relatively
easily created when solid solutions are made with other perovskite materials with

tetragonal symmetry such as PbTiOs, BaTiOs, and BKT [20].
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The electrical properties of the BNT-BKT binary solid solution change significantly

depending on the crystal structure of the system, as can be seen from the changes in

width and height of the polarization hysteresis loops in Figure 2.17 [62]. The highest

remanent polarization was found to be 38 uC/cm? at the MPB composition of 20 mol% of

BKT. The compositions with tetragonal structure showed lower coercive field compared

to rhombohedral, which makes sense because BKT itself has a generally lower coercive

field. Piezoelectric properties are enhanced with ds; coefficients as high as 167 pC/N and

coupling coefficient, ks, as high as 0.56 [60]. Hiruma et al have also investigated

compositions the ternary system (BiosKos)TiOs (BKT) - (BiosNags)TiOz (BNT) -

BiosLios)TiOz (BLT) [59, 60] in order to further improve these properties.
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Fig. 2.17 Hysteresis loops of (0.94, 0.8, 0.7) BNT - (0.06, 0.2, 0.3) BKT at RT taken from [51]

2.7.3 [Bio,sKo,s]TiOg - Bi[Zn1/2Ti1/z]03 Solid Solutions:

Another method of affecting the piezoelectric properties of BKT is to make
solutions with other perovskite compounds that are normally unstable on their own at
room temperature. In solutions with BKT, tolerance factors between 0.99 and 1.01 can

be achieved when mixing with Bi(Zn1,,Ti1,2)03, BZT.

The decision to investigate BZT was based on both theoretical and early
experimental work on this system. The initial first principle calculations used the Density
Functional Theory (DFT) methodology on BZT and found it to be highly tetragonal [63].
This led to Suchomel, et al. to prepare bulk samples of this material using high pressure
(6GPa and 900°C for 1 hour) sintering that was followed by quenching. Intact dense

bodied ceramics resulted and had lattice parameters found to be a =3.82190(3)Aand c =
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4.62803(7)A. These completely phase pure materials give a c/a ratio as the highest
observed for any d° B site Pb or Bi based perovskite [50]. No change in phase or
microstructure was observed after a 400°C anneal. Powder and pellets were found to be
stable up to 550°C via in situ synchrotron XRD with only slight changes in c/a ratio [50].
Above this, it was shown to decompose into bismuth titanate and other minor non-
perovskite impurity phases. At the time of the initial publication there was no direct
evidence of ferroelectricity in the system on its own, although it was somewhat implied
by the structural results and dielectric data. This was mostly likely due to the fact that it
can be nearly impossible to achieve a polarization hysteresis loop on such highly
polarized materials due to the extraordinarily high switching fields required to reach the
abnormally large coercive field of high c/a ratio materials. This is especially true in bulk
ceramics. However, these strongly polarized materials can be suitable for enhancing
tetragonality in single phase solid solutions with other perovskites. The s2/(d!¢/d°)
cation combination in the Bi(B’psB”y5)03 perovskite structure allows for unusual
coordination geometries that enhance polarization in the bulk and will be used in

enhancing other lead-free binary and ternary solid solution perovskites.

Utilizing BZT in such a way allows it to be produced as a single phase by the
simple mixed oxide route used for most ceramics. Huang et al first reported the
structure and electrical properties of (1-x) (Bi1/2K1,2)TiO3 - x Bi(Zny/2Tii/2)03 solid
solutions, or BKT - BZT [51, 61].1t was also shown that forming a solid solution with BZT
made large improvements to the density, dielectric, and piezoelectric properties of BKT,

much like previous work in the BNT-BKT system [51, 54].
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Fig. 2.18 Dielectric properties of a) pure BKT (left) and b) 0.9 BKT - 0.1 BZT (right) taken
from [61]

X-ray diffraction of these BKT - BZT samples shows single phase, tetragonal
symmetry were obtained for all samples up to a discovered solubility limit of 20 mol%
BZT. Figure 2.18 shows the dielectric properties of pure BKT and 0.9 BKT - 0.1 BZT as a
function of the temperature and frequency. Upon the addition of 10% BZT, the maximum
dielectric constant increased and the dielectric spectra was broadened and shifted to the

left (i.e. the T¢ was lowered to ~300°C).
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Fig. 2.19 a) PE loops and b) strain hysteresis of pure BKT and 0.9 BKT - 0.1 BZT taken from
[61]

Figure 2.19 shows a comparison of P-E and S-E hysteresis loops between these same
compositions. The P-E loops for both compositions were not fully saturated even at high
applied fields (Eapp>80 kV/cm). The remanent polarization P, increased significantly
from 6.1 uC/cm? to 11.8 uC/cm?, but was not as high as in the BNT-BKT case [61]. The
expected butterfly-shaped strain loops were observed with relatively low amounts of
negative strain. Compared to pure BKT, the maximum strain of the 10% BZT material
was significantly improved, matching the maximum and remanent polarization increases
seen in the polarization hysteresis. Like in the KNN-based LF4 system very little work
has yet been completed to understand the long-term reliability of the electrical

properties of these systems.
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3 Materials and Methods

3.1 Materials Synthesis

For all samples prepared conventional solid-state synthesis methods were used.
The general process flow consisted of 5 main steps. First six hours of high-energy
vibratory milling was used for mixing the raw oxide or carbonate powders together.
After drying these powders, high temperature calcination reactions were performed in
alumina crucibles. Calcination temperatures were decided based on either processing
known from previous literature, or they were determined empirically, with a starting
point based on known reaction temperatures for binary or ternary end members and
phase diagrams of the component materials. Post calcination, the powders were milled,
as before, for six hours in order to obtain a fine particle size and then dried for atleast 12
hours. For both milling steps, ethanol based slurries of ~15 vol% powder were used with

cylindrical, high-density yttrium stabilized zirconia (YTZ) media (TOSOH corporation).

The calcined powders were next mixed with a 3 wt% solution of either Polyvinyl
Butyral (PVB) or Paraloid (PL) binder, and then were uniaxially cold pressed into 12.7
mm pellets at a pressure of 150 MPa. Finally, following a 3 hour 400°C binder burnout,
the pellets were sintered in sacrificial powders inside covered crucibles.

X-ray diffraction was used for phase identification between 20°-80°26 on
polished sintered pellets (Bruker AXS D8 Discover). Additionally for compositions of the
ternary BZT-BNT-BKT system, unpolarized Raman spectra were excited with the
5145 nm line of an Ar laser and recorded with a Renishaw inVia micro-Raman

spectrometer. The spectra were corrected to the Bose-Einstein temperature factor.
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3.1.1 (K Na)NbO3 Based Systems:

For the compositions investigated in the KNN system,
(Ko.44Nags2Lio.04)(NbogaTao10Sboos)0z  (LF4-1), ((Ko.44Naos2Lio.04)(NbossTao10Sbe.04)03)
(LF4-2), and (Ko3sNagsslioos)(Nboo1TagesSbge4)Os (LF4-3) were produced using starting
powders of at least 99.9% purity (LiCOs, NaCOj; KCOs, Nb,Os, Ta;0s, and Sb,Os).
Calcinations were performed in covered crucibles at 780°C for 4 hours (LF4 - 1 and 2) or
850°C for 6 hours (LF4 -3). Sintering was done at 1135°C for 2 hours (LF4-1 and 2) or
1100°C for 3  hours (LF4-3). For subsequent fatigue testing of
(Ko.44Nao52Li0.04)(NbogsTao10Sboo4)03 (LF4-2) and ((Ko.44Naos2Lio.04)(Nbo.gsTao.10Sbo.04)03)
+ 0.2 wt% CuO were produced via the calcination method described above for LF4-2. The

sintering was changed for LF4-2 + 0.2 wt% CuO to 1100°C for 3 hours.

3.1.2 Bi-based Systems

Ternary compositions of xBZT-0.4BKT-(0.6-x)BNT for x = 0.025, 0.05, 0.1, 0.15,
and 0.20 were produced using starting powders (Biz03, TiO2, ZnO, NaCOs, and KCO3) of
>99.9% purity. Calcinations were performed in covered crucibles at 900-950°C for
6 hours. Sintering was performed at 1050-1100°C for 4 hours. These same conditions

were used to make the x = 0.025 and 0.05 samples used in separate fatigue experiments.

Binary compositions based on (1-x)(BissNaos)TiO3-xBi(Zn1,2Ti1,2)03 for x = 0.02,

0.04, 0.06, and 0.08 were likewise created using high purity (>99.9%) Bi,03, NaCOs3, ZnO,
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and TiO; powders as precursors. They were calcined at 900-975°C for 6 hours. Pellets
were sintered at 1050-1100°C for 2-8 hours, with temperatures decreasing and time

increasing as mol% BZT was increased.

3.2 Electrical Testing

Prior to electrical measurements, samples were polished to sub-millimeter thickness
with smooth and parallel surfaces. Silver paste (Heracus C1000) was fired on both sides in air
at 650°C for 30 minutes. An Agilent 4284A LCR meter was used to measure the dielectric
propertics for a wide variety of frequencies and temperatures using a high temperature
measurement cell (NorECS Probostat). Polarization hysteresis measurements were made using
a Sawyer-Tower circuit-based system (Radiant Technology Premier II utilizing Vision
software).  Strain hysteresis measurements were taken with the same system in
conjunction with an MTI Instruments 2100 Fotonic Sensor. When DC bias poling was
needed, voltages were applied at elevated temperatures in a Si oil bath using a Delta
9023 (Delta Designs Inc) environmental chamber in the configuration shown in Fig. 3.1.
High voltage was applied once the temperature of the oil had reached the set point
temperature and was held typically for 30minutes. The voltage maintained until the

chamber was cooled to atleast 35°C.
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Environmental
Chamber

Sample

Fig. 3.1 High temperature DC bias poling schematic

3.3 Fatigue Testing
3.3.1 (K Na)NbO3 Based Systems:

For poling, dc biases of 40 kV/cm were used at room temperature for 10 minutes
(LF4-2) or at 100°C for 30 minutes (LF4 + 0.2 wt% CuO). Unipolar fatigue effects were
measured using a repeating triangular waveform applied in the same direction as that of
the dc bias used in poling, at 10Hz or 50 Hz for either 18 kV/cm or 36 kV/cm (1E¢ and
2E¢, respectively) for LF4-2 and 16 kV/cm or 30 kV/cm (2E¢ and 3E¢, respectively) for
LF4-2 + 0.2 wt% CuO. Fatigue testing was run for various cycle lengths (1x105, 1x109, or
1x107) with unipolar hysteresis measurements taken at every decade. Additionally,
bipolar hysteresis measurements were taken before and after the fatigue of the CuO

doped samples at multiple field levels.
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3.3.2 Bi-based Systems

For the Bi-based ternary samples, the fatigue testing was performed on unpoled
samples by applying a 10Hz bipolar triangular waveform at 50 kV/cm on both the 0.025
and 0.05 BZT samples. Additional testing was performed on 0.05BZT at 2E¢ (20 kV/cm).
The fatigue tests performed in this study were carried out under bipolar conditions
because, as mentioned in the literature review, bipolar cycling results in more severe
degradation of the polarization and electromechanical strain compared to unipolar

cycling.

These tests were chosen to highlight any differences in fatigue behavior across
the transition in behavior from “normal” ferroelectric response at 2.5%BZT, to the high
electromechanical strain response of 5% BZT. The 2.5% BZT was tested at a field level of
50 kV/cm which amounts to approximately 2Ec. These testing conditions are equivalent
to fatigue tests carried out on PZT in order to allow for a basic comparison. The 5% BZT
composition was tested at two different field levels, 20 kV/cm and 50 kV/cm. Since this
material exhibits unconventional hysteresis behavior, these two field levels were chosen
to provide different modes of comparison. The 20 kV/cm test is nominally equivalent to
2E¢, although it is not fully accurate to define a coercive field in this way as it does not
represent full switching in a conventional sense. Additionally, the fatigue test was
carried out at 50 kV/cm so that a direct comparison could be made to 5%BZT
composition. All three fatigue tests were carried out on three identical specimens and

the results for each testing condition were very similar in each case.
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4.1 Abstract

Solid solutions based on Li, Ta, and Sb-doped (KosNao5)NbO3s (KNN) lead-free
perovskite systems were created using standard solid state methods. X-ray
diffraction was used to confirm that all compositions were single phase and to
verify the phase transition from tetragonal to cubic at T¢ = 302°C. The three
compositions examined, originally developed by Y. Saito and E. Li, were shown
to be strongly ferroelectric with sharp peaks in permittivity present at the
Curie temperature. The optimum composition had loss tangent values below
five percent up to 100 kHz at room temperature. Bipolar hysteresis
measurements showed high values for both maximum polarization (25 and 21
uC/cmz?) and remanent polarizations (20 and 16 pC/cm?) for undoped and 0.2
wt% CuO doped samples. Maximum strain values of greater than 0.23 percent

were observed.

