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Abstract

The strain response of a polarised PZT was characterised using Digital Image Correlation (DIC).
The DIC algorithm is based on a global approach and regularises the displacement field using
the balance equations of solid mechanics. The measurement error is reduced by correcting
the displacements that are mechanically not admissible. A ferroelectric test showed that the
standard deviations of strain fields remain mostly under 1.2 x 10 for an element size of 64 px.
The standard deviation on the average value is 3 x 10°®. The strain field is homogeneous and
its average value is consistent with the strain obtained from a CCD laser measurement device.
The longitudinal strain, transverse strain and polarisation response of the PZT were measured
for bipolar and unipolar loadings ranging from 50 to 5000 V/mm. Material properties were
extracted from these measurements. This work shows the advantages of a novel 2D-DIC

algorithm for piezoelectric strain characterisation.
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1. Introduction

Piezoelectric and ferroelectric materials are increasingly used in various applications such as
sensors!3l actuators!, harvesting devices!®, converters!®, non-volatile memories!}, filters!®!
and oscillators®l. The performance and reliability of such devices depend on the material
electromechanical properties, which consequently need to be characterised. In the past
decades, such characterisation was largely developed and the piezoelectric, ferroelectric,
ferroelastic and dielectric properties of ferroelectrics were the subject of numerous studies(*®-
7] Yet, the test conditions are difficult to control due to the strong interplay between thermal,
mechanical and dielectric properties. For example, stress and temperature induce strong
variations of the piezoelectric coefficient ds3 for a single ferroelectric crystall*®l. The electric
field also contributes to significant variations in the dielectric and piezoelectric coefficients of
BaTiOs and PZT ceramics!'”). It is then necessary to seek ways of revealing, at the macroscopic
scale, the presence of anomalies such as inhomogeneous stress, electric field or temperature.

In the case of strain measurement, strain gauges*® or linear variable displacement
transducer (LVDT)!2% are classically used. Both techniques offer satisfying resolution and can
furthermore be used under several types of external loadings!*> 21, However, it is not possible
to obtain information on strain homogeneity with these techniques. Indeed, the minimum
strain gauge size is limited to the millimetre which restricts the density of the measurement
points. This issue also applies to LVDT. Another drawback is that only one direction can be
measured per gauge grid or transducer. To measure the longitudinal and transverse strain
simultaneously, another grid or transducer is needed. Such measurement devices are difficult
to design, especially under coupled loadings or for ferroelectric films. Hence, the longitudinal
strain is generally the only measured strain component!?> 20241 and the transverse strain is

often discarded.



Digital Image Correlation (DIC) opens up opportunities for the measurement of strain
on ferroelectric materials. This strain measurement technique is contactless, not scale-limited,
allows 2D full-field measurements and is compatible with any imaging method. One
requirement is that trackers or textures are needed in the images so as to observe
displacements. DIC has already been used for classical mechanical experiments such as
thermal!?], fatiguel?®, ageing!?’l, high speed!?® or large strain(?®®! tests. Besides, active
materials such as ferromagnetics®® 31, shape memory alloys!®? 331 and piezoelectrics3* 3%
were also studied. Regarding the piezoelectric studies!®* 3%, the DIC was dedicated to large
strains and crack measurements. Recently, DIC was used to characterise the macroscopic
ferroelectric behaviour of a 0.5 mm film3® and to measure the piezoelectric coefficients of a
piezoelectric wafer in the Rayleigh regionB”). In these works, the measurements were
conducted in the air, with a maximum electric field around 2 kV/mm and with the natural
texture of the sample as DIC tracking pattern.

More recently, Chen and Kamlah improved the use of the DIC technique for
ferroelectrici®! and ferroelastic!®® characterisations. The displacement and strain
measurement errors were investigated and the notion of strain field homogeneity was
introduced. Similarly to 7], DIC measurements were made using the natural texture of the
sample. In the algorithm used, strains were obtained from a linear regression of the
displacement field. Such a computation strategy drastically reduces the random part of the
measurement error. For instance, for a regression over a distance of 1800 px and for static
images, the strain error was about 10°® while the local displacement error was 6.5 x 10”2 px.
This strain error led the DIC measurement results to be in a good agreement with the LVDT
technique in this case. However, such a strain computation process discards physical

admissible results, for instance non-uniform strain components. A way to circumvent this



problem while keeping a low uncertainty is to introduce a filter that takes into account
mechanical admissibility of the solution. Recently, DIC has outperformed the displacement
resolution of classical algorithms using such a filter®. The proposed algorithm, namely
CorreliRT3, is able to compute displacements imposed during a mechanical test with a
standard deviation under 1072 px.

