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1 Introduction

1.1 Preface

The subject of this thesis is the development of high strain piezoelectric actuators. Being cumulative in
nature these introductionary words and the subsequent chapters provide a primer and an introduction to
facilitate reading of the five peer reviewed publications included. It is by no means a complete collection
but will provide the reader with the means and the literature to understand the processes, methods and
techniques for synthesis, fabrication and analysis of the piezoelectric materials studied herein. The five

publications are:

1. Schitz, D.; Deluca, M.; Krauss, W.; Feteira, A.; Jackson, T. Reichmann K.:
Lone-Pair-Induced Covalency as the Cause of Temperature- and Field-Induced
Instabilities in Bismuth Sodium Titanate. - in: Advanced functional materials (2012) 22
2285-2294

2. Naderer, M.; Schiitz, D.; Kainz, T.; Mittermayr, F.; Reichmann, K.:
The formation of secondary phases in Bi0.5Na0.375K0.125TiO3 ceramics. - in: Journal

of the European Ceramic Society 32 (2012) , S. 2399 - 2404

3. Krauss, W.; Schiitz, D.; Naderer, M.; Orosel, D.; Reichmann, K.:
BNT-based multilayer device with large and temperature independent strain made by a
water-based preparation process. - in: Journal of the European Ceramic Society 31
(2011), S. 1857 - 1860

4. Krauss, W.; Schiitz, D.; Mautner, F.-A.; Feteira, A.; Reichmann, K.
Piezoelectric properties and phase transition temperatures of the solid solution of (1-
x)(B10,5Na0,5)TiO3 - xSrTiO3. - in: Journal of the European Ceramic Society 30
(2010),S.1827 - 1832

5. Schiitz, D.; Krauss, W.; Albering, |.; Kurta, C.; Reichmann, K.:
The Chemical Interaction of Silver—Palladium Alloy Electrodes with Bismuth-Based

Piezomaterials. - in: Journal of the American Ceramic Society 93 (2010) 4, S. 1142 -
1147

All of these deal with either the development of materials for high strain applications or the
development and testing of prototypes of said actuator devices. They can broadly be divided into two

categories: Primary authorship and secondary authorship.

In the publications 1 and 5, the papers, the primary authorship was entrusted to me. I have written the
whole of the article, headed the direction of research and am responsible for final wording and the shape of
the publication. In the secondary authorship papers I assisted with the more theoretical part: Materials
selection, composition selection, burnout and sintering curves but most importantly the interpretation and

(in all papers) some of the measurements. In all publications I aided in the final wording and figures.



As a short summary of the novelties and important points provided by each paper:

e Clarification of a phase transition (at Tq) and the mechanism of extended strain (arising from
factors other than the inverse piezoelectric effect) in a BNT derived material (paper 1)

e Demonstartion of the breaking of a covalent bond as the cause and mechanism of both the
above mentioned phase transition at T4 and the extended strain.

e First in situ measurement of a solid under high fields (7kV/mm) in a Raman spectrometer
(paper 1)

e First accurate tracking of A-site-Oxygen modes in a perovskite material under applied
temperature and field (paper 1)

e  First measurement of a piezoelectric stack under Raman spectroscopy (paper 1)

o Clarification of the formation of secondary phases in a BNT/BKT ceramic (paper 5)

o First demonstration of a near temperature independent strain in a bismuth based material
(paper 3)

e  First demonstration of a prototype actuator using said materials (paper 3)

e Application of a novel water based production route for said actuator (paper 3)

e Completing the quasi-binary phase diagram of BismuthSodium Titanate and Strontium
Titanate and thereby establishing strontium as a doping agent in Bismuth Sodium Titanate
(paper 4)

o Clarification and verification of the compatibility of Bismuth based piezomaterials with the

industry standard Ag/Pd electrodes for multilayer fabrication (paper 5)

Relevance of the Studied Phenomena:

The relevance of piezoelectric ceramics lies naturally in their application, such as actuators, transducers,
sensors and generators. Primary applications of actuator will be discussed in the following chapter. The
special significance of lead-free piezoelectric materials will be discussed in Chapter 1.4 (Lead free
Ceramics). Special technical and scientific problems solved by our work will be discussed in the section
following page 19. In general piezoelectric actuators, while proving a solution to a variety of technical
problems, are not the only technically feasible solution. The only application where piezoelectric actuators
are the sole solution to a problem is very accurate micropositioning, which is used in the photolithography
of semiconductors and the positioning in Electron microscopy techniques. As such without a piezoelectric

actuator there is no semiconductor industry.



1.2 Actuators

“An actuator is a type of motor for moving or controlling a mechanism or system. It is operated by a
source of energy, usually in the form of an electric current, hydraulic fluid pressure or pneumatic pressure, and
converts that energy into some kind of motion. An actuator is the mechanism by which an agent acts upon an

environment.” !

So the first thing to do is to be precise in which type of actuator this introduction deals with. The first
distinction would be that the actuators in question are used for very precise, fast, high force movement on
small length scales. To be more precise we will deal with actuators based upon the indirect piezoelectric

effect.

Piezoelectric micro-actuators are almost exclusively built in the multilayer geometry. Types of
multilayers include a Stack, a Bender. Other geometries include Actuator-tubes, linear motors, rotary

motors and stepper motors.

Figure 1: Geometries of piezoelectric actuators (multilayer, bender/bimorph, tubular actuator) [from PI

Gmbh %]

The application of these devices is manifold>*>®’. Any precise movement on a small length scale can be
done by a piezoelectric actuator. The most common would be a fuel injection valves in common rail or
unit injector combustion engines. It is also used in auto focus cameras and photo shutters and the reading
heads of Magnetic recording equipment (hard disk drives. The ultra precise actuation necessary for sample
movement in various analytic equipment (light Microscopy, SEM, AFM, direct metrology nano
indentation, PFM) rely exclusively on piezoelectric actuators. Contemporary semiconductor technology
would not be possible without the precision and speed offered by these devices for the positioning of
wafers e.g. in lithography processes’. Although other technological solutions exist for less precise
applications like fuel injection valves (where the solenoid motor is the chief rival’) the primary advantage

of the piezoelectric actuator is the fast response to the control signal.
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Figure 2: Solonoid actuators operate on the same basic principles as a DC motor. The difference between

a solenoid and a motor is that a solenoid is spring loaded and cannot rotate. [Copyright: Society of

Robots]

That being said, the development of an application of a piezoelectric actuator, especially one of a novel
composition, is far from unproblematic. In this collection we will present some common problems and the
solutions we have found (e.g. see 1.4.2 for the complete description) aiding in the development of next

generation the development of high performance lead free piezoelectric actuators.



1.3  Piezoelectric Effect

1.3.1 Timeline of Discovery

Table . Notable Events in the History of

Ferroelectric Marerial:
Timelive Event’
1824 Pyroslectnicity discovered in Rochelle salt
1880 Piezoelecticity dizcovered in Rochelle salt, quartz,
and other minerals
1912 Fenroelecmeity first propozed as property of solids
1921 Ferroelecmicity discovered in Rochelle salt
1933 Femoelectricity discovered in KH.PO,
1941 BaTi0, high-I (>1200) capacitors developed
1944 Ferroeleemeinty discovered in ABO,-type perovskite
BaT10.
1945 BaTi0, reported as useful piezo transducer, Pat.
No. 2 486 580
1949 Phenomenclozical theory of BETI'D-; mtroduced
1549 LiNbO, and IiTa0, reportad as FE
1951 Concept of antiferreelecineity mitroduced
1952 PZT reported as FE sohd-solution system, phase
dizgram established
1953 PblNb. O, reported a: FE
1854 PZT r!pumed as usaful piezo tansducer, Pat. No.
2TOB 244
1955 PTC effect in BaTiO, reported
1955 Chemical coprecipatahon of FE matenals
introduced
1955 Alkali michates reported as FE
1957 BaTi0, barnier layer capacitors developed
1959 PZT 5A and 5H MPB-type piezo compositions,
Par. No. 2911370
1961 Lattice dynamucs theory for FE matenals, soft
modes introduced
1961 FAIN relaxor materials reported
1964 Oxypen/atmosphere sintering for FEs developed
1564 FE semiconductor (PTC) devices developed
1967 Optical and E/'Q propesties of hot-pressed FE
ceramics reported
1969 Term: “ferveic™ and “ferreelasticity” inmoduced
1969 Optical transparency achieved m bot-pressed PLZT
ceramics
1970 PLIZT :w-mnmal phase diazram established,
Par. No._ 3 666 666
1971 Usafal E'Q propernes reported for PLZT, Pat. No.
3737211
1973 Oxyeen/zitmosphere simterimg of PLZT to full
HanspaTency
1977 FE thin films developed
1378 Engmesred (commecovity designed) FE composites
derreleped
1980 Electrosmcove relaxor PMN devices developed,
Pat No. 5345139
1381 Sol—gel tachmigues developed for the preparation of
FE films
1383 Photosinictive effects reported 1n PZT and PLZT
1991 Meonze piezo flextensional devices developed, Pat.
No. 4999819
1992 FAINBOW piezo bending actuators developed, Pat.
No. 5471 TI"'l
1993 Integration of FE films to silicon technology, Pat.
No. 5038323
1997 Relaxor single-cryvstal materials developed for piezo
transducers
H;E “gﬂhmqut“ mﬂnm Sircoans gﬁk
PMIN @i TC b pesitve mmpersnae cosflicimt, E'Q o1
elactoapac, " b reduaced and icsermally biased oode wader

Figure 3: Timeline of discovery of piezoelectric materials and devices[from ]

The most important addition to this timeline would be the first commercial use of PZT based
multilayer actuators in fuel injection valves in 2000, the Reach(2007) and RoHS(2006) acts of legislation
which restricts the use of lead in electronic devices and (of special relevance to my work) the rediscovery of
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BNT derived materials by S.T. Zhang 2008 as well as the patent application for a piezoelectric fuel
injection valve by Kabushiki Kaisha in 1994.

1.3.2 Standard Model

Piezoelectricity, the most direct energy transformation between kinetic energy and electrical energy, can
be summed up into two distinct phenomena: The direct- and the indirect piezoelectric effect. The direct
effect is a charge generation by applying stress to the material. The indirect is the generation of strain by
the application of an electric field. In theory any non ferroelectric ideal solid, which exhibits no center of

symmetry will have the ability to do both to an equal amount in a linear fashion, described in Equation 1.
Dp, = - B

Equation 1:

With S,,, is the deformation, d is the piezoelectric coefficient and E is the applied field intensity

It is however best illustrated using the perovskite crystal structure.

JPET 0T aTi%zEr i d

P d .
A A ;’
ul 'Ii' \T \.. |I zf
1 I.' *, HE. Il/.f | &
- i’ Iy
o o
T}Tc T{Tc

Figure 4: Perovskite structure illustrated as PZT in cubic and tetragonal conformation [CC]

The Standard model of piezoelectric solids is based upon the theory of point groups. Any material

who’s repeating crystal structure lacks a center of inversion will develope piezoelectric characteristics.

Of the 32 classes of crystal systems 21 have no center of inversion, the cubic group 432 does not
exhibit piezoelectricity due to the high symmetry, prohibiting charge separation even when under the
influence of mechanical strain®’. These 20 crystal classes encompass nearly all types of materials the only
other prerequisite is that they are not electrically conductive. As such it is widespread and common in any
class of material (biological, inorganic, polymer) with the sole exception of metals whose definition
includes the ability to conduct electricity and as such cannot be piezoelectric by default. Indeed all highly

conducting materials are unable to extend in the manner of a piezoelectric material.

10



Pyroelectric
Materials

Figure 5: Hierarchy of piezoelectric materials.[CC]

Of the 20 non-centrosymmetric crystal classes 10 are polar (exhibit a permanent polar axis), all polar
crystals are pyroelectric. The name is derived from the greek pyr meaning fire. In contrast to pure
piezoelectrics the polarization is permanent (spontaneous). As such they have the ability to separate charge
(and therefore introduce an electric potential) with the application of temperature. Mechanistically, this is
the result of the change of atomic distances within the whole crystal due to thermal expansion and should
not be confused with thermoelectricity which is the result of a temperature gradient. Pyroelectric materials

that are not ferroelectrics show this behavior all through their stable solid states.
Ferroelectrics are therefore a subgroup of pyroelectrics they are distinct in two primary properties.

e The spontaneous polarization has an upper temperature boundary —>the Curie
Temperature (T.) at which the spontaneous polarization is lost.
e The possibility that the direction of the spontaneous polarization can be reversed by the

application of an electric field

The directionality of the polarization gives these materials their characteristic properties. It also allows
the materials to be poled, a technique used to align most of the dipoles in the virgin material along the
desired axis/direction. This is best illustrated using the common plot of polarization P vs. electric field

(E) called hysteresis.

11



Polarization

Applied Electric Field

Figure 6: Hysteresis of a ferroelectric material(PZT) from ®

Primarily the term Hysteresis illustrates the dependence of a system not only upon its current but also
its past state. The phenomenon of remanence is the most direct effect of this, meaning that the past
state does influence the position of the curve. In Ferroelectrics this is caused by the inertia of the
crystals redirecting themselves to the new field only if sufficient field intensity is applied in the opposite
direction. This is called the coercitive field intensity (E.) and can be read from the graph as it intersects
with the abscissa. At this point the individual dipoles start to align themselves with the applied field.
The second is the remanent polarization (P,) where the curve intersects with the ordinate (0-field) it is
the net polarization in the material after having been fully polarized. The third is the point of
saturation, the point where an increase in field does not yield a substantial increase in polarization. As
such it is visible as a flat section in the curve and it is necessary for it to be reached for the first two
points to be reliably measured. A piezoelectric with a high E. and low P is termed a “hard”
ferroelectric. The opposite is termed a “soft” ferroelectric®. These terms were taken from ferromagnetic

materials which were discovered and named earlier than ferroelectrics.

The other characteristic plot is the so called butterfly curve (Fig ?). It is a plot of strain (elongation)
(dx/x vs E). it shows the dependence of achievable strain versus the intensity of the field. In canonical
ferroelectrics they are shaped like a butterfly, hence the name. As with the P-E loops the butterfly curve
shows hysteretic characteristics. As a measure of the true ability of the material to extend, only the
intersection of the positive and negative field interaction can be taken as the 0-point, previously

unpoled material is exhibiting considerably more strain, but only for the first poling loop.

12



o Polarization —»

o Strain —»

0 Electric field —»

Figure 7: Butterfly strain curve of PZT and the corresponding polarization curve [from ']

These phenomena lead directly to one of the more fascinating properties of piezoelectric materials — the
development of domains. Domains are regions of the crystal that are identical in all respect except the
direction of the spontaneous dipole. These can develop in any ferroelectric, even single crystals. Upon
cooling from the Curie temperature (above which no polarization persists) the direction of the domains
is random and consequently the net polarization of the whole sample will always be zero. Domains are
regions that have aligned themselves to a common direction for reasons of an enthalpic but also
entropic nature '"'*"’. Under field this dipoles switch to align with the field and net polarization
increases. This produces polarization in the material. The necessary energy to overcome the inherent
resistance of the dipoles to switch is reached at the coercitve field intensity(E.). Since the polarisation
tends to switch as an ensemble, the movement of the polarity can be visualized and is called a domain
wall movement. Although it might appear this way, no atoms are moved by this process, instead the

polarization just changes direction.'

13
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Figure 8: Ferroelectric domains in PZT made visible through channeling contrast imaging

It is important to note that unlike ferromagnetic materials® (where polarization is localized in
elemental poles; meaning the spin state of the baryon) the polarization of ferroelectrics is distributed as
a function of ¢ density and cannot be fully localized. One unit cell alone would not exhibit

ferroelectricity, it only works within a continuum'.
1.3.3 Perovskites

The most common crystal system used in ferroelectrics is perowskites. The name derives from the
mineral Perovskite (CaTiO3) discovered by Gustav Rose in 1839 (Ural Mountains) and named after the
interior minister of Nicholas I (and crystallographer) Lev Perovski’. Most perovskites follow the primary
scheme of A B X;: A usually being of valence 2+ B of 4+ and X to be occupied by oxygen. This is however
not set in stone with 3-3 or even defect perovskites being observed. As long as electric neutrality is
observed the compound can be stable. X can also be occupied by any non-metal with sufficient
electronegativity (e.g. KMgFs). The most important structural element of any Oxygen perovskite is the
oxygen octahedra surrounding the B-site, with the A-site occupying the octahedral open spaces
De: Oktaederliicken)®. The octahedra play the most important role in the polarization of the material, with
the direction of polarization directly following the elongation of the octahedra. They also facilitate the

particularly adaptive chemical bond inherent in this type of crystal. Similar in structure and bonding to an

14



octahedrally coordinated complex, Jahn Teller distortions (1* and 2™ order) are observed'>¢, enhancing
the polarizability of the crystal. It also serves as a focal point of the distributed covalent bond facilitated by

A-site lone pairs discussed in later sections.

The range and combination of ions able to form a perovskite were first established by Victor

17,18

. With the update of the ionic radii by

Goldschmidt in 1928 using simple geometrical considerations

Shannon, it remains valid and relevant to this day.

Fa+To

- v‘i{?‘s + 7o)

Formula 2: Goldschmidt factor

3

Ra Ionic radius of the A site
Rb Ionic radius of the B site
Rx Ionic radius of the X site

A t > 1 means that the A ion is too big or the B jon too small forcing a rhombohedral or

hexagonal structure
A t ~0,9-1 means ideal size and consequently forms a cubic structure

A t < 0,7 means A ions are too small to fit into the octahedral interstices generating a variety of

structures

Note that the tolerance factor does not take anything beside ionic radius into account, therefore

5

influence such as Jahn Teller distortions'®, covalence or disorder phenomena are not applied.

1.3.4 Expanded Model

The expanded model for the actuation of ferroelectrics culminates mostly around domains and
their behavior under an applied field. As previously mentioned domains are regions within a single- or
poly-crystal that share a common direction. Since the crystal system is elongated in the direction of the
polar axis (distorted) the switching of the direction can lead to extension. In principle the literature

differentiates between 90° and 180° domains in respect to the direction of the field.
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(a) I

Figure 8: Simplified domain configuration in tetragonal ferroelectric ceramics and resulting domain
reorientation mechanisms according to Arlt" (a) laminar domain stack consisting of 90° domains; (b)
rotation of the effective polarization of the grain by domain wall displacement; (c) switching of the

domain orientation by generating a new domain wall (transient domain wall) [from"].

However, 90° domains mean any direction not in the immediate opposite direction of the applied
field (46°-135°) these are the domains that interact in domain wall movement!®. 180° domains do not
contribute to extension despite the fact that they are influenced by the applied field. Merely their direction

changes, therefore there is no macroscopic elongation associated with the switching.

Despite decades of study, the magnitude of the influence of domain wall movement on the
process of extension of piezoelectric materials has been difficult to establish. Most studies focused on
separating the reversible (indirect piezoelectric effect) and the irreversible contributions (DWM is partly
irreversible through the inclusion of defects in the ceramic similar to bloch defects ' [] in ferromagnetic
materials) through the application of sub-coercitive loops (Raileigh loops). In one of the most important
publication of the field Trolliard-McKinstry combined the sub-coercitive loops with High resolution
neutron scattering under field. This allowed for the first time to directly measure the extension of the
crystal system itself and relating the irreversible part of the extension with the role of DWM. The indirect
piezoelectric effect was determined to contribute only approximately 10 percent to the strain of the
material. This explains the superiority of tetragonal crystal systems to rhombohedrally based
piezoceramics. Also the superiority of electrically soft materials was explained, through the fact that the
domain walls moved like a membrane, unlike hard materials that move along a jagged edge. Although
methods to utilize this phenomenon were known through purely empirical studies and industry work, the

result still have wide ranging consequences for the developing of actuators.

