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A piezoelectric composite containing the ferroelectric polar (Bi(NaosKo2)osTiOs: f-BNKT) and the non-polar
www.rsc.org/ (0.94Bi(Nag 75K025)0.5TiO3-0.06BiAlO3: BNKT-BA) phases exhibits synergetic properties which combine the beneficial aspects
of each phase, i.e., the high saturated polarization (P) of the polar phase and the low coercive field (E.) of the non-polar
phase. To understand the origin of such a fruitful outcome from this type of polar/non-polar heterophase structure,
comprehensive studies are conducted, including transmission electron microscopy (TEM) and finite element method (FEM)
analyses. The TEM results show that the polar/non-polar composite has a core/shell structure in which a polar phase
(core) is surrounded by a non-polar phase (shell). In-situ electrical biasing TEM experiments visualize the ferroelectric
domains in the polar core are aligned even under an electric field of ~1 kV/mm, which is much lower than its intrinsic
coercive field (~3 kV/mm). From the FEM analyses, we can find that the enhanced polarization of the polar phase is
promoted by an additional internal field at the phase boundary which originates from the preferential polarization of the
relaxor-like non-polar phase. From the present study, we conclude the coherent interface between polar and non-polar
phases is a key factor for understanding the enhanced piezoelectric properties of the composite.

activated and exhibit hysteretic behavior.”?' To address these
Introduction limitations, a great deal of research has been conducted to
improve their piezoelectric properties by employing polar (hard
or ferroelectric) / non-polar (soft or paraelectric) heterophase
composite structures.’>?*  With this approach, superior

Piezoelectric materials have been applied in various areas in the
electronic industry, including actuators, sensors, generators and
transducers.!™ The Pb-based piezoceramics known as PZTs are

considered to be the most suitable materials for real-life piezoelectric properties such as large electrostrain levels can be

realized by coupling the polar and non-polar phases. For
example, modified-alkaline niobate (KNN) is a polar/non-polar
polycrystalline ceramic composite which shows considerable
electrostrain behavior via its unique core (polar)-shell (non-
polar) structure.”> The BNT-based relaxor/ferroelectric
composite system (BNT-BT-KNN + BNT-BT) also shows
certain advantages via a reduction of the critical electric field to
trigger considerable strain by control of the ferroelectric seed
composition and the maximum driving field.** In other Bi-
based piezoelectric oxides, polar (f-BNT or {-BNKT) and non-
polar (BNKT-BA) composites exhibit significant electrostrain
due to the proper remnant polarization (P,) and coercive field
(E.).?* Furthermore, thin-film systems including the PTO/STO
superlattice structure were established to enhance the functional
properties of the film wusing the polar/non-polar hetero-

applications of piezoelectric devices. Nevertheless, Pb-based
materials have a fatal weakness in that Pb causes environmental
issues. Therefore, Pb-free piezoceramics such as Bi-based
composites have attracted much interest as promising
candidates for replacing Pb-based materials. Bi-based solid-
solution systems such as BijsNaysTiO; (BNT)-BaTiO; (BT),
Biy s(Na;K,)osTiO; (BNKT), BNKT-BT, BNKT-BA(BiAlOj3),
BNKT-(KjsNags)NbO; (KNN) and BNT-BT-KNN are well-
known Pb-free piezoelectric materials which have a large
electrostrain response as well as a large quality factor compared
to the other lead-free piezoelectric oxides. However, these
ceramics are not suitable for real-life applications, especially as
actuators, because they require a large electric field to be

. 2528
®Materials Modeling & Characterization Department, Korea Institute of Materials structuring concept.
Science, Changwon 642-831, South Korea, E-mail: sdkim@kims.re.kr, However, most works on polar/non-polar phase composites
, youngchoi@kims.re.kr o ) o lack explanations of the electrical activation mechanism of each
"School of Materials Science and Engineering, Pusan National University, Pusan . i
609-735, South Korea component phase. In order to confirm the polarization
“ Battery Research Center, Korea Electrotechnology Research Institute, Changwon behaviors in local dimensions, we performed conventional
641-120, South Korea . . .
* Functional Ceramics Group, Korea Institute of Materials Science, Changwon 642- TEM studies such as dark-field (DF) imaging and selected area
831, South Korea diffraction pattern (SADP) analysis. Also, an electric biasing

tElectronic Supplementary Information (ESI) available. See
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performed to reveal the veiled mechanism of polarization
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behavior in a polar and non-polar composite exhibiting feasible
polarization under a low field.