In this work, CorreliRT3 is used to characterise a ferroelectric sample from piezoelectric
to ferroelectric strain levels. A speckle pattern is deposited on the sample to maximise the
correlation quality. The correlation algorithm is described in a first part. The speckle
deposition and the measurement device is detailed in a second part. The experimental error
of the DIC setup is assessed with the help of a ferroelectric test on the PZT sample. Then, the
strain of the PZT sample is measured under electric fields from piezoelectric to ferroelectric
amplitudes. The piezoelectric coefficients, the susceptibility and the density of dissipated
energy per cycle are extracted from this experiment. Their evolution as a function of the
electric field amplitude is discussed in the last part. This work details in conclusion the
potentialities, in terms of piezoelectric behaviour characterisation, of a DIC setup designed for

high electric fields.

2. DIC technique

The Digital Image Correlation (DIC) technique was first introduced for 2D images by Sutton et
al.™1, This technique initially aims at measuring the full in-plane deformation of an object. For
that purpose, two monochromatic images are obtained from this object (a reference picture
and a deformed picture). Images are defined as 2D matrices where each value corresponds to
a grey level amplitude. The matrices can be cropped to discard irrelevant data and in such

cases, the remaining region is called Region Of Interest (ROI). The images or ROIs are then
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compared using a correlation algorithm. The algorithm initially proposed by Sutton et al. used
a spatial 2D cross-correlation product. Under the hypothesis of grey level conservation, the
cross-correlation product is maximum when the two images match. Thus, the displacement
between images corresponds to the coordinates of the cross-correlation maximum. The
computed displacement then refers to the mean displacement of the image centre. It is worth
noting that for this algorithm, ROIs are rather divided in square subsets and the correlation is
performed on each subset. It allows to define several displacement nodes hence a
displacement field. This method is referred to as “local” (subset-based) DICH*} 42, The
displacement uncertainty of such algorithm is equal to one pixel since it is the numeric
resolution of the image. However, interpolation methods were developed to improve the
accuracy down to sub-pixel levels*3-4°l, Since its first application, this DIC principle has been
optimized. Measurement setups were improved and experimental errors minimised. A
comprehensive state of the art review on these aspects can be found int®l,

Alternative computation techniques based on variational formulations were also
developed. Such approaches are referred to as “global approaches”. In these algorithms, the
correlation is computed over the whole image (or ROI) without sub-dividing it into subsets. It
is then possible to insert, in the computation process, spatial regularisation techniques to
constrain the displacement field and control its fluctuations!*” %8, Recently, a global approach
based on a finite element description and on a mechanical regularisation has been developed
and implemented!®® 421, |t consists first in minimising iteratively the function ®2 related to

difference of grey levels between two images:

M
2 = j (F () — glx + u(x)])2dx,
0N

where:



£ is the considered domain (subset in local approach, ROl in global approach).
f is the reference image.

g is the image in a deformed configuration.

x is the pixel coordinates.

u(x) is the displacement of the pixel at coordinates x.

A Taylor expansion to the first order is made to linearize g[x + u(x)] to g(x) +
Vf(x).u(x). Eq. (1) then leads to a linear system and it is possible to express this system in a
matrix-vector product(4?):

[M]{du} = {b} (2)
where:
[M] is a constant matrix representing the dyadic product of fields Vf (x).¥(x) where ¥ (x) is
a chosen vector function constraining u(x).
{b} corresponds to the residual vector, weighted by Vf(x). This quantity vanishes when a

perfect match is obtained for each pixel.

This system is solved iteratively. An iteration consists first in computing {b} from f and
g- Eq. (2) is then solved to find {du} and the total displacement field {u} is updated.
Afterwards, a new iteration starts. The iterative process stops when {du} reaches a quantity
defined by the user. It is worth noting that, as a linearization is used to solve Eq. (1), the
solution {u} is defined only for small increments {du}.

In the program Correli RT3, the displacement field u(x) is in addition constrained to
fulfil mechanical admissibility of the solution. For that purpose, a linear-like elastic relation is

imposed in a Finite Element sense:



[K1{u} = {f} (3)
where:
[K] is the stiffness matrix.
{f}is the nodal forces vector.
{u} is the displacement field.