Key words: lead-free systems, piezoelectricity, dielectric, perovskite,
ferroelectrics

4.2 Introduction
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While lead-based piezoelectrics, primarily consisting of lead-zirconate-titanate (PZT)

currently hold exemptions from European Union environmental standards, including

RoHS, WEEE, and ELV, they can not be expected to be extended indefinitely. Therefore,
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the search for lead-free alternatives to PZT has been of increased interest as companies
endeavor to reduce their environmental impact.

Recent research in Pb-free piezoelectrics has been focused on a few commonly
studied ferroelectric systems. The most common systems involve a binary system
includes (BipsKos)TiO3 (BKT), (BipsNaos)TiOs (BNT), or (KosNags)NbO3; (KNN) combined
with another perovskite end member of the form ABOs, such as BaTiO; [1, 2]. The KNN-
based materials have been successfully modified using various A and B cations to
enhance their properties to levels approaching those of PZT. A pseudo-ternary was first
formed between KNN, LiTaOs, and LiSbO3 by Saito et al. in 2004 [3]. That composition,
(Ko.44Nag52Lig.04) (NbogaTag10Sboos)O3 was subsequently designated LF4 by the authors
and for simplicity will be hereafter referred to as LF4-1. It's Curie point was found to be

T¢=253°C.

Several similar compositions have been investigated including those with only
LiTaO3 added, some with AgTaOs;, and some modified by Ag(SbxTai.x)03[4-6]. Although
these all feature enhanced properties compared to KNN, the present study is limited to
the compositions previously optimized in the literature, which approached the
piezoelectric properties of PZT using only the six cations found in LF4-1.

Another similar composition was independently developed with slight differences
found in the amount of Ta and Sb added ((Ko.44Naos2Lio.04)(NbosgsTao10Sboo4)03) and is
referred to here as LF4-2 (T¢=326°C) [7]. Different levels of CuO doping were studied for
this composition, with enhanced sintering and a softening effect shown at CuO

concentrations near 0.2 wt%. The final study investigated as focused on the effect of
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K/Na ratio on the A-site, which when optimized gave
(KoszsNagsgliooa)(Nboo1TaoesSboos)Os or LF4-3 (with T¢ = 336°C) [8]. From these
formulae it becomes apparent that changes in the ratio Nb:Sb resulted in a dramatic
change in the Curie point. The properties of these compositions are summarized below

in Table 4.1 along with those of a commercially available PZT.

Table 4.1 Summary of previously optimized LF4 compositions compared to a commercially
available PZT, [(Pbo.ssBas.15)0.9925L00.005]X(Zr0.52Tip.45) 03 [3, 7, 8].

PZT LF4-1* LF4-2 LF4-3

dz1 (pC/N) 170 152 96 N/A
dz3 (pC/N) 410 416 N/A 306
kp 0.6 0.61 0.28 0.48
Curie T (°C) 250 253 326 336
Reference Y. Saito Y. Saito E. Li J. Wu

*Data represents measurements on textured ceramics

Further studies on LF4 compositions included doping with CuO, Fe,03, or co-doping
pure KNN with La;0; and Fe,03to improve sintering in low pressure conditions and all
showed an increase in piezoelectric coefficient [7, 9, 10]. Doping LF4-2 with CuO showed
vastly improved sintering and better dielectric loss characteristics. Some secondary
K4CuNbgO,3 phase, however, was previously observed via X-ray diffraction (XRD)

measurements [7].
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4.3 Experimental Method

All compositions (LF4-1, LF4-2, LF4-3) were reproduced via conventional solid-state
synthesis methods. This includes using starting powders of at least 99.9% purity (LiCOs,
NaCO0s, KCO3, Nb;0Os, Taz0s, and Sb;z0s). Six hours of high energy vibratory milling was
used for mixing and post-calcination grinding. Ethanol solutions of 15 vol% powder
were used with high density YSZ media (corporation) during milling. Calcinations were
performed in covered crucibles at 780°C for 4 hours (LF4 - 1 and 2) or 850°C for 6 hours
(LF4 -3).

The calcined powders were mixed with a 3 wt% solution of Paraloid binder, and then
were uniaxially cold pressed into 12.7 mm pellets at a pressure of 150 MPa. Following a
400°C binder burnout, the pellets were sintered in covered crucibles at 1135°C for 2
hours (LF4 - 1 and 2) or 1100°C for 3 hours (LF4 -3 and LF4-2 + Cu0). A Bruker-AXS D8
x-ray diffractometer was used for phase identification in the 20 scan range of 20°-80° for
sintered pellets.

Prior to electrical measurements, samples were polished to sub-millimeter thickness
with smooth and parallel surfaces. Silver paste (Heraeus C1000) was fired on both sides
in air at 650°C for 30 minutes. An Agilent 4284A LCR meter was used to measure the
dielectric properties for a wide variety of frequencies and temperatures using a high
temperature measurement cell (NorECS Probostat). Hysteresis measurements were

made using a Radiant Technology measurement set-up utilizing Vision software. Strain
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hysteresis was also recorded using an interferometer probe in conjunction with the top

electrode surface of the Radiant sample holder.

4.4 XRD and Dielectric Characterization

X-ray diffraction studies confirmed that all compositions exhibited the perovskite
structure with no evidence of secondary phases to the detection limits of the instrument.
Tetragonal symmetry was observed in all three cases with well-defined (001) peak
splitting, as seen in Fig. 4.1. Minimal peak shifting was observed between the various
compositions. Additionally, when LF4-2 was synthesized with 0.2 wt% CuO added as a
dopant to aid sintering. No secondary phases were observed within the limits of x-ray

diffraction, despite previous reports to the contrary.
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Fig. 4.1 XRD data showing single-phase perovskite structure for all LF4 compositions investigated.
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In Fig. 4.2, the relative permittivity and loss tangent are shown for all three undoped
LF4 compositions examined (at 10kHz). All exhibit strong ferroelectric behavior with
sharp, well-defined peaks in permittivity at the Curie point, T¢. In all three cases, the
Curie temperature was found to be slightly lower than the published values by varying
degrees. A further slight downward shift to 302°C was observed upon the addition of 0.2

wt% CuO to LF4-2.
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Fig. 4.2 Dielectric properties of all three undoped LF4 compositions at 10 kHz

Pure KNN has a T¢ = 420°C and the compositional modifications in all three
compounds shifts this downward depending upon the Nb content [4]. The compositions
LF4-2 and LF4-3 have a significantly higher T¢ (~311°C and ~314°C respectively) than
LF4-1 due to their higher concentrations of Nb. All the compositions have room
temperature permittivities close to 1200 and tan d values below 0.05 at room
temperature. The lowest values of dielectric loss were those of LF4-2, so all further

experiments were focused on this composition including the addition of CuO.
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A more detailed plot of frequency dependence of the dielectric properties is shown
for LF4-2 and LF4-2 with 0.2 wt% CuO in Fig. 4.3. The frequency dependence of the
dielectric loss at room temperature data is plotted as an inset as well to emphasize the

low loss values over a wide range of frequencies (tan d < 0.05 up to 100 kHz).
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Fig. 4.3 Frequency dependence of ¢, (solid lines) and tan d (dotted lines) as a function of
temperature a) LF4-2 and b) LF4-2 + 0.2wt% CuO with arrows indicating increasing frequency. In
both Figs., the inset shows tan d values at room temperature as function of frequency.
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The transition from tetragonal to cubic was further characterized for the CuO doped
ceramics by XRD as a function of temperature. The collapse in the peak splitting is clearly

observed at 300°C for both the (002) and (012) peaks as highlighted in Fig. 4.4 below.
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Fig. 4.4 XRD vs. Temperature for LF4-2 + 0.2 wt% CuO with transition between tetragonal and
cubic phase occurring at 300°C

4.5 Piezoelectric Characterization

Polarization hysteresis loops measured at 1 Hz for LF4-2 ceramics show well-defined
loops characteristic of a ferroelectric material with some degree of pinching that is a
characteristic feature of the hysteresis behavior in many of the previously published
results. The Pyax for these samples was approximately 25 pC/cm? with the remanent
polarization P; ~ 20 pC/cm?2as seen in Fig. 4.5. The coercive field for this specimen was

approximately 18 kV/cm.
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Fig. 4.5 Typical bipolar hysteresis at 1 Hz for LF4-2 and LF4-2 +CuO with E highlighted

The coercive field was dramatically reduced when CuO was added to the system, with
Ec ~ 8.7 kV/cm. The loops are highly saturated though the maximum polarization was
somewhat reduced compared to the undoped compositions. The various ferroelectric
properties derived from the polarization hysteresis measurements, as well as low field
piezoelectric properties are summarized in Table 2 and compared to those available in
the literature for these compositions. The addition of CuO acts to make the samples more
“hard” with the mechanical quality factor, Qm, more than doubling. There is a
corresponding decrease in the planar coupling coefficient, kj,, from 0.132 to 0.103 with

the addition of CuO.
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Table 4.2 Summary of piezoelectric properties of optimized compositions compared to literature

values [7]
LF4-2* LF4-2 +Cu0 +CuO*
Pumax (LC/cm2) 22 25 21 20
P.(nC/cms2) 17 20 15 16
Ec 36 16.5 8-10 25
kp - 0.132 0.103 -
Qm 26 46.0 109.9 137

*Indicates data observed by E. Li, et al.

Next, increasing field levels were applied (between 20 to 60 kV/cm) to CuO doped
samples for both polarization and the corresponding strain hysteresis measurements as

shown in Fig. 4.6.
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Fig. 4.6 Typical bipolar hysteresis for a) polarization at 1 Hz and b) electromechanical strain at 0.1
Hz for LF4-2 + 0.2 wt% CuO under increasing applied fields. At 50 kV/cm, the effective ds3* was 450
pm/V.

Highly symmetric butterfly-shaped strain loops were observed at all frequencies.

Maximum strains of up to 0.23% were seen, in conjunction with high field dzs* values of
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450-600 pm/V depending on applied field levels. Values of low field d33, however, were
found to range from 167-182 pC/N for samples poled under dc bias of 40 kV/cm at
100°C for 30 minutes. While these are smaller than the previously reported 416 pC/N of
LF4-1 ceramics under unique texturing processing methods, they are still high compared
to other known lead-free systems. It is also important to note that poling conditions are
well-known for commercial PZT samples and yield ds; values that range anywhere from
400-600 pC/N depending on the use of hard and soft dopants [3]. Optimization of the
poling conditions may enhance the low-field ds;; values for the (K,Na)NbOs-based

ceramics in this study.

4.6 Conclusions

Single phase perovskite ceramics were synthesized for three variations of the lead-free
(K,Na)NbO3s-based LF4 piezoelectric material. Analysis of their dielectric properties
revealed strong ferroelectric behavior with T¢ values similar to those previously
published. For LF4-2, dielectric loss values were below 0.05 for frequencies up to 100
kHz. Ferroelectric hysteresis measurements showed remanent polarizations of 16 and
20 pC/cm? and maximum polarization values of 21 and 25 pC/cmzfor LF4-2 plus CuO
and LF4-2, respectively. The addition of a relatively small amount of 0.2 wt% CuO had
the dramatic effect of decreasing E¢to approximately 8-10 kV/cm. These results match
the mixed A and B site doping proposed in the work of Lj, et al. [7]. The substitution of Cu
into the A site acts to reduce oxygen vacancies and lower the coercive field, but the B site

replacement makes the samples more “hard” with increased Qm and decreased k,, values.
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In general, the high field ds3* (500-600 pm/V) and Smax (~0.23%) values for these

samples are very promising for future use in actuator devices.
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5.1 Abstract

Single phase perovskite ceramics were synthesized of a Pb-free
(Ko.44Nag 52Li0.04) (NbogsTao10Sbo.04) O3 (LF4) piezoelectric material both with and without
CuO as a dopant additive. Bipolar hysteresis measurements showed a relatively high
remanent polarization (20 pC/cmz2, 16 pC/cm?) and maximum polarization (25 pC/cmsz,
21 uC/cm?) values were found for both undoped LF4 and 0.2 wt% CuO doped LF4
respectively. Unipolar fatigue behavior for this system was found to decrease strongly
with increased applied testing fields and increased test durations. For undoped LF4, the
maximum polarization values were stable after 10 cycles after testing for 100,000 cycles
duration. For the CuO doped samples, increasing the testing field to 3E¢ resulted in twice
the decrease in Pumax (-32%) compared to the 2E; tests at 10¢ cycles (-17%). At 2E¢
testing for CuO doping, polarization decreases continually through 107 cycles with the
decreases in Pmaxand ds; both reaching a maximum (-22% and -30% respectively) after
107 cycles. In the CuO doped samples, the fatigue is exacerbated due to the influence of

space charge on the increased number of defects present.