16



1.3.5 Lead Zirconium Titanate

Lead zirconium titanate is the most standard material for piezoelectric elements. Compromised of a

single A-site (Pb) and a mixture of two atoms at the B side it exhibits an interesting phase diagram.

400

L]

2

2
1

Temperatur [°C]

100-

PbzZro; 20 40 60 80  ppTiO;
Titananfteil in Prozent

Figure 9: PZT phase diagram [CC]

The most distinctive feature of the phase diagram is the existence of a morphotropic phase boundary
(MPB). The MPB was subject of considerable debate (and to a certain extent still is)"” within the
literature. Unquestionable is the fact that the MPB exhibits the best properties in regard to actuation
(extension), generation (indirect piezo effect) and capacity®. Consequently most devices are close to the
MPB in compostion. The simplest explanation is a thermodynamic one. The addition of further degrees
of freedom leads to a better response within the confined system of a solid. This explanation is however
incomplete. A long standing debate within the scientific community is about the exact nature of the MPB.
This is mostly due to the inability to measure all relevant parameters locally and within the same area. The
theories are: A coexistence of two or more crystal systems without chemical separation, two or more
structures through chemical separation and a very small region of a monoclinic phase. The difficulty to

establish an exact answer has to do with the inability of most macroscopic scattering methods to measure

17



anything beside an average of a symmetry e.g. that of a mixture of rhombohedral and tetragonal
symmetries within the same sample would lead to a monoclinic symmetry being calculated from the
diffractograms (note that being of lower symmetry than either rhombohedral or tetragonal phases means
that either symmetry by itself could be refined to monoclinic). The MPB itself is poorly defined either
structurally or chemically, but for the fact that within this region of the phase diagram the electrical
properties are enhanced. Recent Raman studies have pointed into the direction of a mixture of phases with
a monoclinic structure being present and enhanced at lower temperature(<100K)*. Also relaxor

phenomena are reported at the MPB.

What the attentive reader will no doubt immediately notice is the fact that the diagram itself is
“merely” a technical phase diagram violating the phase rule according to Gibbs. The calculated phase
diagram for the system is substantially different. However the necessary activation energies correspond to
temperatures above the stable range of PZT. This leads to the situation that while technically the phase
diagram does not correspond to the equilibrium state (and therefore is not a phase diagram proper), the
calculated phase diagram is not reachable experimentally, and the region around the MPB is (chemically
speaking) a meta-stable state. This has been remarked upon on as one of the reasons for the high degree of
disorder and the subsequent phenomena associated with the diverging regions between experimental and
“true” (equilibrium) phase diagram. The debate is not likely to end until true single crystals of usable size
have been procured, which due to the strong inherent disorder present within the system is still a

tremendous challenge, the biggest single crystals grown measuring in the sub millimeter range?*"*>**%%.

PZT can be modified by doping to include most desired properties in ferroelectrics and as such it is by
far the most used ferroelectric material. However concerns over its toxicity (Pb mainly)'®***” have been
raised and its used has been subsequently outlawed within the European Union. However since no usable

material to replace it in the vital application is market ready the ban is still suspended.

The distinction between hard and soft ferroelectric material is mostly shown with PZT. '2%2%3031
Generally Donor dopant (dopants that introduce electrons into the compound in excess) lead to fewer
Oxygen vacancies in the material by forcing the chemical pressure (LeChatelier principle) into the
direction of the solid. Acceptor dopants naturally do the opposite. The most common donor dopants are

Nd, Nb, the most common acceptor dopants are Fe, Mn and Ni.

18



weiche PZT

]

Figure 10: The distinction between “hard and soft” style ferroelectricity in PZT [CC]

Generally donor doped and therefore soft PZT is preferred when manufacturing actuators, because
donor doping eases the processes aligned with DWM. Hard applications forego the need for extensions
primarily focusing on a high quality factor (reciprocal loss factor), so ultrasound emitters sensors or

Transformers prefer this type of material.'®
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1.4 Lead Free Piezomaterials

1.4.1 Why Lead is so hard to replace

The Primary question regarding lead free materials is why lead is so hard to replace, to which there

is no easy answer. Primarily the properties for an A-Site ion are:

e Jonic radius: best illustrated by the tolerance factor (see there)

e High polarizability: Is a function of ionic radius and the electronic configuration ®

e Valence: an A site has ideally a 2+ valence although other configurations are possible, they
need compensation to achieve charge neutrality

¢ Lone pairs: Ideally the A-site exhibits an distorted (non symmetric) s lone pair*

When taking all these factors into account, of all 120+ elements only lead has this desirable
combination of properties. Although to preserve the properties a mixture of Bi and TI is thinkable
thallium would however completely defeat the purpose of non-toxicity. Generally due to the high toxicity
)32

and high volatility (which would contaminate any furnace used)’” it has not even been tried to be included

in any high temperature ceramic process.

Disregarding valence the closest nontoxic material to this “ideal” set of properties is bismuth.
bismuth itself is rather unique within heavy metals in its non-toxicity, prompting fears that it is not as
harmless as it is initially believed, which would have wide reaching consequences since many cosmetic
products and pigments contain it instead of the lead that was traditionally used. Interestingly enough Bi
has no known isotopes and is actually radioactive, however it’s recorded half life is longer than the
existence of the universe and therefore highly unlikely to have health hazards associated with this. In fact
it’s radioactivity was first proven as late as 2010 despite theoretical calculations pointing into this direction

for 60 years. Despite these concerns no conclusive evidence for any health hazards are to be found so far. **
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1.4.2 Types of Lead free materials

The most important lead free ferroelectric so far is Barium Titanate, mostly used for capacitator
applications. Although it can be used as an actuator or sensor the miniscule piezoresponse and the
neglegabele DWM make it an unlikely candidate for the replacement of actuators. The other materials
have to be classified as emerging materials with varied strengths and weaknesses. Generally it is highly
unlikely that there will be a single material to replace PZT in the wide range of applications that it
occupies due to its unique versatility. For “hard” applications potassium Sodium niobate is a strong
contender, showing nearly no deviation from the ideal piezoelectric behavior (unlike PZT f.i.). This makes
it ideal for ultrasound emitters or transducers since a high quality factor is the most desired property for
this type of application®. Bismuth Sodium Titanate based materials are forerunners to replace lead in

actuator and capacitator applications.
BNT:

Bismuth sodium titanate (BNT) was first synthesized by Smolensky® in 1960. As it necessitated
an inconvenient Ethanol based processing route and exhibited no significant strain under low fields, it
remained nothing more than a curiosity within the class of lead free piezoelectric ceramic materials and
was studied only by an exclusive group of scientists. Most notable among these is Tadashi Takenaka’s

34353 \who subjected the material to extensive modification that remains relevant to this day. This

group
trend changed in 2008 when Zhang er.al. 7**% discovered a slightly modified solid solution of the
material that could reach strains up to 0, 45 % under high fields (7kV/mm) surpassing the properties of
the state of the art PZT (lead zirconium titanate) actuator materials. Combined with new legislation
necessitating a move away from lead in electronic components (REACH,2007; RoHS 2005), currently
unenforced due to lack of alternatives, but expected to be enforced in the future, this has provided

sufficient incentive to cause a surge of research interest towards lead free materials in general but also into

BNT derived materials specifically.

Chemically all BNT derivates are solid solutions of either Bismuth sodium titanate or Bismuth
potassium titanate and therefore conform to the perovskite structure. Despite having a tolerance factor
between 0,97 to 0.99, at room temperature all studied compositions have been refined as non-cubic, either
of rhombohedral tetragonal or monoclinic symmetry. The most common inclusions are: solid solution
with BT and other alkaline earth titanates, KNN or A site substitution with rare earth ions . These
additions show various structural differences to the unmodified ceramic, mostly changing the position of

the MPB between rhombohedral and tetragonal phases. Structurally the solid solution and the pure
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compound show remarkable properties. It has been shown that any single grain of the material can exhibit

up to three symmetries side by side without macroscopic or chemical separation®® 42,

Generally BNT-BKT (and BNT-BT) solid solutions exhibit a compositional phase transition
between macroscopically rhombohedral and tetragonal symmetry. This phase transition is very diffuse and
strongly dependent on temperature, unlike PZT where this transition is (nearly) temperature invariant.
While the diffuse nature of this compositional phase transition *! is subject to considerable investigation,
the thermally induced phase transition Ty, usually measured either by thermally resolved electric (ds3, or

loss factor®®) measurements is much more important.

This is a phase transition from a macroscopic ferroelectric to an antiferroelectric (in other readings
non-polar) phase. It can be considered the key to understanding the material. In any BNT-derived
ceramics that shows this transition, the piezoelectric and dielectric properties under high electric fields are
tremendously enhanced. Above (and especially close to) T4, such compounds exhibit pinched polarization

loops that have become a hallmark of the material.
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Figure 11: Pinched polarization loops of two compositions of BNT/BKT (doped with Li and Nd)

Conversely, if (for any reason) the (BNT-derived) material lacks this phase transition, it becomes
a canonical soft ferroelectric. In a recent paper we have shown that the phase transition is caused by the
loss of hybridization of the Bi-lone pair with the surrounding oxygen, thereby releasing the constraint that

it puts on the crystal system, which can be regarded as a corner-sharing network of oxygen octahedra
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containing the B-site cations (in this case Ti*). This resets the material to the structural phase that is
predicted by the ionic radii (via the tolerance factor t of the Goldsmith rule). This covalence- based

24404344 i1 literature concerned with ferroelectric materials.

mechanism is usually called the lone pair effect
It is caused by the electron pull of the overlap of orbitals from the B-site cation (in ferroelectric perovskites
almost exclusively do transition metals). This causes a decrease in electron density on the outside of the
oxygen octahedra®*®*# (in the direction of the A-site cation) and thereby facilitates the formation of
bonding by the lone pairs of the A-site cations. In PZT this bond is very stable and contributes to the

temperature stability of this material (exceptionally high Curie temperature!>**

compared to alkaline
earth titanates). In BNT-derived materials, only half the A-site is occupied by a lone pair carrying ion, and
this is the reason why the loss of hybridization is not coinciding with the transition to para-electric
behavior at elevated temperatures; instead forming an intermediate temperature dependent phase
transition. We could show this effect by deconvoluting the temperature dependent Raman spectra of our
prototype actuator and plotting the modes indicative of A-site-oxygen vibrations. At Ty, the inter-atomic

spring constant responsible for the total energy of the mode was lowered abruptly, accompanied by a rapid

change in symmetry of the whole crystal system®. This is a hallmark of the breaking of a covalent bond.

However despite the extension under field being superior to PZT there are still several obstacles
for market readiness. Some of them we have been able to lay to rest, some of them will be subject of

further attention of the scientific community. The most important obstacles are:

Incompatibility to industry standard inner electrodes:

One of the main constituent of the ceramic Bi;O3 was previously reported to be incompatible
with the industry standard Ag/Pd alloy used in electroceramic multilayer devices, we were able to lay this
fears to rest, first through preliminary studies then by manufacturing a functioning prototype. The reason
why in contrast to the primary compound BNT ceramics are compatible is that after the initial calcination
no free Bi,Os is present throughout the sintering. Therefore unlike the prior applications of Bi,Os as a flux
(sintering aid) there is no evidence of Bismuth Palladate being procured. Therefore the associated

problems of lack of conduction and the development of micro cracks were unfounded.
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Ethanol based process:

Primarily the necessity to use organic solvent in the process of synthesizing BNT is complex. For
one it is simply the desire of the associated scientist not to change the process too much for fear of losing
comparability with the literature. Since the influences on properties of electroceramics are manifold, it is a
general tendency of the field to keep within very narrow specifications, and with good reason. The original
reason for the organic solvent process was most likely the sensitivity of Alkaline carbonates to Water. For
one, the problem of adsorbed water, which makes it hard to keep stochiometry makes even the primary
weighing in a challenge on an experimental level. But also the tendency of the alkaline carbonates to
partially dissolve in water has a great influence on the microstructure. If no precautions are taken the
partially dissolved carbonates crystallize after the first milling step and do not readily react with the rest of
the educt leading to an inhomogeneous ceramic. Our research shows that after the calcination step (which
produces the compound necessary, sintering is a purely physical process) the perovskite is completely
stable forgoing the necessity of using organic solvents after calcination. In the interest of making our
process compatible with industrial equipment we [] developed a process whereby the educts are spray dried
after the first milling so the recrystallization does not lead to bigger aggregates and is therefore not

detrimental to the solid state reaction as well as the microstructure.
High excitation Voltage necessary:

One of the fascinating properties that set BNT derived materials apart from conventional
piezoelectric ceramics is the necessary high excitation field of 6-8 kV/mm necessary for the full stretch of
the material to manifest itself. This is one of the reasons why the excellent properties of BNT derived
compound have been obscured for so long after their initial discovery. Usually, following the standard
model the piezoresponse is linearly correlated with the field applied (Equ.1). Consequently the usual way
to determine the magnitude of a piezoresponse until Zhangs seminal paper, were to measure the
piezoresponse under low field amplitudes. The necessary voltage using the same sample geometry as in
PZT (70-100pm layer thickness), which operates under 2 kV/mm usually would be over 600V which
would make it unusable in most applications. Fortunately both the material properties (tougher than
PZT) as well as the high strain reachable under high fields but especially the exceptional dielectric
breakdown strength allowed us to reduce the thickness of the active layers to 30 pm while preserving the

same number of active layers and reaching more strain than a comparable PZT actuator.
Secondary phases:

Another difficulty for the development of BNT as a viable alternative was the propensity of the
material to form secondary phases. Both Bi-rich phases as well as polytitanates are reported. Concern
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about secondary phases in perovskites are however solely based on the experience with PZT where (due to
the lack of propensity for secondary phases) a secondary phase is usually a sign of a botched processing run
indicating decomposition of the material or failure of proper homogenization of the educts, in any case
being detrimental to piezoelectric properties. In fact the secondary phases are a result of improper
stochiometry, however since Alkaline metals as well as bismuth are volatile compared to other metals it is
nearly impossible to be fully stochiometric. In fact the problem of volatilization exists in lead based
materials as well, only that the non-inclusion of alkalines does no yield such significant alkaline
polytitanate secondary phases. Our research shows that we can manufacture BNT (and it’s derivates)
without secondary phases only when a sufficient deficiency of Ti is introduced, thereby offsetting the loss
of the volatile elements. This however ruins the ceramic for the purpose of electric actuation. We judged
that the inclusion of a Ti rich secondary phase is not harmful; in some cases (dielectric breakdown
strength) a secondary phase filling the inevitable pores of the material is actually preferable to a single
phase composition. The Bi rich phases on the other hand are usually a result of an alkaline deficiency.
Such can be illustrated by the work of Kénig ez al. where a multistage process designed to minimize Bi
loss lead to a development of a secondary phase in the ceramic rich in bismuth. Again the inclusion of a

secondary phase seems to be actually beneficial for capacitator applications.

Despite the existence of a usable actuator, no long term tests have been done on the material in a
realistic setting so any data on the problems that might develop when the material is used in production
run products (under hostile conditions such as moisture) is available. These conditions might still have
some surprises for scientists and engineers in store. So far only the non existence of dielectric fatigue has
been shown by Matt Hoffmans group in Sidney. But whatever the challenges I personally remain

confident that the material will be used in commercial devices within the decade.
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2. Practical Part

2.1 Synthesis and fabrication

2.1.1 Lab Scale

On the industrial scale as well as in laboratory the most important route for the synthesis of
ferroelectric ceramics is the mixed metal oxide route (MMO). The MMO route was initially developed for
use with PZT and BT. Other routes include solution deposition, and templating methods. Templating
methods deserve a special mention since by using partly organic precursors, the direction of polarization
and structure is not dictated by sintering (and therefore random) but by molecular self assembly
mechanisms aided by the partly organic precursors. Also due to much smaller particle sizes a lower
sintering temperature is possible (and usually the only step). The only electroceramic where this has any

importance is KNN where it is used to offset the miniscule piezoelectric properties.
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Figure 12: Mixed Metal Oxide(MMO) route including further processing step of a multilayer

[from ?]

After weighing to the desired stoichiometry the educts usually carbonates or oxides (although
nitrates and sulfates are possible as well) of the desired constituents of the ceramic, a homogenization step
is necessary. The homogenization step is both for the benefit of gaining a uniform powder as well as a
method to break down the raw materials into small particles to facilitate the solid state reaction. Larger

aggregates would inhibit the solid state reaction through the development of layers of reacted material
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acting as a diffusion barrier. A poor homogenization would lead to a local non-stochiometry of the
constituents. While unavoidable to a certain extent it has to be minimized otherwise the following
sintering step would be inhibited. Also, a local excess of certain constituents would lead to the
development of secondary phases as well as educts being left over and interfering with further processing.
This is usually carried out either in a high energy ball mill or a low energy roller mill (for a longer time).
Due to the high brittleness of oxides and carbonates no cooling is necessary to facilitate the breaking apart
of the initial educts. After homogenization the mixture is usually dried and submitted to the calcination
step. Usually a detergent is necessary to keep the educts from reagglomeration. One thing to look out for
in the first milling stage is the ionic potential of the constituents since the oxides or carbonates involved
are lewis acids/bases they will change the pH-Value of the suspension and therefore may be coming
dangerously close to the iso-electric point of one or more of the constituents. Since at the isoelectric point
the re-aggregation of particles is maximized due to the repulsive forces in suspension being minimized
“this is of tremendous value. In fact the whole process of milling on a pm scale depends more on the
prevention of re-agglomeration than the breaking down (milling) of the educts. Typically if one or more
of the educt are close to their isoelectric point this will be visible as a clear tailing of the log-normal curve
of a dynamic light scattering particle-sizer pattern (which is also good practice to use in every new process).
Once a uniform compound has been achieved (i.e. after calcination) this problem is much less imminent
due to only a single compound being present. Other common problems of the milling stages are :
contamination, zirconia abrasion (from the milling containers and /or media) loss of the dispergent to

excessive heating of the container (avoided by introducing breaks within the milling program).

The calcination step of the process is named after the Latin calcinare **(to burn lime) due to its
earliest/most common application. It is a heat treatment of the educt usually carried out in a laboratory
kiln or furnace. The most common container are round oblong jar of either Aluminum oxide or zirconia.
Aluminum oxide is preferred for its favorable ratio between thermal conductivity (high) and thermal
capacity (low). This minimizes the inertia introduced into the kiln and allows for more finely tuned
control of the kiln. The calcination step is where the actual solid state reaction to aquire the compound
desired takes place. It is good practice to check every calcination by XRD to make sure that the reaction
has been complete. Typical calcination temperatures are (800°C-950°C) The choice of calcination
temperature is usually one of weighting the benefits of a quicker and more complete reaction with the
detriments of evaporation of volatile elements. After calcination the samples are usually milled again this

time to prime the mass for sintering.

After the second milling a forming process is employed. Generally on a lab scale, uniaxial pressing

of pellets is employed. The milled and dried calcined powder is mixed with up to 10 % of an organic
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binder (f.i. PEG 20000) its function and properties have to be chosen along two lines, first to facilitate the
binding, but also to be burned out (pyrolized) without detrimental effects to the sintering. Also no residue
organic or inorganic should be left within the ceramic after pyrolysis. To this effect a differential
calorimetric analysis (DTA) of the binder is usually done beforehand, and a separate burning out step is
introduced before sintering immediately above the peak of pyrolysis determined by the DTA. For PEG
20k the burn out temperature is c.a. 300°C. Depending on the speed of sintering and the amount of
introduced binder the separate burn out stge can be omitted, For instance barium titanate has a very late
onset of sintering (defined as the temperature at which rapid densification starts and as such the burn out

can be included within the sintering curve.

Sintering is a complex process, however an entirely physical one. It is however similarly to a

chemical reaction a thermodynamic process to find a minimum energy state. This process is however not

driven by a change in compound but is a process to find the lowest possible surface area.