As this minimisation is computed in a Finite Element sense, the ROl is discretised using
a mesh. Equations are solved for each node of this mesh. In the case of CorreliRT3, the mesh
elements are chosen to be triangular (also called T3-element). Starting from equation (3), the
energetic functional @2 is introduced to regularise the displacement of all interior nodes:

®n = WK [K]{u} (4)

The displacements at the edges of the mesh are regularised using an energy term
based on the displacements at the mesh boundary:

@5 = {u}[L][L1{u} (5)
where:
[L] is an operator acting on the ROl boundary!“?l,

The functionals ®2 and @2 must be minimised as well as &2 and this is referred to as
the mechanical regularisation. However, such a minimisation is an ill-posed problem. A total
functional, in which @2, @2 and ¢>§ are normalised and weighted, is considered. The three
functionnals are then respectively normalised by {v}{[M]{v}, {v}[K]*[K]{v} and
{(VY[L]*[L]{v}. {v} is a displacement field chosen to be in the form of a plane wave, v(x) =
voe**, where v, is the wave amplitude and k the wave vector. The total functional is then

expressed as:



0 = (T ) (vl + ,53) ©
where:

@2, D2 and ®Z are normalised residuals.

w,, and w;, are weights defined by k and by the regularisation length scales [,,, and [}, in
pixels40],

The minimisation of ®@? acts as a fourth-order low-pass filter on the displacement
field . It is worth noting there are now two representations of the displacement field.
Indeed, the mechanical equations lead to nodal displacements whereas residuals lead to pixel
displacements. The conversion from pixel to nodal displacements is performed by a cubic
interpolation.

The introduced correlation algorithm presents several benefits. First, in terms of
displacement error, the global approach out-performs local approaches based on
quadrilateral element subsetsl“?l. To reach equivalent uncertainty, local approaches use
filtering processes that can result in inappropriate approximations. This is the case for instance
when the tested material presents inhomogeneous properties. Second, local DIC uncertainty
increases exponentially with the inverse of the subset sizel*® >, For the presented global
approach, the uncertainty tends to saturate when the mesh size decreases. Consequently, it
is possible to compute correlations using 1 pixel-sized elements while local approaches require
subset sizes of 10 pixels and morel*?l. Considering these assets of such algorithm, CorreliRT3

has been applied to the characterisation of ferroelectrics. The whole experimental setup and

its reliability to measure ferroelectric strains are presented in the next parts.



3. Experimental setup

3.1. Measurement device

The experimental setup is described in Figure 1. The setup is designed to apply an electric field
E5 up to 4 kV/mm to the sample, to measure the induced electric displacement D5 and to
measure the sample strain components S3; and S;; using DIC and S35 using a CCD laser
displacement sensor. The sample is a 4 x4 x4 mm soft PZT (NCE55, Noliac) with silver

electrodes. The piezoelectric and dielectric coefficients of this material are given in Table I.
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Figure 1 - Schematic drawing of the sample measurement device (a) and illustration of
the whole experimental setup (b).

The high voltage, used to impose the electric field E;, is produced by a Trek 20/20C HS
high voltage amplifier. For insulation purpose, the sample is immersed in a PTFE container
filled with insulating fluid (Fluorinert™ FC-770, 3M). The electric displacement D5 is measured
from the upper electrode of the sample. The electrode is accessed using a rod (diameter
4 mm) sliding in a bracket, both conductive. The contact between the rod and the sample is
ensured using a spring. Because of the small stiffness of the spring (1 N/mm), the stress
induced by the rod is neglected. The conditioner used to obtain D5 is an operational amplifier
integrator circuit®? >2l, Integrating capacitors of 100 nF to 2000 nF are used to measure the

sample response under electric fields from 10 V/mm to 4 kV/mm. The sample elongation AL;



is measured using the CCD laser sensor LK-G10 connected to a LK-GD500 controller from
Keyence. The sensor is placed above the rod (see Figure 1a). The mean longitudinal strain of

the sample is obtained from:

_ AL (7)

with L; = 4 mm.

The electric field E5 is imposed using a real-time DSpace hardware module which has
a maximum sampling frequency of 50 kHz. The elongation AL; and the electric displacement
D5 are recorded using the same module. These three variables are monitored on a first
computer with MATLAB Simulink associated to a Graphic User Interface (DSpace ControlDesk,

see Figure 1b).

