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Abstract

In situ applied-electric-field high-resolution X-ray diffraction has been used to study the field-induced response
of Mn-doped (K 4gNag 45Lig 04)NbO3 (KNN-L) ceramics produced usmg the conventional mixed-oxide processing
route. Ferroelectric domains are observed with transmission electron microscopy with indications of nano-segrega-
tion of Mn. Rietveld refinement (FULLPROF Suite) is used to refine the diffraction patterns, and a phase change
from orthorhombic symmetry with space group Amm?2 to tetragonal symmetry with space group P4mm is observed
when the applied field exceeds 1.4 kV/mm. Phase coexistence between the two phases is also observed at applied fields
between 1.2 kV/mm and 1.3 kV/mm with possible implications of being the coercive field E value of the sample. A
better understanding of the structural behaviour of this type of lead-free ceramics will lead to improvements in their

piezoelectric and electromechanical properties.
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I. Introduction

The need to replace the currently used but environ-
mentally unfriendly lead-based piezoelectric ceramics
has led to robust research on lead-free ceramic alterna-
tives in the last couple of years. Of these classes of ferro-
electric ceramics, (Big sNag 5)TiO3 (BNT)-based 1 -4 and
(K4{Na;_)NbO; (KNN) >~ are among the most inves-
tigated.

Some of these lead-free piezoelectric ceramic compo-
sitions are now being tested for potential applications
as ultrasonic transducers and the results show that very
good electroacoustic performances comparable to those
from commercial Pb(Zr, T _ )O3 ceramics have been ob-
tained 19-12, Poling at high temperatures as well as the
formation of diffused phase transition is believed to result
in an improved piezoelectric performance for CaZrO;-
modified KNN-based ceramics 13,14,

The origin of the enhanced piezoelectric properties in
these lead-free ceramics is not completely clear, since in
some structural studies only small distortions are ob-
served. This makes it necessary to investigate further with
the help of 772 situ powder diffraction with an applied elec-
tric field 3> 15. High-resolution diffraction techniques help
to determine the crystallographic strain which can be used
to compare with the results from the macroscopic strain.
Due to the fact that phase transitions affect the dimensions
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and symmetry of the unit cell, it should be observed from
X-ray diffraction measurements and this technique has
been used to study both lead-based and lead-free piezo-
electric materials 3 16,

An ab initio based approach for PZT compositions near
the morphotrophic phase boundary (MPB) showed that
applying electric field to the samples induced polarization
paths. When the field was applied in 111 orientation, a tran-
sition from tetragonal to A-type monoclinic and finally
to a rhombohedral structure is observed 7. For a <001>
oriented Pb(Mg;/3Nb,/3)O3-PbTiO5 single crystal, the
phase transition from monoclinic to tetragonal phase de-
pends on temperature. The polarisation and longitudi-
nal strain in the sample decreases in the range 23°C -
75°C 18,19 Phase transition from a pseudo-monoclin-
ic structure to a tetragonal structure occurs with i situ
X-ray diffraction for 0.92Pb(Zn;,3Nb,,3)O3 — 0.08Pb-
TiOj single crystal poled in the <001> direction. High
crystallographic strains observed during the measure-
ment using bulk techniques were ascribed to microscopic
changes in the crystal lattice. We recently revealed the role
of grain orientation on the electric-field-induced response
in PZT-based actuator materials 20, lead-free BNT-BT
compositions 2! and incipient ferroelectrics 22 with pow-
der diffraction.

A study of the effects of temperature and applied electric field
on the structural modification of 0.95[0.94B1g sNag 5 T1O 35—