Figure 13 : Distinct stages of growth in sintering [from *°]

Sintering is a complex and often arcane process since anything that can influence the diffusion
during the distinct stages of growth will influence the microstructure of the material. As an example a
sintering aid that promotes the formulation of a partial liquid phase between the growing grains (e.g.
Bi,O;) lead to a much greater exchange of particles than the usual pathway that are involved in a non-
liquid phase sintering process. As such the density is increased but at the cost of grain size™. This can be
best explained by the stage in sintering where growing grain grow at the expense of other grains, if some
grains have access to ideal growing conditions and other do not they cannibalize. So if ideal diffusive
conditions persist the material will be dense with uniform but small grains. If diffusion is minimized, the

opposite will happen: Large and small grains with large pores and a wide distribution of grain sizes, but
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bigger grains in general. In principle any route to minimize maximize diffusion during the sintering will

yield this result.

Figure 14: Overviev of PZT with various additions of a liquid phase sintering aid (W). The size

bars below are 2pm in size.

One common problem of sintering is again the loss of volatile elements. To counteract this there
are usually one of two strategies involved, either to introduce an excess of the volatile elements, or to bury
the samples within a similar powder to keep a high partial pressure of the volatile elements and therefore

minimize evaporation.
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2.1.1 Industrial Scale

The prime difference between lab scale and industrial scale when processing ferroelectrics is in
forming stage. The disc shaped pellets usually used on the laboratory scale are not very common in
industrial products. The most common geometry is the rectangular multilayer. A Multilayer is a device

consisting of alternating layer of ceramic and electrode:

Figure 15: Prototype BNT multilayer(50 layers a 30 pm)

The main benefit of a multilayer is to forego the requirement for a high voltage to reach the field
intensities necessary for actuation. A perfect example would be a PZT actuator. In order to extend for the
same length (typically a few micrometers) a solid block of 1mm with a single electrode pair would take
2500V a comparable multilayer with 10 layers 4 100pm only 250V. This is an enormous advantage in

usability but also in safety.

Multilayers are usually fabricated by Tape casting followed by screen printing of the electrode and
subsequent stacking. The green multilayer is cut and sintered together with the electrode in a process

called co-firing.
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Termination

Figures 16: Schematic of the tape casting and subsequent assembly process as applied for

multilayer ceramics [from®]

Naturally co-firing ceramics with an electrode introduces enormous problems®!#351:5253545 " that

have to be considered. The first would be the question of chemical compatibility. If the electrode layer
forms an intermediate phase with the ceramic a number of processing problems will occur. Chief among

these would be the loss of conduction. Micro-cracks and loss of bonding would be a close second.

Another problem immediately apparent is the problem of interdiffusion. Most constituents of
ferroelectric ceramics are not soluble in the metals employed in a ceramic layer. Quite the opposite is true
for the metals employed as electrode layers. Both the noble metals Pd or Ag/Pd alloys common to ambient
air processes as well as Copper (PZT) or Nickel(BT) used in base metal processes that have to use reducing
atmospheres show clear signs of interdiffusion. This however can topple the delicate donor acceptor
balance inherent to ferroelectric ceramics. Also both Ag (the more diffusive of the two constituents of an
Ag/Pd alloy) as well as Cu have been shown to influence sintering and change the conductive behavior of

ferroelectrics.
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Figure 17: Diftusive curve taken from a PZT Ag/Pd diffusion couple sintered for 1h measured by

an Electron Micro Probe (EMPA)
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Figure 18: Diffusive curves acquired by LA- ICPMS

Of particular complexity is the metallurgy of the Ag/Pd alloy, that has to be taken into account
for the temperature curve of sintering. Between 245-935°C Pd forms an Oxide, enriching the alloy of Ag
which in turn leads to a much higher Ag partial pressure. This is usually combated by increasing the ramp
of the sintering curve between 350-1000°C (it is common to double the heating rate) to take advantage of

the slow oxidation of Palladium and thereby prevent the vapor pressure to rise and preserving the ratio

within the alloy.
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Tape casting also employs a much higher content of binder within the forming slurry making
complex burnout steps necessary. Failure to do so will result in a destruction of the device or the forming

of intergranular graphite, being conductive this renders any electroceramic inoperable.

Apart forming the chief difference between lab and industrial scale is the magnitude of material

processed. This usually means that instead of batch mills being used, continuous mills are employed.
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Figure 20: Schematic and explanation of the components of a continuous mill [from’]

This leads to a high degree of overlap between lab scale processing and industrial fabrication
which makes the turnover rate in electroceramics a rather high one. This is one of the aspects that make
this field really exciting.
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2.2 Analysis
2.2.1 Image based techniques

The most important imaging technique for the development of ceramics is Scanning Electron
Microscopy. It is used for checking the homogenity of a material, the phase content, microstructure
(shape, size and grain size distribution), and a brief overview over the elemental content. The most
common imaging method utilizes low-energy secondary electrons that are excited from the K-orbitals of
the specimen atoms by inelastic scattering of the primary electron beam. In addition to topographic
information secondary electrons offer information about the elementary composition and homogeneity of
the sample. Generally and increase in proton count of the interacting atoms increases brightness of the
area. A good example would be the alkaline-polytitanate secondary phases of a BNT ceramic. Being of
lower proton count than Bismuth and having the same amount of oxygen per volume they are visible as

dark areas in a micrograph.

Most research devices employ an Energy-dispersive X-ray spectrometer (EDX) to offer more
specific information over smaller sections of the sample. The capabilities of this method will be discussed

in the appropriate section.
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Figure 21a,b,: Undoped PZT ceramic(a) and the corresponding EDX Spectrum(b)

Together these two methods offer a very good preliminary overview over phases and composition
of the sample but fall short in several areas and have to be complimented with other methods. One
particular area is the microstructure of the ceramic which (due to the uniformity of a polished sample)
needs to either pre-etch the ceramic to dissolve the intergranular material or employ backscatter methods
capable of resolving the crystallographic direction(discussed below). However etching destroys a lot of

usable information (secondary phases, intergranular material) and is therefore limiting.

Electron backscatter diffraction (EBSD), also known as backscatter Kikuchi diffraction (BKD) is a
microstructural-crystallographic technique used to examine the crystallographic orientation of many

materials. It enjoys a particular advantage in ferroelectrics because of the ability to resolve individual grains
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without the need to pre-etch the material. An easily employed variant of this principle is channeling

contrast.

File Name
FELMI-

Figure 22: Channeling contrast image of Sr and W doped PZT
2.2.2 Symmetry sensitive techniques

XRD (X-Ray Diffraction) is a family of techniques that offer information about the crystal
structure of a material. All XRD Techniques utilize inelastic scattering of X-Rays along the crystal system
utilizing Bragg’s Law. As such any amorphous material will not offer any information. Primarily the
distinction is between powder and single crystal scattering. In powder scattering the sample is finely
ground and the distribution of orientation is assumed to be stochastic. In materials that are susceptible to
templating such as mineral slate this assumption is incorrect. It is also one of the chief limitations of
powder diffractometry, that the diffractogramm is a representation of the average of all crystal structures
and orientations over the whole incident beam. Also, materials that show a mixture of similar phases are
extremely difficult to analyze. This problem is especially pronounced in BNT based compositions usually

averaging as a pseudocubic structure®>*>7>#%_ All of this could be bypassed by utilizing single crystals.

Single crystal X-Ray diffractometry is much more accurate and able to resolve the crystal structure,
including its component parts (e.g. individual molecular structures of sugars). It is however dependent on
the manufacture of single crystals of sufficient size which is quite a challenge in materials as disordered as

PZT. Also an additional factor is the absorption of the crystals involved. Heavy ions such as bismuth and
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lead absorb a lot of intensity from the incident beam and therefore need specialized equipment with high

incident intensities.

Raman spectroscopy (named after Chandrasekhar V. Raman) is a spectroscopic technique used to
study low-frequency modes of a vibrational, rotational or other nature in a sample. It relies on inelastic

scattering, or Raman scattering, of monochromatic light supplied by a laser.
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Figure 23: Raman modes of our BNT based actuator (a) denotes the spectra under the influence of

increasing temperature (b) under increasing electric field

Its unique advantage is to detect local structure (versus the long range structure gained from diffraction
methods) and the ability of refinement through multiple stages of Fourier Transform to resolve individual
modes (deconvolution). Since a crystal structure, much like a molecule is not a discret entity but an
integral of permittable modes at the time (mostly as a function of temperature but other surrounding
parameter influence the permittable modes as well). For example the transition to a cubic state over the T
observed in ferroelectrics is simply a “white light” of multiple modes interacting and therefore showing
higher symmetry (cubic). We took advantage of this to plot the individual modes of a perovskite type
Bismuth-Alkali-Titanate (Fig. 24) with a special emphasis on A- Site-Oxygen modes. This allowed us to
track the thermal evolution of the individual modes and support and prove our theory of a fragile A- Site

to oxygen orbital overlap as the mechanism responsible for the Ta.
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Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for the

elemental analysis. It is mostly used in tandem with SEM. Like secondary electron imaging it uses the K-

shells of atoms to determine elemental compositions. While being very accurate and showing a low limit

of detection when detecting heavy elements in a light elemental matrix

)60

its chief limitation is the

interference generated by the k shells of a matrix containing heavy elements. A good rule of thumb is that

for qualitative analysis in such matrices the detection limit is around 1 mole%. Since the incident beam is

interacting with the material in a pear shaped manner, also its lateral resolution is limited to 1-2pm. It
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provides however a quick and moderately accurate qualitative representation of most elements within an

analyte and serves as a good companion for SEM for initial analysis of an unknown sample.

Mechanistically it is dependent on the emission of characteristic X-rays from a specimen which is

only semi-characteristic. A significant overlap exists especially when dealing with multiple heavy elements.

EDX is often contrasted with its counterpart WDX (wavelength dispersive X-ray spectroscopy;
WDS). WDX can be thought of as reverse single crystal diffractometry. While diffractometry is gathering
the scattering pattern from a known wavelength and determining the crystal parameters this way, WDX is
scattering an unknown wavelength along a known single crystal, therefore in WDX, only one element can
be analyzed at a time, while EDS gathers a spectrum of all interacting elements. It is for this reason that
multiple detectors are combined to form an electron microprobe (along with the excitation happening
through a filament instead of field emission). Correspondingly a microprobe is a much more accurate
analytical instrument than the normal EDX-SEM combination, capable of resolving trace elements on a

micrometer scale.

Table 1: Fully quantitative Electron microprobe analysis of BNT-BKT solid solutions and secondary

phases sintered at different temperatures.

Matrix Secondary phase
Temperature | Bi Na K Ti Zr Bi Na K Ti Zr
1000 °C 0,495 0,401 0,115 0,979 0,021 0,917 0,592 1,263 5,234 0,113
1050 °C 0,498 0,398 0,111 0,978 0,021 0,356 0,335 1,503 5,598 0,174
1100 °C 0,493 0,403 0,110 0,987 0,015 0,046 0,253 1,693 5,876 0,103
1150 °C 0,499 0,408 0,085 0,989 0,013 0,013 0,311 1,637 5,849 0,156
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Figure 25: EMPA (Electron MicroProbe Analysis) Mapping of the common polytitanate
secondary phase in BNT-BKT
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Lone-Pair-Induced Covalency as the Cause of Temperature-
and Field-Induced Instabilities in Bismuth Sodium Titanate

Denis Schiitz,* Marco Deluca, Werner Krauss, Antonio Feteira, Tim Jackson,

and Klaus Reichmann

Bismuth sodium titanate (BNT)-derived materials have seen a flurry of
research interest in recent years because of the existence of extended strain
under applied electric fields, surpassing that of lead zirconate titanate (PZT),
the most commonly used piezoelectric. The underlying physical and chemical
mechanisms responsible for such extraordinary strain levels in BNT are still
poorly understood, as is the nature of the successive phase transitions. A
comprehensive explanation is proposed here, combining the short-range
chemical and structural sensitivity of in situ Raman spectroscopy (under an
applied electric field and temperature) with macroscopic electrical measure-
ments. The results presented clarify the causes for the extended strain, as
well as the peculiar temperature-dependent properties encountered in this
system. The underlying cause is determined to be mediated by the complex-
like bonding of the octahedra at the center of the perovskite: a loss of hybridi-
zation of the 6s? bismuth lone pair interacting with the oxygen p-orbitals
occurs, which triggers both the field-induced phase transition and the loss of
macroscopic ferroelectric order at the depolarization temperature.

exhibited by lead zirconate titanate (PZT)-
based solid solutions. The ability to con-
trol the electromechanical performance of
PZT via chemical doping is certainly one
of its most attractive features. Hence, PZT
can be employed either in the fabrication
of actuators (such as fuel-injection valves
or micropositioning systems) or in sen-
sors (such as pressure and acceleration
sensors). Indeed, PZT owes its tremen-
dous commercial success to this unique
versatility. Nevertheless, from a health
perspective, the manipulation of toxic lead
oxide during the fabrication of PZT-based
components and their later disposal par-
tially overshadows its technological merits.
A ban of lead in electronic components is
expected to be enforced as soon as some
alternative materials are made available.
Obviously, this poses restrictions on the

1. Introduction

Contemporary high-precision micropositioning systems and
sensors rely on the outstanding electromechanical properties
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further applicability of PZT and moti-

vates the search for valid lead-free alterna-
tives that are capable of reproducing its behavior at least partly.
However, the substitution of PZT by lead-free materials has
emerged to be more challenging than expected. Possible can-
didates are potassium sodium niobate (KNN) solid solutions
for “hard’l applications where low losses and high coupling
factors are necessary and bismuth sodium titanate (BNT) solid
solutions for “soft” applications, like actuators, where the ability
to extend under an applied electric field is of paramount impor-
tance. This latter material has been the focus of a plethora of
structure- and application-related studies recently. Although
initially characterized in the 1960s,[) BNT solid solutions have
seen a revival of research interest in recent yearsP®! due to the
discovery of extended strains under high fields that surpass
those reached by PZT.*5] This property makes BNT an excel-
lent candidate for the replacement of PZT in actuators, despite
its piezoelectric coefficient (ds3) being considerably lower than
that of PZT under low field intensities./®! The mechanism of the
extended strain and especially its structural and chemical ori-
gins is, however, poorly understood. In addition, the high field
intensities necessary to drive this effect still constitute a techno-
logical obstacle that needs to be overcome.

The crystal structure of BNT and its solid solutions has been
extensively studied. At room temperature, all binary solid solu-
tions replacing the univalent A-site cation (with the notable
exception of Li substitution®)) exhibit a phase transition from
rhombohedral (R3c) (in recent studies, monoclinic Cc®) to
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tetragonal (P4bm)3, forming a morphotropic phase boundary
(MPB) in between. In contrast to PZT, this MPB is not tem-
perature invariant but is bent over a wide temperature range,
leading to strong temperature dependences of the desired
properties. This has been confirmed by high-resolution tech-
niques,’# utilizing both X-rayl” and neutron scattering.'%
However, due to the inclusive nature of any bulk-scattering
technique, this description should be considered only as the
average long-range symmetry of the material.l' Transmission-
electron-microscopy (TEM) measurements of the material have
indicated a stronger unstable nature of BNT with respect to
PZT: different researchers have found different symmetries
for the same nominal compositions,!'!l both within the same
sample,®12 and even within the same grain.[3] In other words,
there is evidence that the room-temperature phase is, in fact,
composed of three different symmetries (Pm-3m, P4bm, and
R3¢)1L4 that coexist without macroscopic separation and
that they are very close to each other with regard to the crys-
tallographic cell constants, but not in symmetry.'141>] These
aspects have also been confirmed by means of Raman spectros-
copy, both in pure BNT!'®'7] and its solid solutions.!"®-2"l Room-
temperature phase coexistence provides an explanation for the
sensitivity of the material to processing parameters, or even to
sample preparation before measurement.'!]

Another feature shared by all BNT solid solutions exhibiting
an extended strain is the existence of an intermediate tempera-
ture-triggered phase transformation (in the range <100-250 °C,
depending on the substituents) from the dominantly ferroelec-
tric (FE) room-temperature phase to a (pseudo)-cubic phase. As
increasing temperature above this point is accompanied by a
loss of macroscopic ferroelectricity; this transition temperature
is unanimously referred to as the depolarization temperature
(T3)- The phase above Tj has been described as either anti-ferro-
electric (AFE)™ or nonpolar?!l (a term that includes anti-ferro-
electric phases by definition) and is still subject to considerable
debate in the literature. Its existence is, however, undisputed
and can be easily verified from e-T measurements, being vis-
ible as anomalies in both the relative permittivity and the loss
factor (Figure 1). Tj can be shifted by the introduction of a low
molar concentration of dopants, producing a downward (most
prominently with Nd and Nbl®?2) or upward shift (e.g., Fe). In
this regard, two application-related approaches can be found in
the literature. While some groups try to increase Tj and operate
within the FE regime,®! the other approach is to lower the Ty
and operate within the nonpolar (AFE) regime, a safe distance
from any phase transition, thus exploiting the field-driven
extended strain. This latter choice is extremely advantageous
for technological applications, since (together with avoiding the
bent MPB) it allows the strain of the BNT solid solutions to be
made temperature-independent within defined conditions.[2%24

At the upper border of the nonpolar phase, the material
presents relaxor ferroelectric behavior, which is signaled by the
lack of a clear Curie-Weiss peak in &-T measurements!®l and
the frequency dispersion.?®! This is generally associated with
the presence of polar nanoregions (directly observed at elevated
temperatures?!l), which are credited to be the basis of such dif-
fuse behaviour,?’] although other explanations are also being
discussed.”® The region of the diffuse T-dependent phase tran-
sition in relaxors where ergodic polar nanoregions fluctuate is
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Figure 1. Temperature dependence of the relative permittivity and loss
factor of BNT-BKT at 1 kHz. The temperature range in which the peculiar
electromechanical behavior appears is indicated. Ty occurs at 70-100 °C,
whereas the permittivity maximum in the region of the fluctuating nanore-
gions is assigned as T,,.

sometimes called the Burns region,’?°l and the peak where they
percolate is known as the Burns temperature (T,,).*>! This is
physically different to the Curie temperature (T¢), which marks
a sharp transition to a paraelectric phase.?”) The relaxor behavior
is thought to be the result of the large lattice size and a valence
mismatch at one of the cation sites, leading to the disorder-
driven nucleation of polar nanoregions at high temperature and
a subsequent frequency dispersion. In the most studied relaxor
material, lead magnesium niobate (PMN), this criterion is satis-
fied by the B-site (Mg:Nb), whereas in BNT-solid solutions, it is
fulfilled by the A-site (Bi:Na, Bi:K). Subsequent disorder phe-
nomena stem from this occurrence.l® Recently, evidence has
been found that the covalent bond present in perovskites with
A-site cations possessing lone pairs can cause additional dis-
order if the site occupancy is significantly less than 100%,30-32
causing a superposition of short-range behavior on the long-
range behavior.

The field-dependent behavior of BNT-derived materials is as
peculiar as their temperature-dependent behavior. Interestingly,
strain curves for materials exhibiting extended strain under
a field show no occurrence of remnant strain*>?22’) under a
cyclic electric load (i.e., no characteristic “butterfly” hysteresis
curves are found). Unlike the strain reported in conventional
ferroelectric materials, the curve is not constantly linear, but
can always be separated into: i) a low-strain part at low field
(d33 < 100 pm V1); ii) an electrostrictive part exhibiting second-
order curvature at intermediate fields; and iii) a ferroelectric
part at high field showing a linear (first-order) curvel®2*33 (cf.
Figure 2).

Likewise, the polarization curves show a characteristic
pinched loop under a cyclic electric field (similar to anti-ferro-
electric materials) with little or no remnant polarization.