Parameter d;; (x107 2 m/V) | d3; (x 10712 m/V) £33/ &
Value 670 -260 5000
Table | — Noliac NCE55 piezoelectric and dielectric coefficients from datasheet

During experiments, a lateral face of the sample is imaged with a Ximea MD091MU-SY
camera (14 bits monochrome, 3380 x 2708 px, 5 FPS maximum) mounted on a Questar QM 100
MKIII. A visual access to the sample is ensured using a flat glass window (1 mm thick) mounted
on aside of the PTFE container. The whole optical system is placed at 37.5 cm from the sample
surface. In this condition, the aperture is f/7, the optical resolution is around 5 um and the
spatial sampling is 1.21 um/px. The sample lighting is produced by a LLS 3 LED light source
(SCHOTT North America, Inc.) and oriented with an optical fibre. The camera is triggered by
the DSpace module to synchronise the image acquisition with the electric field. A second
computer controls the camera using a MATLAB program. The program receives and stores the
images using the TIFF format, without data compression. It also integrates a focusing and

parallelism calibration function based on image gradient analysis. This function allows the
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mean image resolution to be maximised and ensures the angle between the sample surface
and the camera sensor plane to be less than 0.2°. Once images are acquired, they are
correlated in a post-processing step with the 2D-DIC MATLAB program Correli RT3[4% 42l The
displacement and strain fields (longitudinal and transverse) of the sample are then obtained.
All DIC computations are made using the regularisation lengths [,,, = 2 X [, = 400 px. With
these values, the computation time is about 1 min per image, which is far faster than previous

PZT studies using DIC[33 391,

3.2. Specklepattern
Samples studied using DIC must contain a tracking texture to evaluate displacements. The
natural texture of the sample can be used for this purpose or an artificial texture can be
applied to it to optimise the correlation quality. Generally, the texture is created by applying
black/white dots randomly or periodically positioned on a white/black background. The image
of such texture is commonly referred to as a “speckle pattern”. Random speckles are usually
preferred to periodic speckles since it creates unique local textures. This property allows
subsets (or elements) to be differentiated from their neighbours and allows correlation
conflicts to be avoided. In this paper, a random speckle pattern is used as tracking texture.
Several studies were carried out in the past to identify the influence of the speckle
characteristics (for instance, contrast, density or speckle size) on the correlation quality!*® >3-
>3, One way to quantify the texture quality is to compute the image gradient V£ (x). Indeed,
in Eq.(1) the displacement u(x) is weighted by Vf(x). Thus, the displacement resolution is
proportional to the inverse of Vf(x)P®l. As the speckle pattern corresponds to the grey level
variation function f(x), Vf (x) directly reflects the speckle quality. This quality is maximised

when the Mean Intensity Gradient (MIG) of the entire image is maximised>* >,
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Using the MIG and simulated images, we have recently identified the optimal density
and speckle radius of specific speckle patternsl®’l. Speckles made of circular black dots
randomly positioned onto a white background were considered. The simulations also
accounted for the optical resolution and the spatial sampling of the experimental setup. It was
shown that the MIG is maximised for a speckle density of 0.5 and for diameters ranging from
6 to 17 um, depending on the optical magnification used®”). Considering these results, the
speckle is experimentally produced by depositing black circular particles (toner powder with
~10 um diameter per grain) onto a white acrylic layer. Both white paint and powder are
deposited on the specimens using the airbrush Badger Sotar 20/20. An example of the speckle

obtained with this method is shown in Figure 2.
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(a) (b)
Figure 2 — Pictures at two different magnifications (a) and (b) of a speckle made on a piezoelectric material
with white paint and toner powder.

4. Characterisation of the DIC technique

The sample is subjected to a 4 kV/mm triangular electric field at 10 mHz. During this test, the
sample is imaged to compute strains a posteriori by DIC using 64 px sized T3 elements. For
comparison purpose, the strain is also recorded with the CCD laser sensor. The triangle

12



waveform is used instead of a sine because the number of images is limited to 350 by the
computer memory. The triangle then helps to distribute images around the coercive field. The
image acquisition frequency is set to 3.5 Hz (350 images per hysteresis loop) with an exposure
time of 4 ms per image (i.e. 0.004% of the electric field period). The polarisation of the sample
is measured using a fixed capacitance of 2.057 pF.

In this part, the displacement and strain fields obtained by DIC at E5 = -2 kV/mm are
first shown and discussed. Then, the mean value of the DIC strain fields are collected to plot
the sample S-E loop. The S-E loop is discussed and compared to the S-E loop obtained with the

CCD laser sensor.

