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Abstract In this study, recent results from our electron,
X-ray, and neutron-diffraction experiments with emphasis
on the binary Bi;;Na;,TiO3-BaTiO; (BNT-BT) and ter-
nary Bi1/2Na1/2Ti03—BaTiO3—K0'5NaO.5NbO3 (BNT—BT—
KNN) system are presented and contrasted with literature.
The experimental results clearly revealed a phase coexis-
tence on the nanoscale level. A systematic study of
superlattice reflections in conjunction with microstructural
characteristics showed that the BNT-based systems have
specific properties in common, which, however, strongly
depend on composition. In situ transmission electron
microscopy (TEM) electric field experiments unequivo-
cally demonstrated the evolution of lamellar domains.
Combining in situ TEM results with published in situ
neutron-diffraction experiments, we proposed an electric
field-induced phase transition that results in the giant uni-
polar and bipolar strain observed in specific compositions
of the ternary system.
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Introduction

For the last few decades, lead-containing ceramics such as
Pb(Zr, _,Ti,)O5; (PZT)-based systems have been the mate-
rial of choice for actuator, sensor, and transducer applica-
tions due to their superior dielectric, piezoelectric, and
mechanical properties. Environmental regulations [1, 2] are
the major driving force in the search for lead-free piez-
oceramics, which are considered a potential substitute for
PZT. An overview of recent developments on lead-free
systems considering the mechanical properties is given by
several authors [3-12]. Key parameters of applicable
materials are piezoelectric coefficients, relative permittiv-
ity, electric field-induced strain, and the electromechanical
coupling factor.

Although numerous investigations have been presented
for lead-free ferroelectrics and piezoceramics, an overview,
which focuses on the structural aspect of these materials, is
still rare. Hence, this overview summarizes and discusses
recent results of our transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), and neutron-dif-
fraction investigations, focused on Bi;,,Na;,,TiO3 (BNT) as
well as the binary Bi;,Na;,TiO3—BaTiO; (BNT-BT) and
ternary Bi1/2Na1/2Ti03—BaTiO3—KOA5NaOA5NbO3 (BNT—BT—
KNN) system.

Experimental

For this study, ceramics of the binary (Bi;,Na;,»TiO3)0.04
—(BaTiO3)y 06 and ternary system (Bij;,Na;,TiO3);_,—,
—(BaTiO3),—(Kg sNajy sNbO3), were chosen. For simplicity-
tested compositions are abbreviated with the relative
content of the constituents, e.g., (Bi; ,Na; » Ti03)g 90—(BaTiO3)p 07
—(Ko.5sNag sNbOs3)g 03 is abbreviated as 90-07-03. Samples
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90-07-03, 91-03-06, 92-06-02, and 94-05-01 were analyzed
by electron diffraction. Samples 90-07-03, 91-06-03,
91-07-02, 92-06-02, 92-07-01, 93-05-02, 93-06-01, and
94-05-01 were analyzed by X-ray and neutron diffraction.
Furthermore, an in situ TEM experiment applying an
external electric field was performed on sample 91-06-03.

Samples were synthesized using the conventional solid-
state sintering method from Bi,Os, Na,CO3, BaCO;, TiO,,
K,CO3, Na,COj3, and Nb,Os powders. Further information
on specimen synthesis is given in Zhang et al. [13].

For TEM investigations, samples were prepared by a
standard ceramographic technique such as polishing, disc
cutting, and subsequent ion milling. Detailed information
on TEM specimen preparation can be obtained from
Schmitt et al. [14, 15]. The experiments were performed
with a CM20 (FEI, Eindhoven, the Netherlands), operated
at 200 keV.

In situ electric field experiments were conducted at the
Department of Materials Science and Engineering, Iowa
State University, Ames with a CM30 (FEI, Eindhoven, the
Netherlands). Technical specifications of the experimental
setup are reported by Kling et al. [16].