Comparing these datasets with the strain curves (Figure 2),
the pinched region coincides with the low-strain part, the region
from the opening, to the onset of saturation with the electro-
strictive part, and the region of saturation, with the linear part,
suggesting at least one additional phase transition under field.
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Figure 2. The positive part of the polarization- and strain versus applied electric field loops for
BNT-BKT. The complete curves are shown in the inset. The regions indicated in the diagram
are responsible for the peculiar electromechanical behavior and are related to a particular struc-
ture of the material: i) low-strain region, weak ferroelectric; ii) electrostrictive region, nonpolar
(AFE); and iii) ferroelectric linear region, presence of polar nanodomains.

The structural mechanisms at the basis of this behavior are
not clear, and in order to elucidate them, in situ field-dependent
measurements capable of detecting symmetry changes or the
development of ferroelectric ordering are necessary.

Daniels et al.?* found a phase transition from pseudocubic
to tetragonal above 3 kV mm™!, confirming one phase transition
under field. However, due to the initial field strength being too
high, the first suggested phase transition from zero-field ferro-
electric to nonpolar (AFE), which typically occurs from 0.5-1 kV
mm™!, would not have been visible in this experimental setup.
The field intensity, however, coincides with the transition from
nonpolar (electrostrictive) to ferroelectric relaxor (the beginning
of the linear strain curve (Figure 2) behavior.

Similar results were reported in a recent study by Simons
et al.¥l for a nominally rhombohedral composition. Again, the
initial applied field was too large to expose any potential struc-
tural change occurring between the low strain and the electro-
strictive regimes. Field-dependent TEM experiments performed
by Kling et al.'»3% showed a ferroelectric ordering (domains)
developing under applied electric field, but, correspondingly,
they were unable to reveal a possible phase transition under
low fields.

The main open questions on BNT-based materials thus
involve the field-dependent phase transitions (especially at low
fields) and the structural mechanisms of transitions, measured
in dependence of both the electric field and the temperature.

Recently, we manufactured a prototype stack featuring 50
active, 35 um-sized layers of a neodymium-doped BNT-BKT
(bismuth potassium titanate) ceramic,?’l which exhibits less
than 10% variation of strain between 20 °C and 150 °C. In
eschewing the MPB region of the BNT-BKT material in favor
of more-temperature-stable properties, we chose to exploit the
high-field-driven strain of the AFE phase. Nd was thus added to
depress the T, and Li to improve the sintering characteristics.

Adv. Funct. Mater. 2012,
DOI: 10.1002/adfm.201102758

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

soning with the results of the chemical- and
structure-sensitive Raman technique.

Raman spectroscopy has already been
used to detect phase changes in BNT-based
solid solutions in dependence of tempera-
turel®1618-201 and pressure.*® Due to the
intrinsic static disorder of BNT, and to the
splitting of simultaneously Raman and IR-
active bands into longitudinal-optical (LO) and transverse
optical (TO) components, the Raman spectrum of BNT appears
very broad; thus, a thorough assignment of the Raman modes
is challenging. Consequently, detection of symmetry changes
in dependence of temperature has seldom been reported.!'’!
This notwithstanding, previous Raman studies have confirmed
the presence of the diffuse phase transition at Ty and linked
it with the presence of polar nanodomains.?>3”] In this work,
we build upon these findings, and provide, for the first time, a
comprehensive study of BNT-BKT in dependence of both tem-
perature and applied field. Special attention is given here to the
A-site modes, since their behavior gives insight to the chemical
peculiarities of the A-O bonds. Raman spectroscopy allows
us to detect changes occurring at the short-range; the small
interaction volume of this technique has the further advantage
that, unlike in scattering experiments, the (Ag/Pd) electrode
layer does not influence the measurements, making the stack-
shaped samples ideal for this combined temperature- and field-
dependent in situ approach.

2. Results
2.1. Electromechanical Behavior of BNT-BKT

The multilayer-stack object of our study was a modified BNT-
BKT solid solution, with a low molar concentration of dopants
introduced to improve performance. This composition shows
all of the typical hallmarks of this class of materials, including
a Ty, a relaxor transition and extended strain under high fields.
The displacement and polarization curves show characteris-
tics common to all solid solutions of BNT exhibiting extended
strain. The only difference is a shift of Tj to lower values due to
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Nd addition.’! Consequently, this composition can be taken as
a typical example, and the phase transition phenomena high-
lighted here can be applied to any non-MPB composition.

The temperature-dependent electrical measurements are
summarized in Figure 1. We assigned the Ty, signified by the
sudden drop in loss factor and relative permittivity, to be within
the region between 70 °C and 100 °C. The beginning of the
region of fluctuating nanoregions was found to be at approxi-
mately 220 °C, extending to 400 °C with a peak, the Burns tem-
perature being 320 °C. The uncertainties of the heating-stage
arrangement, as well as the diffuse nature of both phase transi-
tions311:26l make a more-accurate assignment difficult.

The electromechanical measurements of the stack can
be seen in Figure 2. By visual inspection according to Rodel
et al.l2*33] the first transition point was found to be at =0.7 kV
mm™!, signifying a transition from the low-strain regime to
electrostrictive characteristics, whereas the transition to linear
strain coinciding with the nonpolar to FE phase transition was
assigned at =2.8 kV mm™.

2.2. The Raman Spectrum of BNT-BKT

The room-temperature crystal structure of the end members of
the BNT-BKT solid solution has been reported as being rhom-
bohedral R3¢ for BNT and tetragonal P4bm for BKT.”) For com-
positions in the neighborhood of the MPB, generally a mixture
of both phases has been reported.!!!] Factor-group analysis leads
to 13 simultaneously IR and Raman active modes for the R3¢
structurel': I'ps, paman = 4A; + 9E. For the tetragonal P4bm
structure of BKT, a total of 16 Raman-active modes are pre-
dicted, of which only 12 (of A; and E symmetry) are simultane-
ously infrared active®!®: I'py,, Raman = 4A1 + 1By + 3B, + 8E.
The Raman modes of Al symmetry are associated with lattice
displacements parallel to the c-axis of the unit cell, whereas the
twofold-degenerate E modes represent phonons propagating
perpendicular to the c-axis.’¥ The simultaneous IR and Raman
activity produces additional splitting of each Al and E mode
into their longitudinal-optical (LO) and transverse-optical (TO)
components, so that, in principle, up to 24 and 28 modes should
be visible for the R3c and P4bm unit cells, respectively. How-
ever, the scattering efficiency of some of these modes may be
weak,’l and, generally in BNT-based materials, they contribute
(together with the additional Raman activity caused by short-
range disorder?)) only by increasing the width of neighboring
modes with a higher intensity. Similar considerations apply in
the case of a monoclinic Cc structure.’®! For the above reasons,
all of the Raman modes in BNT-based materials are convoluted
into three main observable peaks, and a complete assignment
of the underlying phonon modes has never been reported.
Depolarized Raman spectra of (Li, Nd)-doped BNT-BKT
in dependence of temperature and applied electric field are
displayed in Figure 3a and 3b, respectively. The spectra have
been corrected for the Bose—Einstein population factor. Spec-
tral deconvolution was performed according to 13 Gaussian—
Lorentzian peak functions by means of a best- ﬁtting algorithm.
The spectrum is consistent with previous reports,”) and can be
linked to a mixed rhombohedral-tetragonal crystal structure.
The three main regions can be distinguished in the spectrum;
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Figure 3. a,b) Depolarized Raman spectrum of Li/Nd-doped BNT-BKT as
a function of temperature (a) and applied electric field (b). The spectra
were deconvoluted according to 13 Gaussian—Lorentzian peak functions,
and the fitting is displayed for high values of both temperature and field.
The assignment of the spectral modes to particular lattice vibrations is
also indicated.

each of them has a relationship with different kinds of vibra-
tion in the lattice:

«  Wavenumbers < =150 cm™: these modes can be associated with
vibrations of the perovskite A-site, thus involving Bi, Na, K and
Li cations. The presence of such distinct modes in this frequen-
cy range suggests possible cation ordering at the A-site. In order
to provide sufficient Raman scattering to result in an observable
mode, the size of the ordered clusters must, in fact, encompass
at least =20 unit cells.”) The mode at =135 cm™ has previously
been assigned as belonging to A; symmetry®) and, more recent-
ly, associated with Na—O/K—O vibrations.?! By means of consid-
erations purely referring to the cation mass on the A-site, we can
thus assign the two modes at =145 cm™ and =115 cm™ to Na-
O/K-O vibrations, and the other modes to vibrations involving
the Bi~O bond (85 cm™ and 65 cm™).24% The Li content was
very low, so supposedly should not give rise to a visible peak.

Adv. Funct. Mater. 2012,
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.« Wavenumber range 150-450 cm™!: modes in this region can
be associated with Ti—O vibrations. Especially, the mode with
the highest intensity, at 305 cm™!, has been assigned as an
A; mode closely related to the strength of the Ti—O bond.)
Soft-mode behavior in dependence of temperature has been
reported previously for this peak.!'®l

« The high-frequency bands above 450 cm™ have all been as-
sociated with TiO4 vibrations, namely the breathing and
stretching modes of the oxygen octahedra. In the range
450-700 cm™! (i.e., the second “hump” in the spectrum), three
modes are observed, which have been previously assigned as
A(TO) (at 485 cm™), A;(LO) (at 540 cm™) and overlapping
E(LO) and E(TO) modes (at 620 cm™).*3¢ However, the an-
gular dependence of the intensity of the mode at 620 cm™,
together with the temperature-dependent behavior similar to
the mode at 305 cm™, suggest that this mode belongs to A,
symmetry.'8 The broad, higher-frequency bands (the third
“hump”) are understood to be an A;(LO) and E(LO) over-
lap.918

The fitting reported in Figure 3a,b refers to high values of
temperature and applied field, respectively. For increasing tem-
perature, the spectrum undergoes broadening and some of the
modes (the ones at =245 cm™ and =620 cm™, for instance)
decrease their intensity. This is associated with the material
becoming more BNT-like. In other words, there is a loss of
polarity of the unit cell — the material resembles the pseudocubic
structure. On the other hand, for high values of applied field
(Figure 3D), the splitting of the Ti—-O modes is preserved, and
the material becomes more BKT-like. This signifies an increase
in the polar character of the unit cell (i.e., more tetragonality).

2.3. Interpretation of Temperature Effects

The temperature dependence of the position, intensity and full
width at half maximum (FWHM) of both the A-site-related and
B-site-related modes are shown in Figure 4. In the absence of
any phase transition, one would expect a steady phonon
softening and an increase in mode FWHM with temperature.
However, in the case of BNT-BKT, two clear anomalies are
visible at =100 °C and =225 °C.

The first anomaly is an abrupt change in the phonon wav-
enumber (softening of the phonon modes) that takes place in
the A-site-related modes at 100 °C. We caution the reader that
the mode at =65 cm™, being located close to the cut-off of the
filter, should be considered only for qualitative comparisons.
Nevertheless, changes in this mode are reflected in all neigh-
boring A-site modes, which demonstrates the reliability of our
fitting procedure.

For higher temperatures, the modes steadily harden, up
to =225 °C, above which they become nearly temperature-
independent. This anomaly is also reflected in a change in
the FWHM of the Ti-O and octahedra-related modes (cf.
Figure 4f); namely, above 100 °C the FWHM values of the
modes at =305 cm ™!, =485 cm™! and =620 cm™! increase. The
softening of the A-site modes is due to a weakening of the
bonding between the A-site cations and oxygen. Considering
the presence of a lone-pair in Bi**, we suggest that this anomaly
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is related to the loss of orbital hybridization between the 6s?
orbitals of the Bi** and the oxygen p orbitals. Hybridization of
the A-site lone pairs with oxygen was postulated as early as the
1950,25427441 and is credited as being the reason for the high
Curie temperature of lead titanate and PZT.*! This high Tc
cannot be explained otherwise, and the effect is called either
covalency®! or the “lone-pair effect’*%l in the literature. Warren
et al.¥’l credited the hybridization of the lead 6s!? orbitals
with oxygen, together with the resulting displacement, as the
deciding factors for the enhanced ferroelectric properties of
lead (zirconium) titanate.

Mechanistically speaking, this occurrence is possible through
the hybridization of orbitals in the octahedral [Ti(Zr)OgJ?" struc-
ture found at the center of most perovskite ferroelectrics.*84]
The empty d-shell of the central atom leads to a hybridization
and shift in electron density from oxygen towards Ti*', a process
that has been described to be very similar or identical to d° tran-
sition-metal-ligand systems found in complex chemistry.l*>5%
This, in turn, depletes the bonded oxygen atoms of electron
density in the direction of the A-site, allowing the lone pair
(6s?) of Bi** to hybridize with the oxygen's depleted p-orbitals,
allowing a metal-oxygen-metal (B-O-A site, respectively) bond
to form, thus distorting the octahedron.’” This point can be
illustrated by the contour plots of electron density found within
Zhurova and Tsirelson'sP! treatment of SrTiO;, and, even more
clearly, in the theoretical treatments of BNT by Zeng et al.’%
and Gréting et al.,P3l who stated that “the strong hybridization
effects of Ti-O and Bi-O states are obvious”.

The “lone-pair effect” is also evident in the case of doping
barium titanate with Pb?*, Bi>* or TI*[*] cations, which share
a common electronic structure ([Xe] 4f45d'%6s?) in their pre-
ferred oxidation states, thus exhibit lone pairs and, together
with the octahedral [Ti(Zr)Og]*" structure, a lone-pair effect.>¥

Structurally, perovskites without a lone-pair-carrying A-site
behave reliably according to Goldschmidt’s tolerance factor,>!
their symmetry being exclusively governed by their ionic radii.
Goldschmidt discovered a relationship between the ionic radii
of A- and B-site cations in perovskites and their long-range
crystal structure (Equation 1):

__R-R 1
~ J2(Rs + Ro) @

where 7 is the Goldschmidt (or tolerance) factor, and Ry, Rp
and R, denote the Shannon radii of the A, B and oxygen sites,
respectively.

A crystal system with a Goldschmidt factor above 1 means
that the material is unable to form a non-hexagonal perovskite
due to the A-site cations being too large to fit within the inter-
stitial sites. A tolerance factor above 0.9 signifies an ideal cubic
perovskite, while factors from 0.9 to 0.71 force rhombohedral,
tetragonal or even monoclinic symmetries, at which point
Glazer’s octahedral tilt system!>'*! comes into play.

Materials with a lone-pair effect, like PZT, do not behave this
way because their structure is constrained by the additional
factor of A-site lone pairs bonding with the electron-depleted
side of the oxygen, instead of the 12 nearly equidistant ionic
bonds that are encountered in perovskites like barium titanate,
whose A-site ions carry no lone pair.
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Figure 4. Temperature dependence of selected modes of the BNT-BKT spectrum. a—c) The peak position, intensity and FWHM of the A-site-related
modes, respectively. d—f) The peak position, intensity and FWHM for the B-site modes. The FWHM of the 65 cm™ mode was kept fixed during fit-
ting. The dashed lines connecting the experimental points are merely guides to the eye. The locations of the anomaly points (100 °C and 225 °C) are

indicated by the red vertical lines.

All BNT solid solutions of research interest have a toler-
ance factor between 0.98 and 1, putting them firmly within
the range of an ideal cubic perovskite.”® However, at room
temperature, they show average long-range symmetries from
tetragonal to rhombohedral, reaching a (pseudo-)cubic state at
T;. This type of distortion of the underlying octahedra has been
documented in numerous non-perovskite oxides (as well as in
PZT and its end members) with an octahedrally co-ordinated d°
transition metal at the center of the complex.’% The resulting
distortion from a lone-pair-carrying atom at either: the edge
(Cy), point (C,) or face (C;) of the octahedra, would produce

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tetragonal (C,), thombohedral (C;) or orthorhombic (C,) distor-
tions, respectively, in a perovskite lattice. This hybridization has
been shown to be breakable by thermal vibration (see report by
Halasyamanil®”! and references therein). Also, Ti*" in combina-
tion with Bi** has been noted to have a clear preference for the
(C,) distortion.

From the Raman results and the aforementioned theory, one
can conclude that the mechanism at Tj is neither displacive nor
order-disorder, but is rather mediated by the loss of hybridiza-
tion of Bi*" and oxygen through thermal vibrations along the
polar axis. The sudden drop in the wavenumber of the A-site
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modes at the transition point, Ty, can, in fact, be interpreted
as a weakening of the A—O bonds. The consequent hardening
of the modes can be then associated with the influence of the
residual electrostatic forces at play between the Bi-ion lone pair
and the oxygen atoms. This exact mechanism happens in PZT
as well, but, due to the uniform A-site occupancy, coincides
with the Curie temperature.

As a result of this change in the bond situation, a higher
polarizability of the unit cells, resulting in the possible for-
mation of nanodomains, is conceivable. This seems indeed
in accordance with the behavior of the mode FWHM above
100 °C for the A-site, B-site and octahedral modes. In fact, we
observed an increase in mode FWHM (cf. Figure 4c and 4f),
signifying a higher degree of disorder in the lattice. Apart from
the possible presence of nanodomains, this result confirms
that the transition at 100 °C changed the symmetry of the com-
plete unit cell from its constrained room-temperature state to
the (pseudo-) cubic state (with tetragonal nanodomains in the
case of this composition) predicted by the ionic radii. This is
strong evidence that the mechanism of the depolarization
phase transition is in fact mediated by the loss of constraint
put upon the crystal system through the lone-pair effect of the
Bi-O bond facilitated by thermal vibration. It is usually suffi-
cient to postulate a change in bonding within a molecule if a
change in the interatomic spring constant (A-site modes, spe-
cifically Bi-O modes) is accompanied by a change in symmetry
of the whole molecule. Both criteria were satisfied with regard
to the Tj. Additionally, the changes visible by Raman spectros-
copy were corroborated by macroscopic T-dependent electrical
measurements.

Why the Bi-O bond is more fragile than the Pb-O bond in
PZT (where the polar phase is stabilized) is unknown; most
likely, it is related to the site occupancy of the bismuth, which
is usually at or less than 50% of an A-site. In addition, steric
effects from the other members of the shared A-site would
also have an influence. The shared site occupancy of bismuth,
taken in connection with the fragile Bi—O bond and the random
nature of the site occupancy®**”! between bismuth and the uni-
valent counterion, can also serve to explain the fragile nature of
the room-temperature state, where a mixture of competing sym-
metries is found.!l The bent MPB can, in turn, be described by
a combination of the steric effects of larger or smaller univalent
A” ions being incorporated into the lattice. The Bi-O bonds,
being weakened by the increased thermal vibrations, will, in
fact, lose their constraining effect upon a temperature gradient,
thus easing mixed A-site substitution and eventually producing
the bent MPB. The straight MPB of PZT is, in turn, produced
by the homogeneous A-site occupancy of lead?*#33% without
compositional steric effects.

The second anomaly at 225 °C is related to the transition to
the region of fluctuating nanoregions, as proven by the tem-
perature dependence of the B-site and the octahedral modes.
The Ti-O mode at =305 cm™! (Figure 4d) initially undergoes
softening, which demonstrates a smooth decrease of the unit-cell
anisotropy with increasing temperature. The smooth shrinkage
of the unit cell is then interrupted at 225 °C. The same tem-
perature marks an anomaly in both octahedra-related modes,
at 485 and 540 cm™!: both modes harden for T > 225 °C. These
two modes likely belong to E symmetry, whereas the mode at

Adv. Funct. Mater. 2012,
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620 cm™!, showing a similar behavior (Figure 4d) to the one
at 305 cm™!, is confirmed to possess A; symmetry. These con-
siderations suggest that the ongoing structural change occurs
mainly in one crystallographic direction. Since the Ti-O bonds
and the octahedral vibrations are influenced by the dynamics
of the nanodomain phase,*® this behavior is compatible with
a diffuse phase transition marking the beginning of the region
of fluctuating nanoregions (Figure 1), in which the material
presents a macroscopic relaxor behavior. This was also con-
firmed by the &-T measurements. In a word, the Raman spec-
troscopy results confirm that, with increasing temperature,
a more disordered lattice is obtained, and this is mediated by
a weakening of the Bi-O hybrid orbitals, which promotes an
enhanced polarizability of the unit cell.