4.1. Displacement and strain field measur ements

Figure 3 shows the DIC displacement and strain fields at E5 = -2 kV/mm. Figure 3a and Figure
3b gives the longitudinal and the transverse displacement field, respectively. The
displacement reference point is approximatively the image centre (see Figure 3c) because rigid
body motions were removed. The displacements are expressed in pixels since they were
computed from numerical images. In real space, the overall longitudinal displacement is ~3.87
um and the overall transverse displacement is ~1.94 um since the spatial sampling period is
1.21 um/px. As expected, the displacement field exhibits a longitudinal elongation and a
transverse contraction by comparison to the reference state (E; = 0).

Figure 3d, Figure 3e and Figure 3f present the DIC longitudinal, transverse and shear
strain field at E5 = -2 kV/mm, respectively. The strains are computed from Figure 3a and Figure
3b in a finite element sense. Using the nodal displacements of the T3-meshing, the Constant
Strain Triangle (CST) method®® is applied to obtain the strain on each element. The
longitudinal strain (Figure 3d) fluctuates between 0.2 x 103 and 1.5x 103. The highest

fluctuations are localised at the edges of the strain field. The same observations are made on
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the transverse and shear strains (Figure 3e and Figure 3f). These fluctuations are believed to
be correlation errors since the field is discontinuous in the corresponding regions. The
boundary regularisation of the DIC algorithm may not be sufficient to compensate for the
displacement discontinuity. However, it cannot be exclude that these fluctuations are due to

an inhomogeneous electric field at the sample boundary.
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Figure 3 - Longitudinal (a) and transverse displacement fields (b) measured using DIC on a
NCE55 sample under -2000 V/mm. Vector displacement field is plotted on graph (c).
Longitudinal (d), transverse (e) and shear (f) strain fields are obtained from displacement
fields using 64 px sized T3 elements. The black dashed rectangles represent the zone used
for computing mean and standard deviation values.

To discard the strain fluctuations at the edges, each strain field is studied in its central
part. This part is indicated in the figures by a dashed rectangle and contains 1700 elements.
The mean and standard deviation of the strain are computed in this zone. Values are reported
in Table Il. The observed magnitude, about 103, are expected for this class of materials.
Standard deviations are less than ~5 x 107 for all strain fields (approximatively 5% of the strain
amplitudes, which is ~103) meaning that the strain fields are satisfactorily homogeneous in

the studied area. Regarding the shear strain, the mean value is 23 times lower than the
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transverse strain with a standard deviation of 3.28 x 10. It is small but not insignificant and

may reveal that the sample naturally shears under free mechanical boundary conditions.

Measurement: Mean | Measurement: Standard
Value Deviation

S33 1.29 x 1073 4.01x 105

(longitudinal)

S11 (transverse) | -0.550 x 1073 5.15x10°

S31 (shear) -0.0235 x 103 3.28 x10°

Table Il - Mean and standard deviations of the strain fields at E = -2 kV/mm (Figure 3).

4.2. Ferroelectric measurement
Figure 4 shows the macroscopic strain and polarisation as a function of the applied electric
field. All measurements are made simultaneously. The polarisation (Figure 4a) at saturation is
0.40 C/m? and the remanent polarisation is 0.34 C/m? which is consistent with other PZT
studies!?* 5%, The P-E loop exhibits a 5 V/mm difference between the negative and positive
coercive field. This difference is not significant since it represents less than 1% of the coercive
field.

The longitudinal strain (Figure 4b) amplitude measured with DIC (blue curve) is of 3.80
x 1073, The electric field at the minimum strain is measured as 595 V/mm. This is in satisfying
agreement with the CCD laser measurement. The strain hysteresis is however larger for the
CCD laser measurement than for the DIC measurement. This is presumable the result of the
sliding friction between the rod and the bracket. Regarding the noise on the red curve, it is
caused by environmental vibrations transmitted from the floor to the setup. This noise is not
visible on DIC measurements since DIC is, in the present case, slightly sensitive to vibrations.
Indeed, the effect of vibrations during an image acquisition corresponds to a sliding average
filter. The light intensity is averaged in the motion direction during the exposure time. In the

present case, the maximum vibration velocity is around 0.04 px/ms and the exposure time is
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set to 4 ms. Each image is then averaged over a maximum of 0.16 px. The spectral response
of this filter has been numerically computed. Its spatial cut-off period has been found to be
0.27 px. This is 74 times less than the spatial cut-off period of the optical system, which is 20
px. The effect of vibrations are then neglected.

