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structural variations of electro-mechanical materials under applied electric
potentials up to 10 kV. The cell is designed for use with X-ray scattering
techniques in reflection geometry, while simultaneously collecting macroscopic
strain data using a linear displacement sensor. The results show that the
macroscopic strain measured using the cell can be directly correlated with the
microscopic response of the material obtained from diffraction data. The
capabilities of the cell have been successfully demonstrated at the Powder
Diffraction beamline of the Australian Synchrotron and the potential
implementation of this cell with laboratory X-ray diffraction instrumentation
is also discussed.

1. Introduction

Piezoelectric materials generate an electric charge in response
to applied mechanical stress (direct effect) and experience a
mechanical strain in the presence of an electric field (converse
effect). The direct piezoelectric effect is used in sensor or
energy harvesting applications and the converse piezoelectric
effect is used in actuators such as those used in ultrasound
imaging devices. The structural origin of macroscopic piezo-
electricity has been the topic of intense investigation over
many decades. The electric-field-induced macroscopic strain in
piezoelectric materials has been shown to originate from three
possible contributions: (i) intrinsic piezoelectric lattice strain,
(ii) extrinsic non-180° domain switching and (iii) induced
phase transformations (Pramanick et al., 2011; Simons et al.,
2013; Hinterstein et al, 2015). X-ray diffraction (XRD)
analysis is a very useful tool to observe each of these under-
lying electro-mechanical coupling mechanisms in piezoelectric
materials. The intrinsic strain component can be calculated
from diffraction peak position shifts and the extrinsic strain
caused by non-180° domain wall motion or phase transfor-
mations is quantified from diffraction peak relative intensity
changes and splitting and/or broadening of symmetry-depen-
dent reflections. Some fraction of these structural processes
can be time-dependent and reversible during actuation. They
© 2016 International Union of Crystallography can range over many orders of magnitude in time, from
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milliseconds to several minutes (Jones et al., 2006; Daniels et
al.,2007, 2009, 2014; Hinterstein et al., 2014; Choe et al., 2015).
Thus to have a full understanding of the functional mechan-
isms in these materials, it is necessary to measure diffraction
patterns during the application of a field.

In the past, research on functional materials has benefitted
from the development of bulk-sensitive in situ high-energy
(>60 keV) X-ray scattering in transmission geometry (Daniels
et al., 2009) and in situ neutron scattering (Jones et al., 2006;
Daniels et al., 2007; Jones et al., 2007; Zuo et al., 2008; Seshadri
et al., 2013). These probes provide several experimental
advantages: (i) millimetre-sized samples can be used in
conjunction with complex sample environments with little
absorption, (ii) sample displacements during actuation have
negligible impact on the results observed and (iii) using large
area detectors, full strain and texture information can be
collected rapidly. However, each of these methods has dis-
advantages. For high-energy synchrotron X-rays: (i) access to
these sources is limited due to the small number of synchro-
tron beamlines optimized in this energy band, and (ii) optical
setups at these beamlines are often optimized for rapid data
acquisition, not high resolution, which causes difficulties in
observing very subtle structural changes under field. For
neutrons, the sample size required for reasonable acquisition
times is large (normally on the cm’ scale), creating difficulties
in the material fabrication and increased probability of sample
failure under high electric fields. Conventional structural
characterization of piezoceramics using low-energy X-ray
sources has potential advantages, but presents challenges for
in situ sample cell design. At lower X-ray energies, diffraction
studies of polycrystalline piezoelectric materials are restricted
to reflection geometry owing to the generally high absorption
coefficients of the materials of interest.

