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Abstract
Microstructural design is a widespread approach to tailor the properties of functional materials, with

the size effect being an effective constraint  that modifies physical  phenomena.  In this  work,  we

investigate the grain size effect on the properties and the electric field-induced phase transformation

behaviour in barium titanate. A broad range of unimodal average grain size distribution between

0.4 µm and 15 µm were successfully sintered avoiding abnormal grain growth. Samples with a grain

size  close  to  the  range  of  1 to 2 µm,  balancing  microstructural  strain,  presence  and  mobility  of

domain  walls  to  allow  the  field  induced  crystal  phase  transformation,  showed  optimal

electromechanical and dielectric properties. By means of  in situ high energy X-ray diffraction and a

high-resolution multianalyser detector we distinguish and quantify a tetragonal-orthorhombic phase

transformation induced by  an  electric  field,  providing  unambiguous proof  of  this  induced  phase

transformation. These results contribute to the understanding of fundamental questions about the

piezoelectric effect in barium titanate and consequently other similar systems.

Introduction
Barium titanate (BaTiO3 or  BT)  is  widely  studied  as  the model  ferroelectric  material.  Showing  a
perovskite crystal structure and thus ferroelectric polarization, BT is an important functional ceramic
for a broad range of applications, such as multilayer ceramic capacitors (MLCCs)1,2.

Piezoceramics such as BT are able to convert mechanical energy into electrical energy and vice versa.
Ferroelectrics  are  a  special  class  of  piezoelectrics  which  are  characterized  by  spontaneous
polarization that can be reoriented by the application of an electric field. This results in an electric
field induced macroscopic strain  S33,  which can be used for applications. Ferroelectrics consist of
regions  with  uniform  electrical  polarization,  known  as  ferroelectric  domains.   The  phase
transformation from cubic to tetragonal results in a distortion of the unit cell with an expansion of
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the unit  cell  parameter  c.  This  is  accompanied by  a  polar  displacement  and the formation of  a
spontaneous polarisation.  Due to this  transformation,  the resulting polarisation and distortion is
compensated by the formation of ferroelectric domains. The interface between differently oriented
domains is known as domain wall. External stimuli such as electric fields, mechanical stress or heat
can cause the domains to reorient.  When this  domain switching occurs,  the domain wall  moves
through the crystal lattice and the domain wall motion can be facilitated or hindered by point defects
in  the  structure  and  internal  stresses.  During  the  transformation  from  the  paraelectric  to  the
ferroelectric phase upon cooling, the ferroelectric domains are formed in a polycrystal to relieve the
internal stresses in the structure. An applied electric field or mechanical stress induces a range of
mechanisms in ferroelectrics such as the intrinsic lattice strain, extrinsic domain switching and phase
transformation3–5. 

With the high demand for ever smaller electronic devices, it is desirable that polycrystalline BT be
processed into fine grained and dense microstructure. However, it is already well known that the
grain size  has a significant influence on the properties of  ferroelectrics.  Since the 1940s,  several
studies have been carried out on the subject6–10.

A high relative permittivity (ε') is one of the main properties of a dielectric material. However, this
property can suffer variations due to external stimuli, such as electric field, mechanical stress, and
temperature. Therefore, not only a high ε' value is desired, but also a good stability  in operando.
Understanding  the structural  mechanisms  that  occur  in  the material  under  certain  conditions  is
fundamental for device optimization, especially in BT, which is a model ferroelectric system.

At room temperature, a BT single crystal has an ε' of 170 in the [001] direction (unit cell c axis) and
4000 in the [010] and [100] directions (unit cell  a axis)11,12. ε' in coarse-grained polycrystalline BT is
about 1500.  However,  Kinoshita  and Yamaji7 reported that  the dielectric  constant in BT  with an
average grain size of 1.1 µm is about three times larger than in BT with a grain size of 53 µm. Fine-
grained BT easily exceeds an ε' of 5000. Therefore, such a high ε' in polycrystalline BT cannot be
explained mathematically13 by the average of  the values  obtained from a single crystal.  This  led
Buessen  et  al.6 to  the  development  of  the  internal  stress  model,  which  shows  the  relationship
between the 90° domains and permittivity. A few years later, Arlt et al.14 reported, that the width of
the ferroelectric domains is proportional to the square root of the average grain size in BT with
intermediate grain sizes.