2.4. Influence of an Applied Field

The electric-field dependence of the Raman spectra of BNT-BKT
is reported in Figure 5: the peak position, intensity and FWHM
of the A-site modes are shown in Figure 5a-c, respectively.
Figure 5d-f illustrate the same for the B-site modes. Two main
anomalies, seen as an increase in the wavenumber of the
Bi-O related peaks, are visible for increasing applied field, at
=0.7 kV mm™ and at =2.8 kV mm™". In addition, a sharpening of
the octahedra-related mode at =620 cm™ occurs in the low-field
regime. Please note that this mode underwent broadening upon
increasing temperature (Figure 4f). Regarding the B-site modes,
it is noticeable that, during the whole range of applied field, the
Ti-O mode at =305 cm™! hardens constantly. This is the same
mode that showed a steady softening with the anomaly at =225 °C,
in the temperature dependence. The effect of the applied field
is thus the opposite of that of temperature: applied field reduces
disorder in the lattice (i.e., sharpening of modes) and increases
the polarity of the unit cell (i.e., mode hardening and the spec-
trum resembling the BKT material). This appears to be medi-
ated by a change occurring on the A-site at =0.7 kV, which is
reflected in the oxygen octahedra as well (i.e., an anomaly in
the A-site- and B-site-mode positions). This could be similar to
the supposed loss of hybridization that occurs at 100 °C, with
the only difference being that, by increasing the temperature,
a more-disordered lattice was obtained due to the presence of
nanodomains produced by bond weakening (i.e., a more-cubic
lattice), while these nanodomains will orient themselves under
increasing field into the field direction and thus produce a
more-polar (i.e., more-tetragonal) lattice. This can indeed be
connected to the field-induced giant strain that is observed in
this material. In other words, the low-strain regime of the material
(0-0.7 kV mm™™) is governed by the small intrinsic converse pie-
zoelectric effect, whereas the electrostrictive regime (0.7-2.8 kV
mm™) can be linked to the metastable state introduced through
the weakening of the Bi-O bond. This gives rise to a more-
cubic regime, whereas the final linear part could be related to
the nucleation of tetragonal (in other compositions rhombo-
hedral), polar nanodomains within the (pseudo)-cubic matrix.
This aspect can be pointed out considering the anomalies in the
peak positions of the A-site and B-site modes at =2.8 kV mm™!
and, especially, the mode FWHM increase for the Ti-O peak
(at =305 cm™) above 2.8 kV mm™ (i.e., higher disorder in the
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Figure 5. Electric-field dependence of selected modes of the BNT-BKT spectrum. a—c) The peak position, intensity and FWHM of the A-site-related
modes. d—f) The peak position, intensity and FWHM of the B-site modes. The FWHM of the 65 cm™ mode was kept fixed during fitting. The dashed
lines connecting the experimental points are merely guides to the eye. The locations of the anomaly points (0.7 kV mm™" and 2.8 kVmm™') are indicated

by the red vertical lines.

lattice above this point). Conveniently, electrostrictive effects
tend to be more pronounced in perovskites with a structure
close to cubic (PMN etc.),P* thus explaining the behavior of
the material during the electrostrictive part of the strain curve.
Consequently, if this is the cause for the extended strain, any
electromechanical measurement of the material above or
approaching Tj should show an immediate electrostrictive curve
from low fields as well as a more pinched polarization loop.
This exact behavior is widely seen within different solid solu-
tions of BNTI?324>461l (and also within our stack), confirming
this aspect of our analysis. The gradual transition into ferro-
electric relaxor behavior is, in essence, a field-forced nonpolar

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(AFE)-to-ferroelectric phase transition, which has been docu-
mented in numerous anti-ferroelectrics.l®?l This is the phase
transition observed by Daniels®* and Simons"l in their in situ
scattering experiments under a field. The behavior, especially in
the electrostrictive regime and above, can therefore be under-
stood as a metastable state with multiple states accessible with a
minimal change in intrinsic energy — a flat free-energy surface
(see report by Damjanovicl®®l and references therein). Unlike
conventional ferroelectrics, this region is not compositional,
but field- and temperature-dependent, and occurs through a
wide compositional range. In summary, the field-dependency
results, in correlation with the temperature-dependency results,
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show that the phase transition at higher fields and the gradual
loss of Bi-O covalence are, in fact, interrelated. These findings
are in accordance with previously published in situ datal® and
also with recent modeling work on this system.’¥ In addi-
tion, a recent paper using the same experimental method has
shown polar nanoregions developing in Bi**-doped KNbOj; as a
consequence of the lone pairs interacting with the oxygen octa-
hedra, |l which further strengthens our conclusions.

3. Conclusions

We have shown that the depolarization temperature is a result
of the breaking of Bi—O hybridization and the subsequent
release of the constraint it puts upon the crystal system. This
allows the structure to reset itself to the symmetry dictated by
its ionic radii. This observation is linked to the potential insta-
bility of the room-temperature state of this type of ceramic
material, as well as the bent nature of the MPB. As expected,
the relaxor ferroelectric nature of the material above the non-
polar AFE phase region was substantiated and an order/dis-
order-driven effect based upon the A-site was confirmed. This
also confirms previous field-dependent measurements. Thus,
the mechanism of the extended-field-induced strain in BNT
solid solutions is a succession of different effects that are linked
by a common cause. The Bi-O bond breaking leads to the intro-
duction of a more cubic regime (or a mixture of nanodomains
in a pseudocubic matrix) favoring the electrostrictive response
in the second regime. The subsequent field-induced nonpolar
(AFE)-to-FE phase transition under high field is also a direct
consequence of this symmetry change and the applied field,
accounting for the linear part of the electromechanical curve
at high fields. There is still a lot to be understood about the
system, especially regarding the role of vacancies, processing
routes and their influence on the switching behavior, as well
as the exact nature of the phase above T, but a further step in
understanding this complex system has been taken.

4. Experimental Section

The ceramic powder for the multilayer-stack had a composition of [Big 49
Ndg.01Nag.335K0.125Li0.04] TiO3, and was made by a modified mixed oxide
process. The reagent-grade raw materials were Bi,O; (HEK-Oxides),
Na,CO; (Merck), K,CO3 (Merck), Li,CO; (Merck), TiO, (Tronox) and
Nd,O; (Treibacher). The raw materials were ball-milled for 5 h in a
laboratory ball-mill (Dyna—Mill Multi Lab) with water as a solvent, and
were subsequently dried using a laboratory spray-dryer. After calcination
at 900 °C for 2 h, additionally T mol% of Nd,03; was added and a second
milling for 5 h and drying took place with the same equipment. From
this powder, a water-based slurry was made with a binder, and tape
casting was performed on laboratory equipment. 50 layers were printed
with Ag/Pd-metal paste (70/30), stacked in a format of 10 X 10 cm, with
additional covering layers, and they were pressed under a uniaxial load of
100 tons. After dicing and binder burnout, sintering took place in air at a
temperature of 1100 °C for 5 h. The final dimensions were 7 X 7 x 2 mm
with an active-layer thickness of approximately 35 um. The sintered
multilayer stacks were contacted with silver paste (burn-in temperature:
750 °C) for the electric measurements. Before any measurement, the
stack was poled at 7 kV mm™".

Depolarized Raman spectra were obtained in back-scattering
geometry using a micro-Raman spectrometer (Model InVia, Renishaw,
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New Mills, UK), equipped with a Rayleigh line-rejection edge filter that
was set for the 532 nm excitation of an Ar" ion laser, which allowed
ripple-free measurements down to 50 cm™ from the laser line. Spectra
were acquired using a 50x microscope objective and a laser power of
10 mW focused on a spot of = 2 um. The Raman spectra were obtained at
20 K intervals in the temperature range 300 —-570 K using a temperature
stage (THM600 Linkam, Tadworth, UK). The electrical-field-dependent
spectra were acquired at 2 V intervals up to 200 V, using a high-voltage
power supply.

The temperature dependence of the permittivity was measured using
a Novocontrol Concept 40 impedance analyzer. Measurements were
performed from =100 °C to 400 °C at a heating rate of 2 K min~'. The
polarization and displacement curves were measured using an aixPES
Piezoelectric Evaluation System from aixACCT, from room temperature
to 150 °C.
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Abstract

The synthesis of BigsNag375K0125TiO; (BNT-BKT or NBT-KBT) by the mixed oxide route was investigated using thermogravimetry, X-ray
diffraction, scanning electron microscopy and electron microprobe analysis. The results show the formation of a paraelectric secondary phase
with the composition (K,Na),TigO,3 during sintering. Thermogravimetric measurements indicate that the main loss of volatile components mainly
occurs during the calcinations step, exceeding the theoretical loss by more than 2%. These losses, most likely caused by evaporation of K,O induce
a high number of Schottky-vacancies. These vacancies highly affect the electrical properties of the material. The formation of the secondary phase
leads to a shifted composition of the ceramic to approximately BijpsNag 4Ky ; TiO3.

© 2012 Elsevier Ltd. All rights reserved.

Keywords: BNT, Lead-free; Inclusions; Electron microscopy; Dielectric properties

1. Introduction

BigsNa5—x)K;TiO3 (short BNT-xBKT) is a promising
candidate to replace lead-based materials in ferroelectric
applications.! According to the RoHS-guideline, the use
of materials with serious health risks is prohibited as soon
as alternative materials are technically available. Structurally,
BNT-xBKT forms a complex perovskite with a mixed A-
site occupation (bismuth, potassium and sodium) and titanium
as single ion on the B-site. BNT and BKT form solid solu-
tions of various crystal symmetries in dependence of the ratio
BNT:BKT. High amounts of BNT form a rhombohedral phase,
while BKT-rich compositions are tetragonal. Pure BNT is also
reported to be monoclinic.* The morphotropic phase boundary
(MPB), where piezoelectric parameters are maximized is located
between ratios of 16 and 20% BKT.>~’

Bismuth-alkali titanates (e.g. bismuth—sodium—titanate BNT
or bismuth—potassium-titanate BKT) are known to form sec-
ondary phases during thermal processing. In literature different
compositions for this phase are given, but the general trend is
to higher amounts of Ti compared to BNT-xBKT. The differ-
ence in composition of the secondary phase can be explained

* Corresponding author. Tel.: +43 316 873 32321; fax: +43 316 873 1032321.
E-mail address: k.reichmann @tugraz.at (K. Reichmann).

0955-2219/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2012.02.031

with the diverse fabrication techniques of the ceramic, espe-
cially the highest temperature during calcination and sintering
and of course the method of measurement. Proposed compo-
sitions are K,TigO7 in BNT-BKT,® NaBiTigO4 in BNT,’
K TigO13 in BKT!? or KyNay(TiO3)3 in BNT-BT-KNN (BT:
barium-—titanate, KNN: potassium—sodium—niobate). 1

The composition of the secondary phase found in this work
can be written as (Na, K); TigO13 + xBip O3 with a strongly tem-
perature dependent stoichiometric factor x for BioO3. Samples
sintered at temperatures below 1050 °C show relatively high
amounts of BioOs3 in the secondary phase, at higher tempera-
tures only traces of Bi»O3 can be found. A mechanism for this
behavior will be presented. The secondary phase itself seems
to have no influence on the electrical properties, the formation
reaction and the resulting compositional shift therefore have an
high impact for compositions close to the MPB.

2. Experimental

The compound was synthesized using a conventional mixed-
oxide route. Stoichiometric quantities of reagent grade K,COj3
(99.99, Ferro GmbH), NayCO3 (99.99, Merck), Bi2O3 (99.9,
MCP-HEK GmbH) and TiO; (99.8%, Tronox) were mixed
together and ball-milled in a planetary mill (Fritsch PUL-
VERISETTE4). Since the alkali carbonates are soluble in water,
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ethanol was used for this step. The ball milling was carried out
in 5 cycles of 10 min milling and 10 min break to let the suspen-
sion cool down and prevent the evaporation of ethanol. In this
milling step, yttrium-stabilized ZrO; balls with 5 mm diameter
were used. Since K,CO3 and Na,COj3 are hygroscopic, these
materials were dried at 250 °C and cooled in a desiccator over
silica gel before weighing. After milling ethanol was removed
from the suspension using a rotary evaporator and a drying oven
at 120°C.

The dry mixture was grinded and sieved to an agglomerate
size less than 180 wm and put in an alumina crucible. The cal-
cination step took place in a box furnace (Carbolite CWF 1300)
with a first stage of 650 °C and a final stage of 950 °C to ensure
the completion of the reaction. Heating rates for the calcina-
tion were 5 K/min, dwell time at both temperatures 120 min.
The completion of this reaction was checked by X-ray diffrac-
tion (XRD) (Bruker AXS D5005 y-y, Cu Ko emitter, graphite
secondary monochromator). Further analysis of the calcination
reaction was done with a thermogravimetrical analysis coupled
with differential scanning calorimetry (TGA-DSC) (Netzsch
STA 409 CD with Aeolus masspectrometer) to measure the
weight loss, the emanating gases and to determine the tempera-
ture levels for the reaction.

Subsequently, the material was ball-milled in ethanol using
the planetary mill to reduce particle size. To ease this process, a
dispersant (Dispex A40, Ciba Spezialitactenchemie) was added.
To ensure a small particle size, applied energy was higher com-
pared to the first milling due the use of 2 mm yttrium-stabilized
ZrO; balls and higher rotational speeds. The drying step was
equivalent to the one after the first milling step. The agglomer-
ate size was then reduced to 180 wm using test sieves. Before
pressing the powder into discs with a diameter of 13 mm, 5 wt%
of a binding aid (PEG20000, Alfa Aesar) were added.

The discs were pressed with 150 MPa for 5 min. To remove
the binder before sintering, the samples were heated up to 450 °C
in an open crucible, causing the thermal decomposition of the
binding agent to CO, and H;O. After that, the crucible was
covered to reduce material losses due to evaporation of volatile
components during sintering. Experiments with discs lying in
powder of the same composition during sintering were also
carried out; the effect on growth of the secondary phases was
negligible.

Sintering temperatures were varied between 1000°C and
1150°C for duration of 5h in oxidising atmosphere. After
sintering, the density of the discs was measured. Preferred
is Archimedes’ method (Mettler Toledo XS204 DeltaRange),
because geometric dimensions have no influence here. However,
for samples below 1100 °C sintering temperature this method
was not applicable because of the poor density. In this case, the
geometric density was calculated using the thickness, diameter
measured with a calliper rule (Mitutoyo CD-15DCX) and weight
of the discs (Acculab ALC210.4). Due to shape irregularities of
the samples, this method cannot deliver results as exact as the
Archimedes’ method.

For further XRD analysis, the sintered samples were ground
in an agate mortar to a fine powder. For scanning electron
microscopy (SEM) investigations (Zeiss Ultra 55), the discs
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Fig. 1. TGA of BKT, BNT and BNT-25BKT raw materials mixtures. All
compositions were milled in ethanol prior to measuring. Potassium containing
mixtures take up water during processing.

were cut, grinded and polished with silica gel and coated with a
carbon layer. This preparation was also used for the analysis with
the electron microprobe (EMPA) with wavelength dispersive
X-ray spectroscopy (JEOL JXA 8200).

For permittivity measurement (HP 4192A LF Analyzer) the
samples were coated with silver-paste and measured at 1 kHz
with 1 V. Polarization and strain measurements were performed
on an aixACCT aixPES system. Samples were lapped and sput-
tered with a gold layer. The electric field was applied with a
frequency of 0.1 Hz (triangle shape).

3. Results and discussion

Fig. 1 shows the progress of the weight loss measured with
TGA. The emanation of H,O and CO, was monitored with MS.
Below 150°C water evaporates, the following weight losses
between 250 °C and 750 °C were assigned to the elimination
of CO,. At temperatures >1050 °C, the ceramic starts to decom-
pose, the losses here are assumed to be mostly caused by
evaporation of BioO3 and, to a smaller fraction, MO (M =Na,
K).

The calculated weight losses caused by CO, are shown
in Table 1; the measured values are considerably higher for
BNT-25BKT. Pure BNT and BKT show almost no excess losses.
The measured losses correspond to the difference between the
mass after the heat treatment and the mass after the evaporation
of water.

Fig. 1 also shows that the powder mixture takes up a lot of
water during processing when containing potassium (see weight
loss below 150 °C). The used K>CO3 is very hygroscopic and
therefore takes up humidity of the air, as well as water from the

Table 1
Weight losses of raw materials mixtures during TGA experiment.

Calculated [%] Measured [%] Difference [%]
BKT 4.76 5.04 0.28
BNT 4.94 5.23 0.29
BNT-25BKT 4.89 7.15 2.26
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temperature profile, and the solid lines show the weight loss of the sample.

used ethanol. Since Na;COs is not as hygroscopic as KoCOs3,
this effect is far less pronounced in pure BNT.

The complete calcination reaction, carried out in 2 steps at
650 °C and 900 °C can be formulated with Eq. (1):

0.25Bi03 + 0.1875NayCO3 + 0.0675K,CO3
+TiO, — Big5Nag 375K0.125TiO3 + 0.25CO, (1)

The additional weight loss in BNT-25BKT during calcination,
assumed to be caused by evaporation of K, O, which decomposes
at 350 °C'? would lead to the formation of a high concentration
of vacancies in the material as described in Eq. (2).

0.25Bi03 + 0.1875Na,CO3 + 0.0675K2CO3 + TiO;
. _ X
— Bio.sNag 375K0.125-x V), TiO3—(x/2)Vor/2)*® + 5K20

This high amount of vacancies, both on the monovalent A-site
and the oxygen site of the perovskite is prone to destabilize the
lattice. Further the evaporation of K>O causes a shift in A/B-
ratio. Eq. (3) shows the formation of a secondary phase of alkali-
polytitanate from the starting compounds, which would reduce
the number of vacancies in the perovskite phase and reduces the
deviation of the A/B-ratio. The formation of the secondary phase
also starts at temperatures below 1000 °C. M refers to Na* and
K* since these elements are chemically very much alike.

M50 + 6TiO, — MTiOgO13 3)

Under sintering conditions, the material starts to decompose
and again shows weight loss. This reaction already starts at a
temperature of 990 °C as seen in Fig. 2 and is caused by the
vacancies introduced during calcination. Sintering in air reduces
the amount of oxygen vacancies and leads to decomposition of
the material in order to keep charge neutrality. This reaction can
be observed with TGA because of the occurring loss of bismuth
and alkali metals.!! The decomposition is obviously a contin-
uous process, since the weight loss is linear over duration of
10h.
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Fig. 3. XRD pattern of calcined (upper spectrum) and sintered (lower spec-
trum) sample. The secondary phase is visible at 29°; the sintered sample shows
improved crystallinity than calcined powder.

The XRD patterns (Fig. 3) of both the calcined powder and
a sample sintered at 1150 °C for a duration of 5h show small
peaks at 29°, caused by the secondary phase. Due to the loss
of K»O during the calcination, the matrix is now close to the
morphotropic phase boundary and the symmetry of the matrix
cannot be described as purely tetragonal or rhomboedric.

The secondary phase was investigated using SEM and elec-
tron microprobe analysis. Because it contains low amounts of
bismuth compared to the matrix, it is clearly visible as dark inclu-
sions when imaging backscattered electrons with SEM. This
difference is also shown in the mapping image received from
the electron microprobe analysis.