In situ studies in reflection geometry using laboratory-based
X-ray instruments and synchrotron X-ray sources have been
conducted previously (Pramanick & Jones, 2009; Liu et al.,
2005; Li et al., 2002; Kungl et al., 2007; Sakata et al., 2010; Do et
al., 2008; Thery et al, 2015; Schmidt et al., 2009). In these
scattering experiments, care must be taken to ensure that the
sample surface displacement induced by the field is not
influencing the measured strain values. If an applied electric
field causes the sample surface to displace relative to the X-ray
source and detector positions, a pseudo-strain will result,
which needs to be carefully accounted for when interpreting
the data. Pramanick & Jones (2009) reported a sample surface
movement of 4 um for a 1 mm-thick sample during the
application of an electric field. Therefore, owing to this surface
movement they found an 18% error in the measured lattice
strains, much larger than the typical angular resolution of a
powder diffraction instrument.

An additional difficulty for all in sifu diffraction measure-
ments is that the structural strain mechanisms of piezoelectric
materials are often correlated to the measured macroscopic
strain collected ex situ. Thus, correlating the underlying
mechanism to the macroscopic response directly is difficult to
achieve. This can be overcome by incorporating a strain sensor
into the in situ measurement cell.

Here, we demonstrate an electric field sample cell that can
overcome these primary difficulties by having a fixed position
of the scattering surface in addition to an in situ macroscopic
strain sensor. The applicability of this newly developed cell has
been demonstrated by the electric-field-dependent measure-
ments of commercial soft PbZr,Ti; _,O; (PZT) and lead-free
0.95(Bi;»Na;,)TiO5-0.05BaTiO; (BNT-5BT) ceramics at the
Powder Diffraction beamline of the Australian Synchrotron
(Wallwork er al., 2007). Results show that the developed
sample cell offers a new capability to directly correlate the
microscopic structural changes observed by XRD with the
macroscopic response of electro-mechanical materials under
the applied electric field.

2. Experimental procedure
2.1. Sample cell design

Design considerations for the development of an in situ
sample cell for the application of electric fields to ceramic
materials in reflection geometry XRD are: (i) the X-ray
scattering surface of sample needs to be static with respect to
the X-ray source and detector positions during the application
of electric fields, (ii) the total thickness of the cell must be kept
small for versatility to mount on different X-ray diffraction
instruments, (iii) minimum shadowing of the detector arc, (iv)
isolation of high voltage (HV) for safety of users and avoiding
equipment damage and (v) built-in strain sensor enabling the
concurrent macroscopic strain measurement in the diffraction
experiment.

The resulting sample cell design which satisfies the above
criteria is shown in Fig. 1. The sample stage is connected to
the HV amplifier via the HV connector. The outer wall is
connected to the ground and the inner insulation (Machinable
Glass Ceramic, Macor) is sufficiently dimensioned to guar-
antee no electrical breakdown occurs. The high-voltage wire
connects to a spring through the spring stage, which presses
the sample against the lid, maintaining electrical connection to
the HV amplifier and thus sustaining the electric field at all
times. This design allows the sample to freely expand without
moving with respect to the incident beam or detector. At the
same time, the integrated displacement sensor monitors the
field-induced macroscopic strain, which can later be directly
correlated to the structural measurements. The conical
opening angle of the lid with an angular range from 10° to 170°
allows observations over a broad range of sample orientations,
facilitating the alignment of the electric field direction with
respect to the incident beam at the desired angle. At 44 mm in
height and base plate dimensions of 80 mm x 90 mm and a
total weight of 0.63 kg, the sample stage offers a high versa-
tility for a broad range of synchrotron as well as laboratory
X-ray instruments.

The strain sensor used is a fibre optical displacement sensor
(type D, reflectance dependent, Model D12-C6ET3TS5, Serial
No. 2719, Philtec, Inc.). The displacement sensor operates in
reflection mode with the back surface of the sample stage.
During the actuation process the sample expands or contracts
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and thus the distance between the sensor tip and the back
surface of the sample stage will change, resulting in a
measurable strain value. This strain sensor can be used to
measure the macroscopic strain up to frequencies of 20 kHz;
however, the cell spring assembly will have limitations esti-
mated to be in the 100s of Hz.