However,  a  well-known  challenge  in  perovskite  processing  is  abnormal  grain  growth  during
sintering15–17. To solve this problem, some authors make slight modifications in the Ba/Ti ratio of the
perovskite  BT  structure,  using  dopants,  modified  atmosphere,  or  applying  elaborate  sintering
techniques.  Bäurer  et  al.15 demonstrated  in  their  study  that  BT  with  excess  barium  suppresses
abnormal grain growth. Karaki et al.18 demonstrated that it is possible to obtain fine grained, dense
BT using two-step sintering in a common sintering furnace. Several other authors obtained BT using
spark  plasma sintering  (SPS).19–21 Some authors  reported that  sintering  of  BT below the eutectic
temperature, approximately 1320 °C, favours the growth of the {111} faceted twin grains making
them giant in a finely grained matrix22,23.  This report makes a quenched sintering plausible, which
avoids this temperature range on heating and cooling of the sample. With controlled BT processing,
it  is  possible  to  produce  polycrystalline  ceramics  with  different  average  grain  sizes  and  avoid
abnormal grain growth.

In  many well-known ferroelectric  systems,  the highest  electromechanical  properties are  reached
close to phase boundaries. These phase boundaries are usually dependent on material composition,
temperature, and pressure. By means of external stimuli such as mechanical stresses or electric fields
it is possible to induce a phase transformation24–26. The application of an external electric field to a
ferroelectric material leads not only to domain switching but also to the distortion of the unit cell and
phase transformations. Electric field-induced phase transformations were observed in a broad range
of piezoceramics. These effects are frequently observed in materials with complex phase diagrams.
Many works can be found in literature on these phase transformations in ferroelectric systems that
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possess a morphotropic phase boundary, such as BNT-BT27–32 or PZT3,4,33–35, as well as in systems that
exhibit a polymorphic phase boundary, such as K0.5Na0.5NbO3

36–38 or (Ba,Ca)(Zr,Ti)O3
39,40. However, in

solid  solution  end  members  the  effect  is  less  thoroughly  investigated.  Recently  Zhang  et  al.41,42

reported  the  antiferroelectric  to  ferroelectric  phase  transformation  induced  by  electric  field  in
NaNbO3 single compound that not possess polymorphic or morphotropic phase boundary.

Although BT is the model system of ferroelectricity, the induced phase transformation phenomenon
has been relatively little addressed in the literature. A field induced phase transformation from the
paraelectric to the ferroelectric phase was observed close to the Curie temperature24.  Wada et al.43

identified an electric field induced phase transformation when studying domains in BT single crystals.
In their study, they proved the influence of the domains on the electromechanical properties and
documented  a  transformation  from  tetragonal  to  orthorhombic  at  around  1 kV/mm  and  from
orthorhombic  to  rhombohedral  at  around  3 kV/mm  with  an  electric  field  applied  in  the  [111]
direction. Franzbach et al. reported indications of a tetragonal to orthorhombic phase transformation
with the electric field applied in the [110] direction. For polycrystalline BT, Ghosh et al.10 reported a
fully  reversible  electric  field induced polymorphic  phase transformation in BT that  occurs  during
strong  electric  field  application,  however  the  symmetry  or  other  details  of  the  phase  was  not
identified  due  to  low  instrumental  resolution.  Kalyani  et  al.44 found  weak  indications  of  an
irreversible electric field induced phase transformation to orthorhombic symmetry. Even though the
previously  mentioned  studies  found  indications  of  electric  field  induced  phase  transformations,
unambiguous proofs and details of the strain mechanisms are still missing.

The tetragonal symmetry of BT where  aT = bT ≠ cT can be visualized in  Figure 1a). The tetragonal
phase is accompanied by the formation of ferroelectric domains. There are six possible directions for
the domain orientations with either 90° or 180° between the polarisation directions (Figure 1b)). In
its  orthorhombic  symmetry  (Figure  1c))  the  unit  cell  is  differently  set  up  and  distorted  with
aO ≠ bO ≠ cO.  Here  the  aO axis  corresponds  to  a  pseudocubic  aC axis.  Both  the  bO and  cO axes
correspond to <110>C directions. Similar to the tetragonal phase, the polarisation direction is the
[001]O direction. In Figure 1d) we can observe that in the orthorhombic symmetry twelve polarization
directions are possible, forming domain walls of 60°, 90°, 120° and 180°.
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Figure  1: Schematic representation of the perovskite BT unit cell.  (a) Tetragonal and (c)  orthorhombic symmetries. The

possible directions of spontaneous polarization are also represented for (b) tetragonal and (d) orthorhombic symmetry. 

Since the dielectric and electromechanical properties as well as the structural behaviour of BT are
highly dependent on grain size10,14,45–49,  we investigate in this  study the grain size dependence in
polycrystalline BT. In order to be able to determine a clear dependency, a narrow and uniform grain
size distribution is mandatory. Since details on the structural response to an electric field are still
missing, we investigate the field induced behaviour with high resolution synchrotron experiments.
These results will be of high importance for the development of high performance dielectrics based
on BT.