High-resolution X-ray diffraction was carried out at the
powder diffraction beamline MS at the Swiss Light Source
(SLS, Villigen, Switzerland) with an incident wavelength
of A ~ 04433 A (~28 keV) [17]. Data were recorded
utilizing a position-sensitive microstrip detector [18]. The
wavelength and the instrumental profile were determined
with an Al,Oj; standard (SRM NIST 676a). Neutron pow-
der diffraction measurements were carried out on the
SPODI powder diffractometer at the research reactor FRM-
II (Garching b. Munich, Germany) [19] with an incident
wavelength of 1.548 A. Data were collected by a bank of
80 position-sensitive 3He-detectors covering a 160° scat-
tering range. The wavelength and the instrumental profile
were determined with a silicon (SRM NIST 640c) and a
corundum standard, respectively.

Full-profile Rietveld refinement was performed using
the software package FULLPROF [20]. The peak profile
shape was described by a pseudo-Voigt function [21]. The
diffraction pattern background was fitted using the linear
interpolation between selected data points in non-overlap-
ping regions. Scale factor, lattice parameters, atomic
positions, isotropic displacement factors, and zero angular
shift were varied during the refinement.

Single compound Bi,,,Na;,;TiO5 as a base composition

The base composition Bi;,,Na;,TiO; (BNT) is considered
to be an excellent lead-free piezoceramic due to its high
remanent polarization of 38 uC/cm2 [9].

Previous neutron powder diffraction studies on BNT at
698 K, performed by Jones and Thomas [22, 23] reveal a

tetragonal P4bm structure, which is composed of in-phase
tilts of oxygen octahedra combined with unusual anti-par-
allel displacements of cations along the polar c axis [22].
Furthermore, Rietveld neutron powder analyses in the
temperature range of 5-873 K revealed two temperature-
dependent phase transitions. Between 5 and 593 K the
phase is rhombohedral (R3c). At 593 K, the tetragonal
P4bm phase was observed [23]. Above 813 K, the cation
displacements disappeared, showing the ideal cubic para-
electric structure. A broad region of coexistence of the
rhombohedral and tetragonal phase was found between 528
and 673 K [23].

Contrary to Jones and Thomas [23], Dorcet and Trol-
liard [24, 25] observed a phase coexistence even at room
temperature with TEM. They observed '2{ooo} and
Y2{ooe} superlattice reflections, where o and e denote odd
and even Miller indices, respectively. They proposed a
coexistence of two types of octahedral tilt systems, namely
a—a"a” and a%’c™ (Glazer notation) [26]. They suggested
that the microstructure consists of tetragonal platelets,
exhibiting three different orientation variants within a
rhombohedral matrix. In the [100]. zone, “2{oee} super-
lattice reflections were detected during hot-stage experi-
ments by Dorcet et al. [25, 27]. They suggested the
occurrence of an intermediate orthorhombic Pnma phase
between 473 and 593 K, periodically separating layers of
R3c structure. At about 593 K, a second order transition to
a tetragonal phase occurs [27]. At 893 K, “2{ooo0} and
Y2{ooe} superlattice reflections were still visible. They
suggested that a small amount of tetragonal and rhombo-
hedral domains is still present, embedded in the cubic
phase.

A recent high-resolution X-ray diffraction study of a
Bi;;;Na;,,TiO5 single crystal, undertaken by Gorfman and
Thomas [28], revealed that the average structure has lower
than rhombohedral symmetry. Thereby in each case, single
phase (tetragonal, orthorhombic, and rhombohedral) as
well as multi phase (rhombohedral + tetragonal and
rhombohedral + orthorhombic), least-square fits of the
splitting in 20 were performed. Best fits were achieved for
either monoclinic solutions or a combination of rhombo-
hedral + tetragonal or rhombohedral + orthorhombic lat-
tice symmetry. Moreover, they observed weak {2 /2 2},
reflections in the hhl sections of the reciprocal space, which
are forbidden in space group R3c. This evidence confirmed
the presence of a C-centered monoclinic cell. An additional
180° w-rocking curve of the %> Y2 Y2 reflection, collected
during rotation around the [111] reciprocal lattice direc-
tion, revealed that the additional reflection, considered as
evidence for the existence of a Cc phase, was due to double
diffraction. Hence, the presence of this reflection cannot
exclusively be used as proof for the presence of monoclinic
symmetry.
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Diffuse X-ray scattering experiments revealed dis-
placements of the Na® and Bi’" ions away from the
rhombohedral <111> direction toward tetragonal <100>,
resulting in a local monoclinic symmetry [29]. From this
study, Kreisel et al. [29] suggested the existence of narrow
plate-like-shaped monoclinic regions. Their studies were
supported by Cordero et al. [30], who, based on anomalies
observed during anelastic and dielectric measurements,
proposed a locally monoclinic symmetry in BNT-BT
ceramics.