5.2 Introduction

Piezoelectric ceramics, particularly PbZr,TixO3 (PZT), are the most widely used
for key components in a wide variety of device applications, such as in underwater sonar
systems, medical ultrasonic transducers, actuators for fuel injection, printers or
positioning systems, pneumatic valves, gas igniters, and transformers [1, 2]. Lead-based

piezoelectrics currently hold exemptions from all major European Union environmental
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standards, including RoHS, WEEE, and ELV; they are not expected to be excluded
indefinitely. These same regulations were in a large part responsible for driving the
development of the Pb-free solders that are currently in use throughout the electronics
industry. Therefore, the search for lead-free alternatives to lead-zirconate titanate (PZT)
has been of increasing interest and gaining more attention as companies endeavor to
reduce the impact of their products on the environment. In addition to the
environmental reasons, PZT is also known to exhibit quite poor piezoelectric fatigue
properties with relatively severe degradation in strain behavior after only a few millions

of cycles of applied field [3-9].

Recent research in Pb-free piezoelectrics has been focused on a few commonly
studied ferroelectric systems. The most common systems involve a binary system, which
typically includes (BiosKos)TiOs (BKT), (BiosNaos)TiOs (BNT), or (KosNaos)NbO3 (KNN)
with another ABO; perovskite, such as BaTiO3 or one of the other starting components
[10-11]. In this work, compositions from a lead-free ternary system based on KNN will
be explored in order to further enhance these piezoelectric properties. Fatigue of these
lead-free systems will also be evaluated in detail to determine if their behavior is as

detrimental and if the mechanisms are the same as those found for PZT based systems.

5.3 (K,Na)NbOs-Based Systems

The KNN-based materials have been successfully modified using various A and B cations
to enhance its properties to levels approaching those of PZT. A pseudo ternary system

was first formed between KNN, LiTa0O3, and LiSbO3 by Saito et al. in 2004 [12-13]. That
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composition, (Ko44Nags2Lio04)(NbosaTao10Sboos)O3 was subsequently designated LF4 by
the authors. A general plot of various known perovskite-based piezoelectrics versus dss
was included and showed that even in the case of untextured samples, this new
piezoelectric more closely approaches the properties found for PZT than the other

common lead-free alternatives currently being explored.

Similar compositions also investigated included those with only LiTaO3z added,
some with AgTa0s;, and some modified by Ag(SbiTa1.x)03[14-16]. While all exhibited
enhanced properties, including ds; and P, compared to the pure KNN system, this study
is focused on optimized compositions found using only the six cations found in the
original LF4 [12,17-18]. The second composition optimized resulted in only slight
differences found in the amount of Ta and Sb added
((Ko.44Nao52Li0.04) (NboseTao10Sbo.04)O3) and is referred to here as LF4-2 (with T¢= 326°C)
[17]. Further studies on LF4-2 compositions included doping with CuO and Fe;03, with
CuO showing improved sintering and better dielectric loss characteristics [17,19]. Some
secondary K,;CuNbgO,; phase, however, was observed via X-ray diffraction (XRD)
measurements. This was proposed to function as a liquid phase sintering aid for this

system. The best piezoelectric properties came from dopant levels of 0.2 wt% CuO [17].

While these enhanced properties are fairly well documented, there is very little
research published regarding the effects of piezoelectric fatigue for lead-free ceramics in
general and LF4 (i.e. KNN-based) compositions in particular. Most currently published
data shows enhanced fatigue-free behavior for bismuth layered structures, while simple

perovskite materials have yet to be explored [20]. One other study has shown significant
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improvement of fatigue properties for KNN when doped with CaTiOs;, but testing was

limited to only 10,000 cycles in duration [21].

5.4 Experimental Methods

Both  compositions (Ko.44Nag 52L10.04) (Nbo.gsTa010Sbo.04)O3 (LF4-2) and
((Ko4aNagszlioos) (NbosgeTao10Sbo0s)03) + 0.2 wt% CuO added were produced via
conventional solid state synthesis methods. This includes using starting powders of at
least 99.9% purity (CuO, LiCO3, NaCO3, KCO3, Nb20s, Ta20s, and Sb20s). Six hours of high
energy vibratory milling was used for mixing and post-calcination grinding. Ethanol
solutions of ~15 vol% powder were used with high density yttrium stabilized zirconia
(YTZ) media (TOSOH corporation) during milling. For these KNN based compositions,

calcinations were performed in covered crucibles at 780°C for 4 hours.

The calcined powders were mixed with a 3 wt% solution of Paraloid (PL) binder,
and then were uniaxially cold pressed into 12.8 mm pellets at a pressure of 150 MPa.
Following a 3 hour 400°C binder burnout, the pellets were sintered in covered crucibles
at 1135°C for 2 hours (LF4-2) or 1100°C for 3 hours (LF4-2 + 0.2 wt% CuO). X-ray
diffraction (Bruker-AXS D8 Discover) was used for phase identification in the 26 scan

range of 20°- 80° for sintered pellets.

Prior to electrical measurements, samples were polished to sub-millimeter
thickness with smooth and parallel surfaces. Silver paste (Heraeus C1000) was fired on

both sides in air at 650°C for 30 minutes. A LCR meter (Agilent 4284A) was used to
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measure the dielectric properties for a wide variety of frequencies and temperatures
using a high temperature measurement cell (NorECS Probostat). Polarization and strain
hysteresis measurements were made using a Sawyer-Tower circuit-based system

(Radiant Technology Premier II utilizing Vision software).

For poling, dc biases of 40 kV/cm were used at room temperature for 10 minutes
(LF4-2) or at 100°C for 30 minutes (LF4 + 0.2 wt% CuO). Unipolar fatigue effects were
measured using a repeating triangular waveform applied in the same direction as that of
the dc bias used in poling, at 10Hz or 50 Hz for either 18 kV/cm or 36 kV/cm (1E¢ and
2E¢, respectively) for LF4-2 and 16 kV/cm or 30 kV/cm (2E¢ and 3E¢, respectively) for
LF4-2 + 0.2 wt% CuO. Fatigue testing was run for various cycle lengths (1x105, 1x10¢, or
1x107) with unipolar hysteresis measurements taken at every decade. Additionally,
bipolar hysteresis measurements were taken before and after the fatigue of the CuO

doped samples at multiple field levels.

5.5 Results and Discussion

Polarization hysteresis loops measured at 10 Hz for
(Ko.44Nags2Lig.04) (NbogeTao10Sbo4)Os (LF4-2) ceramics showed well-defined loops
characteristic of a ferroelectric material. The Puax for these samples was approximately
25 pC/cm? with the remanent polarization P, ~ 20 pC/cmz2, while the coercive field for
these specimens was ~18 kV/cm. This was reduced by half when 0.2 wt% CuO was
introduced to the system, with E¢ =8.7 kV/cm at saturation field levels, yet the high

polarization levels were maintained (Pmax= 21, Pr = 16 uC/cm?). Next, increasing field


http:ao.szLio.o4

78

levels were applied (between 20 to 60 kV/cm) to the CuO samples for both polarization

and strain hysteresis measurements, which is shown in Fig. 5.1.
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Fig. 5.1 Typical bipolar hysteresis of LF4-2 + 0.2 wt% CuO ceramics for a) polarization and b) strain
at increasing field levels (from 20 to 50 kV/cm) show a maximum strain of 0.26%



79

Significantly, very symmetrical, butterfly shaped strain loops were observed at all
frequencies and field levels used. Fully saturated loops first form at field levels between
40 and 50 kV/cm. Maximum strains of up to 0.26% were seen, in conjunction with high
field dss* values of 500-700 pm/V depending on the field applied. Values of low-field dss,
however, were only found to range from 167-182 pC/N. While these are smaller than the
highest previously reported 416 pC/N of “textured” LF4 ceramics, they are still high
compared to other known lead-free systems. Also, it should be noted that poled
commercial PZT samples range anywhere from 400-600 pC/N depending on the levels of

hard or soft dopants used [19].

After room temperature poling at 35 kV/cm, the unipolar fatigue characteristics
of the undoped LF4-2 ceramics were evaluated out to 100,000 cycles. Figure 5.2 a)
shows the unipolar hysteresis measurements at 18 kV/cm (1E¢) and Fig. 5.2 b) presents
the data for samples fatigued at 36 kV/cm (2E¢). While some fatigue is observed, the
majority of the loss in polarization occurs within the first 10-100 cycles. This is likely
attributable to insufficient poling, as the domain structures appear to come to a stable

equilibrium state after a small number of cycles that act to further pole the sample.
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Fig. 5.2 Fatigue behavior of undoped LF4-2 with a) 18 kV/cm (1E;) and b) 36 kV/cm (2E¢) applied
fields at 10 Hz for 10° cycles.

For fatigue measurements performed at 18kV/cm (1E(), after the first 10 cycles

very little degradation in polarization is observed out to 100,000 cycles. For samples
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fatigued at 36 kV/cm (2Ec), the polarization drop continues until after approximately 10
cycles were complete and arrived at a stable value. The magnitude of this decrease was
approximately half that of the drop in Pmax observed for fatigue tests at the 18 kV/cm
(1Ec) level. This is made clearer in Fig. 5.5a, where Pwmax is plotted as a function of
number of cycles. In general, samples that effectively had lower initial polarization and
ds3 values also experienced a correspondingly smaller drop in Puax after fatigue. In these
samples the larger change in maximum polarization at the beginning of the fatigue test
has more to do with the poling process than the fatigue process. The most important
aspect of the fatigue characteristic is the stabilization of the polarization as higher

numbers of cycles were reached.

Because the coercive field of the 0.2 wt% CuO doped samples was significantly
lower than the undoped case, and based on what is known about the fatigue behavior of
PZT at low field values, fatigue experiments at 16 and 30 kV/cm (2E¢ and 3E() for the
doped samples were chosen. It is difficult to normalize these fatigue tests between the
undoped and 0.2 wt% CuO compositions because both the magnitude of the applied
electric field and the coercive field are important semi-dependent parameters. The
magnitude of the applied electric field is important since that is directly related to the
energy that is introduced into the dielectric. However, the coercive field represents the

energy required for domain motion, which is highly relevant to fatigue mechanisms.
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Fig. 5.3 Unipolar fatigue behavior of 0.2 wt% CuO doped LF4-2 at 2E for 10¢ cycles with a) unpoled
and b) poled ceramic samples

In the first set of experiments on 0.2 wt% CuO LF4-2, samples were fatigued at 16kV/cm
(2E¢) and 10 Hz for 10¢ cycles. Both samples poled at 100°C for 30 minutes at 40 kV/cm
and one without any poling were examined. In the unpoled case, a much more significant

drop in polarization was observed at the beginning of the test. This effect is very similar
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to the large decrease in the maximum polarization that was observed in the undoped
samples. In comparing the poled and unpoled 0.2 wt% LF4-2 speciments, if the data for
the first 10-100 cycles of the unpoled sample are removed, the scale of the overall drop
in Pmax between the two are very similar, which can be seen in Fig. 5.3. This is not
observed in the highly poled commercial PZT samples tested in previous studies, further

confirming the importance of the poling on the overall fatigue of the sample.