Experimental
Barium titanate samples were produced from ceramic powder (Alfa Aesar, 99%). In order to obtain

different grain sizes and to avoid abnormal grain growth15,16,22 the green bodies were sintered by

three  different  methodologies:  two-step  sintering,18,50,51 quenched  sintering,  and  spark  plasma

sintering (SPS). For two-step sintering and quenched sintering, cylindrical green body pellets were

pre-pressed uniaxially at 30 MPa and cold isostatically pressed at 400 MPa. For SPS the green bodies

were pre-pressed uniaxially in a cylindrical graphite matrix of 20 mm in diameter at 10 MPa. Details

of the sintering parameters can be seen in Table 1. Subsequently the SPS samples were annealed in

oxygen atmosphere at 1050°C for 32 hours in order to reoxidise and remove diffused carbon from

the  graphite  matrices.  After  sintering,  the  samples  were  subjected  to  density  analysis  by  the

Archimedes method submerged in distilled water with a precision balance (Sartorius). 

Table 1: Summary of sintered samples. The average grain size and the relative density are shown as well.

Sintering method Atmosphere Temperature (°C) Time (min) gmli (µm) Rel. Density (%)

Spark Plasma Sintering
Argon /
Vacuum

1150 3 0.44(1) 99(2)

1150 3 0.73(2) 95.9(1)

1200 3 2.1(1) 98(1)

1200 3 2.1(1) 97(2)

Quenched sintering O2

1325 5 0.84(3) 97(2)

1330 20 9.2(3) 98.4(1)

1355 20 15.1(4) 98.7(1)

Two-steps sintering Air 1370 / 1150 1 / 900 9.1(3) 97.5(1)

The sintered samples  were  cut  and embedded in  25 mm diameter  cylindrical  epoxy bodies  and

polished in diamond suspension down to 0.25 µm. Subsequently the samples were removed from

the epoxy body and thermally etched at 1100 °C (fine grained samples) or 1200 °C (coarse grained

samples)  for  30  minutes  in  air.  The  etched  samples  were  investigated  with  scanning  electron

microscopy (SEM, FEI NanoSEM) using a back-scattered electron detector. With the obtained images,

the  mean grain  size  was  measured  using  the  line  intercept  method,  described  in  the  technical

standard DIN EN ISO 13383-1 and determined from the cutting line length (gmli). To determine the

grain size distribution with high statistics, the grain structures in the SEM images were skeletonized

by hand and the resulting binary  images were further analysed using  functionality  of  MATLAB’s

Image Processing toolbox. The area of the individual grains was determined and used to calculate the

equivalent circle diameter. To ensure reliability, at least 600 acquisitions were made in at least three

different regions of the sample.
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The electromechanical properties have been measured with a TF Analyzer 2000 (aixACCT). For this

purpose, the samples were ground to a thickness close to 1 mm and on their parallel faces, gold

electrodes were sputtered.  The exact  area of  the electrodes was measured under a digital  light

microscope (Keyence). Immersed in silicone oil, the unpoled samples were subjected to a 2 kV/mm

bipolar electric field with a frequency of 1 Hz. Subsequently five cycles of the same electric field were

applied, and the data of the poled sample was collected. Subsequently the samples were subjected

to  small  signal  analysis  to  obtain  the  data  of  the  piezoelectric  coefficient  (d 33)  and  relative

permittivity (ε’).

X-ray diffraction experiments were conducted in a conventional laboratory diffratometer (L-XRD) in

reflection geometry, and at a high-energy synchrotron beamline (S-XRD) in transmission geometry.

The  main  difference  between  the  two  geometries  is  that  L-XRD  returns  information  about  the

crystallographic structure near the surface of the samples while S-XRD refers to the bulk information

as described by Kong et al.52. X-ray diffraction experiments with L-XRD were carried out on a Bruker

D8  Advance  diffractometer  using  Cu Kα radiation on  the  polished  and  thermally  etched  sample

surfaces. X-ray diffraction experiments with S-XRD were conducted at the P02.1 beamline at DESY in

Hamburg,  Germany.53 This  beamline  provides  high  energy  (60keV)  X-rays  with  a  wavelength  of

0.20718 Å. The experiment was conducted in transmission geometry in order to characterize the

structural  properties  of  the bulk.  A 16-inch XRD 1621N ES  Series  (PerkinElmer)  two-dimensional

detector with a resolution of 2048x2048 pixels and 200µm² pixel size was used at a distance of 2250

mm  from  the  sample  in  order  to  achieve  high  angular  resolution28,54.  More  details  on  the

experimental environment can be found in previous works.27,55 The 2D data was divided in 5° sections

and integrated in order to analyse the anisotropic effects of the applied electric field. More details

can be found in  the literature28.  High resolution measurements were performed with  the Multi-

Analyser Detector (MAD)56 at sample orientations of  ω = 0°, 15°, 30°, 45°, 60°, 75° and 90° in the

static maximum applied field (2 kV/mm), unpoled, and remanent state (0 kV/mm). 