However, despite the large remanent polarization, the
usability of BNT in piezoelectric devices is limited by the
large coercive fields of about E. = 7.3 kV/mm and high
electrical conductivity at room temperature [8, 9, 31-34].
To improve piezoelectric properties of BNT, doped binary
and ternary BNT-based systems were studied by several
research groups [9, 32-38]. Among the numerous systems,
BNT-BT and BNT-BT-KNN systems are considered as
appropriate candidates due to their superior piezoelectric
properties [7, 13, 38—40], which is based on the existence
of a so-called morphotropic phase boundary (MPB).
Structural aspects of both systems will be discussed in the
following two sections.

Binary system (1 — x)Bi;,;Na;,,TiO3—xBaTiO;

Since there is always the question of cation ordering in
these kind of materials, an approach to combine high-res-
olution transmission electron microscopy (HRTEM),
HRTEM image simulation and density functional theory
(DFT) were chosen to verify this in 94-06-00 [41].
Supercells with different cation ordering on the A-site were
built up and relaxed by DFT calculations. HRTEM image
simulations were performed from these structures and
compared to experimental HRTEM images. As a result, the
most probable structure did not exhibit preferred A-site
cations on specific sites. Therefore, no cation ordering is
assumed. Areas of different contrast in the HRTEM image
could be attributed to slightly misoriented crystal regions
with respect to the overall orientation.

This finding supports the model of randomly oriented
nanometer-sized regions observed by Ma and Tan [42].
They suggested a possible existence of randomly oriented
antiferroelectric nanodomains, which are mirrored as a
frequency dispersion in their dielectric measurements. This
is in agreement with observations by Ge et al. [33] on a
92-08-00 single crystal. A distinct correlation between
domain structure and dielectric constant was observed by
Ma and Tan [42]. Combining the results of the macroscopic
and microscopic measurements, a phase diagram of the
binary BNT-BT system between x = 0.04 and 0.12 was
constructed. Highest piezoelectric properties were mea-
sured at the MPB separating a ferroelectric R3c and a
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“relaxor antiferroelectric” P4bm phase at x = 0.06, while
the compositions with 0.07 < x < 0.10 showed only the
existence of a P4bm phase and the absence of depolariza-
tion temperature. They proposed the concept of a “relaxor
antiferroelectric” material. For x > 0.11, a phase transition
to P4 mm was reported, supported by the absence of
superlattice reflections. A high volume fraction of large
lamellar ferroelectric domains observed by TEM coupled
with a minimum frequency dispersion of the dielectric
behavior was also reported for this material.

Regarding the MPB composition, comparable results
were previously reported by Takenaka et al. [32]. Based on
the X-ray diffraction, a rhombohedral-tetragonal morpho-
tropic phase boundary (MPB) near x = 0.06-0.07 was
proposed. A composition dependent transformation from
the rhombohedral phase for x < 0.06 to the tetragonal phase
for x > 0.07 with a coexistence region at x = 0.06-0.07
occurs. Polarization hysteresis loops for 95-05-00 revealed
a large remanent polarization of about 20 pC/cm? at room
temperature. Increasing the temperature to 433 K, a pin-
ched loop without remanent polarization was observed
leading to the conclusion that a temperature-dependent
transition to an antiferroelectric phase proceeded. With
X-ray diffraction, Ranjan and Dviwedi [43] confirmed a
rhombohedral to pseudocubic phase transition with
increasing x. The structure was described as pseudocubic
for x > 0.06.