Experimental section

Sample preparation

Polar f-BNKT (Bigs5(NaggKy2)esTiO3) single particles were
synthesized by the molten salt method. Bi,O3 (Cerac Co., 99.9
%) and TiO, (Cerac Co, 99.9 %) powders were reacted in NaCl
and KCI (Cerac Co., 99.9 %) flux at 1100 °C for 30 min to
obtain plate-like BiyTi;0;, precursor particles. The f-BNKT
particles were formed by reacting the plate-like Bi;Tiz0,,
Bi,0;, K,CO3, TiO,, and Na,CO; powders in KCIl and NaCl
flux at 1100 °C for 30 min. After the reactions, the f-BNKT
particles were washed in deionized water to remove the residual
alkali metal elements and chlorides. Non-polar-phase BNKT-
BA (0.94Bi, s(Nag75K25)9sTi03-0.06BiA103) particles were
prepared by the conventional solid-state reaction including the
mixing of Bi,0;, Na,CO;, K,CO3, TiO,, and ALO;3 (99.9 %
purity) powders followed by a ball-milling process for 24 hrs in
ethanol with zirconia balls. After drying, the mixed powder was
calcined at 800 °C. The prepared polar phase and non-polar
phase particles were then mixed at a volume ratio of 80 % to 20
% (80 %BNKT-BA+20 %BNKT). The mixed powder was then
pressed into a disk (diameter of 12 mm and thickness of 2 mm)
and sintered at 1150 °C for 12 hrs. To prevent the evaporation
of volatile elements such as Bi, Na, and K during the sintering
process, the disk was encapsulated by the precursor powders.
Measurement

The polarization versus electric field (P-E) hysteresis loops
were measured using a Precision Premier II (Radiant
Technologies, Inc.) device with a frequency of 100 mHz. Field-
induced strains were also measured using a contact-type
displacement sensor (Millitron 1240) at 50 mHz. TEM samples
were prepared by the typical TEM sampling method, including
mechanical polishing, dimpling and Ar" ion-milling. Before the
ion-milling process, the samples were annealed at 250 °C for 30
min to reduce the residual stress which had accumulated during
the polishing and dimpling process.

Electrical biasing experiments were conducted with an in-situ
electrical biasing TEM holder (JEOL Ltd.). For a proper
electrical connection between the sample and the holder, a
patterned Al film was deposited on the sample surface and
connected to the bias TEM holder through Ag wires (Fig. S1).
A sourcemeter (2612B, Keithley) was used as a voltage source
of the electrical biasing, and the biasing voltage was controlled
by a PC with custom-made software (coded by LabVIEW). The
electric field induced on the TEM sample was estimated
considering the applied voltage and the patterned gap (100 pm)
between the Al electrodes. A TEM (JEOL JEM-2100, JEOL
Ltd.) was used for the in-situ experiments and for the
microstructural analysis. Real-time video was captured during
the in-situ experiment by a CCD camera (Orius 833, Gatan
Inc.).

The two-dimensional electric potential distributions in the
BNKT-BA mixed composite, under an applied external electric
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field, were simulated by a finite-element method (FEM,
COMSOL Multiphysics). Electrostatics equations (AC/DC
module) were used to calculate the electric charge density
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Fig. 1 Polarization-electric field curves of BNKT, BNKT-BA, BNKT-
BA + f-BNKT samples, as plotted by the black dots, red circles, and
blue circles, respectively

concerning the relative permittivity (&) of the component
phases only (p,=V-g&E) or ¢ with remnant electric
displacement of the BNKT-BA shell phase (0,=V" &&E+D,).

Results and discussion

Fig. 1 shows the polarization hysteresis loops (polarization (P)
versus the electric field (E) curve, P-E curve) of the Bi-based
ceramic composites, i.e., BNKT, BNKT-BA and BNKT-BA +
f-BNKT. The P-E curve of the BNKT sample (denoted by the
black filled circles) exhibits a typical ferroelectric (polar)
hysteresis feature, i.e., large values of the electric coercive field
(E.) and remnant polarization (P,). On the other hand, the P-E
curve of the BNKT-BA composite (denoted by the red empty
circles) has lower values of E,, P, and the saturated polarization
(Py), indicative of the piezoelectric relaxor-like (non-polar)
nature of the BNKT-BA composite.” On the other hand, the
BNKT-BA + f-BNKT composite shows a large P, value and a
small E, value, coupled polarization behavior between the non-
polar phase and the polar phase, as indicated by the empty blue
circles in Fig. 1. Furthermore, this coupled polarization feature,
shown in Fig. S2, is known to give rise to the considerable
amount of electrostrain behavior found in composite
ferroelectric ceramics.> '2!%:2%