The STRAP (Strain,  Texture,  and Rietveld  Analysis  for  Piezoceramics3)  analysis  was performed as

reported in the literature3,4. In an initial refinement of the unpoled state, the atomic positions, lattice

parameters as well  as microstrain and size parameters were refined. For the STRAP analysis,  the

lattice parameters, lattice strain and texture parameters were refined. In order to account for the

phase  transformation,  the  scale  parameters  of  the  individual  phases  were  refined  and  a  linear

interpolated background function accounted  for  the  background.  More  details  about  the  STRAP

analysis can be found elsewhere3,4. The 2D detector offers high statistics and texture information. The

MAD,  despite  the  low  statistics,  has  very  high  angular  resolution  that  allows  the  detection  of

reflections that are very close or that are overlapping in the 2D data.

Results
The samples obtained and analysed in this work are listed in  Table 1, as well as their respective
average grain size obtained by the line intercept method and their relative densities measured by the
Archimedes method. Figure 2a)-f) depicts the microstructure of the samples obtained by the different
sintering methods. The microstructures show a high density with low porosity and grain sizes with a
narrow and unimodal grain size distribution in the range from 0.4 to 15.1 µm (Figure 2g)). The data
obtained  by  the  line  intercept  method  were  weighted  by  length  and  used  to  plot  the  density
distribution curve in Figure 2g). No bimodal grain size distribution appeared, indicating that abnormal
grain growth has been successfully prevented with the preparation methods used in this work.

For  BT  at  room  temperature  several  authors10,14,45–49 have  already  reported  the  dependence  of
electromechanical  properties  on  grain  size.  The  maximum  of  the  relative  permittivity  values,
reported in the literature, varies with grain sizes from 0.6 µm49 to 2.0 µm10, with the vast majority
concentrating around 1 µm grain size. This discrepancy may be related to the methodology used in
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grain size determination, stoichiometry57 and processing. Buscaglia and Randall8 report that the high
relative permittivity values are due to the  mobility of the domain walls and the high  domain wall

densities in this grain size range. Both the decrease and the increase in the size of the grains cause an
attenuation in the electromechanical properties, but for different reasons. With the decrease in grain
size, the mobility of the domain walls decrease due to the clamping effect of the grain boundaries.
The increase in grain size reduces the domain wall  densities, where according to Arlt  et al.14,  the
width of the domains is proportional to the square root of the grain size. In this work, this grain size
range between 0.6 and 2 µm will be highlighted and will be called the grain  Size range of higher
domain wall Density and Mobility (SDM).

Figure 2: Microstructure of the samples. With an average grain size (a) 0.44 µm, (b) 0.73 µm, (c) 0.84µm, (d) 2.1 µm, (e)

9.1 µm  and (f) 15.1µm.  (g)  Grain  size  distribution  (q1)  and  cumulative  distribution  (Q1).  Grain  sizes  are  weighted  by

intercept length. The grey shaded region indicates the grain size distribution range for higher domain wall  density and

mobility.

Figure  3 shows  the  diffraction  patterns  of  three  unpoled  samples  from  reflection  (L-XRD)  and
transmission geometry (S-XRD). All  samples appear as single tetragonal phase with no secondary
phase reflections. With decreasing grain size, the tetragonal reflection splitting of the 200 C reflection
(002T and 200T) decreases and the reflections are broadened. In the following, the subscripts T, O and
C indicate tetragonal, orthorhombic and cubic indexing. While the reflection broadening is an effect
of decreasing grain size due to size effects in diffraction, the reduced reflection splitting results from
increasing stresses and reduced domain sizes as recently described in the literature 8,9.  Another effect
that occurs simultaneously with the grain size reduction below 1 µm is the increase in temperature of
the  tetragonal-orthorhombic  phase  transformation  that  occurs  between  0  and  10 °C  for  coarse
grained  BT58.  For  grain  sizes  smaller  than  0.3 µm this  transformation occurs  around 20 °C5,58.  As
shown in  Figure 2 the ceramic is composed of a grain size distribution, naturally just a portion of
these grains suffer this effect.
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Figure  3:  Diffraction patterns  from different  geometries.  For  samples  with grain sizes  of  0.4,  0.8  and 8.5  µm.  (a)  Full

diffraction pattern obtained from reflection geometry (L-XRD), (b) 002T and 200T reflections obtained from L-XRD and (c)

002T and 200T reflections obtained from S-XRD.