Fig. 4 shows SEM images of samples sintered at tempera-
tures between 1000 °C and 1150 °C for 5h. All samples show
secondary phase inclusions, the lower density at low sintering
temperatures is also clearly visible. In the following mappings
the distribution of the metal ions around such an inclusion of a
secondary phase is shown. We also found traces of zirconium
in the sample, which contaminates the material during the sec-
ond milling. The amount of zirconium in the matrix is low with
0.65 mol% compared to the secondary phase, where it reaches
1.96 mol%. The matrix material and the secondary phases appear
to be very homogenous. The apparent diffusion zone is an arti-
fact introduced through the interaction volume of the electron
beam during excitation of the material, as with any beam based
method.?

The mapping in Fig. 5 clearly shows the different composi-
tions of matrix an secondary phase. As reference materials the
mineral sanidine, Bi;O3, TiO, and ZrO, were used. All ele-
ments were quantified using WDS, acceleration voltage was
set to 15kV at a working distance of 11.0250 mm. The ele-
mental composition of the ceramic and the secondary phase is
summarized in Table 2.

Table 2 shows, that at 1100 °C sintering temperature, the
composition is no longer BNT-25BKT (0.75BNT-0.25BKT)
but 0.78BNT-0.22BKT. At 1150°C the shift is even larger
to BNT-17BKT (0.83BNT-0.17BKT). This shift is caused by
the loss of K>O during the calcination and the decomposition
according to Eq. (4) during sintering. The loss of monovalent
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1150°C

Sy
BT )

Fig. 4. SEM image of matrix and secondary phase (red circles, dark inclusions). The density visibly rises at higher sintering temperatures. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

A-site ions leads to instability of the system at higher tempera- confirm that the formation of the secondary phase occurs during
tures. calcination and again above 1050 °C as a result of the decompo-
The secondary phase consists of a polytitanate with a con- sition of the material. The higher the sintering temperature, the

stantratio of alkali ion:titanium of 1:3. At sintering temperatures lower the Bi-content of the secondary phase, which indicates
below 1100 °C, Bi is also present in this phase. The data also that the source of the weight loss at temperatures >1050 °C

Fig. 5. Elemental distribution in matrix and secondary phase measured with EMPA using WDS detectors. Apparent zoning is caused by the interaction of the electron
beam with the material.



Table 2

M. Naderer et al. / Journal of the European Ceramic Society 32 (2012) 2399-2404

2403

Composition of matrix and secondary phase determined by EMPA (standard deviation 0.84%, calculated from 43 measurements). Data is normalized to Ti=1 for
perovskite and (Ti + Zr) = 6 for secondary phase. The values in the table show the stoichiometric coefficients.

Sintering temperature Matrix Secondary phase
Bi Na K Ti Bi Na K Ti Zr
Target 0.5 0.375 0.125 1 sum=2 sum =6
1000°C 0.505 0.410 0.117 1 1.028 0.664 1.416 5.873 0.127
1050°C 0.509 0.406 0.113 1 0.370 0.348 1.562 5.819 0.181
1100°C 0.502 0.410 0.112 1 0.046 0.254 1.699 5.897 0.103
1150°C 0.508 0.414 0.087 1 0.027 0.427 1.574 5.889 0.111
100% 0.00 values for the samples at higher temperatures are presented in
fary - -0.02 . . . . .
= osx /-/ 0.04 Table 3. The polarization curve is also heavily pinched, com-
'g 90% i ggz = pared to the ferroelectric loops published (Fig. 7).
T et~ 0102 The characteristic values of the hysteresis loop differs from
£ 50% < L0123 published data of the BNT-BKT system.'® Solid solutions of
) ° ~ - -0.14 . .
£ o / T~<. 73.15 BNT and BKT usually are reported as ferroelectric with stan-
T’ - - — [ 018 dard shaped open hysteresis loops at room temperature. Pinched
70% -+ -0.20

1000 1050 1100 1150

temperature[°C]

—i— relative density [%] = &= shrinkage

Fig. 6. Density and shrinkage of BNT-25BKT over sintering temperature (sin-
tering duration 5 h).

is BipOs evaporating from the secondary phase. The reaction
during calcination inflicts the defect and vacancy situation in
the material, leading to decomposition during sintering. Both
formation reactions of the secondary phase lead to the same
compound M>TigO13. The main difference is that the decompo-
sition reaction does not affect the A/B-ratio, nor does it lead to
vacancies.

We suggest that the decomposition of the material and the
growth of the secondary phase follow Eq. (4). Since BNT and
BKT show the same decomposition behaviour™'? and Na as
well as K form the same compounds with Ti and 75,1415 both
are referred to as M:

16Big sMo sTiO3 — M TigO13 + 10Big sMg s TiO3

+§Bi203 + leO “)

2 2
The most important conclusion from Eq. (4) is that the decompo-
sition does not change the A/B-ratio of the matrix. The formation
of the secondary phase creates M, TigO13 and, due to the high
sintering temperatures, releases volatile oxides.

Density increases with higher sintering temperatures as
expected (Fig. 6).

The low relative density of samples sintered below 1100 °C
renders electrical measurements meaningless. The dielectric

Table 3
Dielectric parameters measured at room temperature; f=1kHz, Vipg=1V.

& [1] tan§ [1] Ec [kV/mm] P, [}LC/CI’IIZ]
BNT-25BKT 1100°C 1144 0.0726 1.52 16.8
BNT-25BKT 1150°C 1332 0.0716 0.79 15.8

loops like such presented in this work, are measured at ele-
vated temperatures.'” Due to different measurement parameters,
the values for dielectric properties in the literature are hardly
comparable.

4. Summary

Itis shown that the critical step in manufacturing BNT-xBKT
is the calcination. The formation of BNT-xBKT and M;TigO 3
are competing reactions, especially regarding K. The formation
of the secondary phase during the calcination reaction leads to a
perovskite with a high defect concentration, according to Eq. (2).
Those defects destabilize the system at the high sintering tem-
peratures and lead to further formation of the secondary phase.
The formation of a secondary phase in sodium deficient BNT
has been reported before,’ this work proposes a mechanism of
the generation and growth of these inclusions. Both works indi-
cate that the loss of monovalent ions leads to the decomposition
of the ceramic.

According to TGA data (Fig. 2), the material is prone to
further decomposition above 1100 °C. The decomposition reac-
tion (Eq. (4)) forms a similar compound, but does not change
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Fig. 7. Hysteresis loop of BNT-25BKT showing pronounced pinching and very
low values for Ec and Pr. The saturated polarization is comparable to published
values.'®!7 The hysteresis loop was measured with 0.1 Hz at room temperature.
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the A/B-ratio of the ceramic since BNT-xBKT decomposes to
BNT-xBKT, M, TigO13, BipO3 and M, O. Still, the formation of
the secondary phase prefers K as the alkali ion, so the decompo-
sition leads to BNT-rich systems. This is the reason for a change
of the stoichiometric factor x in BNT-xBKT before and after sin-
tering. The piezoelectric parameters highly differ from published
data of comparable compositions. The behaviour of M;TigO13
in electric field is unknown, but its formation influences the
stoichiometry and the defect situation in the ceramic.

Acknowledgments

This work was supported by EPCOS OHG, a group company
of the TDK-EPC Corporation. Funding was provided by the
Christian Doppler Research Association, Austria.

References

1. Haertling GH. Ferroelectric ceramics: history and technology. Journal of
the American Ceramic Society 1999;82(4):797-818.

2. Rodel J, Jo W, Seifert KTP, Anton E, Granzow T, Damjanovic D, et al.
Perspective on the development of lead-free piezoceramics. Journal of the
American Ceramic Society 2009;92(6):1153-77.

3. Takenaka T, Nagata H, Hiruma Y. Current developments and prospective
of lead-free piezoelectric ceramics. Japanese Journal of Applied Physics
2008;47(5):3787-801.

4. Aksel E, Forrester JS, Jones JL, Thomas PA, Page K, Suchomel MR,
etal. Monoclinic crystal structure of polycrystalline Nag s Big s TiO3. Applied
Physics Letters 2011;98(15):152901.

5. Hiruma Y, Yoshii K, Nagata HT, Takenaka T. Phase transition temper-
ature and electrical properties of BigsNagsTiO3-BigsAgsTiO3 (A=Li
and K) lead-free ferroelectric ceramics. Journal of Applied Physics
2008;103(8):084121.

10.

11.

12.

13.
14.

M. Naderer et al. / Journal of the European Ceramic Society 32 (2012) 2399-2404

. Isupov VA. Ferroelectric Nag s Big 5TiO3 and K 5Bio 5 TiO3 perovskites and

their solid solutions. Ferroelectrics 2005;315:123-47.

. Schmitt LA, Kling J, Hinterstein M, Hoelzel M, Jo W, Kleebe HJ, et al.

Structural investigations on lead-free Bip 5Nag 5 TiO3-based piezoceramics.
Journal of Materials Science 2011;46(12):4368-76.

. Chen P-Y, Chou C-C, Tseng T-Y, Chen H. Second phase and defect forma-

tion in BigsNag 5_K,TiO3 ceramics. Japanese Journal of Applied Physics
2010;49:061506.

. Spreitzer M, Valant M, Suvorov D. Sodium deficiency in Nag 5sBio 5TiO3.

Journal of Materials Chemistry 2007;17(2):185-92.

Konig J, Spreitzer M, Jancar B, Suvorov D, Samrdzija Z, Popovic A, et al.
The thermal decomposition of Kq 5Big s TiO3 ceramics. Journal of the Euro-
pean Ceramic Society 2009;29:1695-701.

Schuetz D, Krauss W, Albering J, Kurta C, Reichmann K. The chem-
ical interaction of silver—palladium alloy electrodes with bismuth-based
piezomaterials. Journal of the American Ceramic Society 2010;93(4):
1142-7.

Holleman AF, Wiberg E. Inorganic Chemistry. 101st ed. New York: De
Gruyter; 1995.

Hornbogen E, Skrotzki B. Mikro- und Nanoskopie der Werkstoffe; 2009.
Dash S, Sood DD, Prasad R. Phase diagram and thermodynamic calculations
of alkali and alkaline earth metal zirconates. Journal of Nuclear Materials
1996;228(1):83-116.

. Eriksson G, Pelton AD. Critical evaluation and optimization of the ther-

modynamic properties and phase diagrams of the MnO-TiO,, MgO-TiO»,
FeO-TiO,, Tip03-TiO;, Na; O-TiO,, and K, O-TiO; systems. Metallurgi-
cal and Materials Transactions B 1993;24B(5):795-805.

. Otoni¢ar M, Skapin SD, Spreitzer M, Suvorov D. Compositional range

and electrical properties of the morphotropic phase boundary in the
Nag 5BigsTiO3-K 5Big5TiO3 system. Journal of the European Ceramic
Society 2010;30(4):971-9.

. Takenaka T, Nagata H, Hiruma Y. Phase transition temperatures and

piezoelectric properties of (BipsNags)TiO3- and (BipsKps)TiO3-based
bismuth perovskite lead-free ferroelectric ceramics. IEEE Transac-
tion on Ultrasonics, Ferroelectrics, and Frequency Control 2009;56(8):
1595-612.



ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 31 (2011) 1857-1860

ELRRS

www.elsevier.com/locate/jeurceramsoc

Short communication

BNT-based multilayer device with large and temperature independent strain
made by a water-based preparation process

Werner Krauss, Denis Schiitz, Michael Naderer, Denis Orosel, Klaus Reichmann *

Graz University of Technology, Christian Doppler Laboratory for Advanced Ferroic Oxides, Stremayrgasse 9, 8010 Graz, Austria

Received 29 November 2010; received in revised form 10 February 2011; accepted 22 February 2011
Available online 25 March 2011

Abstract

A piezoelectric multilayer device based on bismuth—sodium-titanate ceramics (BNT) co-fired with Ag/Pd inner electrodes is described and its
dielectric and piezoelectric properties are measured. The ceramic powder and tape was made by a water-based preparation process. After printing
with Ag/Pd paste for inner electrodes these tapes were stacked to a multilayer device with 50 active layers. This device exhibited a large and
temperature independent strain around 0.19% between 25°C and 150°C. The large strain is due to a field-induced phase transition. The low
temperature dependence results from the broadening of the nonpolar phase by doping.

© 2011 Elsevier Ltd. All rights reserved.

Keywords: BNT; Lead-free; Multilayer; Piezoelectricity; Actuators

1. Introduction

For decades researchers work in the field of lead-free
piezoelectric ceramics to find a material that could replace
lead-zirconate—titanate in piezoelectric devices. Excellent
reviews on that topic are given by Rodel et al.! or Takenaka
et al.?

Bip5NagsTiO3 (BNT) is one of the most promising lead
free materials for actuator applications, which was first reported
by Smolenskii et al.3 It has a perovskite type structure with
rhombohedral symmetry at room temperature. The depolariza-
tion temperature (7y) is at 186 °C and the temperature at the
maximum of the permittivity (7},) at 335 °C.>* Both tempera-
tures can be shifted by doping. It exhibits a morphotropic phase
boundary with tetragonal compounds, such as barium titanate’
and bismuth—potassium—titanate.®” Zhang et al.® found a large
strain in the system BigsNagsTiO3—BaTiO3-K(5Nags5NbO3
(BNT-BT-KNN) which is due to a field-induced nonpo-
lar/ferroelectric phase transition. In literature the nonpolar phase
is sometimes termed as antiferroelectric which is supported by
the shape of the polarization curves. Structural changes at T,
which were suggested by Hiruma et al.” were not confirmed by

* Corresponding author. Tel.: +43 316 873 8285; fax: +43 316 873 8272.
E-mail address: k.reichmann @tugraz.at (K. Reichmann).

0955-2219/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2011.02.032

Jones et al.,° who performed Rietveld neutron powder profile
analysis of the compound Nag 5Big sTiO3 over the temperature
range from 5 to 8§73 K.

Key for a device fabrication is the multilayer technology,
which requires co-firing of ceramics and metal electrodes, pref-
erentially Ag/Pd-alloys. The first BNT-based multilayer actuator
was presented by Takenaka et al.,' who used Pt-electrodes
because of the concern of a bismuth—palladium reaction.'!>1?
Schiitz et al.!? showed that BNT based ceramics do not interact
with palladium during the sintering process as long as free bis-
muth oxide is not present. Hence the use of Ag/Pd-alloys for the
co-fired inner-electrodes should be possible.

Other drawbacks for the use as material for piezoelectric
devices are the huge intrinsic losses due to the large hysteresis
and a pronounced temperature dependence of the piezoelec-
tric properties due to the phase transition at the depolarization
temperature.

To become temperature independent in dielectric and piezo-
electric properties in an extended temperature range it is
necessary to broaden the nonpolar phase, i.e. to lower the depo-
larization temperature 7, and to increase the temperature at the
maximum of the permittivity 7,. This can be done in different
ways. The major point is to increase the volume on the A-site
of the perovskite to facilitate nonpolar ordering. This can be
achieved by doping with smaller ions on the A-site'* or larger
ions on the B-site!” of the perovskite, by the formation of vacan-
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Fig. 1. Photograph of the multilayer device (a) and SEM image of the active layers with Ag/Pd inner electrodes (b). The scale bar in the SEM image indicates the

length of 20 pm.

cies and the reduction of the rhombohedral distortion by adding
tetragonal compounds like BaTiO3 (BT)5’16 or Bip5Kg5TiO3
(BKT).%17

Desirable for the replacement of PZT is a cost effective
production process. PZT is made by a mixed oxide process
with water as a solvent, which is comparably cheap and safe.
BNT-based ceramics are usually made in ethanol because of
the solubility of the alkaline raw-materials. But ethanol is very
expensive in comparison with water and one has to install an
explosion protection in the powder and tape production line.

In this work, we present a method to produce a cost effec-
tive lead-free ceramic multilayer device with large strain and
reduced temperature dependence. Therefore we designed a
ceramic material based on BNT that was prepared by using water
as a solvent.

2. Experimental

The powder for the multilayer-stack is [BigsoNag33s
Ko.125Li10.04]TiO3 doped with 2 mol% Nd which was made by a
modified mixed oxide process. The reagent grade raw materials
were Bi; O3 (HEK-Oxides), Na,CO3 (Merck), Ko CO3 (Merck),
LipCO3 (Merck), TiO, (Tronox) and Nd>Os3 (Treibacher). The
raw materials were ball milled for 5h in a laboratory ball mill
(Dyna-Mill Multi Lab) with water as a solvent and subsequently
dried with a laboratory spray dryer. After calcination at 900 °C
for 2h a second milling for 5h and drying took place with the
same equipment. From this powder a water-based slurry was
made with a binder and tape casting was done on a labora-
tory equipment. 50 layers were printed with Ag/Pd-metal paste
(70/30), stacked in a format of 10cm x 10 cm with additional
covering layers and were pressed under uniaxial pressure of
100 tons. After dicing and binder burn out sintering took place
in air at a sintering temperature of 1100°C for 5h. The final
dimensions were 7mm X 7mm X 2mm with an active layer
thickness of approximately 35 pwm. The sintered multilayer-
stacks were contacted with silver paste (burn-in temperature
750°C) for electric measurements. In Fig. 1 one can see the
sintered multilayer-stack and the SEM-image of the active lay-
ers.

The temperature dependence of the permittivity was mea-
sured using a Novocontrol Concept 40 impedance analyzer.
Measurements were performed from —100°C to 400 °C with
a heating rate of 2 K/min. The polarization and displacement
curves were measured with aixPES Piezoelectric Evaluation
System from aixACCT from room temperature to 150 °C. The
curves of polarization and displacement shown in Fig. 3 were
measured at room temperature as the last cycle of three. SEM
images were taken on a FEI Quanta 600 scanning electron micro-
scope.

3. Results and discussion

With the choice of material we considered the phase diagram
published by Hiruma et al.,'® who found for the composition
[Big.s0Nag335Ko.125L10.04]TiO3 a depolarization temperature
(T;) of 160 °C and temperature at the maximum of the permit-
tivity (7;,,) of 290 °C. The concept of broadening the nonpolar
phase was achieved by doping with 2 mol% Nd. As one can see
in Fig. 2 this amount of Nd has enlarged the nonpolar phase from
approximately 50 °C (7y) to 320 °C (T,).

In Fig. 3 one can see a narrow nonpolar polarization curve
with low remnant polarization and a displacement curve with no
remnant displacement and a maximum strain of about 0.19%.

1.800 0,300
1.600 :
400 pa L 0,250
' " [Ta=320°C]
1.200 0,200
S 1.000 /

7 L 0,150
u‘f’-_l. 800 // 8
600 0,100
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.é"\’\ L 0,050
200
0 ‘ ‘ : ‘ 0,000
-100 0 100 200 300 400

Temperature [°C]
—Epsilon 10 kHz ~—tané 10 kHz

Fig. 2. Temperature dependence of permittivity (epsilon) and loss factor (tan §)
for [Bi0A50Na0.335K0.125Li0A04]TiO3 doped with 2 mol% Nd.
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Fig. 3. Field dependence of polarization and displacement of the multilayer stack at room temperature, third cycle of three (a) as well as strain at 7kV/mm vs.

temperature measured with a frequency of 0.1 Hz (b).

Due to the dependence of T4 on frequency (which accounts
only for a minor part of the shift) and electric field the above men-
tioned phase transition can be shifted from 50 °C (under small
signal conditions of 10kHz and 1 V) to below room tempera-
ture under large signal conditions (0,1 Hz and 200 V), which is
the reason for the observed shape of the polarization and strain
curves at room temperature. As we have shown in a previous
work on solid solutions of BNT with SrTiO3!? there is a shift
of about 75 K to lower temperatures from the small signal data
to the high signal data. Further this concept yields a nearly con-
stant strain of about 0.19% at 7 kV/mm with a tolerance of about
£+10% in a temperature interval ranging from 25 °C to 150 °C.

4. Summary

We have shown that by enlarging the nonpolar phase in BNT-
based piezoelectric ceramics by doping with Nd we are able to
obtain a ceramic material with low intrinsic losses, low remnant
polarization and a temperature independent strain in the desired
operating temperature range.