At first glance, the polarization behavior of the BNKT-BA + f-
BNKT composite can be understood by considering the
coercive field value of the f-BNKT polar phase (3 kV/mm) and
the BNKT-BA non-polar phase (0.8 kV/mm). The slope of the
P-E curve at the initial electric poling process is likely to be
dependent on the non-polar phase because the polar phase
cannot be activated in such a low field. However, it is apparent
that the slope of the P-E curve in the low-field region was
increased slightly by the addition of f-BNKT, implying that the
polar f-BNKT already has some effect on the initial
polarization behavior of the BNKT-BA + f-BNKT composite.
In other words, the increased slope at ~1 kV/mm in the P-E
curve of the polar and non-polar composite may be related to
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activation of the f~-BNKT polar phases, but the single phase of
f-BNKT cannot be polarized at such a low electric field. To this
end, we investigated the enhanced polarization behavior,
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Fig. 2 TEM micrographs of a core-shell type grain in a BNKT-BA + f-
BNKT composite. (a) Bright-field (BF) image of the core-shell grain,
(b) and (c) SAED patterns of the shell (BNKT-BA) and core (f-BNKT)
regions with the [112] zone-axis, respectively. (d) and (e) Centered
dark-field (CDF) images of the core (f-BNKT) and shell (BNKT-BA)

regions with g = %(§H)and g= %(1§2), respectively. Most of
the grains in BNKT-BA + f-BNKT are composed of the f-BNKT core
and the BNKT-BA shell.

especially focusing on the activation of the polar phase in the
initial poling state, by means of a microstructural analysis.

From the TEM observations, the BNKT-BA + f{-BNKT
polycrystalline composite was found to exhibit two different
types of grains. The first is the single-phase grain shown in Fig.
S3, where the superlattice spots in the corresponding SADP are
indexed as 1/2 (eoo) (noted that ‘0’ and ‘e’ represent odd and
even Miller indices, respectively). Because this type of
superlattice spot can be generated from the in-phase (a’a’c’)
octahedral tilt symmetry in space group of P4bm,'> %37 these
grains are found to be composed of the non-polar BNKT-BA
phase. Most of the grains in the BNKT-BA + f-BNKT
polycrystalline composite have a core-shell structure, as clearly
displayed in Fig. 2a. The SADP taken from the shell region
(Fig. 2b) also contains the 1/2 (ooe) superlattice spots,
indicating that the shell region is composed of the non-polar
BNKT-BA phase (tetragonal P4bm). At the core region,
however, different superlattice spots are shown in the SADP
(Fig. 2c), specifically 1/2 (000) spots. As electron diffraction
spots which have a Miller index of 1/2 (000) can originate from
the anti-phase (aaa) tilt symmetry in a perovskite,'” ***7 the
core region is composed of the rhombohedral (R3c¢) polar
phase, i.e., the f-BNKT phase. It should be noted that the added
f-BNKT particles emerged into the core phases during the
sintering process. This can be attributed to the crystallographic

This journal is © The Royal Society of Chemistry 20xx

and compositional isotropy between the BNKT-BA and the f-
BNKT phases. Dark-field (DF) TEM images taken by selecting
the superlattice spots of the 1/2 (0ooo) from the core (Fig. 2d)
and the 1/2 (ooe) from the shell region (Fig. 2e) also clearly
confirm the location of the polar core (rhombohedral, {-BNKT)
and non-polar shell (tetragonal, BNKT-BA). The TEM results
also demonstrate that the BNKT-BA + f-BNKT polycrystalline
composite mostly consists of the core-shell structure and that
the polar phase (f-BNKT) remains in a grain as a core phase
with the non-polar matrix phase (BNKT-BA).