Zhang et al. [39] studied the temperature-dependent
electrical properties of 94-06-00 ceramics. Polarization and
strain measurements showed that a dominant ferroelectric
order persists up to about 373 K, featured by a typically
ferroelectric polarization—electric field P(E) loop with
Prax = 40 pC/cm? and a butterfly bipolar strain—electric
field curve S(E), showing a negative strain of about 0.1%.
When the temperature was increased to 373 K, the
P(E) loop was pinched and the S(E) curve showed the
maximum total strain of about 0.4%, while the negative
strain vanished. They ascribed this behavior to a ferro-
electric to antiferroelectric phase transition in reference to
Takenaka et al. [32]. Though the proposed antiferroelectric
order is still a controversial [44] we keep this terminology
as long as it is specifically mentioned in the references.

In spite of the controversies over the structure of 94-06-
00, it is clear that from the microscopic point of view, both
types of superlattice reflections were observed in 94-06-00
ceramics by TEM, as depicted in Fig. 1. This sample was
also used for the HRTEM analysis reported by Kling et al.
[41]. A bright field (BF) micrograph is shown in Fig. la.
A grainy contrast is visible, which is representative for the
entire sample. The corresponding diffraction pattern along
the [110]. zone is depicted in Fig. 1b. Superlattice reflec-
tions of type '2{ooo} are visible, marked with an arrow. In
Fig. lc, a diffraction pattern along [100]. is shown, taken
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Fig. 1 a Bright field (BF) micrograph of sample 94-06-00 showing a
fine grainy morphology, which is representative for the whole sample.
This sample was also used for the HRTEM study published in Kling
et al. [41]. b corresponding [110]. zone axis diffraction pattern. The
Y2{ooo0} superlattice reflections are weakly excited. ¢ diffraction
pattern taken from a neighbor grain along [100]. Y2{ooe} superlattice
reflections are visible

from an adjacent grain. Superlattice reflections of type
h =1 are excited due to double diffraction.

In general, possible mechanisms for the formation of
superlattice reflections are (I) chemical ordering of either
A- or B-site cations, (II) antiparallel displacements of ions,
or (II) tilting of oxygen octahedra [45, 46].

Soukhojak et al. [46] investigated the temperature-
dependent structure of tetragonal 92-08-00, rhombohedral
97-03-00, and pure BNT ceramic with SAED and bright
field TEM. Domain morphology present at room temper-
ature gradually disappeared on heating to about 473 K and
re-established reversibly upon cooling. SAED revealed that
all three compositions exhibited Y2{ooe} superlattice
reflections at room temperature, even though the intensity
of superstructure reflections increased with increasing
BaTiOj; content. They suggested octahedral tilting as the
most probable origin of the superlattice reflections.
Chemical ordering of cations was rejected by them due to
the experimental observation that the superlattice was
completely restored during rapid cooling from 973 K.
Similarly, they discarded the mechanism of anti-parallel
displacements of ions. According to Park et al. [47] this
should lead to dielectric anomalies at temperatures above
613 K, which was not observed.

Regarding device operation, depolarization temperature
is one of the most important parameters for engineering
lead-free piezoceramics, since a remarkable enhancement
of piezoelectric properties is simultaneously accompanied
by a strong reduction in depolarization temperature [9]. For
ternary systems, which will be presented in the next section,
Zhang et al. [38, 40] showed that the depolarization tem-
perature strongly depends on composition. For composi-
tions exhibiting ferroelectric character, the depolarization

temperature is in general higher than for materials with
mixed ferroelectric, antiferroelectric, or non-polar phases.

Ternary system (1 — x — y)Bi;,,Na;,,TiO3—xBaTiO3—y
Ko.sNag sNbO3

Because of their outstanding properties, e.g., giant recov-
erable strain (0.45%), lead-free systems containing (Bi;,
2Na1/2)TiO3 (BNT), BaT103 (BT), and K0.5N30A5Nb03
(KNN) are promising alternative candidates for actuator
applications [13, 38, 40].