Figure 1
Photograph and schematic drawing of the in situ sample cell showing its
major components. Lid (1), spring (2), spring stage (3), inner insulating
wall (4), base plate (5), displacement sensor bracket (6), displacement
sensor (7), linear stage (8), sample mount (9), HV connector (10), outer
wall (11).

2.2. Sample preparation

Two types of samples including a soft PZT ceramic
(PIC151) and a rhombohedral BNT-5BT lead-free material
were used to demonstrate the capabilities of the sample cell.
The PZT ceramic sample is commercially available (PI
Ceramic, Lederhose, Germany) and the BNT-5BT sample was
prepared by a solid-state synthesis route. The BNT-5BT
sample was sintered at 1403 K for 3 h in air atmosphere with
heating and cooling temperature ramps of 5 K min~'. Further
details of the synthesis route are given by Jo & Rodel (2011).
Disc-shaped samples suitable for the measurements within
the cell were prepared by cutting and polishing to the final
dimensions of 8§ mm diameter and 1 mm thickness. Prior to the
measurements, samples were annealed at 673 K for 30 min to
remove any potential residual stresses from the cutting and
polishing processes. The top surface of the samples was
sputtered with a gold thin film with a thickness of approxi-
mately 45 nm. It is thick enough to ensure electric contact and
thin enough for ensuring a good penetration of the X-ray
beam (~12keV energy used here) into the sample. The
bottom surface of the samples was coated with a silver paint
electrode.

2.3. In situ experiment

In situ X-ray scattering experiments were carried out at the
Powder Diffraction beamline of the Australian Synchrotron.
A monochromatic X-ray beam energy of approximately
12.4keV (wavelength 0.1 nm) with resolution AE =
1 x 107° keV was selected by an Si (111) flat crystal pair
monochromator. A one-dimensional silicon microstrip-based
detector Mythen (Schmitt et al., 2003; Bergamaschi et al., 2010)
was used to collect the diffraction patterns with intrinsic
angular resolution of 0.004°, covering a 260 range of 80° and
readout time of 250 ps. The experimental setup is shown
schematically in Fig. 2. The electric field was generated using a
function generator (Agilent 33220 A) and input to the HV
power supply (Trek 10/10B-HS). The data acquisition system

Mythen
Detector

Diffracted A
beam ,

Incident %
beam 7

Sample

Data
Acquisition
board
HV Supply
2 Function
generator

Figure 2
Schematic diagram of the experimental setup with the sample cell used at
the Powder Diffraction beamline of the Australian Synchrotron.
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recorded the measured output of the displacement sensor and
output voltage of the HV power supply. XRD data were
collected in reflection geometry using the Mythen detector
during the application of bi-polar electric fields with maximum
field amplitude of 4.5 kV mm™" in steps of 0.45 kV mm™'. The
diffraction data were acquired in a snapshot mode at each field
step. In our experimental setup the electric field direction is
always perpendicular to the sample surface. In this geometry
of the measurement, the incident angle of the X-ray beam is
adjusted by tilting the sample stage to make it equal to half of
the Bragg angle of the recorded characteristic reflections.
During the measurements the electric field vector was aligned
approximately perpendicular to the 111 or 200 lattice planes.
In the case of PZT, the incident X-ray beam angle was 13.3°,
whereas for BNT-5BT was 13.75°.

Suitable profile shape functions were used to fit individual
peaks to extract diffraction peak position, area and width
using software Igor Pro 6.37. Fitted peak positions were used
to calculate the material lattice strain.