In the case of 1 million cycle fatigue tests carried out on poled samples at 30 kV/cm
(~3Ec) applied field, the drop in Puaxincreases even further to 32%, nearly doubling the
drop seen for the 16 kV/cm (2Ec) test at the 10¢ cycle mark. In separate tests, samples
were examined out to 107 cycles at 2E¢ (50 Hz applied triangular waveform). The trend
observed matches the relative decrease observed in previous poled 16 kV/cm (2E()
fatigue tests out to 10¢ cycles (~17%) and shows a further decrease in polarization out
to 107 cycles (~22%) as expected. The unipolar hysteresis loops observed during these

fatigue tests are shown in Fig. 5.4.
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Fig. 5.4 Unipolar fatigue behavior of 0.2 wt% CuO doped LF4-2 at a) 3E; for 106 cycles (10 Hz) and
b) 2E for 107 cycles (50 Hz)

For the CuO doped samples, the trend is clearly different than for the undoped LF4,
which can be seen in Fig. 5.5. The maximum polarization does not reach a constant value
at increased cycles, but rather exhibits a steady decrease as a function of cycles applied,

even out to 10 million cycles. Also, increasing the testing field levels from 18 to 30 kV/cm
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(2E¢ to 3E¢) further increased the degradation of the polarization, as shown in Fig. 5.5b.
While additions of 0.2 wt% CuO enhanced the piezoelectric properties in general, they
simultaneously appeared to worsen the fatigue properties in this system. If Cu2+ was
acting as an acceptor, more oxygen vacancy species should be present and fatigue would
be worsened according to previous models [4-5, 7-9]. However, a hardening effect was
not observed as the E¢ decreased with the addition of CuO. This suggests a more
complicated mechanism or simply a different explanation for fatigue may be necessary

for lead-free systems.
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CuO doped samples

Another comparison can be made between the bipolar polarization and strain hysteresis
measurements taken before and after the unipolar fatigue was complete. In Fig. 5.6 a)

bipolar loops at the cycling field are shown, while Fig. 5.6 b) shows bipolar loops at
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saturation voltages. For the change in the polarization plots, the 0.2 wt% CuO doped LF4-
2 samples shows a significant departure from PZT behavior, with the final values being
significantly higher than the initial, rather than simply slightly lower [3,5,9]. This can be
explained by the fact that the initial hysteresis of the commercial PZT were for poled
samples, whereas the initial bipolar measurements for the doped LF4 were not poled to
prevent influence of bipolar fields on the unipolar tests. A more fully poled sample gives
a larger proportion of switchable domains and higher saturation polarizations. So if only
a very slight degradation in polarization is occurring similar to that of the unipolar
fatigued PZT case, it is most likely being obscured by the much larger magnitude
increase of polarization from the poling process. This further emphasizes the
importance that optimized poling conditions, such as those already well established for

commercial PZT, have on the fatigue properties of piezoelectrics.
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Fig. 5.6 Polarization and Strain Hysteresis for 0.2 wt% CuO doped LF4-2 samples before and after
fatigue at 16kV/cm (2E) for 107 cycles at a) fatigue cycling field levels (16kV/cm) and b) saturation
field levels (50 kV/cm)

From the change in strain hysteresis, it is clear that the decrease in strain is not uniform
for positive and negative applied fields. At both the testing and saturation field levels, the
positive applied field side of the strain curve clearly decreased to a greater extent. In the

unipolar fatigue of PZT, there was not a true degradation of strain but rather an imprint
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from an offset polarization, causing the positive maximum strain value to be increased
and the negative maximum strain value to decrease. In the 0.2 wt% CuO doped LF4-2
system, while a slight increase in symmetry is observed, it is the result of an overall
decrease in maximum strain for both positive and negative bias, thus showing a true

degradation of strain more similar to the type observed in bipolar fatigue of PZT.

The effects of fatigue on the piezoelectric coefficient of the undoped system were
observed as an increase in the value of ds; for both 1E¢ level fatigue tests (173 to 186
pC/N) and 2E¢ level fatigue tests (145 to 164 pC/N) due to the large effective poling
experienced by these systems under unipolar conditions. For the 0.2 wt% CuO doped
samples, a very clear decrease in ds3 is observed as these samples were more completely
poled before testing. For fatigue out to 1 million cycles, the sample fatigued at ZEc
experienced A ds; ~ -21 pC/N, while the 3E; fatigued sample experienced a sharper
decrease of A dzz ~ -32 pC/N. The 0.2 wt% CuO doped samples fatigued at 2E¢ for 107
cycles showed an even larger drop in ds; (-45 pC/N) was seen, which was approximately
double that of the 10¢ cycle fatigue test. The trends in ds; value measured for both

undoped and doped LF4-2 are plotted together in Fig. 5.7.



90

120 T T T T T T
X _
o0 e - !
g |
L
1 o= =
© 00‘*‘”"‘“\?\::»::\ Increasing Field
o Rzees
= 9ol L -
% ~ \___\‘-‘-~ ""\,‘-
?J 80 H Undoped (1Ec) i \\-' 7
= -4 - Undoped (2Ec) ~
% 70 || —#®— Doped (2Ec) *
Y —& - Doped (2Ec)
60 --@-- Doped (3Ec) . .

1 10 100 1000 10* 10° 10° 107
Cycles

Fig. 5.7 Effective change in low field ds; as a function of applied field during fatigue and total
number of cycles applied for all sample types

5.6 Conclusions

Single phase perovskite ceramics were synthesized for two variations of the Pb-
free LF4 piezoelectric material. Bipolar hysteresis showed relatively high remanent
polarization (20 uC/cm?, 16 pC/cm?) and maximum polarization (25 pC/cm?, 21 pC/cm?2)
values were found for both undoped LF4-2 and 0.2 wt% CuO doped LF4-2 respectively.
Unipolar fatigue behavior for this system is clearly very dependent on applied field
during testing and the initial poling conditions. For undoped LF4-2, after minor initial
decreases the polarization becomes stable after 10 cycles for testing of 100,000 cycles
duration with an overall increase of piezoelectric coefficient. For the CuO doped samples,
increasing the testing field to 3E¢ resulted in twice the decrease in Pmax (-32%)

compared to the 2E; tests at 106 cycles (-17%). At 2E¢ testing for CuO doping,
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polarization decreases continually through 107 cycles with the decreases in Pumaxand dss
both reaching a maximum (-22% and -30% respectively) after 107 cycles. Further
analysis and SEM work is warranted to determine the exact nature of the defect

mechanism responsible for inducing this difference in behavior.
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6.1 Abstract

Solid solutions ceramics of the Bi(ZnosTios5)03-(BiosKos)TiOs—(BiosNags)TiOs ternary
system for <20 mol% BZT were created and confirmed to be single phase using X-ray
diffraction. The dielectric dispersion showed decreasing Tmax of the dielectric spectrum
with a broadening of the transition with increasing BZT content. At 2.5 BZT-40 BKT-
57.5 BNT, a secondary transition commonly observed for MPB BNT-BKT was observed.
The ferroelectric behavior of the system was characterized by a transition where the
polarization hysteresis showed a severe pinching effect on remanent polarization (20.8
uC/cm? at 2.5% BZT) as BZT contents was increased (Pr=2.3 uC/cm? at 20% BZT).
Similarly, as the temperature increased to 175°C, the remanent polarization of the
2.5% BZT composition significantly reduced to 2.1 uC/cmz2 The onset of this transition
corresponds to the lower temperature frequency dispersion observed in the dielectric
spectrum. The strain hysteresis experienced analogous transition to the polarization,
with a change in shape from typical ferroelectric butterfly to a complete loss of negative
strain as BZT concentration increased. Maximum strain values of 0.33% were observed

at 5-40-55 accompanied by a large dz3" = 547 pm/V.

6.2 Introduction

Much recent research has focused on the development of Bi-based piezoelectrics as
environmentally compatible alternatives to lead zirconate titanate (PZT) since the Bi3+,
like the Pb2+ion, is highly polarizable due to a lone electron pair 1.2. Compounds such as

(BiosKo5)TiOs (BKT) and (BigsNag5)TiO3 (BNT), and their solid solutions with BaTiO3 and
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other tetragonal perovskites exhibit usable piezoelectric properties 3-12 and are
considered as candidates to replace Pb-based materials 1%.13.14 BNT has recently been
shown to have a monoclinic (Cc) rather than rhombohedral (R3c) structure at room
temperature, and although it shows a relatively high remanent polarization P,=38
uC/cm?, such values can only be achieved at very high applied fields due to its extremely
large coercive field, E. = 73-75 kV/cm 12,1516, BKT is tetragonal but also requires a large
field [Eapp > 100 kV/cm] to yield its maximum polarization (Pmax =33 pC/cm?2) and also
has an unsuitably large E¢ =52.5 kV/cm 3. Thus effective poling of BKT and BNT ceramics

is challenging with large ds3 values difficult to obtain at low fields.

BKT-BNT is one of the closest PbO-free materials in behavior to PZT, with optimum
piezoelectric performance in the vicinity of an MPB between R3c and tetragonal (P4mm)
phases 17 with P, = 38 uC/cm? piezoelectric coefficient, ds3 = 167 pC/N, and
electromechanical coupling coefficient, k33 = 0.56 14 It has proved relatively easy to form
solid solutions of BNT-BKT with other perovskites such as BaTiO3z and (BiosLios)TiO3
(BLT) in which an MPB may be located, examples of which may be found in refs 18 More
recently, attention has focused on forming solid solution of BNT-BKT with end members
that are unstable in ambient, such as Bi(Zny/,Tii;2)03 Huang et al. first reported the
structure and electrical properties of (1-x) (Bii/2K1/2)TiO3 - x Bi(Zn1/2Ti1/2)03 solid
solutions (BKT-BZT) 12 and demonstrated that BZT improved the density, dielectric, and

piezoelectric properties of BKT 3.19. P; (11.8 uC/cm2) for BKT-BZT was not as high as in
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the BNT-BKT system, but the maximum strain, Smax = 0.15%, was significantly improved

over that practically achieved in pure BKT 3.6.19,

In this contribution, the ternary BNT-BKT-BZT solid solutions are explored. Starting
compositions were chosen based on the reported properties of 0.1 BZT-0.9 BKT 1°.
Ternary space was first mapped by varying the K/Na ratio, in accordance with the
formula, 0.1 BZT-(0.9-z) BKT-(z) BNT. Subsequently, composition space was explored
by fixing BKT at 0.4 and the varying the BZT/BNT ratio according to the formula, x BZT -
(0.4) BKT - (0.6-x) BNT. For convenience, all compositions are referred to by their mole

percentage of X-Y-Z to indicate X%0BZT-Y%BKT-Z%BNT throughout this article.

6.3 Experimental Methods

Compositions in the BZT-BKT-BNT ternary system were produced via conventional
solid state synthesis, using starting powders (Biz03, TiO,, ZnO, NaCOs;, and KCO3) of
>99.9% purity. Six hours of high energy vibratory milling using yttrium stabilized
zirconia milling media in ethanol was utilized for mixing and post-calcination grinding.
Calcinations were performed in covered crucibles at 900-950°C for 6 hours followed by

a second six hour vibratory milling step.

The milled, calcined powders were mixed with 3 wt% solution of Paraloid (PL)
binder, and then uniaxially cold pressed into 12.8 mm pellets at a pressure of 150 MPa.

Sintering was performed at 1050-1100°C for 4 hours. X-ray diffraction was used for
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phase identification between 20°-80° 26 on polished sintered pellets (Bruker AXS D8

Discover).

Prior to electrical measurements, samples were polished to sub-millimeter
thickness and high-temperature silver paste (Heraeus C1000) was fired on both sides in
air at 650°C for 30 minutes. An LCR meter (Agilent 4284A) was used to measure the
dielectric properties for a wide variety of frequencies and temperatures using a high
temperature measurement cell (NorECS Probostat). Hysteresis measurements were
made using a sawyer-tower circuit-based Radiant Technology Premier Il ferroelectric
test system utilizing Vision software. Strain hysteresis measurements were taken with
the same system in conjunction with an MTI Instruments 2100 Fotonic Sensor.
Unpolarized Raman spectra were excited with the 514.5 nm line of an Ar laser and
recorded with a Renishaw inVia micro-Raman spectrometer. The spectra were corrected

to the Bose-Einstein temperature factor.

6.4 Results and Discussion

All peaks in X-ray diffraction data could be indexed according to a single perovskite
phase for all compositions with < 20% BZT as shown in Fig. 6.1. All ceramics achieved
typically < 95% of the theoretical density at sintering temperatures below 1100°C. All
compositions in this study exhibited splitting of the {h00} peaks, characteristic of
tetragonal symmetry but as the mole fraction of BZT increased the c/a ratio increased
slightly from 1.014 at 2.5 mol% BZT to 1.017 at 20 mol% BZT. Similarly, for 10% BZT

compositions, the ¢/a ratio barely decreased as the temperature increased from 1.012 at
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room temperature to 1.014 at 200°C. For compositions with > 20% BZT, multiple phases

were observed, with the assemblage dominated by perovskite and BisTiz012.