Preliminary investigations on (Bij;,Na;,TiO3);_,\—
(BaTi03),—~(Ky sNag sNbO3), by Zhang et al. [13, 38, 40]
focused on an array of nine compositions, with x =
0.05-0.07 and y = 0.01-0.03. Interestingly, the examined
compositions exhibited significantly different piezoelectric
properties. Based on strain measurements, Zhang et al. [40]
categorized the analyzed piezoceramics into two groups.
Group I compositions exhibit a dominant ferroelectric
order, whereas group II compositions show a mixed weak
ferroelectric and antiferroelectric order. The maximum
strain reached up to 0.45% for sample 92-06-02. This giant
strain was at first attributed to a field-induced antiferro-
electric-ferroelectric phase transition [13, 40], but has been
more recently ascribed to a field-induced non-polar-to-
ferroelectric phase transition by Jo et al. [48]. Our TEM
studies focused on specimen 90-07-03, which exhibits non-
polar behavior, samples 91-06-03 and 92-06-02, which both
have mixed non-polar and ferroelectric properties, and
composition 94-05-01, which possesses ferroelectric order.

In a detailed TEM study, the coexistence of the rhom-
bohedral R3c and the tetragonal P4bm phase within indi-
vidual grains in the 91-06-03 system was observed [14].
Similar observations were reported by Ma and Tan for
specimen 94-06-00 [42]. A distinct correlation between
superstructure reflections of the SAED pattern and the
excited area in the dark field (DF) image was confirmed.
The coexistence of both phases on the nanoscale was
verified. The tetragonal phase showed lamellar-nanosized
platelets, whereas the rhombohedral phase showed clear
domains of {100} and {110} edge-on oriented planes.

A comparative study, comprising X-ray, neutron, and
electron diffraction was conducted on specimen 92-06-02
and 94-05-01 [15]. TEM and powder diffraction experi-
ments revealed the presence of a rhombohedral R3¢ and a
tetragonal P4bm phase. Superlattice reflections were
employed to identify the rhombohedral and tetragonal
phase.

Rietveld refinement on 92-06-02 revealed a low spon-
taneous polarization of P, = 3.4 uC/cm® and a small
octahedral tilting angle. The analyses of lattice parameters
and atomic positions from powder diffraction data revealed
the weak-polar nature of P4bm. The antiparallel atomic
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displacements result in an almost extinction of the dipole
moment. Together with the pseudocubic lattice symmetry,
this phase can be characterized as being non-polar.

With high-resolution neutron diffraction [15], Y2{ooe}
superlattice reflections (with & # k) were observed for all
investigated compositions attributed to the existence of in-
phase tilting of oxygen octahedra. According to Glazer
notation [26] this tilt can be specified as a%% ™" tilting. All
three tetragonal orientation variants, displayed as '2{ooe}
superlattice reflections in the <111>. zone, were observed
[14, 15], leading to the conclusion that tetragonal plate-like
regions coexist on a nanoscale. Dorcet and Trolliard [24]
also observed this phenomenon in pure Bij,Na;,TiOs.
Compared to the pseudocubic reflections of the neutron and
X-ray data, the tetragonal superlattice reflections were
broadened significantly due to a short-range order of the
octahedral tilting. This is consistent with the streaking of
Y2{ooe} superlattice reflections observed by electron dif-
fraction [14].

In Fig. 2, bright field (BF) micrographs of sample
(a) 90-07-03, (b) 92-06-02, and (c) 94-05-01 are shown.
Sample 90-07-03 (Fig. 2a), belonging to group II ferro-
electrics [40], reveals a grainy morphology with a high
amount of non-polar tetragonal phase.