The transverse strain (Figure 4c) amplitude is of 1.74 x 103, which represents 46% of
the longitudinal strain amplitude. Since the ratio is not equal to 50%, the process is not
isochoric. Another important observation is the difference between the maximum strains at
positive and negative electric fields (A4St and AS™). The asymmetry factor yS =
(4S*-4S7)/(4S* + AS7) is of 0.5 x 102 for the DIC measurement and of 1.2 x 107 for the
laser measurement (Figure 4b). The asymmetry of the transverse strain is smaller with a factor
of 0.1 x 102. These asymmetries are attributed to a measurement error and, regarding the DIC

measurement, the asymmetry factors are acceptable.
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Figure 4 — Ferroelectric characterisation result for a triangle electric field (4 kV/mm at 10
mHz). Polarisation P (a), longitudinal strain S33 obtained by DIC (blue) and CCD laser
sensor (orange) (b) and transverse strain S, obtained by DIC (c).

It is possible to qualify further the DIC measurement by analysing the strain field
distribution during the electric excitation. Figure 5 shows the standard deviations of the DIC
strain fields (dashed rectangle of Figure 3d,Figure 3e andFigure 3f) as a function of the electric
field. The values remain below 1.2 x 10 for a decreasing electric field. This represents less

than 5% of the maximum transverse strain. The strain fields can then be considered as
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homogeneous. However, this is not true for increasing electric fields, two peaks in standard
deviation are observed. These peaks do not reflect an experimental error and are related to
the sample. Indeed, the peaks are reproducible and the fluctuations observed in the strain
fields were found to be systematic, not random. An explanation for these fluctuations is the
polarisation reversal since the peaks position matches the coercive field. Around the coercive
field, the polarisation of local dipoles is reversed and this reversal does not occur continuously
due to dissipation effects. Thus, heterogeneities are expected in the strain field. The order of
magnitude of the heterogeneities is relatively high with a standard deviation of 3 x 10 for the

transverse strain. The electric field frequency might be too high to prevent dynamic effects to

appear at the coercive field.
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Figure 5 — Standard deviation of strain fields S33, $11 and S5 as a function of the electric
field.

In this part, it was shown that Digital Image Correlation algorithms based on global
approaches are efficient tools to characterise ferroelectric strains. The total strain
measurement error does not exceed 1.2 x 10 under quasi-static measurement condition. As

the total number of points is 1700 for 64 px sized element, the error on the mean value is

1.2 x 107 /1700 = 3 X 107%, assuming this error is random and follows a normal
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distribution. Consequently, it is theoretically possible to characterise not only ferroelectric
strains but also piezoelectric strains using the presented setup. In order to verify this
observation, the sample behaviour is characterised in the next part from sub-coercive to high

electric fields.

5. Piezoelectric to ferroelectric characterisation

In this part, the sample is characterised from small (piezoelectric behaviour) to high electric
fields (ferroelectric behaviour) with the same setup (see section 0). For this purpose, two
experiments are proposed. For both experiments, the sample is first depoled and repoled once
at 4 kV/mm during 1 min. The depolarisation process is made according to the anhysteretic
bias field method®! (bias field of 0 V/mm, frequency of 0.5 Hz, duration of 60 s and
exponential damping factor of 0.015). The first experiment consists in subjecting the sample
to 50 mHz bipolar sinusoidal electric field with increasing amplitudes. The polarisation and the
DIC longitudinal and transverse strains are acquired. The second experiment is identical, but
performed under unipolar sinusoidal electric field. The sine waveform is chosen so as to
compare the results (see section 6) to other PZT studies. The image acquisition frequency is 5
Hz (100 points per cycle). All strains were obtained by computing the mean value of the DIC

strain field centre.

5.1. Bipolar electricfield

Figure 6 presents P(E) and S(E) loops for bipolar loadings. On both polarisation and strain,
the sample exhibits an overall linear behaviour and small hysteresis until 200-250 V/mm.
Then, an inflection point appears at the bottom part of the cycles. As the material is polarised,
saturation is reached for positive electric fields but not for negative ones, which creates the

inflexion. At 550 V/mm, the negative coercive field is reached and the hysteresis becomes
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substantial. The polarisation even reaches -0.3 C/m? at 600 V/mm which approximatively
corresponds to half the major cycle amplitude: the material is depolarised and repolarised
during this cycle. On the strain loop, a new wing appears and the loop becomes an asymmetric
butterfly loop. Above 600 V/mm, the cycle amplitude grows and the asymmetry factor of the
butterfly loop decreases. At 4000 V/mm, the cycles are symmetric: the preferred orientation
of domains (known as internal or imprint electric field®> 6% &I]) due to the initial pre-
polarisation has vanished. The loops are then major loops. More details are given and analysed