46 Journal of Ceramic Science and Technology — H.E. Mgbemere et al.

OO6B3TIO3] - 0.0SKO‘sNao‘sNbO3 ceramics from 25 °C
to 500 °C showed that in the unpoled sample, the rhom-
bohedral phase content increases with increasing tem-
perature 23. An alternating-current-type electric field
leads to reversible structural modifications that are
necessary for the development of materials with im-
proved energy storage properties. The electric-field-
induced strain in 0.92Bi;/;Naj,)TiO; — 0.06BaTiO; —
0.02K/,Na;/,NbOj3 using i situ synchrotron X-ray and
neutron diffraction indicated that the tetragonal phase un-
dergoes a reversible phase transition to a distorted rhom-
bohedral phase. The large strain obtained is due to the re-
versible field-induced phase transformation from a nearly
non-polar tetragonal phase to a ferroelectric active rhom-
bohedral phase 3. Insingle crystals of Mn-doped BNT-BT,
there is a phase transition from rhombohedral to tetrag-
onal symmetry when the electric field is applied in the
[001] direction 24. An electric field was used to transform
the 0.94BNT-0.06BT ceramics from the near-cubic phase
in the unpoled state to a predominantly rhombohedral
structure with high lattice distortion and preferred orien-
tation along the c-axis 25. Temperature-dependent phase
transition studies of KNN-L ceramics from 0 to 10 mol%
Li revealed a series of phase changes from orthorhombic
to tetragonal, while a secondary phase was observed with
>7 mol% Li26. Inhomogeneities in the distribution of the
alkali elements is also reported to occur for Li-modified
KNN ceramics 27.

In situ high-resolution X-ray diffraction with electric
field application has been used to investigate the structural
properties of our sample. The objective of this article is to
study the structural evolution of the sample under the in-
fluence of an applied electric field.

II. Materials and Methods

The starting powders for the synthesis are K,COj3,
Na,CO3, Li,CO3 (99+%), Nb,Os, (99.9 %) (Chempur
Feinchemikalien und Forschungs GmbH, Karlsruhe,
Germany) and MnO, (99.5 %) (Merck Chemicals GmbH,
Darmstadt, Germany). The powders were first dried in an
oven to ensure that no moisture was present. Stoichio-
metric amounts of the raw powders were weighed in with
a 2% extra for the alkali-based carbonates. 2mol% of
Mn was introduced to the powders as MnO,. The pow-
ders were attrition-milled using ethanol as solvent, 3-mm
zirconia balls as grinding media and a speed of 500 rpm
for 2 h. The particle size analysis was carried out before,
during and after milling to ensure that the average parti-
cle sizes of the powders were below 1 pm. The solvent
(ethanol) was removed from the powder using a rotary
evaporator while calcination was carried out for 4h in a
tube furnace operating at 850 °C with a heating rate of
3 °C/min. A second milling step was carried out to en-
sure powder homogeneity with sub-micron average par-
ticle size distribution. The powders were pressed in two
steps: first with a uniaxial press operating at 75 MPa for
30 sec and subsequently with a cold isostatic press oper-
ating at 300 MPa for 2 min. The pellets were sintered at
1050 °C for 1h in air atmosphere using a chamber fur-
nace. The density of the samples was measured using the
Archimedes method. Samples for hysteresis and diffrac-
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tion were ground and polished in preparation for the mea-
surements. The polarization hysteresis measurement was
performed at room temperature using a standard Sawyer-
Tower circuit with a complete dipolar measurement tak-
ing 200 sec while the unipolar strain hysteresis was done
using a displacement transducer device inside a measure-
ment kit containing silicon oil. Macroscopic strain values
were calculated from the slope of the unipolar strain hys-
teresis curve. Samples for microstructure analysis were
thermally etched at 900 °C for 30 min. Silver paints which
enable electrical contact during the SEM measurement
were applied on the top and side of the sample. Imaging
was performed using the scanning electron microscope
(FE-SEM Zeiss Supra 55 VP) while data acquisition was
in the secondary electron mode. Details of the sample
preparation steps for transmission electron microscope
(TEM) image can be found elsewhere 28. The grain size
measurements were determined using the mean intercept
length method from a minimum of six different areas of
the micrograph. The high-resolution % situ electric-field-
induced X-ray diffraction measurements were carried out
at the Deutsches Elektronensynchrotron (DESY) radia-
tion facility in Hamburg at beamline P02.1 of PETRA III
at a photon energy of 60 keV (» = 0.2073 A). All the da-
ta were collected with a Perkin Elmer 2D detector and
radially integrated in 5° steps 2% 30. All the collected da-
ta were refined with the Rietveld method using FullProf
suite 31. Refinement of the background under the peaks
was performed using linear interpolation between points
from regions where no reflections had any contribution
to the intensity. The model based on Thompson-Cox-
Hastings pseudo-Voigt profile function 32:33 is used. Both
the atomic positions and isotropic atomic displacement
parameters B;,, were refined. Orthorhombic and tetrag-
onal refinement models were used to extract information
from the diffraction patterns. When a two-phase coexis-
tence between the orthorhombic phase with space group
Amm?2 and the tetragonal phase with space group P4mm
was observed, a two-phase refinement model was used
for the refinement. The amount of the constituent phases
was calculated using the scale factors, which involves the
product of mass and volume of the unit cell contents from
each phase. The weight fraction of the phase was calculat-
ed using the equation below