Furthermore we have demonstrated the processing of a
multi-layer device with a water based route using Ag/Pd inner
electrodes. SEM images prove that the inner electrodes do
not exhibit any delaminating, and there is no indication of
a bismuth—palladium reaction. The actuator dimensions were
7mm x 7mm x 2 mm containing 50 active layers with approx-
imately 35 wm layer thickness. The obtained strain at a field of
7kV/mm gained the value of 0.19% with a variation of £=10%
in the temperature range between 25 °C and 150 °C.
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Abstract

The phase diagram of (1 — x)(BigsNags)TiO3—xSrTiO3; was completed and investigations on polarization and strain in this system were carried
out. (1 —x)(BigsNags5)TiO3;—xSrTiOz-ceramics were prepared by conventional mixed oxide processing. The depolarization temperature (7y), the
temperature of the rhombohedral-tetragonal phase transition (7,._) and the Curie temperature (7},,) were determined by measuring the temperature
dependence of the relative permittivity. All solid solutions of (1 — x)(BipsNag 5)TiO3—xSrTiO; show relaxor behavior (A-site relaxor). From XRD-
measurements a broad maximum of the lattice parameter can be observed around x=0.5 but no structural evidence for a morphotropic phase
boundary was found. SEM-analysis revealed a decrease of the grain size for increasing SrTiO;-content. At room temperature a maximum of
strain of about 0.29% was found at x=0.25 which coincides with a transition from a ferroelectric to an antiferroelectric phase. The temperature
dependence of the displacement indicates an additional contribution from a structural transition (rhombohedral—tetragonal), which would be of

certain relevance for the existence of a morphotropic phase boundary.
© 2010 Elsevier Ltd. All rights reserved.

Keywords: Dielectric properties; Piezoelectric properties; Perovskites; Actuators

1. Introduction

(Big 5Nag 5)TiO3 (BNT) is one of the most investigated lead-
free piezoelectric materials.!-? It has a perovskite type structure
with rhombohedral symmetry (R3C) at room temperature. The
depolarization temperature (7g) is at 186 °C and the Curie tem-
perature (Ty,) at 335°C. Ty and T, both can be shifted by
doping® or by the formation of solid solutions with alkaline
earth titanates.>* Biy sNag sTiO3 shows strong ferroelectricity
(P; =38 nC/cm?), but it also has drawbacks like a large coercive
field of about 7kV/mm, which leads to problems in the pol-
ing process. To overcome these problems and to optimize the
properties of BigsNags5TiO3 solid solutions with other lead-
free materials can be used. In combination with compounds
of tetragonal symmetry (e.g. BaTiO3 and (Big 5K 5)TiO3)°!!
the solid solution system with BigsNag 5TiO3 exhibits a mor-
photropic phase boundary (MPB). It is known that morphotropic

* Corresponding author. Tel.: +43 316 873 8270; fax: +43 316 873 8272.
E-mail address: werner.krauss @tugraz.at (W. Krauss).

0955-2219/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2010.02.001

phase boundaries lead to higher values of d33 and k33. For
the solid solution (1 — x)(BigsNag 5)TiO3—xBaTiO3 the mor-
photropic phase boundary is found at x=0.06 with a minimum
in Ty at about 100 °C.

SrTiOs3 has a perovskite type structure and a cubic symmetry
at room temperature. Below —168 °C a transition to tetragonal
symmetry is reported by Jauch and Palmer.'?> Hypothetically
there is the possibility to observe a phase transition from
a rhombohedral to tetragonal phase in solid solutions with
Bip5NagsTiO3. In all known cases of a morphotropic phase
boundary in solid solutions of Bip 5NagsTiO3 and a tetragonal
phase the depolarization temperature as well as the Curie
temperature exhibit a minimum. Out of this reason it is
necessary in the system (1 —x)(Bigs5Nag5)TiO3—xSrTiO3 to
measure at low temperatures to observe a phase transition
from a rhombohedral to a tetragonal phase. A phase diagram
(Fig. 1) of (1 —x)(Bips5Nags)TiO3—xSrTiO3 published by
Watanabe et al.* exists up to x=0.25. Watanabe used the
maxima in the permittivity vs. temperature curves measured at a
frequency of 10 kHz. The first maximum at lowest temperature,
called the depolarization temperature (73) is connected to the
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Fig. 1. Dielectric  transitions  for (1 —x)(Big5Nags5)TiO3-xSrTiO3
(data published by Watanabe et al®) (depolarization temperature (7g),
rhombohedral—tetragonal phase transition temperature (7;_) and the tempera-
ture (Ty,) of the maximum dielectric constant for x in (1 — x)(Big 5Nag 5)TiO3—x
SrTiOs.

ferroelectric/antiferroelectric phase transition, the maximum
at the highest temperature assigned to the Curie temperature
(Tw) is associated with the transition from antiferroelectric
to paraelectric. Between these two transition temperatures
Watanabe identified a third transition temperature, which he
called rhombohedral-tetragonal phase transition temperature
(Tr—p). Just recently Hiruma et al.'3 verified a very small tetrag-
onal distortion in pure BNT above this 7;_;, which supports
Watanabes hypothesis.

Hiruma et al.'* also found a strain maximum in the system
(1 —x)(Bip 5Nap 5)TiO3—xSrTiO3 at x =0.26 and they suggested
that a morphotropic phase boundary is the reason for the large
strain. Because of obvious differences to the characteristic fea-
tures of the system BNT-BT we decided to complete the phase
diagram over the whole composition range and look for struc-
tural and dielectric features that would support the existence of
a morphotropic phase boundary.

2. Experimental procedure

The samples were prepared by a conventional mixed oxide
process. In the first step a Big5NagsTiO3 master batch was
made from bismuth oxide (reagent grade, HEK-Oxide GmbH),
sodium carbonate (reagent grade, Merck) and titanium oxide
(reagent grade, Bayer). After the first calcination at 850 °C the
Bip.sNag sTiO3 was weighted together with strontium carbonate
(reagent grade, Solvay) and titanium oxide in the chosen stoi-
chiometry. After milling in a planetary mill (Fritsch Pulverisette
4) a second calcination took place at 850 °C. The powder was
milled again and out of the dried powder a granulate was made by
adding 5% polyethylene glycol 20 000 as a binder. The granulate
was sieved and discs with a diameter of 13 mm were uniaxially
cold pressed with aload of 2 tonnes. The discs were decarbonised
at 450 °C and then sintered between 1200 and 1300 °C for 2 h.
The proper sintering temperature was determined by dilatome-
try (NETZSCH DIL 402 C). Samples with a SrTiO3-content up
to x=0.5 were sintered at 1200 °C, for higher SrTiO3-content
1300 °C was used.

The sintered discs were gold sputtered for contacting. The
X-ray powder data were collected in the reflection mode at
room temperature and —243 °C with a Philips Expert diffrac-
tometer using Cu/Ka radiation. The cooling equipment was
a closed cycle He cryostat (He-TTK Anton Paar) with cool-
ing range between —263 and +27 °C. Data sets were collected
from 20° to 80° (2-theta), step-width = 0.02° (2-theta) and step-
time =20 s/step. The lattice parameters were determined by
Rietveld refinement using Philips Expert software. The tem-
perature dependence of the relative permittivity was measured
in the temperature range of —50°C to 300 °C using Novocon-
trol Concept 40. The samples with x =0.8 and 0.9 were measured
from —243 °C to room temperature using an LCR bridge (Model
E4980A, Agilent) coupled to a closed-circuit He-Cryocooler
(Model CC 2.5 Oxford Instruments). For all samples the frequen-
cies 1 kHz, 10 kHz and 100 kHz were used. The polarization and
displacement curves were measured with aixPES (Piezoelectric
Evaluation System from aixACCT) from room temperature to
150°C.

3. Results and discussion

For identification of structural changes throughout the
composition range we carried out low temperature XRD-
measurements at —243 °C to identify an expected transition
between rhombohedral and tetragonal phase. In our XRD-
spectra of (1 —x)(Big5Nag5)TiO3—xSrTiO3 (Fig. 2) we could
not detect any tetragonal distortion, even not for pure SrTiO3.
We concluded, that the tetragonal distortion in the system
(1 — x)(BigsNag 5)TiO3—xSrTiO3 is too small to be detected
within the resolution of the equipment available.

The calculated lattice parameters (for cubic indexing) are
in good agreement with literature data. In Fig. 3 one can see
that there is a broad maximum of the lattice parameter around
x=0.5. The decrease of the lattice parameter for x> 0.5 cannot
be interpreted by Vegards law which would postulate a steady
increase of the lattice parameter because the ionic radius of
strontium is larger than either bismuth or sodium. The differ-
ences of the lattice parameters measured at —243 °C and at room
temperature, which are in the range of the thermal expansion,
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from Park and Hong

Fig. 4. Microstructure of 0.90(Big 5sNag 5)TiO3—0.10SrTiO3 (SEM-image).

do not support any significant structural changes, that would
give evidence for a morphotropic phase boundary in the system
(1 —x)(Big 5Nag 5)TiO3—xSrTiO3.

With the applied preparation conditions we achieved
dense ceramics as one can see in micrographs of pol-
ished and etched samples (Figs. 4-7). The formation of a
solid solution with SrTiO3 strongly influences the microstruc-
ture of the BipsNagsTiO3z-ceramic. The grain size of
the system (1 —x)(Big5Nags)TiO3—xSrTiO3 decreases from

Fig. 5. Microstructure of 0.73(BigsNag 5)TiO3—0.27SrTiO3 (SEM-image).

Fig. 7. Microstructure of 0.10(Bip sNag 5)TiO3—0.90SrTiO3 (SEM-image).

approximately 10 pm for x=0.1 to a grain size of around 3 pm
forx=0.9.

On the temperature dependence of the relative permittiv-
ity (Figs. 8—11) the maximum at the highest temperature was
assigned to the Curie temperature Ty, the maximum at the low-
est temperature to the depolarization temperature 7y. Maxima
in between (7—) were assigned to a rhombohedral/tetragonal
phase transition according to the nomenclature used by Watan-
abe et al.* For x>0.23 T, coincides with Ty, for x>0.60
only one maximum is observed, which is assigned to Tp,.
One can see that there is a frequency dependence of the
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Fig. 8. Temperature dependence of the relative permittivity of

0.80(Big.sNag 5)TiO3-0.20SrTiO3.
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permittivity  of

depolarization temperature 7y up to x=0.6. On samples with
x>0.6 we find frequency dependence of the Curie tempera-
ture (Ty,). From that we can state that all solid solutions of
(1 — x)(Big.5Nag 5)TiO3—xSrTiO3 exhibit relaxor behavior (A-
site relaxor).

In accordance to Watanabe we used the permittivity data at
10kHz to plot the phase diagram (Fig. 12). The phase diagram
shows, that the Curie temperature Ty, decreases almost linearly
with increasing SrTiOz-content to —144 °C at x=0.9. Between
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x=0.6and x=0.7 the depolarization temperature T4 decreases to
0°C. Uptox=0.7 there is a non-polar phase between Ty, and Ty.
For higher strontium titanate content this non-polar phase disap-
pears. In comparison to Watanabes phase diagram we observe Ty
and T, in the range of 0.2 <x<0.3 to be approximately 70 °C
higher.

Polarization and displacement curves (Fig. 13) illustrate the
varying ferroelectric behavior at room temperature. Starting
from ferroelectric behavior up to x=0.1 (Fig. 13a and d) the
systems shifts more and more towards antiferroelectric behavior
(Fig. 13b and e). This supports the assumption that the non-polar
phase between Ty and Ty, is in fact antiferroelectric. Samples
with x>0.4 become paraelectric (Fig. 13c and f). This indi-
cates that under high electric field (up to 6 kV/mm) the transition
temperature Tq is shifted to lower temperatures.

In Fig. 14 the remnant polarization and the maximum polar-
ization is drawn over the whole composition range. It illustrates
a strong decrease in the remnant polarization at about x=0.25.
For x> 0.5 the remnant polarization approaches zero.

If the strain at room temperature is plotted against compo-
sition a pronounced strain maximum of 0.29% at x=0.25 is
found (Fig. 15), where Watanabe et al.* suggested the exis-
tence of a morphotropic phase boundary. For a similar system —
(1-x—y)(Big 5Nag 5)TiO3—xBaTiO3y(Nap s Ko.5s)NbO3 — Zhang
et al. suggest, that such a large strain is due to a combination
of the lattice volume change caused by a field-induced AFE-
FE phase transition and ferroelectric domain reorientation.'® In
another publication Zhang et al.'” suggest that the reason for the
large strain could be due to electrostriction.

To discuss this question we plotted the temperature depen-
dence of the strain under maximum electric field for the
composition x =0.2 (Fig. 16). We observed two maxima, marked
with arrows, which could be attributed to phase transitions at Ty
and T;_. The first maximum would indicate a contribution of a
ferroelectric/antiferroelectric phase transition. The second max-
imum would indicate a contribution from a structural transition
(rhombohedral-tetragonal), which would be of certain relevance
for the existence of a morphotropic phase boundary.

One can see from Fig. 16, that under high electric field
there is a shift of both the depolarization temperature
and the rhombohedral-tetragonal transition temperature of
about 70°C to lower temperatures in comparison to the
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phase diagram drawn from the dielectric transitions for  induced. The reason for the rhombohedral distortion of bismuth
(1 —x)(Big 5Nag 5)TiO3—xSrTiO3 (Fig. 12). This character- sodium titanate is most probably the formation of a covalent
istics was observed also by Zhang et al.!® in the system binding between the free electron pair of bismuth to a triple of the
(1=x—y)(BipsNag 5)TiO3—xBaTiO3y(Nag 5K 5)NbO3. This oxygen-atoms of the surrounding oxygen-dodecahedron being
gives strong evidence that both phase transitions are field  the reason for the A-site relaxor characteristics we observed
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in this system (similar to lead containing relaxors, where
an antiferroelectric ordering of the lead ions is observed!®).
Obviously the ordering induced by this covalent binding could
be influenced either by an electrical field or temperature.

At the current status of our investigations we support the
hypotheses stated by Zhang, since we did not find any struc-
tural features that hold up for a morphotropic phase boundary.
In a very common sense the phase transition between ferroelec-
tric and antiferroelectric phase at Ty or the supposed transition
between a rhombohedral and a tetragonal phase at 7;_¢ can be
called a morphotropic phase boundary if only the maximum
strain is considered a necessary attribute for it.

4. Conclusion

The phase diagram for (1 — x)(Big.sNag 5)TiO3—xSrTiO3 was
completed between x=0 and x=1. No tetragonal distortion
could be detected in the whole composition range. The lat-
tice parameter (for cubic indexing) has a broad maximum at
x=0.5 contrary to the trend of ionic radii. Relaxor behav-
ior was observed in all solid solutions (A-site relaxor). An
antiferroelectric phase exists from pure BigsNagsTiO3 to a
concentration of approximately x=0.7. We support the hypoth-
esis that the reason for the maximum strain of 0.29% at
x=0.25, which coincides with the transition from ferroelectric
to antiferroelectric behavior, is a field-induced AFE-FE phase
transition. A certain contribution of a structural transition (pos-
sibly rhombohedral-tetragonal) holds up for the existence of a
morphotropic phase boundary.
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The Chemical Interaction of Silver—Palladium Alloy Electrodes with

Bismuth-Based Piezomaterials

Denis Schuetz,” Werner Krauss, Joerg Albering, Christoph Kurta, and Klaus Reichmann

Christian Doppler Laboratory for Advanced Ferroic Oxides, 8010 Graz, Austria

Multilayer technology relies heavily on the chemical com-
patibility of metal and ceramic. This work focuses on the
ceramic—electrode interaction between 92BiysNaj sTiO3z—6 Ba
TiO3-2K¢.sNagsNbO;  [(Big.46Nag.47B29.06K0.01)(NDg.02Tig 08)
O3], a promising actuator material and forerunner to an emerg-
ing class of lead-free actuator materials, and a silver—palladium
alloy for inner electrodes, the only currently viable material for
the firing temperatures necessary (1100°C). Of special concern
was the high content of bismuth in the ceramic since prior in-
vestigations suggest that Bi,O3 (as well as various bismuth ti-
tanates) used as a fluxor in electroceramics are prone to forming
the intermediate-phase bismuth palladate (Bi,PdQ,), which can
lead to poor contacting and delamination of multilayer stacks.
Remarkably, no evidence of bismuth palladate formation could
be found. However, the phase relations of the bulk ceramic have
proven to be quite complex. Potassium was being drained out of
the bulk ceramic either constituting the secondary phase
K4Nay(TiO3); in unmodified experiments or evaporating and
being replaced by silver in samples in contact with Ag. Mech-
anisms for the formation of these phases or the lack thereof are
proposed. These findings were obtained by XRD, TG-DSC, and
SEM with EDX, and LA-ICPMS.

L.

EAD zirconium titanate (PZT) has long been unchallenged in

the field of piezoelectric actuator materials. Through half a
centul?/ of process improvements and the introduction of do-
pants,? its properties remain uncontested. Even though it has
been tried for at least a decade,> attempts to eliminate lead
from piezomaterials have proven difficult. This has much to do
with the properties of lead itself. The electronic structure of
Pb>" is ideal for implementation into a piezoelectric perovskite.
A full set of 54'° electrons as well as weak shielding from the 6s°
electrons above combined with its comparatively large ionic ra-
dius provide an atom with high polarizability and a lone pair to
bind to the oxygen ion, which contributes to the overall polar-
ization of a ferroelectric titanate.®’ Evidently, no other element
has the necessary set of values to directly replace lead. Hence, it
comes as no surprise that most systems of lead-free ceramics
either perform poorly with regard to ds3 or utilize a radically
different mechanism of operation.®® This is the case with the
(94—x)Bi0_5Nao_5TiO3f6BaTiO3fo0_5Na0_5NbO3 [(94—.X)BNT*
6BT—xKNN] system first described by Zhang ef al.'®'? used in
this work. The system itself shows great promise in the develop-
ment of actuators, with two compositions showing the largest
strain x = 2 (Al/ly = 0.45 at% 8 kV/mm) and x =4 (Al/ly=0.43
at% 11 kV/mm), the cause of which is still discussed in the
literature. Zhang and colleagues'*'* suggested a field-forced
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antiferroelectric—ferroelectric phase transition observed in simi-
lar lead-based materials.

BNT as well as BNT-BT exhibit an antiferroelectric phase at
elevated temperatures (>200°C);'>""7 the addition of KNN to
the former seems to disrupt long-range ferroelectric order, giv-
ing rise to coexisting FE and AFE phases at room temperature
in a narrow region of the phase diagram (around 2% KNN).!!
With increasing content of KNN, the antiferroelectric phase
dominates and the large strain becomes more difficult to
achieve. For reasons of practicality, the material chosen for
this work is 92BNT-6BT-2KNN [(Bi0'46Na0447Baolo6K0'01)
(Nbyg 02 Tig.05)O53] with a sintering temperature of 1100°C taken
from prior research.

Cofiring ferroelectric materials with electrodes as multilayers
have long been the method of choice for developing actuators.
Naturally cofiring ceramics with its metallization has its own set
of problems, namely the possibility of metallization material
diffusing into the ceramic and constituting secondary phases,
leading to delamination or changing the electrical properties of
the ceramic.'® This problem is recognized in silver—palladium
alloys used widely in high-firing electroceramics. Palladium
(T = 1554.9°C)"° greatly decreases the volatility of silver
(T, = 961.78°C) as well as increases the melting point (7},) of
the alloy up to temperatures, which make it usable for high-
firing electroceramics (e.g., T = 1160°C for Ag/Pd = 70/30).%°
Even though the Ag/Pd is almost consolute, between 300° and
835°C, palladium oxidizes to PdO (reaction (1)), constituting a
secondary phase within the alloy, thereby increasing the silver
content and making the alloy more heterogeneous and volatile.
Dilatometric data also suggest that due to the partial oxidation
of the alloy it can expand by 15% or more when using a slow
heating process (Pd—PdO: Vyyiqe/ Vinetas = 1.68).21% This can
be avoided by increasing the rate of heating throughout the rel-
evant temperature range, thereby taking advantage of the slow
kinetics of the reaction to have a smaller fraction of the palla-
dium to become oxidized. Even so, it is unlikely to prevent the
formation of PdO and all the associated problems.