In Fig. 2a and b, a grainy morphology is visible. Within
the grains exclusion-like areas of several 100 nm (marked
with arrows) with lamellar domain contrast were frequently
observed. The inset shows the corresponding selected area
electron diffraction pattern (SAED) along the [111], zone.
Strongly excited '2{ooe} superlattice reflections are visi-
ble, showing streaking along the [112] direction. This is
due to a short-range order of tilted oxygen octahedra. Also
for the P4bm phase, h = k reflections are visible due to
double diffraction. The grain morphology of specimen
94-05-01 is depicted in Fig. 2c. The major fraction of the
sample consists of domain-like regions, which can be
related to a higher rhombohedral phase fraction [15]. The
inset shows the SAED pattern, which reveals weakly
excited Y2{ooe} superlattice reflections. In Fig. 2d—f, the
corresponding SAED patterns along [112]. are depicted. In
this zone axis, both types of superstructure reflections are
visible. For a better comparability SAED images were not
rotated with respect to the BF image.

In specimen 94-05-01 (Fig. 2f), the “2{ooo} super-
structure reflections are strongly excited, whereas the
Y2{ooe} ones are scarcely visible. X-ray and neutron-dif-
fraction analyses of specimen 94-05-01 revealed generally
the existence of a rhombohedral phase [15], which in
comparison to 92-06-02, is significantly distorted. Higher
indexed reflections clearly showed a two-phase coexis-
tence. The observed '2{ooo} superlattice reflections orig-
inate from anti-phase tilting of oxygen octahedra, which
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Fig. 2 Bright field (BF) micrographs of sample a 90-07-03 and b 92-
06-02 showing a grainy morphology. Within the grains exclusion-like
areas (marked with arrows) with lamellar domain contrast are visible,
which were frequently observed. The insets show the corresponding
selected area electron diffraction patterns (SAED) along [111]. zone.
Strongly excited 2 {000} superlattice reflections are visible. ¢ BF
picture of specimen 94-05-01. The major fraction shows domain-like
regions. The inset shows the SAED pattern, which reveals weakly
excited 2 {ooe} superlattice reflections. SAED patterns along [112]
zone axis for d composition 90-07-03, e 92-06-02, and f 94-05-01.
Superlattice reflections %2 {ooo} and Y2 {ooe} are marked with white
arrows. d and e samples 90-07-03 and 92-06-02 show strong 2 {ooe}
and weak ‘2 {ooo} superstructure reflections. Contrary to that
f sample 94-05-01 exhibits strong > {ooo} and very weak 2{ooe}
superstructure reflections

can be described by the Glazer [26] notation as a”a"a~ for
R3c phase.

With neutron powder diffraction '2{ooe} superlattice
reflections with h # k were found in all investigated
compositions, whereas '2{ooo} superlattice reflections
with i # k, k # I, h # | were only found on the rhom-
bohedral side [15]. Figure 3 depicts the '2{310} and
12{311} reflections for y = 2 (Fig. 3a) and x = 6 (Fig. 3b).
The only significant intensity of the /2{311} reflection was
observed in 93-05-02 and 94-05-01 [15]. High-resolution
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Fig. 3 Comparison of the (a) 4x10° (b) 4x10°
{310} and "2{311} reflections | ’ —— 93-05.02 ] ‘ l 93-06-01
for a constant KNN content and @ 3 92-06-02 Y 92-06-02
b constant BT content by g 3104 91-07-02 = %10 J 91-06-03
neutron-diffraction data - 3 z .

B ol j YRR & 20 { | -)"«% A

2 Rt S 2 Y A s Y

‘@ MAM}, i WY wrl e Ak ,rf\ "R r‘f,_'_ff#

3 w0 sl i 5 wme] AN T

& =

1,{310) ',(311), 1,{310) ',(311),
0 T T T 1} T T T T
a2 34 36 4:3 42 32 34 38 38 40 42
20 (°) 20(")