Next, we visualized the polarization behavior of the core-shell
type grains by the in-situ TEM technique. Electric biasing in-
sitt’ TEM microscopy, enabling the observation of
microstructural changes in real time along with external electric
stimuli, has been considered as a useful tool for understanding
the polarization mechanism of composite piezoceramics.’ >’
Bright-field TEM images of the mixed grain were taken under a
different applied electric field, maintaining the g(100) two-
beam condition to illustrate the ferroelectric domain structure
more clearly. In the absence of an external electric field (Fig.
3a), consistent with Fig. 2b-e, the grain has a non-polar shell
with a single domain and a polar core with multiple domains.
When the applied electric field was increased up to 2 kV/mm
(Fig. 3b-c), domain switching at the core region was observed;
domain boundaries in the core region, clearly seen at the zero
field, disappeared as the electric field was increased. After
removing the electric field (Fig. 3d), the domain structure
recovered to its initial state. In terms of phase stability, we
could not find any evidence of phase transitions because there
was no change in the SADPs (Fig. 3e-g) from the core region.
Interestingly, it is generally accepted that this reversible domain
switching behaviour of the f-BNKT phase cannot take place
within such a low-field region below the coercive field of f-
BNKT (3 kV/mm).

e o
Fig. 3 TEM micrographs of a core-shell type grain when an
external electric field of (a) 0 kV/mm (b) 1 kV/mm, and (c) 2 kV/mm
was applied. (d) TEM image after removing the external electric
field. SADPs taken in the core region with the zone-axis (e) at 0
kV/mm, (f) at 2 kV/mm and (g) after removing the external electric
field. The core region is highlighted by the red dotted circle.
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Fig.4 Two-dimensional electric potential distribution maps under
an external field of 1kV/mm, considering (a) & only (p,=V-&¢&E) and
(b) & with the generated electric charges in the shell phase
(0=V-g&E+D,). (c) Electric potential and (d) electric field profiles
along the centered vertical line in the 2-D model. (e) Calculated
maximum electric field values at the core phase as a function of the
externally applied electric field considering & only (blue bars) and &
with the activated electric charges in the shell phase (red bars).

To explain this unexpected phenomenon, we conducted simple
numerical calculations considering a unique intragranular
heterostructure containing a polar core and non-polar shell.
First, the relative permittivity (&) of each polar and non-polar
phase was considered. To evaluate the effects of & on the
electric potential distribution in the mixed composite when an
external electric field was applied, a simple two-dimensional
model system was built and analyzed by a modeling tool
(COMSOL Multiphysics). To mimic the mixed composite
structure, the model contained a circular core phase (diameter
of 1 um) within a square-shaped shell phase (3 pm x 3 pm).
Regarding our material system, it was reported in the literature
that the & value of the P4bhm non-polar phase (BNKT-BA) is
larger than that of the R3¢ polar phase (f-BNKT) within a low
electric field range (~3 kV/mm); the ¢, values of the BNKT-BA
and f-BNKT phase are 3346 and 710 at 1 kV/mm,
respectively.”? Fig. 4a shows the calculated electric potential
distribution of the model system when an external electric field
of 1 kV/mm was applied between the upper (+3 V) and lower
(grounded) end boundary. The line profile of the electric
potential along the y-direction (the blue line in Fig. 4c) reveals
that the electric potential contour was deflected at the phase
boundary, meaning that a more intense electric field was
induced on the core phase (the blue line in Fig. 4d). However,
the maximum value of the field induced in the core phase was
calculated to be 1.57 kV/mm, which is not sufficient to polarize
the core polar phase; the value is lower than that of the coercive
field (3 kV/mm) of the f-BNKT. As the effects of the &
difference between the core and shell phase cannot fully
explain the experimental observations, we therefore must seek
another possibility along with the electric permittivity to
explain the polarization behavior of the core f-BNKT phase
under a low field.

The BNKT-BA non-polar phase has a piezoelectric relaxor-like
property and a low coercive field value (0.8 kV/mm), meaning
that the BNKT-BA phase can be easily polarized even when a

4| J. Name., 2012, 00, 1-3

low electric field is applied. Then, electric charges, caused by
the remnant electric displacement (D,) of the polarized BNKT-
BA phase, are accumulated at the phase boundary between the
non-polar BNKT-BA and the polar f-BNKT. We calculated the
electric field distribution (Fig. 4b) of the model system with an
external field of 1 kV/mm considering the remnant electric
charges (D,: 0.161 C/m?) in the BNKT-BA shell phase. In this
case, the electric potential distribution contours were severely
deflected at the phase boundary, with the result that the
maximum (+4.21 V) and minimum (-1.21 V) electric potentials
were created at the boundary (the red line in Fig. 4c).
Therefore, the slope of the electric potential along the direction
of the external applied field, and the induced electric field at the
core, were also increased (the red line in Fig. 4d). The
maximum value of the induced electric field in the polar core
phase was calculated to be 5.49 kV/mm. As a result, the
provided electric field in the core region became large enough
to induce the domain switching (polarization) of the polar f-
BNKT core.