— 0540575
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Fig. 6.1 XRD patterns as a function of 28 for the indicated compositions (%BZT-%BKT-%BN) with
peaks indexed.

The dielectric spectra for all compositions as a function of BZT concentration at 10 kHz
are shown in Fig. 6.2a. The dielectric maximum (Tmax) for each composition is indicated.
The data for these BZT solid solutions look somewhat similar to those for the BNT-BKT
or BNT-BT binary solid solutions, with a broad maximum located between 250°C to
350°C 5 6 12, Generally, as the amount of BZT increased, Tmax shifted to lower
temperatures. In addition, with increased BZT, the transition became increasingly

diffuse, and the maximum permittivity decreased. A secondary transition could be
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clearly resolved for compositions with 2.5% BZT, Fig. 6.2b. At higher BZT concentrations,
the low temperature transition cannot be identified as the overall dielectric spectra
between room temperature and Tmax became highly dispersive. The maximum

permittivity and sharpest transition peak are found for 2.5% BZT with a Tmax =322°C.
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Fig. 6.2 a) Dielectric properties as a function of temperature at 10 kHz for the indicated
compositions (WBZT-%BKT-%BNT) and b) frequency dispersion of the dielectric properties of the
composition 2.5 BZT-40 BKT-57.5 BNT.

In the binary BKT-BNT system, compositions with > 20 mol% BKT favor tetragonal
symmetry at room temperature. In the ternary compounds in this study, based on x BZT-

(0.4) BKT-(0.6-x) BNT, tetragonal distortions were clearly observed in XRD data for
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2.5 mol% BZT. In Raman data obtained on a range of BZT (Fig. 6.3), compositions with
up to 15 mol% BZT showed a characteristic doublet at approx. 300 cm?! at room
temperature typical of tetragonal symmetry, in agreement with the XRD data. With
increasing BZT concentration, the lower-wavenumber peak weakens in intensity. On
heating compositions with 2.5% BZT, the doublet transforms gradually into a broad
single mode at approx. 320°C in agreement with Ty, in the dielectric data shown in Fig.
6.2. However, no structural anomalies were observed in the Raman or XRD data as a
function of temperature that would correspond to the weak broad transition in the
dielectric data at approx. 200°C. In the binary BKT-BNT system, the broad peak in
permittivity observed near 200°C has been attributed to the emergence of either a
tetragonal PAmm phase (Teranishi et al.) or to a pseudo-cubic phase (Hiruma et al.) from
a rhombohedral phase at room temperature. High temperature XRD data obtained on
materials in this study were largely inconclusive, however the Raman data disagree with
the interpretation of Teranishi et al. since the structure remains tetragonal until
approximately Tmax. The broad anomaly at 200°C remains to be elucidated but is likely a
weak non-symmetry breaking relaxation not uncommon in oxides with such complex

crystal chemistry.
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Fig. 6.3 Raman Spectroscopy data for a) tetragonal 2.5%, 10% and 15% BZT compositions at room
temperature and b) showing the tetragonal to cubic transition of 2.5-40-57.5 with increasing
temperature.

The polarization hysteresis behavior of the 2.5% BZT composition strongly resembled
the behavior of a normal ferroelectrics with large remanent and maximum polarization

values of Pr=20.8 uC/cm? and Pwmax=30.5 puC/cm? respectively. The coercive field
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(Ec=22.0kV/cm) of these samples is also considerably reduced compared to the MPB
compositions in the BKT-BNT binary, which are typically on the order of 40 kV/cm or
larger 20. The piezoelectric properties changed dramatically as the amount of BZT was
increased to > 5 mol%, above which the remanent polarization decreased significantly.
These “pinched” hysteresis loops become more severe for all subsequent compositions.
At 10% BZT the maximum polarization begins to decrease, and by 20% BZT the loops
start to exhibit pseudo-linear behavior with Pwmax=18.2 pC/cm? and a negligible
remanent polarization. The corresponding P-E and S-E hysteresis loops are shown in

Fig. 6.4a and 6.4b, respectively.
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Fig. 6.4 a) Polarization and b) electromechanical strain as a function of the applied electric field for
compositions with a varying amount of BZT.

Consistent with polarization data, the electromechanical strain data also changed as a

function of BZT concentration. For compositions with 2.5% BZT, the strain data

exhibited a classic “butterfly” shape with approximately -0.8% negative strain, typical of
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domain switching for a ferroelectric. The maximum strain, Smax=0.22-0.25% and
corresponded to a high-field effective ds;* of 408 pm/V. For 10-40-50 and 5-40-55
compositions showed Swax  0.33% and were correlated with a high-field ds3* of
547 pm/V. For all samples with > 5% BZT, however, no negative strain was observed.
The electromechanical strain generally decreased in magnitude and become more
parabolic and hysteretic as the concentration of BZT further increased. The strain
hysteresis for the 20% BZT composition was low, with the most narrow, parabolic shape
and an Swmax=® 0.13%. These parabolic strain characteristics are similar to the

electrostrictive behavior observed in relaxor ferroelectrics 21.
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Fig. 6.5 Saturated polarization hysteresis as a function of temperature for a) 2.5-40-57.5 and b)
10-40-50 ceramics, measured at 1 Hz.

Polarization hysteresis behavior was also investigated as a function of temperature and

is shown in Fig. 6.5. As the temperature increased, the composition with 2.5% BZT
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exhibited a narrowing of the hysteresis loops, with a significant decrease in the coercive
field. Above 70°C, in addition to the decrease in coercive field, the loops became pinched,
resulting in a massive reduction in remanent polarization to 2.0 pC/cm?2 at 175°C. This
pinching is similar to the effect of adding higher levels of BZT observed at room
temperature. The temperature at which this pinching initiates corresponds to the onset
of the frequency dispersion in the dielectric response at around 200°C. Fig. 6.5 b)
demonstrates a further reduction in the remanent polarization observed in the already
pinched loops of the 10-40-50 composition, but the magnitude of this decrease is not as

severe as in the 2.5% BZT composition.

Ternary diagrams showing Suaxand dss* for all compositions measured are displayed in
Fig. 6.6. The maximum values in both cases are near the 10-40-50 for the 10% BZT
compositions and 5-40-55 for the 40% BNT compositions. The maximum values for the
high-field piezoelectric coefficient are shifted noticeably towards the BKT-rich end of the
diagram compared to the location of the MPB in the binary system at 20 BKT-80 BNT.
The largest Smax0f 0.33% values are nearly twice that of the stable binary compositions
for BKT-BZT and also result from lower applied field levels 9. The ds3* values are nearly
twice those previously reported for BNT-BKT (291 pm/V) or BNT-BT (240 pm/V) and
are comparable to other high strain compositions of BNT-BT-KNN (385-560 pm/V)

recently published. 11,1217, 22,
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Fig. 6.6 a) Suax[%]and b) dss* [pm/V] values plotted on the BZT-BKT-BNT phase diagram.

The transition in hysteresis behavior is schematically illustrated in Fig. 6.7. The
polarization hysteresis type follows the scheme utilized by Hiruma et al. for similar BNT-
based solid solutions. The diagram shows that fully saturated polarization hysteresis
behavior dominates at low BZT concentrations and low temperatures. As the
temperature increases there is first a transition from ferroelectric to “pinched” loops
with a significant reduction in remanent polarization and coercive field. This is followed
by a transition to a pseudo-linear behavior at compositions above 10% BZT or
temperatures above 100-150°C up to a solubility limit of 20% BZT. Finally, above 300-

350°C compositions are paraelectric.



110

400 , , ,
350 ff . v 1
. = o [ ]
o 300 = - |
250 ]
= /P/s. ,
5 200 - J
“é. 150 . ]
2 100 P/SV .
50 J

0 5 1I0 1I5 20
Composition [% BZT]

Fig. 6.7 Phase diagram for BZT-BNT-BKT as a function of temperature showing transition in
hysteresis behaviors up to the solubility limit of 20 mol% BZT. The circles and diamonds correspond
to data taken from hysteresis measurements (@ and u). The squares and triangles correspond to Tmax

values taken from Raman spectroscopy (n) and dielectric data (a).

6.5 Conclusions

Single phase ceramics were fabricated in the BZT-BKT-BNT ternary system for
< 20mol% BZT and the dielectric and piezoelectric properties investigated. Tmax of the
dielectric spectrum steadily decreased with a corresponding broadening of the transition
as BZT concentration increased. At 2.5 BZT-40 BKT-57.5 BNT, a secondary transition
commonly observed for MPB BNT-BKT was observed. The polarization hysteresis
showed ferroelectric behavior at 2.5% BZT with high remanent polarization of
20.8 pC/cmz2. At 20% BZT, the hysteresis of the samples becomes severely pinched, with

negligible P. (2.3 uC/cm?). Similarly, as the temperature increased to 175°C, the
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remanent polarization of the 2.5% BZT composition drastically reduced to 2.1 pC/cmz2.
The onset of this transition corresponds to the lower temperature frequency dispersion
observed in the dielectric spectrum. The strain hysteresis also changed shape as BZT
concentration increased with the typical ferroelectric butterfly gradually losing any
negative strain and widening to a parabolic shape. Maximum strain values of 0.33% were

observed at 5-40-55 accompanied by a large ds3* =547 pm/V.

The author (EP) would like to acknowledge the support of Dr. Peter Mardilovich for his

helpful comments.
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7.1 Abstract

Recently, (Bii/2Na1/2)TiO3 solid solutions have been found to exhibit excellent dielectric
and piezoelectric properties. In this study, the dielectric and ferroelectric properties of
(1-x)(Bi1/2Na1,2)Ti03-xBi(Zn1,2Ti1/2) O3 (BNT-BZT) solid solutions were investigated. Up
to a solubility limit of 8% BZT, distortions to the parent cubic perovskite phase were
observed in the diffraction data through splitting of the (001), (011), and (111)
reflections. At low concentrations of BZT, the material behaves very much like a
conventional ferroelectric, with well-saturated loops with high remanent polarization (P:
~ 35 pC/cm?). As the BZT content increased, the dielectric behavior displays
characteristics of relaxor behavior. Polarization hysteresis data at elevated temperatures
and a thermal hysteresis in the dielectric maximum are evidence for a relaxor to

ferroelectric transition.

7.2 Introduction

In the search for Pb-free piezoelectric materials, the perovskites compound
bismuth sodium titanate, (BNT)5, has been studied extensively since its discovery in
1961. Several recent review papers provide an excellent summary of its dielectric and
piezoelectric properties. ¢8 At room temperature it is stabilized in a R3¢ rhombohedral
perovskite structure 9 19, although it has recently been argued that they are better
characterized by Cc monoclinic symmetry. 1112 Upon heating, BNT undergoes a phase

transition with a broad dielectric maximum close to 300°C. The ferroelectric (FE)
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properties of BNT are characterized by large remanent polarizations (Pr ~ 40 pC/cm2)

with large coercive fields (Ec > 60 kV/cm). 13.14

More commonly, researchers have employed solid solutions with BNT to enhance
its dielectric and piezoelectric properties. For example, the solid solution with
(BiosKo5)TiOs (BKT) shows vastly improved sinterability using conventional ceramic
fabrication processes and a morphotropic phase boundary (MPB) near 80BNT-20BKT
with optimum piezoelectric properties. ¢7.13.15-18 At this MPB composition, the remanent
polarization, piezoelectric coefficient and coupling coefficients were found to be P, = 38

uC/cmz?, dsz = 167 pC/N, and ks = 0.56, respectively. 15

Solid solutions with BNT have shown interesting properties including BaTiOs;
(BT)18-22, (K,Na)NbO3 (KNN)2324, and many other binary and ternary compositions. 25-36
In BNT-BT solid solutions, complex phase equilibria behavior occurs over the
compositional range 6-10 mol% BT between tetragonal, rhombohedral and pseudocubic
phases. In the vicinity of 6 mol% BT, the dielectric and piezoelectric properties are
pronounced with dszz values approaching 125 pC/N.'8 Upon heating, however, the
material undergoes a phase transition to a non-polar phase which results in

depolarization and the loss of piezoelectric properties at temperatures as low as 150°C.18