S (ZM V),
PESS @MV 1, (1)
)

where W), is the relative weight fraction of phase p in a
mixture containing j phases while S, Z, M and V are the
Rietveld scale factors from the refinement, number of for-
mula units per cell, mass of formula unit and unit cell vol-
ume respectively. The phase-weighted lattice distortion in
the sample is calculated as the summation of the product
of the percentage of the phase present and the distortion
of the phase. The crystallographic strain in the sample is
calculated as the quotient of the change in lattice param-
eter after poling and the lattice parameter in the unpoled
phase.
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III. Results

The scanning electron microscope image of the sample
obtained using the secondary electron data acquisition
mode is shown in Fig. 1a. Most of the grains in the mi-
crograph are within the same size range and so a unimodal
grain size distribution is used to analyse the grains. Large,
isolated pores can also be observed at the grain boundaries
and some of these pores may be due to grain pull-out dur-
ing the grinding and polishing process. Different features
(smooth and rough grains) inside the grains may be due
to the different crystallographic planes inside the sample.
The planes with higher energy try to revert to planes with
lower energy and this may result in a stepped/rough sur-
face. It could also be due to the ferroelectric domains in the
sample. The calculated average grain size for the sample is
8.2 £ 3.2 um while the value of the bulk density is 4.19 +
0.05 g/cm3

The bright field TEM image of the sample is shown in
Fig. 1b. Ferroelectric domains which are predominantly
of 90° orientation are observed in the image. Most of the
surface is dark in appearance with an isolated spot with
bright appearance. The energy dispersive spectroscopy
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(EDX) spectrum carried out on the dark part of the TEM
image is shown in Fig. 1c. The energy dispersive spec-
trum shows that there is very little or no manganese.
Another EDX spectrum on the bright spot of the image
is shown in Fig. 1d and shows a phase with Mn-rich ex-
clusion (~150 nm). This indicates that manganese in KNN
ceramics has a tendency to segregate. Microsegregation of
manganese in piezoelectric ceramics has been reported in
the literature 34,35,

The plot of polarization hysteresis as a function of the
electric field applied on the sample is shown in Fig. 2. Dur-
ing the measurement, there were indications that the sam-
ple was conductive and this could be observed by the shape
of the graph. The value of the coercive field E . for the sam-
ple ranges from 0.9 kV/mm to 1.1 kV/mm while the rem-
nant polarisation P, is ~17 pC/cm2. The non-uniform na-
ture of the hysteresis curve could be accounted for by an
internal bias field in the sample that increases the mobility
of the charge carriers which are believed to accumulate at
the grain boundaries. Inhomogeneities in the distribution
of the alkali elements, which has been reported for KNN-
Li ceramics, is also believed to affect the polarisation re-
sponse in the sample 27.
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Fig. 1: (a) Scanning electron mlcroscope (SEM) image of 0.98(Kq 4sNag 4gLip, 04)NbO3 -0.02MnO, ceramics, (b) Bright field Transmission
Electron Microscope (TEM) image of 0.98(K 4gNag 43Lig 04)NbOj3 -0.02MnO), ceramics, (c) Energy dispersive spectroscopy of the a section
deficient in Mn and (d) Energy dispersive spectroscopy of a Mn-rich inclusion.
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Fig.2: A graph showing the variation of polarization against elec-
tric field for 0.98(K 4gNag 45119 04)NbO; -0.02MnO, ceramics at
room temperature.
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Fig. 3: In situ applied electric field high resolution X-ray diffraction
patterns for (a) 0.98(K 44Nag 45Lig 04)NbO3 -0.02MnO) ceramics
where the angle of the viewing direction (w) is 0° and (b) where
the angle of the viewing direction is 50°. The inset on the right
represents the pseudo-cubic 002 and 200 reflections showing the
transition in phase present with increasing applied field.