Fig. 4 X-ray diffraction pattern 320 - — 7
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X-ray diffraction is not sensitive enough to the oxygen
matrix to give sufficient intensity for those superlattice
reflections. Nevertheless, the high angular resolution and
good signal to noise ratio revealed small volume fractions
of distorted phases in the pseudocubic matrix (Fig. 4). The
reflections of the distorted phases are significantly broad-
ened. Due to their low intensity, a microstructural analysis
is not feasible and thus the influence of strain and size
effects cannot be quantified. However, since TEM shows
rhombohedral and tetragonal superlattice reflections,
whereas neutron diffraction does not, it is likely that the
distorted phases exist on a local scale. These small dis-
torted areas additionally cause microstrains in the sur-
rounding pseudocubic matrix. Therefore, a significant
broadening of the observed reflection results. A careful
refinement with a three-phase model of a cubic, a tetrag-
onal, and a rhombohedral phase is expected to give insight

K] 130 132 ]
'™ | | PP . N ]
| | i L CUTUOE TR LT T
RIBIRIBNRImUIRI DIREI D R L]
ol i L M T

30 35 40 45 50

26 (°)

in the complex phase composition of the investigated
samples. There is, however, no straightforward correlation
between phase composition and resulting piezoelectric
properties.

Figure 5 depicts the range of the investigated compo-
sitions in the ternary phase diagram. The corresponding
volume fractions of the three different phases are sym-
bolized by a pie chart for each investigated composition.
The most pronounced structural changes occurred in the
composition (x) range when KNN content was 1 mol.%. As
already implied by the superlattice reflections, volume
fractions of distorted tetragonal phase can be found in all
compositions. With increasing x, the volume fraction of
distorted rhombohedral phase decreases to a value close to
the resolution limit for x > 6. The two compositions with
the highest field-induced strain, 91-06-03 and 92-06-02,
have the lowest volume fraction of distorted tetragonal
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L o A
Ko.sNagsNbOs(y) Q? c:? c;;

4 Phase at RT:
Pm3m

Pabm

superlattice reflections at RT:
# la{ooe}

BijpNa,,Ti0; — 7 "~ BaTiOs5(x)

Fig. 5 Investigated compositions of the ternary phase diagram.
Volume fractions are presented as pie charts for each investigated
composition. All analyzed samples exhibited a distorted tetragonal
phase, even though with different amount. Lowest volume fractions of
distorted tetragonal phase and no evidence for a distorted rhombo-
hedral phase were observed for 91-06-03 and 92-06-02. Highest
amount of rhombohedral phase was determined for sample 94-05-01

phase and no evidence for a distorted rhombohedral phase.
This confirms the theory that the giant strain is a result of a
reversible field-induced phase transition from a pseudocu-
bic non-polar phase to a ferroelectrically active rhombo-
hedral phase [48, 49], which is most pronounced for
compositions at the boundary between group I and group II
ferroelectrics.

The R3c phase in general exhibits a ferroelectric char-
acter. The highest amount of R3c phase was observed for
sample 94-05-01, a representative sample of group I
compositions [40], exhibiting dominant ferroelectric char-
acter. The results indicate a composition dependent phase
transition from a predominantly non-polar phase in 90-07-
03 to a ferroelectrically active phase in 94-05-01.

Apart from temperature and composition driven phase
transitions [32, 46], the application of an external electric
field can result in a similar response [16, 36].

Figure 6a shows an overview of the sample before
applying any field. Only a weak contrast within and
between the grains is visible. Formation of domains under
an applied electric field was monitored within an in situ
electric field TEM experiment on composition 91-06-03
depicted in Fig. 6b. A voltage of 500 V was applied
leading to a nominal electric field strength of £2.5 kV/mm.
Depending on electrode geometry and sample morphology,
the actual field in the electron transparent regions can reach
values of about £5 kV/mm [16, 50]. Under applied electric
field, the evolution of lamellar domains was observed
within several grains. The visibility of domains was
dependent on the crystallographic orientation. Figure 6¢
shows the grain morphology after the application of an
external electric field. A grainy contrast is visible, com-
parable with the contrast before electric field application.
Concerning the evolution of superstructure reflections, no
pronounced changes were observed. Both superstructure