The unit cell parameters obtained by Rietveld refinement and the calculated unit cell distortions are
graphically shown in Figure 4a) and b) and summarised in Table S1 in the supplementary material.
The samples with grain sizes above the SDM have similar lattice parameters and show no differences
between S-XRD and L-XRD. For  grain  sizes  below the SDM the unit  cell  distortion,  ηT,  decreases
significantly. The samples within the SDM show the transformation between the large and the small
grain sizes. From the unit cell parameters, the unit cell volume can be calculated (Figure 4c)). For
small grain sizes the unit cell volume decreases significantly. The onset of this decrease is lower for
bulk (S-XRD) than for the surface (L-XRD). This indicates additional stresses at the surface. From the
unit cell volume, a quasi-hydrostatic pressure pV can be calculated as recently shown for PZT9. This is
possible using the Birch-Murnaghan equation of state59:

p (V )=
3B0

2 [(V 0V )
7

3−(V 0V )
5

3 ],
with V0 = 64.403(4) Å3 for a grain size of 16.5 µm and a bulk modulus B0 = 135 GPa60. The calculated
pressure is plotted in  Figure 4d). For the bulk material (using S-XRD dataset), pV increases to more
than 300 MPa. This value is about an order of magnitude higher than the blocking force of barium
titanate based ceramics1. This explains the reduced electromechanical response for the sample with
a grain size 0.4 µm. However, this is exactly the stress range reported for BT based ceramics with
dark field  X-ray microscopy61.  Here stresses up to 300 MPa were reported in areas with highest
domain wall densities. 
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Figure 4: a) Lattice parameters obtained from Rietveld refinement, b) unit cell distortion (ηT), c) relative unit cell volume and

d) recalculated quasihydrostatic pressure from L-XRD and S-XRD data.

The full  polarisation,  strain,  piezoelectric  coefficient  and relative permittivity  hystereses  at  room
temperature are shown in Figure 5a)-d) for four representative samples. The mechanisms induced by
the  electric  field  are  activated  more  easily  for  the  0.8 µm  sample.  This  can  be  clearly  seen  by
evaluating the d33 curve (Figure 5b)). For the 0.8 µm sample the d33 rapidly increases at lower electric
field values. For samples with smaller or larger grain sizes this increase occurs at higher electric fields.
This effect is also reflected in the polarization and strain curves (Figure 5a) and c)). On the other
hand, in Figure 5d) the relative permittivity of the 0.8 µm sample, despite having the highest value, is
drastically reduced by at least 70% upon application of the electric field. The coarse-grained 9.1 µm
sample is more stable and suffers little effect of the electric field on the relative permittivity.
The relevant characteristic parameters extracted from measurements such as in  Figure 5a)-d) are
presented as a function of grain size in  Figure 5e) – j). For the 0.7 and 0.8 µm grain size samples,
values reach extrema. Most of the hystereses (Figure 5e) – i)) show the maximum value for a grain
size of 0.8 µm. Samples with a larger or smaller grain size have smaller values. The coercive field E C

(Figure 5j)) shows the opposite behaviour. Here the minimum value can be found for the 0.8  µm
sample. The results confirm the properties within the SDM. In the case of the BT composition used
for this study, the maximum of the SDM can be found at grain sizes of 0.7 and 0.8 µm. Typical for
more complex systems, the electric field induced phase transformation plays a crucial role in the
development of ferroelectric properties. In BT it is possible that this phase transformation plays a
relevant role dependent on the grain size. A highly complex behaviour and a broad range of field
induced processes are elucidated with this study.
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Figure 5: Electromechanical evaluation. Full hysteresis curves of a) polarization, b) piezoelectric coefficient, c) strain and d)

permittivity for four representative samples. For all samples the values of e) relative permittivity ε’, f) remanent piezoelectric

coefficient d33, rem, g) maximum strain Smax, h) maximum polarization Pmax, i) remanent polarization Prem and j) coercive field EC.

are shown.

In order to investigate the origin of the high properties in the SDM, more sophisticated structural
studies are necessary. As  Figure 3 shows, the reflections of the samples with small grain sizes are
significantly broadened due to size effects and the high density of domain walls. However, for larger
grain sizes, the reflections become sharper and a detailed structural study becomes feasible. The
structural response to an applied electric field can be studied with in situ synchrotron experiments
and the STRAP analysis3. In order to be able to distinguish the separate mechanisms and possible
phase transformation, the reflection broadening from sample effects have to be minimized. The ideal
compromise of pronounced response and small grain size can be found in a sample with grain size of
around 2 µm.
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Figure 6 shows the Rietveld refinement with data from the high-resolution MAD detector 62 from an
unpoled sample with 2.1 µm grain size. In the Figure 7 shows the refinement with data from the 2D
detector in high resolution distance of 2250 mm54. Both datasets were refined in a single refinement
with  a  structure  model  of  an  orthorhombic  Amm2  and  a  tetragonal  P4mm phase.  Results  and
agreement factors of the refinements can be found in  Table 2. The MAD data shows that a single
phase structure model would not be able to model the intensities between the split reflections such
as the 110C (Figure 6a))  or  the 200C (Figure 6c))  reflection.  Note that  the 2θ range of  the 200C

reflection with  0.12°  is  twice  as  large as  the range for  the 110C and 111C reflection with  0.06°.
Therefore, all  parts of  Figure 6 show the same magnification ratio. Here the orthorhombic phase
accounts  for  additional  intensity.  In  earlier  publications  on  lead  zirconate  titanate  (PZT)  these
intensities  could  be  correlated  with  domain  wall  contributions  and  effects  from  domain
morphologies9,63,64. 