The in situ high-resolution X-ray diffraction profiles for
the sample with applied electric field are shown in Fig. 3.
Two viewing directions are used to acquire the diffrac-
tion data and the effect of the angle of the viewing direc-
tion (w) on the diffraction data are as shown in Figs. 3a
and 3D respectively. With an applied field between 0 and
1.1 kV/mm, the diffraction patterns did not change con-
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siderably and so the measurementat 0.0 kV/mm s used to
represent them. The insets on the right are enlargements of
the pseudo-cubic 002 and 200 reflections which show how
the patterns change with increasing electric field. Poling
and re-poling of piezoelectric materials used in electrome-
chanical devices occur during the lifetime of these materi-
als, and to have a glimpse into their behaviour under field,
two poling cycles for the same sample was carried out. In
the first poling cycle, a narrow range of phase coexistence
is observed between fields of 1.3 and 1.4 kV/mm. There
are occasions of dielectric breakdown during the measure-
ment due to sample conductivity and possibly phase tran-
sition to the remanent phase. The large pores in the sample
are believed to contribute to the lowering of the electrical
resistance in the sample. The phase transition in the sam-
ple is from orthorhombic Amm?2 to tetragonal P4mm in-
dependent of the angle of viewing.

The in situ high-resolution X-ray diffraction data for the
second poling cycle is shown in Fig. 4. With a 2 kV/mm
electric field as in the first poling cycle, the diffraction
pattern transforms to the tetragonal phase and when the
field is removed, the diffraction pattern switches almost
immediately to its initial state before application of the
field. An abrupt phase transition from the orthorhombic
Amm?2 phase to the tetragonal P4mm phase is observed
with an applied field of 1.3 kV/mm.
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Fig. 4: Second poling cycle for i situ applied electric field high reso-
lution X-ray diffraction patterns for 0.98(Kq 45Nag 4gLig 04)NbO3
-0.02MnO, ceramics where the angle of the viewing direction (w) is
0%deg;. The inset on the right represents the pseudo-cubic 002 and
200 showing the transition in phase present with increasing applied

field.

The graph of the phase fraction of the phases as a func-
tion of the applied field is shown in Fig. 5. With an applied
electric field between 0 and 1.2 kV/mm, the orthorhom-
bic phase with space group Amm2 is present while be-
tween 1.3 and 1.4 kV/mm, a two-phase coexistence be-
tween the orthorhombic (0.85) and tetragonal (0.15) phase
is observed. When the applied field is > 1.4 kV/mm, the
phase present is tetragonal with space group P4mm.

The plots of the phase-weighted lattice distortion () and
unit cell volume as a function of the applied field is shown
in Fig. 6. The lattice distortion with applied field is low
in the orthorhombic phase (0.008) and spikes at the phase
transition region and remains high in the tetragonal phase
(0.013-0.016). The unit cell volume also follows the same
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trend by being low (~ 63.3 A3) in the orthorhombic phase
and spiking at the phase coexistence region before gradual-
ly returning to (~63.33 A3) when the field is2kV/mm. The
strong increase in both the lattice distortion and the unit
cell volume at an applied field of 1.2 kV/mm could possi-
bly correspond to the coercive field of the sample. Strong
relaxation processes are also observed after the phase tran-
sition.
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Fig. 5: A plot of the weight fraction of the phases as a function of the
applied electric field for 0.98(Kq 4sNag 4gLig 04)NbO3 -0.02MnO,

ceramics.
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Fig. 6: A plot of the phase weighed lattice distortion 7 and the unit
cell volume of 0.98(Kq 4¢Nag 4gLig 04)NbO3 -0.02MnO, ceramics
as a function of the applied electric field.