from these graphs in the discussion part.
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Figure 6 — Polarisation P3, longitudinal strain $3; and transverse strain $;; under
growing bipolar sinusoidal electric field (50 mHz). Before measurements, the sample
(NCE55) was initially poled at 4000 V/mm during 1 min.
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5.2. Unipolar electricfield
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Figure 7 — Polarisation P3, longitudinal strain $33 and transverse strain $;; under
growing unipolar sinusoidal electric field (50 mHz). Before measurements, the sample
(NCES55) was initially poled at 4000 V/mm during 1 min.

The P(E) and S(E) loops for unipolar loadings are shown in Figure 7. The material is
electrically loaded along the direction of pre-polarisation. The polarisation is thus never
reversed; this experiment shows the behaviour of the material close to the saturation state.
As a consequence, all cycles are narrow compared to bipolar cycles (small dissipation). The
cycles are elliptic until 250 V/mm and begin to curve downward from 500 V/mm.

Consequently, the polarisation and strains increase more at low fields than at high fields. This
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was expected since the material is electrically saturated at high fields, hence, the extrinsic
effect cannot contribute anymore to the rise of polarisation and strain. A detailed analysis of
the susceptibility and piezoelectric coefficients as a function of the electric field is presented

in the next part.

6. Discussion

The bipolar and unipolar characterisations shown in Figure 6 and Figure 7 respectively are

analysed by extracting the apparent piezoelectric coefficients and susceptibility:

AS33 * ASq1q * AP33 8
d3; =—,d3; =—and =— (8)
33 = g, 431 T g, X33 AE,’

where AE; is the electric field variation, 4553 the longitudinal strain variation, 4S5;; the
transverse strain variation and AP;3; the polarisation variation. These parameters are
computed with an ordinary least square regression over all points of each cycle of Figure 6
and Figure 7 (S(E) for d35; and d3, and P(E) for y33). They are called “apparent” since they
differ from the actual intrinsic coefficients. The dissipated energy is also obtained from Figure
6 and Figure 7. It is computed as the parametric integral of a P(E) cycle and represents the
volume density of electrical energy dissipated per cycle. Results are presented in Figure 8
(bipolar electric field) and Figure 9 (unipolar electric field). All parameters are plotted as
function of the maximum electric field. The coefficients d35, d3; and y33; are computed for
cycles ranging from 75 to 550 V/mm. Under 75 V/mm, the measurement noise is too high to

obtain reliable results. Above 550 V/mm, the coercive field is exceeded.
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Figure 8 — Apparent d3; (a), d3; (b), susceptibility 33 (c) and dissipated energy (d)
measured on cycles of Figure 6 (bipolar growing E) and plotted as function of the
maximum electric field. The dotted lines (Figure 8a,Figure 8b andFigure 8c) indicate the
manufacturer values.

For bipolar electric fields, the piezoelectric coefficients d35 and d3, evolve linearly with
the maximum electric field (Figure 8a and Figure 8b). This trend is in agreement with previous
studies on soft PZTI17.24 64,651 The values of the coefficients at low electric fields are consistent
with the manufacturer data (d35 of 670 pm/V and a d3, of 260 pm/V, see Table I). However,
these values increase significantly with the electric field. At 550 V/mm, these values are
multiplied by 3 for d35 and by 4 for d3,. The approximation of piezoelectric behaviour (linear
behaviour) is then restricted to electric fields under 75 V/mm for this material. Regarding the
d3,/d35 ratio, the linear evolution of the coefficients (Figure 8a and Figure 8b) makes it quasi-

constant. Above 200 V/mm, values are bounded between -0.43 and -0.48.
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The evolution of the susceptibility y35 (Figure 8c) does not follow the evolution of the
piezoelectric coefficients. The susceptibility increases linearly only at low electric fields. This
observation is typical for PZT and has already been reported[l”: 24 31 64661 The non-linear
increase around the coercive field is due to the squared-shape polarisation loop. As soon as
the electric field gets close to the coercive field, the polarisation amplitude increases rapidly.
However, this increase is associated to a high dissipation increase (100 kJ/m3/cycle between