Table 2: Refinement results and agreement factors for the unpoled, applied field and remanent state.

Parameter Unpoled 2 kV/mm Remanent

aT 3.995447(5)
3.995230(13

)
3.995387(6)

cT 4.034841(15) 4.03408(3)
4.035315(12

)
ηT 0.9860(5) 0.9723(11) 0.9993(5)

aO 3.994877(15)
3.994372(16

)
3.993970(17

)
bO 5.67921(5) 5.67242(3) 5.67382(2)
cO 5.67891(3) 5.68683(4) 5.68617(4)
ηO 0.0054(14) 0.2540(11) 0.2176(12)
Rp 0.177 0.222 0.217
Rwp 0.101 0.170 0.154

The fit clearly shows that a single phase structure model insufficiently describes the observations,
however, no distinct reflections appear that clearly indicate an orthorhombic secondary phase. From
the  literature  it  is  well  known that  grain  size  effects8 and  stresses65 might  be  able  to  shift  the
tetragonal  to  orthorhombic  phase  transformation  temperature  to  higher  values5,58.  Stresses
necessary for a significant shift of the transformation temperature may occur at domain walls and
might  influence the material  behaviour  for  a  high domain wall  density9.  However,  the structure
model  should  not  be  interpreted  as  a  classical  phase coexistence  between a  tetragonal  and an
orthorhombic phase in the unpoled state. The refined phase fractions in  Table 3 indicate that this
sample contains strong real  structure contributions from domain walls.  The orthorhombic  phase
fraction in the unpoled state has to interpreted as deviation from the long range average tetragonal
structure. Since we determine more than 40% of this phase, this sample lies well in the SDM range
and contains a high domain wall density, which explains the high properties, displayed in Figure 5e)-
j).
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Figure 6: Refinement with high-resolution diffraction MAD data from an unpoled sample with 2.1 µm grain size. a) 110C, b) 

111C and c) 200C reflection. Structure model consist of an orthorhombic phase (IO) and a tetragonal phase (IT).

The refinement plots of  the 2D data reveal  the challenges of  structural  characterisation for  fine

grained BT (Figure 7). Note that here the 2θ ranges of the 110C (Figure 7a)), 111C (Figure 7b)) and

200C (Figure 7c)) reflections are the same with 0.12°. Due to a significantly broader profile function,

the reflection splitting of the 110C reflection is less visible. With the 2D data alone, no justification for

an orthorhombic secondary phase exists. However, refinement with the two-phase structural model

explains the intensities appropriately. Nevertheless, the fit quality is significantly lower as it would be

for a single phase refinement of the 2D data due to the significantly larger amount of data points in

the MAD data set. This stresses the importance of the high-resolution data.

319
320
321

322

323

324

325

326

327

328

329



Figure 7: Refinement with 2D data from an unpoled sample with 2.1 µm grain size. a) 110C, b) 111C and c) 200C reflection.

Structure model consist of an orthorhombic phase (IO) and a tetragonal phase (IT).

Figure 8 shows the same reflections from the refinement with MAD data for a poled sample in the

remanent state at 0 kV/mm. The same sample as in Figure 6 and Figure 7 was poled with 2 kV/mm in

five bipolar cycles. Since the applied field induces texture, the sample orientation plays a crucial role.

In  Figure 8, the sample is oriented at  ω = 45°. The two-phase structural model of an orthorhombic

and a tetragonal phase is able to account for the observed reflection intensities. Especially, the 110 C

reflection (Figure 8a)) shows distinct additional reflections for the orthorhombic phase. Also, the 111 C

reflection (Figure 8b)) now shows a splitting, which is not allowed in tetragonal symmetry. The 200C

reflection only shows a slight increase in intensity between the tetragonal reflections (Figure 8c)). As

previously  observed  for  PZT4,33,34,  this  reflection  very  well  illustrates  the  field  induced  phase

transformations and a similar effect was already reported for BT by Gosh  et al.10. In our study the

additional reflection, together with others, can clearly be interpreted as a ferroelectric orthorhombic

phase, induced by the electric field. The sample still contains a high domain wall density, however,

the  orthorhombic  phase  was  induced  by  the  electric  field  and  can  be  identified  clearly  by  the

observed reflections. The 2D data again is not able to reveal the details of the phase transformation

due to the insufficient angular resolution (Supplemental information Figure S1).
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Figure 8: Refinement with high-resolution diffraction MAD data from a poled sample in the remanent state with 2.1 µm 

grain size. Sample orientation ω = 45°. a) 110C, b) 111C and c) 200C reflection. Structure model consist of an orthorhombic 

phase (IO) and a tetragonal phase (IT).