The plots of the crystallographic strain and macroscopic
strain obtained from unipolar strain hysteresis as a func-
tion of the applied electric field are shown in Figs. 7a and
7b respectively. The crystallographic strain in the sample
in Fig. 7a is calculated from the lattice distortion 7 and the
unit cell volume. In the crystallographic strain, the piezo-
electric coefficient (d”33)values are approximately 0 pm/V
up to afield of 1.2 kV/mm and sharply rise to ~ 175 pm/V
corresponding to the two-phase coexistence between 1.3
and 1.4 kV/mm. A small relaxation and later a gradual in-
crease with field up to 200 pm/V at2 kV/mm are observed.
From the unipolar strain hysteresis measurement, with an
applied field between 0 and 0.7 kV/mm, no strain values
are obtained. This corresponds to the time and electric
field required for the rearrangement of the crystallites to

the direction of the applied field. As the applied field in-
creases, there is an almost linear increase in strain with a
peak strain value of ~ 150 pm/V at 2 kV/mm. The differ-
encein the two strain values is not very significant for sam-
ples with the same composition.
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Fig.7: Graph of (a) crystallographic strain and (b) macroscopic
strain for 0.98(K 4gNag 45Lig04)NbO; -0.02MnO), ceramics as a
function of the applied electric field.

(1) Discussion

The presence of large pores in the microstructure of
piezoelectric ceramics affects their electromechanical
properties through lowering of the density, dielectric
properties, piezoelectric charge coefficients, etc. In the
polarisation hysteresis measurement (Fig. 2) the shape of
the hysteresis loop shows a deviation such that it could
not close. A charge build-up occurs at the sample surface
which results in a non-uniform field but is reduced near
the sample centre when the field is applied. This deviation
or non-linear behaviour of the piezoelectric effect in the
sample depends on the direction of the electric field 3.

Based only on the phase transformations resulting from
the applied electric field, the coercive field of this sample
could be estimated to be between 1.3 and 1.4 kV/mm. This
value is lower than the coercive field for unpoled BNT
ceramics which is ~2.2 kV/mm 23.

The in situ electric-field-induced X-ray diffraction pro-
files indicate that there is a phase transition from an or-
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thorhombic to a tetragonal phase. The jump in the lat-
tice distortion and unit cell volume at the phase coexis-
tence region could be due to polarisation rotation which
increases the strain and polarisation leading to a discon-
tinuous jump in both properties 37. The jump in the crys-
tallographic strain gives an indication that the polarisa-
tion rotation is not continuous i.e. it is a first order transi-
tion. The polarisation in the lattice can rotate continuous-
ly from [101]¢ of the orthorhombic phase to the tetrag-
onal [001]¢ direction. In BaTiO3, when a field-induced
phase transition is observed, the polarisation rotates from
the initial tetragonal [100] ¢ to orthorhombic [110] ¢ direc-
tion 38. This phase change from orthorhombic to tetrago-
nal indicates that there is 90° domain switching from 200
to 002 orientation 3¢ while residual stresses are also impor-
tant in the switching and phase change of non-180° do-
mains.

When the electric field is removed, the intensity of the
peak decreases and only the remanent strain remains in
the sample. It is possible that a path switch takes place
when there is a large piezoelectric response 17. The degree
of phase transition can be determined by the intensity of
the poling field and the history of poling in the sample 39.
In theunpoled sample, as the field is applied, a pronounced
effect on the diffraction profile is observed while the ef-
fect of a second application to the same sample was less
pronounced. The microscopic strain closely matches the
macroscopic strain measurement as seen in Fig. 7.

IV. Conclusions

In situ X-ray diffraction with applied electric
field has been used to induce a phase transition in
O.98(K0.48N30.48Lio'o4)NbO3 - OOZMI’IOZ piezoelectric
ceramics. The changes in the X-ray diffraction profiles
indicate that domains in the samples can be switched
when an electric field is applied. Residual stresses are
very important in inducing domain switching and phase
change. A reversible field-induced phase transition from
orthorhombic Amm2 to tetragonal P4mm has been ob-
served with this transition being independent of the view-
ing direction. There were occasions of breakdown of field
due to conductivity and phase transition to the remanent
phase. The strain mechanism in the sample appears to
be mainly dependent on the unit cell volume. A better
understanding of the structural evolution of the phases as
the electric field is being applied has been elucidated. The
result of this study can be used to estimate the behaviour
of other KNN-based ceramics when they are subjected to
applied electric fields. This result is important for future
research in the sense that it will give other people insight
into improving the electromechanical properties of lead-
free piezoelectric ceramics.
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