2.4. Calibration of strain sensor

A soft PZT material (PIC 151) was used as a standard to
calibrate the displacement sensor. The reproducible strain
response of PIC 151 was used to correlate the measured
voltages with a macroscopic displacement of the reflective
strain sensor target surface. A unipolar triangular electric field
waveform with a maximum field amplitude of 2 kV mm ™" and
a frequency of 1 Hz was applied. The macroscopic displace-
ment—electric field curves were recorded using a calibrated
macroscopic strain measurement system (TF Analyzer 2000
system; aixACCT Systems GmbH, Aachen, Germany). The
samples were then mounted in the in situ X-ray cell and the
distance between the sensor and the target surface was
adjusted to set the initial output gain voltage in the centre of
the output range of the strain sensor. Electric fields were
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Figure 3

Measured sensor output voltage as a function of the gap between the
displacement sensor and the target surface. Red points indicate the
measured data and the blue line is the fitted line with a linear
approximation. Estimated errors are within the size of the markers.

applied to the sample and the sensor output voltage was
recorded simultaneously. Relative movements between the
displacement sensor and the target surface were then calcu-
lated from the calibrated material strain behaviour. The
measured output voltage from the displacement sensor as a
function of the gap between the sensor and target surface is
plotted in Fig. 3. The gap means the distance between the
sensor tip and the target surface (the target surface is the
bottom surface of the sample mount shown in Fig. 1). A
displacement sensor sensitivity of 36.975 mV um™' was
calculated from the slope of this curve. Such a calibration is
required prior to each experimental session, as the reflectivity
of the target surface is sensitive to the local environment.

A comparison of the electric field-induced macroscopic
strain response in PZT measured using a calibrated strain
measurement system and the displacement sensor of the cell
during an in situ diffraction experiment is shown in Fig. 4(a). It
can be observed from this figure that the macroscopic strain
measured using the cell is in qualitative agreement with that
measured using a standard macroscopic strain measurement
system. This difference observed here (Fig. 4a) is probably due
to the difference in cycling conditions for the two experiments.
The calibration curve was measured using a continuous
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(a) Comparison of macroscopic strain curves for PZT measured using
a standard strain measurement system (purple line-markers) and the
developed sample cell (black line-markers) and (b) corresponding in situ
X-ray diffraction patterns at three electric field states: initial (Ej),
maximum (Eg,y) of magnitude of 2 kV mm ™" and remnant (E,.,,) state.
Estimated errors are within the size of the markers.
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triangular waveform at 1 Hz, whereas the strain data collected
from the sample cell were acquired with step-wise field
application at a frequency of 0.0011 Hz. Corresponding
diffraction patterns at the initial state (E,), maximum electric
field state (Eqax, 2kV mmfl) and remnant state (E,.,) are
shown in Fig. 4(b). In the case of PZT, the (111) peak is
convoluted with the (111) peak of the gold and cannot be
separated. For BNT-5BT, the gold peak position was
completely separate, where the (111) peak position of gold
was at a 26 value of 24.545° and the sample was a 26 value of
25.691°.

3. Results and discussion

Electric field-induced lattice strain (&,y,) calculated from
X-ray diffraction patterns and simultaneously measured
macroscopic strain using the displacement sensor for BNT-
5BT are shown in Fig. 5. The lattice strain is approximately
50% of the macroscopic strain at any given field above
1.35 kV mm™". This is consistent with previous measurements
on related materials (Daniels et al, 2007, Pramanick et al.,
2009, 2011; Jones et al., 2007) which show in tetragonal and
rhombohedral PZTs that the lattice strain is 60% of the
measured macroscopic strain during actuation.

Piezoelectric lattice strain is generated on account of local
atomic displacements within the unit cell under an external
field. Additionally, lattice strain can originate from the
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Figure 5

Comparison between the macroscopic strain (red line and markers)
measured using a linear displacement sensor and a lattice strain (&,09)
(blue line and markers) calculated from X-ray diffraction patterns for
BNT-5BT. Data acquisition times for the diffraction data were 45 s per
data point. Induced lateral strain (&11;) of gold electrode (green line and
markers). The lattice strain was calculated from diffraction peak position
shifts during application of the electric field and the macroscopic strains
were calculated from the change in the sample dimension parallel to the
electric field direction. The lattice strain is approximately 50% of the
macroscopic strain at any given field above 1.35kV mm™'. Estimated
errors are within the size of the markers.

compliance of the polycrystalline material with other strain
mechanisms in surrounding grains (Pramanick et al., 2011;
Hall et al., 2006). The other strain mechanisms are generally
extrinsic and are the result of non-180° domain wall motion
and/or crystallographic phase transformations (Hinterstein et
al., 2015). Macroscopic strain is generated from the combi-
nation of total lattice strain and total extrinsic strains gener-
ated during the application of an electric field.