Similar results have been observed in solid solutions between BNT and KNN. From
the work of Kounga et al, at 7 mol% KNN there is an MPB between a rhombohedral FE
phase and a tetragonal anti-ferroelectric (AFE) phase.?3 Optimal d3; and
electromechanical coupling coefficients (k,) were recorded near this MPB. Interestingly,

large field-induced strains with significant hysteresis were observed for compositions
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beyond the MPB in the AFE phase. In this and the similar BNT-BT-KNN system, the large

strains were attributed to a reversible AFE-FE phase transition. 23.37

This work will focus on the dielectric and ferroelectric properties of the solid
solution between BNT and Bi(Zn1/,Ti1/2)O3 (BZT). The end member BZT is not a stable
perovskite at room temperature and 1 atm pressure, but previous work has shown that
it can form solid solutions with stable perovskite end members such as BT, BKT, and
PbTiOs. 3844 The properties of these BZT-based solid solutions have shown excellent
properties. With high permittivities (e > 1000), large field induced strains with dss*

values as high as 500 pm/V, and excellent high temperature properties.454647

7.3 Experimental Methods

A conventional mixed oxide method was used to prepare the compositions based
on (1-x)(BiosNaos)TiO3-xBi(Zn1/2Ti1/2)03. High purity (>99%) Bi»Os;, NaCO;, Zn0O, and
TiO, powders were used as precursors. The powders were mixed and ground by using a
vibratory milling machine for 6 hours. After drying the mixture in an oven for at least 12
hours, the powder, which was contained in an alumina crucible, was calcined at 900-
975°C for 6 hours. Before making a pellet, the calcined powder was milled again by
vibratory milling for 6 hours to obtain a fine particle size. Pellets were uniaxially cold
pressed and sintered in sacrificial powders at 1050-1100°C for 2-8 hours, with
temperatures decreasing and time increasing as mol% BZT was increased. X-ray
diffraction was used to confirm the presence of a single perovskite phase. Prior to

electrical measurements, samples were polished to sub-millimeter thickness and high-
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temperature silver paste (Heraeus C1000) was fired on both sides in air at 650°C for 30
minutes. An LCR meter (Agilent 4284A) was used to measure the dielectric properties
for a wide variety of frequencies and temperatures using a high temperature
measurement cell (NorECS Probostat). Hysteresis measurements were made using a
Sawyer-Tower circuit based ferroelectric measurement set-up (Radiant Technology)

utilizing Vision software.

7.4 Results

All of the compositions were sintered to relatively high densities (r > 95%
theoretical density) at relatively low sintering temperatures (T < 1100°C). Consistent
with prior results on BZT solid solutions, it is likely that BZT acts as a sintering aid in
some manner. Analysis of x-ray diffraction data revealed that a single perovskite phase
was present for all compositions with BZT concentrations below a solubility limit of
approximately 8% BZT where a weak reflection from a parasitic bismuth titanate phase
appears. For simplicity, all peak indices are referenced relative to the pseudocubic

perovskite unit cell as shown in Fig. 7.1.
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Fig. 7.1 X-ray diffraction data on a) (1-x)BNT-xBZT solid solutions, with close ups on the splittings
in the b) (110), c) superlattice and (111), and d) (002) reflections.

Peak splittings were observed in the (001), (011), and (111) peaks as well as the higher
order peaks. These results are considerably different than the XRD results on similar
compositions by Zhang et al. which assigned rhombohedral symmetry to compositions
with BZT concentrations greater than x=0.375.4t This is likely due to minor differences

in the processing conditions and starting materials. The observation of multiple peak
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splittings was observed in the BNT-KNN system where it was attributed to the
coexistence of tetragonal and rhombohedral phases.z3 No obvious trends in the relative
amounts of rhombohedral or tetragonal distortions were observed over the range of
compositions from 2 to 8 mol% BZT. Alternatively, the distortions observed at these
peaks in pure BNT have been attributed to Cc monoclinic symmetry.1! In addition, the
XRD clearly shows evidence of (3/; 1/; 1/;) superlattice peaks, which were most
prevalent in compositions with 2% and 4% BZT. The same superlattice peaks were also

reported in pure BNT powders from crushed, sintered samples. 1141

The dielectric properties as a function of temperature of the BNT-BZT ceramic
(upon cooling) is shown in Fig. 7.2. There is a broad dielectric maximum with similar
characteristics to other BNT-based solutions. The temperature at which the relative
permittivity is maximum (Tmax) is largely independent of composition varying over the
narrow range of 333 to 345°C. Below the dielectric maximum, all compositions exhibit a

dielectric dispersion that is less pronounced above Tmax.
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Fig. 7.2 Dielectric properties at 10 kHz of (1-x)BNT-xBZT ceramics as a function of temperature
(data taken on cooling).

Most interestingly, all of the compositions exhibit significantly different dielectric

spectra on heating versus cooling. As shown in Fig. 7.3, Tmax shifts to lower temperatures

on cooling (ATmax = 12-14°C) and the decrease in permittivity below Tmax is less sharp.

The dielectric properties upon cooling eventually converge as room temperature is

approached.
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Fig. 7.3 Dielectric spectra of 96BNT-4BZT on heating (triangles) and cooling (circles) at frequencies
of'1,10, and 100 kHz.

Behavior of this nature is sometimes observed in poled specimens, which after depoling,
exhibit a different dielectric spectra upon cooling. The samples in this study were virgin
samples that were not subjected to any poling or any prior electrical measurements.
Furthermore the same experiment was repeated for the 4 mol% BZT composition and
the data obtained on both heating and cooling data were identical to the results from the

initial run shown in Fig. 7.3.

The polarization hysteresis measurements conducted on the BNT-BZT samples are
shown in Fig. 7.4. At low BZT concentrations, the hysteresis loops show full saturation

with a strong remanent polarization as high as 35 pC/cm2
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Fig. 7.4 Polarization hysteresis measurements on (1-x)BNT-xBZT ceramics taken at room
temperature at 1 Hz.

Immediately after the polarization hysteresis measurements these samples exhibited
low-field ds; values of between 40 to 80 pC/N, which confirms the presence of domain
alignment without prior application of a dc bias. As the BZT content increased the loops
began to take on relaxor-like characteristics with a decrease in the coercive field and a
decrease in the remanent polarization as the BZT content increased. This is similar to
other results seen in BZT solid solutions, for example in the work of Zhang*! and Wang.43
However the pinching of the remanent polarization shows no signs of a double-loop

configuration as has been seen in other systems.45


http:systems.4s

124

50 . . .
a) ~ [2BZT-98BNT
Ko 1Hz
c
iG]
O
=
C
S
=
N
&
O
(a8

-80 -60 40 -20 0 20 40 60 80
Field [kV/cm]

b 50 T T T T T T

) " [4BZT-96BNT

o 1Hz

e

S

O

=

C

o

=

N

ks

) e

o s
—_150°C

-80 -6I0 -4I-0 -ZIO (I) 2l0 4I0 6IO 80
Field [kV/cm]

C) 50 T T T T T T T
6BZT-94BNT

&E‘ 1Hz

L

@)

.E‘.

C

iel

©

N

5

[s)

o

-80 60 40 -20 0 20 40 60 80
Field [kV/cm]

Fig. 7.5 Polarization hysteresis measurements taken on a) 98BNT-2BZT, b) 96BNT-4BZT and c)
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125

Polarization hysteresis measurements at elevated temperatures are shown in Fig. 7.5. At
2 mol% BZT, a clear decrease in the coercive field was noted as the temperature
increased with no loss in saturation or remanent polarization until approximately 150°C.
At 150°C, a significant loss in remanent polarization (i.e. “pinching”) was observed with a
clear double-loop character. Above an electric field of 40 kV/cm, the polarization at
150°C converged to the same maximum polarization value as the room temperature
data. The data for the 4 mol% BZT composition showed a similar trend, with the onset of
the pinching occurring at 100°C. Finally, at 6 mol% BZT, the hysteresis loops were less
saturated and were characterized by a more gradual loss of remanent polarization

starting at temperatures above 75°C.

7.5 Discussion

Hysteresis loops characterized by temperature dependent pinching have been observed
in a number of ferroelectric and relaxor ferroelectric materials. In ferroelectric materials
this behavior is attributed to aging processes that are tied to interactions between
domain walls and charged defects. 4842 The features shown in Fig. 7.5 are also similar to
observations in relaxor materials such as PLZT 8/36/65,5051 Pb(Scy/2Nb1,2)03%2, and
Ba(Tip7Zro3)03. 5354 A recent report by Jo et al illustrated a similar hysteresis behavior in
BNT with 6 mol% BaTi03.55 Jo's analysis attributes the observed behavior in BNT-6BT to
relaxor behavior where the transition observed in the hysteresis data is simply a relaxor-

to-ferroelectric transition. This analysis would seem to apply to the hysteresis behavior
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observed in the present work as shown in Fig. 7.5 for BNT-BZT as well as the previously
observed hysteresis behavior of pure BNT and MPB compositions in the binary system
BNT-BKT.>5¢ This also bears some similarities to the work of Dittmer et al% on the
ternary system based on BZT added to the MPB composition 0.8BNT-0.2BKT.
Interestingly, however, the ternary BNT-BKT-BZT compositions showed no evidence of
splitting in the {200} or {111} reflections while in the present work the there is clear
evidence of splitting in both {200} and {111} reflections in unpoled ceramics of all
compositions with no discernable trend with BZT content.4555 In BNT-6BT as well as for
2%BZT-BNT-BKT, these same peak splittings can be induced under an applied electric

field.55,57.58

The results in this work have many similarities to the phase transitions seen in
disordered Pb(Sc1/2Nb1,2)O03 (PSN). 52 A thermal hysteresis in the transition temperature
on the order of 10°C was observed which is comparable to the hysteresis shown in Fig.
7.3 in this work. In PSN, this observation along with differential scanning calorimetry
data was attributed to a first-order relaxor to normal ferroelectric phase transition. In
PSN, this transition is clearly seen in the relative permittivity as a function of
temperature. However, in BZT-BNT there is no clear signature in the dielectric data
however the thermal hysteresis and the relaxor to ferroelectric transition seen in the
high temperature polarization hysteresis data BZT-BNT system are clearly linked. This
may be due to the greater structural and chemical complexity in BZT-BNT compared to

PSN.
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The transition in polarization hysteresis behavior is schematically illustrated in Fig. 7.6.
The transition temperatures were estimated from the polarization hysteresis data and

from dielectric measurements.

400 : r

Temperatur

V8]

Composition [% BZT]

5 6 7 8

Fig. 7.6 Schematic diagram showing the transition in polarization hysteresis behavior. The circles
correspond to data taken from hysteresis measurements (®). The squares and triangles correspond
to Tmay values taken from dielectric data on cooling (®) and heating (A).

The diagram shows that fully saturated polarization hysteresis behavior dominates at
low BZT concentrations and low temperatures. As the temperature increases there is a
transition to relaxor behavior with characteristic pinched loops. As the BZT content
increased that transition temperature decreased such that for 8% BZT the loops are
poorly saturated. Room temperature polarization measurements conducted at 0.1 Hz
show higher remanent and saturation polarization values than data taken at 1 Hz. This

was especially prominent for solid solutions with higher BZT content. Furthermore, in
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the 6 and 8 mol% BZT specimens, consecutive hysteresis measurements at 1 Hz led to
increased remanent and saturation polarization values. These time-dependent results
were much less apparent but still measureable in the 2% and 4% BZT compositions.
These time or cycle dependent polarization data and the hysteretic nature of the

dielectric data in Fig. 7.3 suggest that the kinetics are very slow.

7.6 Conclusions

In this work, the dielectric and ferroelectric properties of BNT-BZT solid solutions were
investigated. Diffraction data on all of the specimens showed no significant secondary
phases up to approximately 8 mol% BZT and clear peak splitting of the (001), (011), and
(111) reflections. At low concentrations of BZT, the material behaves very much like a
conventional ferroelectric, with well-saturated loops with high remanent polarization (P,
~ 35 puC/cm?). As the BZT content increased, the remanent polarization and coercive
field decreased and the hysteresis data were characterized by features consistent with
relaxor behavior. Temperature dependent hysteresis measurements showed that, on
heating, the remanent polarization decreased significantly and the data showed double-
loop characteristics. This finding, along with the observation of thermal hysteresis in the
dielectric maximum, indicates the presence of a relaxor to ferroelectric transition in this
material. These results include many common characteristics with similar perovskite

systems that exhibit a relaxor to ferroelectric transition.
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8.1 Abstract

The piezoelectric fatigue behavior of Pb-free ceramics based on solid solutions of
Bi(Zng5Tio5)03-(BiosKos)TiO3-(BissNags)TiO3 was characterized at 50 kV/cm after 10¢
bipolar cycles . Ferroelectric compositions containing 2.5% Bi(Zno5Tis5)03 exhibited
only minor losses in maximum strain (~ 10%). In compositions with 5% Bi(ZngsTis5)03
that exhibit large electric field-induced strains, the electromechanical strain actually
increased 4%, exhibiting essentially fatigue free behavior. This finding demonstrates
that these materials have excellent potential for demanding high cycle applications such

as microelectromechanical systems actuators.