When  an  electric  field  of  2 kV/mm  is  applied,  the  field  induced  phase  transformation  is  more

pronounced  (Figure  9).  Here  the  110C reflection  clearly  shows  the  distinct  reflections  of  the

orthorhombic phase (Figure 9a)). The splitting of the 111C reflection increases significantly (Figure

9b)) and the additional intensity at the 200C reflection can be clearly identified (Figure 9c)). The two-

phase structural  model of the STRAP refinement is  able to account for all  diffracted intensity.  A

representation of  the data  and refinements  of  all  sample  orientations of  the characteristic  110 C

reflection is shown in Figure 10. In great detail the refinement to other sample orientations ω = 90°

and 0° can be achieved in the supplementary material (Figure S7 to S10). The results clearly show

that  the  STRAP  model  can  explain  the  field  induced  phase  transformation  from  tetragonal  to

orthorhombic with applied electric field and that this is a crucial part of the response to an applied

electric field. The STRAP analysis reveals an increase in orthorhombic phase fraction to 55.1(3)% in

the remanent state at 0 kV/mm and 67.0(4)% in the applied field state at 2 kV/mm. Even when the

42.0(2)% are considered as domain wall contributions, this results in a change in phase fractions of

13.1% for the remanent and 25.0% for the applied field state.
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Figure 9: Refinement with high-resolution diffraction MAD data from a sample in the applied field state at 2 kV/mm with 2.1

µm grain size. Sample orientation ω = 45°. a) 110C, b) 111C and c) 200C reflection. Structure model consist of an 

orthorhombic phase (IO) and a tetragonal phase (IT).

Figure 10a) shows the diffraction data of the 110C reflection, collected under the application of a

maximum applied electric field of 2kV/mm. An electric field induced phase transformation in BT has

been reported in the literature but has not been clarified.  With this  experiment we are able to

elucidate the nature of the phase transformation. The two-phase structure model is able to account

for  the  observed reflection intensities  (b)  with  a  tetragonal  (c)  and  an  orthorhombic  phase  (d).

Especially  the  110C reflection  shows  distinct  additional  reflections  for  the  orthorhombic  phase.

However, charts for the reflections 111C and 200C as well as for the remanent state can be seen in the

supplementary material (Figures S2 to S6).
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Figure  10: 2D plot correlating the angle ω and 2theta from 110C reflection under an electric field from 2kV/mm. a) Data

collected from MAD detector, b) refined two-phase model, c) refined tetragonal and d) refined orthorhombic phases.

As the results show, the sample with a grain size of 2.1 µm shows the most balanced appearance of

sharp reflections and strong electric field induced phase transformation. However, the dielectric and

electromechanical  measurements  indicate  that  the  sample  with  a  grain  size  of  0.8 µm  exhibits

highest properties (Figure 5e)-j)). When comparing the high-resolution MAD diffraction patterns of

the samples with grain sizes of 2.1 µm and 0.8 µm, these maxima of highest properties are also

reflected in a maximum of the field induced phase transformation (Figure 11). The 110C reflection at

around 2θ = 4.195°, the low angle 111C reflection and the 200C reflection between the 002T and 200T

reflections are significantly stronger in the 0.8 µm sample than in the 2.1 µm sample. This indicates

that the orthorhombic phase fraction increases dramatically under applied electric field in the 0.8  µm

sample.  The STRAP analysis  reveals  an orthorhombic  phase  fraction of  67.0(4)% for  2.1 µm and

82.3(1.0)% for 0.8 µm in the applied field state at 2 kV/mm. The summary of the quantified values of

the electric field-induced phase as well as the maximum polarisation in the two main samples can be

seen in the Table 3.

Table 3: Electric field induced phase fraction data on BT at two different grain sizes and their respective polarization values.

Grain size (µm)
Orthorhombic phase fraction (%) Polarization (µC/cm2)

Unpoled 2 kV/mm Remanent 2 kV/mm Remanent

0.8 46.0(1.2) 82.3(1.0) 77.6(7) 25 12
2.1 42.0(2) 67.0(4) 55.1(3) 18 7
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Figure 11: Comparison of high-resolution MAD diffraction patterns of two samples with grain sizes of 0.8 µm and 2.1 µm in

the applied field state (2 kV/mm). a) the 110C, b) the 111C and c) the 200C reflections at a sample orientation angle of

ω = 45°.