In contact with bismuth-containing materials, the reactions
become more complex. In two separate studies, Wang and Hue-
bner?** have demonstrated the intermediary phase bismuth
palladate (alternately dibismuth palladate; Bi,PdO,) forming
between Bi,O3, widely used as a fluxor, as well as various bis-
muth titanates and PdO in the so-called “bismuth reaction” (re-
action (2)). This reaction is reported to occur in Ag/Pd alloy
electrodes as well, at temperatures between 350° and 835°C

Ag,Pdy(,) +1/20, — Ag, + PdO,)  (300°—835°C) (1)
PdO ) + Bi»O3(s) — Bi,PdO4(s) (350°—835°C) (2
Bi,PdOy(s) — Pd,Bi,(s) + Bi,O3(/ + g) + 1/20, 3

(> 835°C)

In addition to this when Bi,PdO, decomposes over 835°C,
bismuth and palladium become alloyed to a limit of solubility of
16 mol% Bi (reaction (3)), which could lead to capacitance
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problems in addition to delamination. So far, no bismuth-con-
taining perovskites have been studied as to their chemical com-
patibility to electrode materials but the need for this is obvious
as the majority of lead-free candidate materials are either based
on BNT or incorporate bismuth in some form; see Shrout and
colleagues®>2® and references therein.

The objective of this study is to investigate the phase relation
between BNT-BT-KNN and Ag/Pd alloys using a modified
powder mixture technique. Because diffusion of electrode ma-
terials into ceramics up to 1 mm?’ is suggested, doping with sil-
ver and palladium was carried out to provide an insight into the
chemical modification, phase relations, and microstructural de-
velopment of the ceramics in the vicinity of the electrode.

II. Experimental Procedure

(1) Sample Preparation

Ceramic powders were prepared using the mixed metal oxide
route. A stoichiometric mixture of the oxides and carbonates
Bi,O; (Reagent grade-HEK GmbH, Liibeck, Germany),
Na,COj; (Reagent grade-Merck), TiO, (Reagent grade-Tronox),
BaCOj; (Reagent grade-Solvay SA, Solvay SA Buxelles, Bel-
gium), Nb,Os (Reagent grade-H.C. Starck, Goslar, Germany),
and K,CO; (Reagent grade-Ferro GmbH, Ferro, Cleveland,
OH) was dried in air at 300°C overnight, allowed to cool in a
desiccator, and homogenized in a planetary mill (180 rpm; sec-
ondary ratio 1.8; 6 x 20 min) with yttria-stabilized zirconia balls
(5 mm diameter) in absolute ethanol with 1 mL of Dispex A40
(Ciba Spezialitactenchemie, Basel, Switzerland) detergent to pre-
vent flocculation. The ethanol was evaporated under reduced
pressure and the resulting powder was calcined at 900°C for 3 h
in a closed Al,O3 container using a muffle kiln. No reaction with
the container was observed. After calcination, the resulting ce-
ramic was deagglomerated in ethanol, a planetary mill (200 rpm;
secondary ratio (—2), 6 x 15 min), and 2 mm yttria-stabilized
zirconia balls were utilized. The dried slurry was sieved and
stored in a desiccator. For doped samples 1 mol% Ag (as Ag,O
reagent grade; Ferro GmbH) or 1 mol% Pd (as PdO; synthe-
sized from PdCl, (Merck) by calcinating PdCl, at 570°C for 1 h)
was added to the ceramic powder before deagglomeration.

This study utilized a commercially available inner electrode
paste for screen-printing (Dupont chemicals, Wilmington, DE)
with a defined Ag/Pd atomic ratio of 70/30 corresponding to a
melting point of 1160°C. This should make it ideal for heat
treatment of 1100°C maximum. Further, the paste contained an
organic binder and solvents to facilitate screen printing but no
glass fluxor or fillers like BaTiO5. The data sheet, as well as the
preliminary findings show the size range of particles in the paste
to be very narrow and around 0.4 pm.

The powder mixtures were obtained by drying the electrode
paste at 100°C overnight to obtain a material without a solvent
but still containing the organic binders to avoid the metallic
ductility, which would make further preparation difficult. The
resulting material was still brittle enough to be ground using an
agate mortar and pestle at room temperature. This enabled us to
grind the material into aggregates 10100 pm in size, which were
then homogenized with the ceramic powder using a tumbler at
ratios of volume of 10% (15.4 wt%), 20% (30.4 wt%), and 30%
(45.8 wt%). A reference sample was added consisting of Bi,O;
with a 30% volume of Ag/Pd. All samples were then uniaxially
cold pressed at 1.5 tons without a binder in a 13 mm die. Before
heat treatment, the powder mixtures were debindered at 300°C
for 1.5 h.

Heat treatment took place at two distinct temperatures of
750°C (3 h), to facilitate Bi,PdO4 development, and 1100°C (3 h)
as the final sintering temperature, with a heating and cooling
rate of 5 K/min. To take into account the formation of PdO and
subsequent effects, a ramp of 10 K/min was introduced in the
1100°C experiments until 900°C was reached. A closed ceramic
container was used when sintering the samples. To maintain a
constant Bi,Os-vapor pressure within, BNT-BT powder was
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added to the boat to counter evaporation of Bi,O3 from the
ceramic samples.

(2) XRD

Samples were ground in an agate mortar and measured using a
Bruker D5005 6-6 with a copper Ko emitter and a graphite sec-
ondary monochromator. All measurements were taken at room
temperature with a range of 20°-90°, a step size of 0.02°, and a
step time of 6 s. Ko, stripping and visualization was performed
using the Diffrac+Basic suite (version 2006) and Rietveld re-
finement took place with Topaz (V 3.0).

(3) SEM and EDX

All samples sintered at 1100°C were hard enough to be embed-
ded in resin, cut, and polished. Samples sintered at 750°C were
vacuum infiltrated by resin and subsequently cut and polished as
they were too fragile to undergo a normal cutting or polishing
process. All measurements were carried out using a LEO Gemini
DSM982 (Zeiss, Jena, Germany) utilizing a 1-30 kV field emis-
sion gun at 15 kV and a Noran Voyager 3105A EDX detector
(Noran Instruments Inc., Middleton, WI).

(4) TG-DSC

Thermographic measurements were carried out on a Netzsch
STA 409 (Selb, Germany) at a heating rate of 5 K/min under
air. Undoped samples as well as a 30% powder mixture were
measured.

(5) LA-ICPMS

Experiments have been performed using laser ablation induc-
tively coupled plasma mass spectroscopy (LA-ICPMS). Adja-
cent line scans with a length of 1500 pm each have been
performed on undoped and doped (1% Ag and 1% Pd) disks
using a UP-213 LA system (New Wave Research, Fremont, CA)
with a Nd:YAG laser working at 213 nm wavelength coupled to
an Agilent 7500ce ICPMS (Agilent Technologies, Waldbronn,
Germany). Helium 5.0 was used as a carrier gas for the LA.
Tuning of the system has been performed using a NIST
(Gaithersburg, MD) SRM 612 glass standard. Laser and
ICPMS settings have been optimized for a ceramic matrix (40
pm spot size, 8.6 Jjem? fluence, 10 Hz repetition rate, 10 p/ms
scan speed, 0.75 I/min carrier gas flow). Background correction
was carried out with the undoped disk sample and *’Ti was used
as an internal standard for signal correction because it was the
least volatile constituent in the matrix.

III. Results

(1) XRD

The pattern in Fig. 1 shows the ceramic after calcination and
after sintering at 1100°C as well as the calculated reflexes for the
ceramic taken from Zhang et al.'!

Clearly, one can see that the actual solid-state reaction lead-
ing to the formation of the ceramic takes place during calcina-
tion and further heat treatment only increases the size of the
crystallites. Furthermore, no other crystalline phase besides the
perovskite was detected. Rietveld refinement results showed a
cubic structure with a slight but undeterminable (0.2° maximum)
rombohedral distortion (pseudocubic) with a unit cell size of
3.9049 A (£0.0006 A), which is in line with prior research.

With the exception of the reference sample composed of
Bi,05 and Ag/Pd, XRD measurements of powder mixtures fired
at 750°C (Fig. 2) indicated no formation of bismuth palladate in
any sample, showing that bismuth palladate does not originate
from the bismuth-containing perovskite. PAO however, was
clearly visible. Rietveld refinement showed no change in lattice
constants or symmetry of the ceramic compared with the blank.
This observation is compounded by the spectra taken of the
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Fig.1. XRD reflections of sintered (top) and calcined (middle) BNT—
BT-KNN ceramic. The pattern below represents the calculated reflec-
tions, with cell constants taken from Zhang et al.'

powder mixtures fired at 1100°C shown in Fig. 3. Naturally,
neither PAO nor bismuth palladate was detected.

Ag/Pd peaks became subsequently broader with increased
metal content, indicating inhomogenity in the alloy. This can be
attributed to the sample design because with a higher metal
content, a correspondingly higher amount of Ag/Pd was at the
surface of the sample, allowing for evaporation of silver and
raising the compositions over the limit of detection. Also, there
was no indication of Bi** alloying with Ag/Pd. This will be
shown in greater detail in the SEM section.

Spectra of the doped samples showed only the perovskite.
Rietveld refinement showed no change in lattice size or geom-
etry. No Bi,PdO, was detected in the Pd-doped sample.

(2) SEM and EDX

SEM micrographs of the unmodified ceramic sintered at 1100°C
clearly showed a secondary phase (Figs. 4 and 5). From their
lack of reflections in XRD, it can be considered amorphous,
condensing out of a liquid phase with no long-range ordering.
EDX spectra showed a high content of titanium, sodium, and
potassium. No secondary phases were detected in the 750°C ex-
periments. At both temperatures, no sinter skin was detected.
The doped ceramics have proven interesting with respect to
the secondary phases. Inclusions failed to form in the Ag-doped
ceramic. Ag was soluble in the ceramic. On the contrary, Pd
seemed to be insoluble as it precipitated as metal throughout the
doped ceramic (Fig. 5). The secondary phase was present in the
Pd-doped ceramic in a distribution comparable to the unmod-
ified samples. Figure 6 shows a comparison of the differently
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Fig.2. Comparison of 750° powder mixtures 30% (top), 20% (middle),
and 10% (bottom) the pattern below represents PdO (00-041-1107).
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Fig.3. Comparison of 1100°C powder mixtures 30% (top), 20% (mid-
dle), and 10% (bottom) the pattern below represents a calculated pattern
for a 70/30 Ag/Pd alloy (FCC; a=4.0117 A).*°

doped ceramics at two different magnifications, which also pro-
vides an insight into the microstructural changes accompanying
the doping.

The powder mixtures showed no reaction layer between the
metal and the ceramic at both temperatures; EDX spectra indi-
cated no bismuth present in the alloy, further confirming the
nonformation of Bi,PdO4. No amorphous inclusions were de-
tected in the powder mixtures and EDX spectra showed a silver
concentration in the ceramic close to the limit of detection.

Micrographs of the Ag/Pd aggregates showed the segregation
of the alloy whenever an evaporation of silver was possible, ei-
ther through cracks in the material or whenever the aggregates
were at the surface of the sample. Figure 7 shows two aggre-
gates; one enclosed and homogenous, and one in contact with
the atmosphere and segregated. This could be detected at both
temperatures.

(3) TG-DSC

TG-DSC measurement confirmed the observations made
through SEM and XRD. Figure 8 shows a TG-DSC measure-
ment of a 30 vol% powder mixture. Clearly visible is the binder
burnout starting at 180°C, peaking and finishing below 300°C.
Also visible is the formation of PdO accompanied by an increase
in mass as ambient oxygen was incorporated into the metal. No

100pm

Fig.4. Secondary phase (dark) in the unmodified ceramic sintered at
1100°C.
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Fig.5. Pd-doped ceramic; clearly visible is the secondary phase (dark)
and the precipitates of base Pd detected (bright).

indication of Bi,PdO,4 formation was detected. The slight slope
in TG above 800°C leads us to the assumption that Bi does in-
deed leave the perovskite (as a phase mixture of liquid and gas-
eous Bi,0;%®) at elevated temperatures but as this occurs above
the stability region of Bi,PdO,4 formation, it does not lead to this
intermediate phase developing. Apparently, the perovskite ex-
hibits temperature stability greater than comparable bismuth
oxides or titanates.

(4) LA-ICPMS

Measurements using LA-ICPMS substantiated the earlier ob-
servations. The primary elements (Na, Ti, Bi) as well as Ba and
Nb were detected uniformly. Zr and Y were found in traces and
are thought to be contaminants introduced through the milling.
Potassium quantification was difficult mainly due to the lack of
a reliable matrix-matched standard. Additionally, the high con-
tent of sodium in the ceramic leads to polyatomic interference
with the detector as *Na'®0™? increases the potassium count.
Additional interference came from **Ar'H" forming out of the
carrier gas, increasing the *’K* counts further.

However, a closer look at the line scans showed that the po-
tassium-containing secondary phase was indeed detected
through this method. Whenever the ablation beam was over
one (or multiple in case of higher and broader peaks) potassium-
rich inclusions (invisible to the light microscope used for target-
ing) the detector registered potassium intensities several times
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100 pm

Fig.7. Ag/Pd aggregates in 750°C sample (vacuum infiltrated). The
exposed aggregate is showing clear signs of exsolution.

higher than the baseline; see Fig. 9 for an example. These
“peaks” of K in the analysis were present in the undoped as
well as the Pd-doped samples, confirming their inhomogeneity.
The low lateral resolution of this method prevented a more exact
comparison because the inclusions are much smaller (~5 pm)
than the spotsize used (40 um). Much the same was true for the
observed Pd precipitates in the palladium-doped samples (see
Fig. 10), which resulted in “peaks” whenever a precipitate was
ablated, confirming the insolubility of Pd in the ceramic.

The silver-doped samples (Fig. 11) showed a uniform distri-
bution of silver throughout the sample, confirming the solubility
and incorporation of Ag™ into the perovskite. The K content in
the Ag-doped samples was uniform and comparable to the
baseline of the Pd-doped or undoped samples. Even though ex-
act quantification has proven elusive, we believe that most of the
potassium was contained in the secondary phase in undoped and
Pd-doped samples or had subsequently evaporated in the Ag-
doped samples.

Lastly Fig. 12 presents a comparison of K content in the ma-
terials used; clearly, one can see the uniform distribution of the
K in the Ag-doped samples, compared with the large inhomoge-

Fig.6. SEM images of the differently doped ceramics at two magnifications. The secondary phase is clearly visible in both Pd-doped and undoped
samples and notably absent in the Ag-doped samples. Pd precipitates are also visible in the Pd-doped sample.
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Fig.8. TG-DSC of a 30% powder mixture with a heating rate of
10 K/min.

nity seen in undoped and less distinctive but clearly present in
the Pd-doped samples.

IV. Discussion

All methods described have yielded consistent results. Appar-
ently, Bi,PdO, is unable to form out of the bismuth-containing
perovskite. This can be attributed mostly to the greater thermal
stability compared with Bi,O3 or similar oxides and titanates. In
addition, BNT-BT-KNN was shown to exhibit an amorphous
secondary phase when sintered at 1100°C. It can be assumed
that most of the potassium contained in the ceramic can be
found in this phase. Its composition of K, Na, Ti as well as the
fact that it needs to have a liquid state between 750° and 1100°C
to explain its amorphousness lead us to designate it as K4Na,
(TiO5); first decribed by Belayev and Golovanova.* because no
other compound in the ICSD database as well as the literature
exhibits these characteristics. Multiple studies have found sim-
ilar polytitanates in systems comparable to this, but they are
thought to be distinct because of their clear long-range order-
ing®!' or the lack of potassium in the system.*

The formation of the secondary phase implies a change in the
chemical composition of the matrix phase. The proposed reac-
tion of decomposition as well as the proposed final composition
are shown below (reaction (4)) using the Kroeger—Vink notation
assuming a 2-4-O°~ perovskite as the base. This does not ac-
count for the volatile constituents Bi and Na; the whole usual
range of Schottky, Frenkel, and anti-Frenkel equilibria still ap-
plies. The calculation was carried out assuming that all the po-
tassium left the perovskite, considering charge and mass balance
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Fig.9. Line scan of K content in the undoped ceramic showing the
inhomogenity caused by the secondary phase.
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Fig.10. Line scan of the Pd-doped ceramic clearly visible is the large
inhomogenity of both K (secondary phase) and Pd (precipitates).

and rescaling to the more complete B site, which provides an
insight into how the additional defects would look like in the
bulk ceramic

(Bi .46N@y 0.47Ba 0.06Ka 0.01) (NDR .02 T .95) O3
— 0.9925(Bi} g 46348 Na'a 0.46551 BaA 0.06045 Vi 0.006295 Vi /Na0.001265)
(Nb.02015Tig . 97085) O3 + 0.0025K 4 Nay (TiO;)5

Q)

Because the secondary phase failed to show in any sample
containing silver (powder mixtures, Ag doping) in addition to
the uniformity of the signal of Ag" in LA-ICPMS, we assume
solubility as well as incorporation into the perovskite lattice in
this fashion (reaction (5)):

(Bi}y 0.46Nag 47Bay Ky 01 )Nbp 0 Ti95)O03 +0.01 Ag
— (Bi} 9.46Nag 47BaaAg)y o1 )Nby > Tig95) 03 +0.01 K 1

©)

with potassium leaving the perovskite and evaporating in the
following manner:

K20(s) — 2K (g) + Os(g)(> 490°C) (©)

Silver solubility has been demonstrated in similar sys-
tems,>>3* and so it is safe to assume silver to be able to consti-
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Fig.11. Line scan of the Ag-doped ceramics; showing uniform Ag and
K concentrations throughout the scanned area.
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Fig.12. Comparison of the K signal in three differently doped
ceramics.

tute up to 10% of the A sites in such a perovskite lattice if the
defects or composition allow for this.

V. Conclusion

This study has shown the reactions of BNT-BT-KNN and sil-
ver palladium electrode material. Bi,PdO, was not detected
within any compositions owing to the greater thermal stability
of the perovskite than comparable bismuth oxides or titanates.
Because of the similarities between the material studied and
other bismuth perovskite-based actuator materials, this should
be relevant to all materials based on BNT. An amorphous sec-
ondary phase (K4Na,(TiOs;)3) was detected and identified within
BNT-BT-KNN. Earlier studies on BNT-BT-KNN concen-
trated on XRD to assume a monophasic constitution of the
material and so it is reasonable to assume this phase is not det-
rimental to piezoelectric performance. Furthermore, the potas-
sium seems to be unnecessary to disturb the long-range
ferroelectric ordering, this role falling to the niobium. In addi-
tion, we recommend that K, sNay sNbO; (KNN) contained in
this ceramic be replaced by NaNbO; (NN) in further studies to
prevent the formation of the secondary phase.

It was shown that silver was soluble in the ceramic to at least
1% and was incorporated into the perovskite structure, replac-
ing the potassium lost. Higher solubility is likely and is subject to
further investigation. Pd has proven insoluble within the limits
of detection. Any sample in contact with silver failed to register
the secondary phase proposed to be K4Nay(TiO;); and regis-
tered low concentrations of potassium, giving credence to the
potassium evaporating. The nonformation of Bi,PdO, indicates
the chemical compatibility of bismuth-containing perovskites
with Ag/Pd electrode material and provides a further stepping
stone on the quest for lead-free electronics.
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