One of the crucial features of this cell which allows for
accurate in situ strain measurements is that the surface of the
sample remains static during electric field application. Any
movement of the upper surface of the sample will affect the
peak position in the diffraction pattern and consequently the
calculated lattice strain may be misleading. Here, we have
ensured stable conditions by mechanically fixing the
diffracting surface of the sample. Therefore, there will be no
parasitic movement of the diffracting surface of the sample
during the application of an electric field which will affect the
strain calculation.

Induced lateral strain of gold on the BNT-5BT surface is
shown in Fig. 5. An additional outcome of this constraint is
that the gold electrode peaks from the surface could be used
to measure the macroscopic ds; piezoelectric coefficient of the
sample. This is achievable because as the sample expands in
the longitudinal direction it contracts in the perpendicular
direction. This contraction induces a biaxial stress in the gold
electrode which results in a positive lattice strain of the film in
the field direction. This response, in the future, could be
calibrated for the electrode material, film thickness and
diffraction peak used, such that both macroscopic longitudinal
ds3 and transverse ds; measurements are made in situ with the
collection of diffraction data from the sample material.

4. Further considerations

This sample cell can be used in laboratory-based X-ray
instruments as well as lower-energy synchrotron sources,
where scattering in reflection geometry is used. However, the
rate of data acquisition and applied electric field frequency for
respective compositions need to be considered for the given
instrumentation. For example, the lower intensities of
laboratory-based X-ray instruments, where even rapid data
collections are on the order of tens of seconds, will prevent
experiments where the structural feature of interest changes
more rapidly than this.

Careful calibration (Figs. 3 and 4) of the displacement
sensor with respect to the reflective target surface and corre-
sponding calibration with the measured values of a standard
material is crucial. Any error in the calibration will propagate
to the measured strain, yielding erroneous strain results. The
error from the calibration will equally reflect in the measured
macroscopic strain. For example, if a 1% error exists in the
calibration then a 1% error will be in the measured macro-
scopic strain values also. By direct comparison of the macro-
scopic strain from the demonstrated cell with that of a
calibrated instrument, the error in the calibration is of the
order of 1%. Relative to the error in the measured lattice

698 Mohammad ). Hossain et al.

« Sample cell for in situ electric field-dependent studies

J. Synchrotron Rad. (2016). 23, 694—699



research papers

strains (Fig. 5), this error is approximately the same order of
magnitude.

The maximum electrical load of the sample cell is limited by
the electrical feedthroughs. Those currently used are capable
of 10 kV. However, the real electrical limitation generally
arises from the electric field magnitude over the sample
thickness (dielectric strength of the material). In previous
experiments, the maximum field strength achieved on a range
of samples was approximately 5 kV mm™' for samples with
silicone grease applied to the outer edges.

Temperature is one of the key factors which changes
the phase symmetry and functional properties of electro-
mechanical materials (Jo et al., 2013). Therefore, temperature-
dependent property measurements are very important for
these materials. Future cell development will concentrate on
the addition of a variable temperature option for high- or low-
temperature measurements.

5. Conclusions

An electric field sample cell equipped with a macroscopic
displacement sensor has been successfully developed and
demonstrated to enable the in situ structure and macroscopic
strain measurements of piezoelectric materials during the
application of electric fields. This cell will provide a method to
directly probe structure—property relationships in electrically
active functional materials and assist in the development of
future piezoelectric materials with improved properties.
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