Under application of an electric (or elastic) field, the domain walls will move and their width will

change, depending on the direction of the applied field and the direction of the polarization of the

domains.  Arlt  et  al.66–68 proposed  a  mathematical  model  which  proportionally  relates  the

displacement of a 90° domain wall to the total deformation. That is, the electromechanical properties

are better when a high domain density with high domain wall mobility is present. There is an optimal

point where the internal stresses are high enough to generate a high amount of domains and low

enough not to inhibit the mobility of the domain walls.

Unlike the brick wall model, the microstructure of polycrystalline barium titanate is characterised by

a distribution of grain sizes and not by the repetition of grains of the same size, as can be seen in

Figure 2 and schematically in Figure 12. The fraction of this grain size distribution that is within the

SDM is determinant for achieving high electromechanical properties. Thus, in this work, the samples

represented by the average grain size equal to 0.8 µm (quenched sintering) and 0.7 µm (spark plasma

sintering), which have a grain size distribution mostly within the SDM, present the highest properties

(Figure 5).
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Figure 12: Representative design of the grain size fraction in the SDM, where the density and mobility of domains is greater.

The  coexistence  of  the  tetragonal  and  orthorhombic  phases  plays  a  crucial  role  for  the  high

electromechanical properties. Phase distinction is impeded by the superposition of reflections (Figure

3) in samples with a grain size distribution below the SDM where internal stresses inhibit unit cell

distortion (Figure 4). However, in the 2.1 µm sample, with a grain size distribution partially within

and  slightly  above  the  SDM,  it  is  possible  to  distinguish  the  coexistence  of  tetragonal  and

orthorhombic phases using the high resolution MAD detector and to quantify them using the STRAP

method. Similar to lead zirconate titanate (PZT)3,4 or bismuth sodium titanate69,70 based ceramics,

barium titanate also shows a coexistence of neighbouring thermodynamically stable phases. With

this coexistence of phases, the origin of the enhanced electromechanical properties can be related

analogously to systems with morphotropic  phase boundaries where a lot  of  structural  instability

occurs. Damjanovic et al.71,72 demonstrated that the presence of these instabilities create easy paths

for rotation and extension of the polarisation vector in a flattened free energy profile. Since the

lattice distortion decreases for smaller grain sizes and especially within the SDM (Figure 4b)), the

activation energy of the field induced phase transformation is reduced. The increased domain wall

density combined with the high mobility of the domain walls leads to a maximized response of an

applied electric field. For grain sizes below the SDM, the influence of the domain walls on the crystal

structure increases and as recently shown for PZT9 and BT61, the structure is subject to significant

stresses  (Figure  4d)).  These  stresses  limit  the  domain  wall  mobility  and  also  prevent  the  phase

transformation. Additionally, the unit cell distortion decreases dramatically which is a prerequisite

for a strong domain switching effect. Therefore, the combination of high domain wall density and

mobility together with the electric field induced phase transformation is the origin of the maximum

in properties in the SDM.

Conclusions
With this study, we are able to elucidate the origin of the high electromechanical properties of BT in

the grain size range around 1 µm. The high domain wall density and mobility play a crucial role and

define the grain size range of the maximum in properties. The applied electric field induces a phase

transformation, which was already reported in the literature10,24,43,44. Despite insufficient experimental

resolution  to  determine  the  induced  phase  symmetry,  Ghosh  et  al.10 presented  a  robust  and

structured data set that corroborates the conclusions of this paper. In agreement with their model,

the volume fraction of the induced phase is responsible for the enhancement in field induced strain

for  this  grain  size.  Here,  we  clarify  for  the  first  time  the  nature  of  this  field  induced  phase

transformation to be from tetragonal to orthorhombic. The in situ synchrotron experiments with high

angular resolution prove this unambiguously. Domain wall density and mobility together with phase

transformation constitute the origin of the maxima in properties in the grain size range around 1  µm.

The results allow a deeper understanding of the electric field induced response in the model system

barium titanate and underline the importance of phase transformations for high electromechanical
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properties. This knowledge provides the basis for new guidelines to develop and tailor new advanced

functional electroceramics. Direct experimental evidence of the coexistence of morphotropic phase

boundary-type phases in a ferroelectric compound such as BT indicates that this can occur in similar

compounds.

Supplementary Material
See supplementary material for details on the lattice parameters and the incompatibilities between

the surface and the interior of the sample. Details are also provided on the lack of angular resolution

of the 2D detector in the in situ high energy X-ray diffraction experiments to determine the electric

field  induced  phase  symmetry.  And  finally  the  two-dimensional  graphical  construction  of  the

measured and refined data correlating ω and 2θ for the 110C reflection under a 2 kV/mm electric

field applied to the sample.
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