8.2 Background

The search for lead-free alternatives to lead-zirconate titanate (PZT) continues to
gain more attention as companies endeavor to reduce the impact of Pb-containing
materials on the environment. Compounds such as (BiosKos)TiOs; (BKT) and
(BiosNags5)TiOs (BNT), and their solid solutions with BaTiO3; (BT) or KNaNbO3 (KNN) and
other tetragonal perovskites exhibit promising piezoelectric properties -1 and are
considered as possible candidates to replace Pb-based materials® 1112, One promising
system achieves a large normal ferroelectric response, BNT-BT, through a mechanism
tied to phase coexistence and an enhanced capacity for domain texturing associated with
relaxor behavior similar to La-modified PZT13.14 In the closely related ternary system

(BNT-BT-KNN), an anomalous large electromechanical strain approaching 0.4%
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develops in association with a phase transition from pseudocubic to tetragonal

symmetry1>-17,

Another common method has been forming solid solutions of BNT-BKT with end
members that are unstable in ambient processing conditions, such as Bi(Mg1/,2Ti1,2)03 or
Bi(Niy/2Ti12)03!8. Previously it was shown that when BNT-BKT is combined with
increasing concentrations of Bi(Zny,Tii2)03 (BZT), a transition from normal
ferroelectric behavior to a material with large electric field induced strains was
observed!? 20, The higher BZT containing compositions are characterized by large
hysteretic strains (> 0.3%) with no negative strains that might indicate domain
switching. Polarization hysteresis measurements show pinched loops with low or
negligible remanent polarizations that yield relatively small low field ds; values. The Bi-
based systems, generally, have shown complex poling behavior and it has been difficult

to achieve repeatable low-field, piezoelectric coefficients (dss).

In addition to the environmental concerns driving this work, PZT is also known
to exhibit poor piezoelectric fatigue properties with relatively severe degradation in
strain behavior after only a few millions of cycles of applied field 21-26. In bipolar fatigue
studies for PZT, the permanent effects are tied to reduction in strain and switchable
polarization simultaneously, implying a reduction of the mobility of domain walls.
Significant fatigue was found begin in the range of 2.5x105 and 3x105 cycles of applied
fields at twice the coercive field level 21.23,27, A clear asymmetry of the degradation of the
maximum strain on positive versus negative applied voltage was observed as another

important component of the fatigue effect. Due to the dominating presence of oxygen
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vacancies in perovskite ferroelectrics, a defect agglomeration model was proposed to
explain the pinning of domain walls and the induced polarization offset necessary to

explain both fatigue effects seen in PZT 23,27,

It should be noted completely electrostrictive rhombohedral phases of
lanthanum doped PZT behavior were shown to be fatigue free up to 10¢ cycles?3.24, More
recently morphotropic phase boundary (MPB) compositions of 94BNT-6BT have been
investigated for piezoelectric fatigue at twice the coercive field (2E¢) for 10¢ cycles. In
this case, fatigue in the bipolar case was highly accelerated and largely developed within
the first 100-1,000 cycles. After 1,000 cycles, the polarization dropped by 47.4% of the
initial value and E¢began to increase 28. However for most Pb-free ceramics, very little
fatigue data is available. The total decrease in strain (~36%) was not nearly as large or
asymmetric as for PZT 28. The addition of CuO acted to stabilize the rhombohedral phase
into a tetragonal phase and improved the fatigue characteristics without negatively

impacting the piezoelectric response 29.

8.3 Experimental Methods

Ceramics of xBZT-0.4BKT-(0.6-x)BNT were produced via conventional solid
state synthesis, for x = 0.025 and 0.05. Starting powders of (Bi»03, TiO, Zn0O, NaCO3, and
KCO3) with > 99.9% purity were milled for six hours using high-energy vibratory milling.
Calcinations were performed in covered crucibles at 900-950°C for 6 hours followed by

a second six hour vibratory milling step.

The milled, calcined powders were mixed with 3 wt% solution of Paraloid (PL)

binder and uniaxially pressed into 12.8 mm pellets at a pressure of 150 MPa. Sintering
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was performed at 1050 or 1100°C for 4 hours. Prior to electrical measurements, samples
were polished to sub-millimeter thickness and high-temperature silver paste (Heraeus
C1000) was fired on both sides in air at 650°C for 30 minutes. Hysteresis measurements
were made using a sawyer-tower circuit-based Radiant Technology Premier II
ferroelectric test system utilizing Vision software. Strain hysteresis measurements were
taken in conjunction with an MTI Instruments 2100 Fotonic Sensor. The fatigue testing
was performed on unpoled samples by applying a 10Hz bipolar triangular waveform at
50 kV/cm on both the 0.025 and 0.05 BZT samples. Additional testing was performed on
0.05BZT at 2E¢ (20 kV/cm). The fatigue tests performed in this study were carried out
under bipolar conditions because it has been shown in the literature that bipolar cycling
results in more severe degradation of the polarization and electromechanical strain

compared to unipolar cycling.23

These tests were chosen to highlight any differences in fatigue behavior across
the transition in behavior from “normal” ferroelectric response at 2.5%BZT, to the high
electromechanical strain response of 5% BZT. The two different polarization and strain
hysteresis behaviors for these compositions are demonstrated in Figure 1(a) and 1(b),
respectively. In this work, only the bipolar fatigue characteristics of these two
compositions were analyzed. The 2.5% BZT was tested at a field level of 50 kV/cm
which amounts to approximately 2E¢. These testing conditions are equivalent to fatigue
tests carried out on PZT which allows for a basic comparison.?! The 5% BZT composition
was tested at two different field levels, 20 kV/cm and 50 kV/cm. Since this material
exhibits unconventional hysteresis behavior as shown in Fig. 8.1, these two field levels

were chosen to provide different modes of comparison. The 20 kV/cm test is nominally


http:comparison.21
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equivalent to 2Ec, though admittedly it is not fully accurate to define a coercive field in
this way as it does not represent full switching in a conventional sense. Additionally, the
fatigue test was carried out at 50 kV/cm so that a direct comparison could be made to
previous work. All three fatigue tests were carried out on three identical specimens and
the results for each testing condition were very similar in each case. The data traces
included in the figures correspond to a representative sample and the numerical data in

this letter represent the average of all tests at a given condition.
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Fig. 8.1 (a) Polarization and (b) strain behaviors of 2.5%BZT and 5%BZT showing typical
ferroelectric loops that transition to a pinched, high electromechanical strain behavior with
increased BZT content
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8.4 Results and Discussion

84.1 2EcFatigue of 2.5%BZT (50 kV/cm)

Changes in the polarization and electromechanical strain behavior of a 2.5% BZT
composition before and after 10¢ bipolar cycles at 50 kV/cm is shown in Fig 8.2.
Following the completion of one million cycles of fatigue at 50kV/cm, clear trends can be
observed in the polarization hysteresis data. The coercive field was seen to decrease
from approximately 25 to 20 kV/cm, a decrease of approximately 20%. Following an
initial decrease in maximum polarization likely tied to stabilization of the domain
structure, only a small increase in polarization of ~0.3 uC/cm? was measured over an
initial value of 24.3 pC/cm2 This amounts to a small 0.9% increase from the initial cycle
to the 106 cycle. In the case of the remanent polarization (P,), the opposite effect was
observed with a slightly larger decrease of 4.6% in the average sample. The
electromechanical strain data showed relatively small, but consistent decreases of
approximately 10% in the maximum strain for both positive and negative applied fields.
A similar loss in the negative strain was also observed. The symmetry of the strain

hysteresis was maintained upon completion of the fatigue cycling.
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Fig. 8.2 Fatigue results for a typical 2.5%BZT sample tested at 50kV/cm and 10Hz for (a)
polarization hysteresis, (b) strain hysteresis, and (c) change in polarization values with increasing

number of cycles completed
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84.2 5Ec Fatigue of 5%BZT (50 kV/cm)

In Fig. 8.3, the change in the polarization and electromechanical strain behavior
of a 5% BZT composition before and after 10¢ bipolar cycles was obtained at 50 kV/cm is
shown. In the data taken at a field of 50 kV/cm, similar to the 2.5% BZT composition, the
E¢ values steadily decreased by 20%. This was accompanied by an increase in the
maximum polarization of approximately 5.7%. The remanent polarization in these
samples decreased by an average of 8.5%. These changes in the polarization, while
larger in both cases were not reflected by a correspondingly larger change in strain
behavior. These results deviated sharply in comparison to that of the normal
ferroelectric strain behavior observed for 2.5%BZT samples, with a minor increase in the
maximum electromechanical strain of approximately 4%. It is also important to note that
the strain loops maintained a high degree of symmetry after 10¢ cycles. No change in the

amount of negative strain was observed for these samples.
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84.3 Z2Ec Fatigue of 5%BZT (20 kV/cm)

For 5% BZT samples tested at the lower field of 20 kV/cm similar, trends were
for the most part observed. The value of E¢ decreased by approximately 20% after 10¢
cycles. However, Pyax increased by a slightly larger amount (~14%). The largest change
in behavior was seen for any of the conditions tested in the case of remanent
polarization. The P, values of the samples were found to actually increase by ~20%
rather than show the minor decreases seen in the other tests for both 2.5% and 5% BZT.
The strain hysteresis was measured at both 20 kV/cm and 60 kV/cm before and after the
10¢ cycle fatigue test. Since the strain at 20 kV/cm resulted in strain levels that were
insufficiently high compared to error limits of the probe utilized, the strain
measurements at 60 kV/cm were needed to make a valid comparison. The data showed
similar strain behavior to the data taken at 50 kV/cm with a minor increase in the
maximum strain of 6% compared to the initial value. The general symmetry of the strain
loop was also maintained in these samples. Overall, the electromechanical strain
behavior of the 5%BZT samples were shown to be essentially free of fatigue out to 10¢

cycles independent of the cycling voltage used.

In fatigue tests of PZT-based materials, commonly an offset field is developed and
increases drastically due to segregation of point defects?3 27, In the data in this study,
only a small offset in coercive field was observed. Offsets on the order of ~0.50 kV/cm
were recorded for the 5%BZT composition and an offset of 1.3 kV/cm for the 2.5%BZT

composition when tested at 50 kV/cm. The offset in E¢ of both positive and negative
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applied fields remained similar throughout the fatigue testing, which decreased to nearly

zero after 10¢ cycles for samples tested at 50kV/cm.

The performance of these materials represents a significant improvement on the
fatigue data on PZT. The 5% BZT compositions showed no loss in electromechanical
strain and the 2.5% showed a small decrease in the maximum strain values of
approximately 10%. This decrease, however, is quite minimal when compared to the
reduced strain and significant hysteresis asymmetry seen in previously published work
on PZT. Two different mechanisms describe the loss in polarization of up to ~50% of the
initial value when cycled at 2E¢ (~20kV/cm) 2127, In electrostrictive PZT compositions,
discolored regions appear after 3x10° cycles due to microcracking damage in the ceramic
localized near the electrodes, which act to screen the rest of the bulk of the sample 21.
Importantly, no such discoloration was observed in either the 2.5% BZT or 5%BZT
compositions in this study. The other fatigue mechanism is tied to the formation of
defect agglomerates which is responsible for a ~50% reduction in polarization after
3x1086 cycles?’. For PZT?7 and in BNT-BT29, the coercive field increases as the fatigue
mechanism progresses, which is the opposite of the behavior observed in the BZT-BKT-
BNT system in this work. Although the fatigue in the 2.5%BZT case is much reduced
compared to PZT, it may be possible to further enhance the stability with small CuO

additions, as was recently demonstrated for the BNT-BT system?29.30,

The explanation for the excellent fatigue characteristics in these BZT solid
solutions is likely attributable to a lower concentration of intrinsic defects. In PZT-based

materials, sintering temperatures in the range of 1200 to 1350°C are known to introduce
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numerous point defects such as oxygen vacancies and Pb vacancies. The BZT-based
materials in this study have significantly lower sintering temperatures between 1050
and 1100°C which would likely result in a significantly lower defect density. A set of
experiments linking the fatigue characteristics to defect concentrations is currently

underway.