@ Springer

500 nm

500 nm

Fig. 6 Sample 91-06-03 was chosen for in situ TEM electric field
experiment. a BF micrograph showing one grain prior to electric field
application. A grainy contrast is visible. b BF micrograph showing
one grain under an applied electric field at nominal —2.5 kV/mm.
Actual field at the area under examination can reach values of about
+5 kV/mm [16, 50]. Formation of lamellar domains is visible. The
inset shows the SAED pattern. The grain was oriented along [233].
direction, where both superstructure reflections are visible (marked
with arrows). ¢ removing the electric field the visible domain
configuration vanishes, leading to the grainy contrast comparable to
the contrast prior to application of an electric field. Both superstruc-
ture reflections are visible in the SAED pattern shown in the inset
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reflections are present before and remain under as well as
after electric field application. Quite similar results were
observed for composition 92-06-02. A detailed study con-
cerning the reaction of the sample to an applied electric
field is given by Kling et al. [16] for the 91-06-03 system.
Comparing this structural transition with polarization and
strain hysteresis measurements [16], we could monitor a
clear indication for a phase transition from non-polar-to-
ferroelectric phase and vice versa.

Consistent with the current observations, neutron-dif-
fraction experiments on 92-06-02 conducted by Hinterstein
et al. [49] under an applied electric field showed the
appearance of 2{ooo} superlattice reflections. We suggest
that the initial minor rhombohedral phase, represented as
exclusion-like areas within the grains [14], thereby acts as
a nucleation site during electric field-induced phase trans-
formation. This response indicates a strong analogy to the
polar nanoregions in relaxor ferroelectrics. The initial
structure exhibits a pseudocubic matrix with short-range
ordering of the octahedral tilting and lattice displacements
on the local scale. This non-polar matrix represents the
precursor for the ferroelectrically active rhombohedral
phase. Therefore, the pinched shape in the P(E) curves with
traces of remanent polarization during bipolar cycling, as
reported by Jo et al. [48], are very likely to originate from
such relaxor-like behavior.

Conclusion

— Depending on temperature and processing route dif-
ferent phases were observed by various researchers,
indicating that the phases formed are strongly depen-
dent on processing parameters. Therefore, results from
different investigators need to be compared with great
caution. Nevertheless, the BNT-based materials seem
to have several aspects in common, like the phases
present and comparable microstructure.

— In the search for new lead-free piezoceramics, key
parameters such as Curie temperature, depolarization
temperature, remanent polarization, coercive field,
dielectric constant, and electromechanical coupling
factor have to be taken into account. Thereby, structural
aspects like a possible composition, temperature, or
electric field triggered phase transformations have to be
considered as well.

— Combined macroscopic (strain, polarization, and dielec-
tric constant) and microscopic studies (electron-, X-ray-
, and neutron diffraction) lead to the conclusion that the
observed microstructure is closely related to the present
phases and phase fractions of the analyzed material.

— Evolution of microstructure and structure on an atomic
scale is conditioned by several parameters. Therefore,

this interplay of several parameters makes a prediction
about the response of the system challenging.

— Subtle changes in A-site and B-site occupancy by means
of one of the four different A-site cations and two for the
B-site influence the phase fractions remarkably.

— Our combined HRTEM and DFT study on 94-06-00
[41] revealed a homogeneous A-site occupation, exhib-
iting no specific chemical ordering. Different contrast
in HRTEM images could be attributed to a slight tilting
of the structure, restricted to nanometer-sized regions.

— Phase coexistence was evidenced by means of TEM,
XRD, and neutron diffraction. Thereby a rhombohedral
R3c phase with domain-like morphology is embedded
in a “weakly-polar” tetragonal P4bm matrix phase
[14].

— An electric field-induced phase transformation in the ternary
system (Bi;oNa;,TiO3); _,_,~(BaTiO3),~(K¢ sNag sNbO3),
from tetragonal P4bm to rhombohedral R3c phase was
verified by means of in situ electron microscopy [16]
and neutron-diffraction experiments [49].
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