Furthermore, we calculated the maximum electric field values
induced at the core polar phase as a function of the external
electric field (Fig. 4e). For calculations (the blue bars in Fig.
4e) considering & only (p=V-g¢&kE), the maximum electric field
at the core phase did not exceed its E, value (3 kV/mm) until
the external field reached 2.5 kV/mm. However, considering
the remnant electric charges in the BNKT-BA shell phase
(p=V-&&E+D,), the calculated maximum electric field at the
core reached 5.49 kV/mm even at an external field of 1 kV/mm.
From these calculations, we could confirm that the remnant
electric displacement at the core-shell phase boundary,
provided by the polarization of the non-polar shell, plays a
critical role in the polarization of the hard ferroelectric phase,
even at such a low applied electric field.

Fig. 5 concisely illustrates the proposed polarization
mechanism of the polar—non-polar composite. Without the
external electric field (Fig. 5a), there remains hardly any
remnant polarization in the shell phase (non-polar), whereas the
core phase has remnant polarization (polar) in the form of
multiple ferroelectric domains. In the initial polling state (Fig.
5b), the ferroelectrically susceptible shell phase (soft
ferroelectric, non-polar phase) would be polarized by a low
external field, after which the additional electric charges
accumulate at the phase boundary, giving rise to an internal
electric field to the core phase. Then, this effective field
induced on the core phase, the sum of the external electric field
and the internal electric field, becomes enough high to
overcome the critical value (coercive field, E,) eligible for the
ferroelectric domain switching of the core phase (Fig. 5c). After
activating the core phase, the total polarization behavior of the
polar/non-polar composite follows that of the ferroelectrically
hard core phase (Fig. 5d). When the external electric field is
removed, remnant electric polarization of polar phase produces
another internal electric field with the opposite direction to the
external electric field, and acts as a restoring force to make
polar phase be initial state by accompanying reversed electric
polarization of non-polar phase.*® (Fig. S5)
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Finally, it is also important to note the importance of the core-

heterophase structure can be used to enhance the properties of

Fig. 5 Schematic illustrations of the poling processes of the single phases and core-shell phase composites when (a) E., (the externally
applied electric field) = OkV/mm (b) E(P) > Eqy > E.(N) (c) E((P) 2 Eoy; and (d) Eoy > E((P). E((P) and E.(N) represent the coercive field of the

polar core phase and the non-polar shell phase, respectively.

shell structure itself on the polarization of the hard ferroelectric
phase (f-BNKT) at such a low electric field. In the event that
the polar and non-polar phases have their own single grains and
thus the two phases are separated by grain boundaries, the
surface charges created by the polarization of the easy
polarizable phase (the non-polar phase) will leak through the
grain boundary, leaving no significant internal electric fields.
With the coherent nature of the interface between the core and
shell phase, furthermore, strain and other structural defects
(dislocations or point defects, etc.) near the interface can also
40-43 " Therefore,
according to our results, it is convincing that the ferroelectric
properties of composite ceramics also can be tuned by
controlling the intragranular core-shell structure and by
selecting the component phases.

influence the domain switching behaviour.

Conclusions

In summary, we investigated the electric polarization behaviors
of Bi-based piezoelectric composite ceramics (BNKT, BNKT-
BA and BNKT-BA + f-BNKT), specifically in a polar and non-
polar polycrystalline composite (BNKT-BA + f-BNKT). TEM
analyses combined with electric biasing TEM
experiments visualized the ferroelectric domain switching of
the polar phase (f-BNKT) under a low external field (1 kV/mm).
We propose that the activated electric displacement at the phase

in-situ

boundary, generated by the polarization of the non-polar (soft
ferroelectric) phase in the heterophase structure, is the main
origin of the unexpected polarization behavior of the polar
(hard ferroelectric) phase in the BNKT-BA + f{-BNKT

composite. It is also noteworthy that the intragranular

This journal is © The Royal Society of Chemistry 20xx

piezoelectric ceramics.
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