This study has demonstrated that ceramics based on the solid solution of BZT-
BNT-BKT exhibited essentially fatigue-free behavior compared to PZT-based materials.
Compositions with 2.5% BZT show well saturated hysteresis loops similar to
conventional ferroelectric materials, and after 10¢ bipolar cycles at 50 kV/cm the
material experienced only a 10% loss in electromechanical strain. The Pmax was
increased by 0.9%, while P, decreased by 4.6%. Compositions with 5% BZT exhibited
large, hysteretic field-induced strains, and after 10¢ bipolar cycles at 50 kV/cm the
electromechanical strain actually increased 4%. The Puwaxand P, showed similar trends
to the 2.5% BZT case, but changed by slightly larger amounts of +5.7% and -8.5%,
respectively. In all of the samples tested at both 20 and 50kV/cm, the coercive field
decreased by 20%. Based on these results, these Pb-free materials have great potential
for use in piezoelectric applications requiring a large number of bipolar cycles such as

MEMS devices and piezotransformers.
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9 Summary and Future Work

In this chapter, the dielectric and piezoelectric properties of the KNN-based perovskites,
the Bi-based perovskites, and finally the fatigue properties of both of these systems are

summarized based on the results outlined in the previous chapters.

9.1 (K Na)NbO;3 Based Systems:

Single phase perovskite ceramics were synthesized for three variations of the Li, Ta, and
Sb modified (K,Na)NbOs-based “LF4” piezoelectric system. Analysis of their dielectric
properties revealed strong ferroelectric behavior with T¢ values ranging from 245°C to
315°C, similar to those previously published in each case. It was found that the material’s
curie point, Tc, was lowered and the diffuseness of the transition increased with a decrease in
the ratio of Nb/Sb content. For (KqauNags:Ligos)(NbgssTag108b04)05, or LF4-2, dielectric
loss values were below 0.05 for frequencies up to 100 kHz at room temperature.
Ferroelectric hysteresis measurements showed remanent polarizations of 16 and
20 pC/cm? and maximum polarization values of 21 and 25 pC/cm?for LF4-2 plus CuO
and LF4-2, respectively. The addition of a relatively small amount of 0.2 wt% CuO had
the dramatic effect of decreasing E¢ from 18-20 to approximately 8-10 kV/cm. These
results match the mixed A and B site doping proposed in the work of Li, et al. The
substitution of Cu into the A site acts to reduce oxygen vacancies and lower the coercive
field, but the B site replacement makes the samples more “hard” with increased Qm and
decreased k;, values. Values of low field ds3;, were found to range from 167-182 pC/N for
samples poled under dc bias of 40 kV/cm at 100°C for 30 minutes. While these are

smaller than the previously reported value of 416 pC/N for LF4-1 ceramics under unique
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texturing processing methods, they are still high compared to other known lead-free
systems. In general, the high field ds3* (500-600 pm/V) and Smax (~0.23%) values for

these samples are still promising for potential use in actuator devices.

9.2 Bi-based Systems

Single phase ceramics were fabricated in the BZT-BKT-BNT ternary system for a wide
variety of compositional space, including up to a solubility limit of 20 mol% BZT. Based
on the MPB 10BZT-90BKT composition, this ternary system was optimized for maximum
strain at 10BZT-40BKT-50BNT, well to the BKT-side of the MPB in the BNT-BKT binary
system. High temperature dielectric spectroscopy showed the Tma of the dielectric
spectrum steadily decreased with a corresponding broadening of the transition as the
BZT concentration increased (keeping either 40BKT or 50BNT constant) from 322°C at
2.5%BZT to 284°C at 20%BZT. At 2.5 BZT-40 BKT-57.5 BNT, a secondary transition
commonly observed for MPB BNT-BKT was observed and is likely a weak non-symmetry

breaking relaxation not uncommon in oxides with such complex crystal chemistry.

The polarization hysteresis data showed ferroelectric behavior at 2.5% BZT with a
high remanent polarization of 20.8 uC/cm2. At 20% BZT, the hysteresis loops become
severely pinched, with a negligible P. (2.3 pC/cmz?). In the case of the 2.5%BZT
composition, the remanent polarization was also observed to decrease drastically as the
temperature increased to 175°C, dropping to a similarly low value of 2.1 uC/cmz2 The

onset of this transition corresponds to the lower temperature frequency dispersion
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observed in the dielectric spectrum. In both of these cases there is also a large reduction

to the coercive field.

The strain hysteresis also changed shape as the BZT concentration increased with
the typical ferroelectric butterfly loop gradually shifting away from negative strain and
widening to a parabolic shape. For compositions with 2.5% BZT, the strain data
exhibited a classic “butterfly” shape with approximately -0.8% negative strain, typical of
domain switching for a ferroelectric. The maximum strain value of Smax= 0.22-0.25%
corresponded to a high-field effective ds3* of 408 pm/V. Maximum strain values of
0.33% were observed at the composition 5-40-55 which was accompanied by a large
dss* =547 pm/V. These results indicate excellent promise for future piezoelectric

actuator devices.

The dielectric and ferroelectric properties of the binary BNT-BZT system was also
investigated. Diffraction data on all of the specimens showed no significant secondary
phases up to approximately 8 mol% BZT and clear peak splitting of the (001), (011), and
(111) reflections. The temperature at which the relative permittivity is maximum (Tmax)
is largely independent of composition varying over the narrow range of 333 to 345°C.
Below the dielectric maximum, all compositions exhibit a dielectric dispersion that is less
pronounced above T,y At low concentrations of BZT, the material behaves very much
like a conventional ferroelectric, with well-saturated loops with high remanent
polarization (P, ~ 35 pC/cm?2). As the BZT content increased, the remanent polarization
and coercive field decreased. Immediately after the polarization hysteresis

measurements these samples exhibited low-field ds; values of between 40 to 80 pC/N,
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which confirms the presence of domain alignment without prior application of a dc bias.
The hysteresis data was characterized by features consistent with relaxor behavior.
Temperature dependent hysteresis measurements showed that, on heating, the
remanent polarization decreased significantly and the data showed double-loop
characteristics. This finding, along with the observation of thermal hysteresis in the
dielectric maximum (Tmax shifts to lower temperatures on cooling (ATmax = 12-14°C) and
the decrease in permittivity below Ty, is less sharp), indicates the presence of a relaxor
to ferroelectric transition in this material. These results include many common
characteristics with similar perovskite systems that exhibit a relaxor to ferroelectric

transition.

9.3 Fatigue

Unipolar or Bipolar piezoelectric fatigue measurements were explored for the most
promising compositions for both the KKN-based and Bi-based lead-free systems
described previously. Unipolar studies were performed for LF4-2 with and without CuO
doping for a wide range of conditions. More aggressive bipolar fatigue conditions were
studied for the higher strain BZT-BKT-BNT ternary system specifically for the 2.5% and

5%BZT compositions.

First, single phase perovskite ceramics were synthesized for two variations of the Pb-
free LF4-2 piezoelectric material, as described in section 9.1. The unipolar fatigue
behavior for this system was shown to be clearly dependent on applied field during

testing and the initial poling conditions. For undoped LF4-2, after minor initial decreases
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the polarization stabilized after 10 cycles for testing of 100,000 cycles duration with an
overall increase of piezoelectric coefficient. For the 0.2 wt% CuO doped samples, in
comparing poled and unpoled specimens, if the data for the first 10-100 cycles of the
unpoled sample are ignored, the scale of the overall drop in Puax between the two are
very similar. This is not observed in the highly poled commercial PZT samples tested in
previous studies, further confirming the importance of the poling on the overall fatigue
of the sample. For poled samples, increasing the testing field to 3E¢ resulted in twice the
decrease in Pumax (-32%) compared to the 2E tests at 10¢ cycles (-17%). When testing at
a field level of 2E¢ for CuO doping, the polarization decreases continually through 107
cycles with the decreases in Pyaxand dss both reaching a maximum (-22% and -30%
respectively) after 107 cycles. In summary, while additions of 0.2 wt% CuO enhanced the
initial piezoelectric properties, they simultaneously appeared to worsen the fatigue

properties in this system.

Another comparison can be made between the bipolar polarization and strain
hysteresis measurements taken before and after the unipolar fatigue was complete.
From the change in strain hysteresis, it is clear that the decrease in strain is not uniform
for positive and negative applied fields. At both the testing and saturation field levels, the
positive applied field side of the strain curve clearly decreased to a greater extent. In the
unipolar fatigue of PZT, there was not a true degradation of strain but rather an imprint
from an offset polarization, causing the positive maximum strain value to be increased
and the negative maximum strain value to decrease. In the 0.2 wt% CuO doped LF4-2

system, while a slight increase in symmetry is observed, it is the result of an overall
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decrease in maximum strain for both positive and negative bias, thus showing a true

degradation of strain more similar to the type observed in bipolar fatigue of PZT.

This study demonstrated that ceramics based on the solid solution of BZT-BNT-BKT
exhibited essentially fatigue-free behavior compared to PZT-based materials.
Compositions with 2.5% BZT show well saturated hysteresis loops similar to
conventional ferroelectric materials, and after 10¢ bipolar cycles at 50 kV/cm the
material experienced only a 10% loss in electromechanical strain. The coercive field was
seen to decrease from approximately 25 to 20 kV/cm, a decrease of approximately 20%.
The Pmax was increased by 0.9%, while P, decreased by only 4.6%. Compositions with 5%
BZT exhibited large, hysteretic field-induced strains, and after 10¢ bipolar cycles at 50
kV/cm the electromechanical strain actually increased 4%. The Puax and P, showed
similar trends to the 2.5% BZT case, but changed by slightly larger amounts of +5.7%
and -8.5%, respectively. In all of the samples tested at both 20 and 50kV/cm, the
coercive field decreased by 20%. Overall, the electromechanical strain behavior of the
5%BZT samples were shown to be essentially free of fatigue out to 10¢ cycles
independent of the cycling voltage used. The performance of these materials represents
a significant improvement on the decreases in strain and severe hysteresis asymmetry
that developed in previously published work typical of PZT. The explanation for the
excellent fatigue characteristics in these BZT solid solutions is likely attributable to a
lower concentration of intrinsic defects. Based on these results, these Pb-free
compositions have the greatest potential for use in piezoelectric applications requiring a

large number of bipolar cycles such as MEMS devices and piezotransformers.
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10 Future Work

In order to further characterize the nature of the fatigue behavior of this lead free
system, three separate fatigue studies are proposed for three Bi-based solid solutions.
The systems chosen all rely on BNT being the majority component and were chosen to
examine how varying from a binary to more complex ternary system will affect the
fatigue characteristics, especially in comparison to the previously mentioned BNT-BKT-
BZT system. For binary systems, the MPB composition of 80BNT-20BKT and the 96BNT-
4BZT are of particular interest and should further clarify the benefits of adding BZT. In
addition, a third ternary system between BNT-BKT-BMgT is suggested to determine if
additions of Mg (or Ni) act similarly to stabilize the fatigue results. The testing needed in
each case can be divided into three parts. First, bipolar fatigue of unpoled samples of
three compositions will be tested immediately following the approach outlined by recent
work at Darmstadt. The Bi-based ternary systems, generally, have shown complex poling
behavior and it has been difficult to achieve repeatable low-field, piezoelectric
coefficients (dsz). Therefore, poling of BNT-BZT and BNKT-BMgT, and BNT-BKT will be
optimized based on depoling temperatures measured through a variety of methods as
described in recent work by Darmstadt (Leist, ef al). After optimizing the poling
conditions for these compositions, unipolar fatigue tests will be performed on the poled
samples. Fatigue measurements will be performed to match experiments done
previously with a triangular waveform of 10Hz and amplitude of 50 kV/cm for 106 cycles
on all sample sets. This will represent 2E¢ or 5E¢ for the binary or ternary compositions,

respectively. The results of these experiments will help provide valuable information on
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the suitability of these new Pb-free materials for high performance applications such as

piezoelectric MEMS devices.
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