450 and 550 V/mm, Figure 8d). The value of y35 then corresponds only to the global sensitivity
ar of the cycle.
AE

The coercive field shows a clear frontier between apparent piezoelectricity and
ferroelectricity. On the dissipated energy (Figure 8d), the values are less than 0.22 kJ/m3/cycle
for electric fields lower than 100 V/mm. In this electric field range, the material behaviour
(Figure 6) is linear and reversible. From 100 V/mm to the near coercive field (500 V/mm), the
dissipation increases to 51 kJ/m3/ cycle and is no more negligible. This part is known as the
Rayleigh region[”:66:671_ Above 500 V/mm, the dissipation rises rapidly and reaches 1100 kJ/m3
at 3000 V/mm: the domain switching processes responsible of ferroelectricity become here
prominent!17],

For unipolar electric fields (Figure 9), results for E; < 100 V/mm are comparable to
results for bipolar electric fields (see Table Ill). This was expected since the initial polarisation
state of the material is the same in both cases. However, a difference appears when the
electric field is increased. The piezoelectric coefficients for unipolar electric fields remain small
compared to bipolar electric fields (dz; of 860 pm/V and d3; of -400 pm/V at 500 V/mm).
Moreover, the values increase non-linearly (saturation at 500 V/mm). The d3,/d3; ratio is

comparable to the ratio obtained for bipolar fields above 200 V/mm.
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Figure 9 — Apparent d3; (a), d3; (b), susceptibility y35 (c) and dissipated energy (d)
measured on cycles of Figure 7 (unipolar growing E) and plotted as function of the

maximum electric field. The dotted lines (Figure 9a, 9b and 9c) indicate the
manufacturer values.

The evolution of y35 is similar to the evolution of the piezoelectric coefficients. The
susceptibility moves up linearly (from 3800 to 4500) and then saturates (around 400 V/mm).
Above 400 V/mm, values decrease due to the apparition of the downward curvature in the
P(E) cycles (see Figure 7). For these electric fields, as for bipolar electric fields, the computed
X33 does not refer to susceptibility anymore. Regarding the dissipated energy (Figure 9d),

values are extremely low (82 times less than bipolar field dissipations). This was expected since

the material is used far from its coercive field (-600 V/mm).
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At 75 V/mm At 500 V/mm
d3z (x 102 | d3y (x 1072 | x33 | d33 (x 1072 | d3y (x 10%% | x33
m/V) m/V) m/V) m/V)
Bipolar field 776 -429 4606 1963 -899 15400
Unipolar field | 677 -305 3806 | 858 -396 4466
Manufacturer | 670 -260 5000
data

Table Ill — Apparent piezoelectric and dielectric coefficients obtained at 75 and 500 V/mm.
Values obtained at 75 V/mm are compared with the manufacturer data.

7. Conclusion

The Digital Image Correlation measurement method was used to characterise PZT strains
(longitudinal and transverse) from low to high electric fields. The speckle pattern, the global
DIC algorithm and the mechanical regularisation process allowed strains to be measured with
satisfying resolution (standard deviation of ~3 x 10°® on the mean strain) and satisfying
computing time (~1 min per image). It is worth noting that the regularisation takes into
account the mechanical admissibility of the displacement field. This work has improved the
DIC technique for the characterization of piezoelectric and ferroelectric strains. Moreover, the
DIC setup showed interesting advantages such as non-sensitivity to micrometre scaled
vibrations and the ability to identify test heterogeneities.

The DIC setup has also proved its ability to measure soft PZT properties from 50 to 5000 V/mm
(bipolar and unipolar). It is believed that smaller electric fields could be studied by conducting
the measurements in the air, which would remove the errors induced by the electrical
insulation liquid. Considering that DIC is contactless, the technique appears to be a good
alternative for the measurement of low electric field behaviour. Indeed, contrary to LVDT or
strain gages, DIC provides results where the measurement has not interacted with the test

conditions. The limit of the presented application is that the measured parameters are
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obtained from a sample lateral face, where boundary effects can lead to inhomogeneous
properties. However the heterogeneities are mainly concentrated at the sample corners. In
the present case, the centre part of the images provides reliable results.

The benefits of 2D-DIC for the study of ferroelectric materials are numerous. The
measurement scale is not physically limited like for other methods. For instance, the
microscopic and nanoscopic scales could be investigated by DIC using not optical, but SEM
(Scanning Electron Microscope) images. It could then be xpossible to characterise the
behaviour at the microstructure level. For example, the strain at domain or grain boundaries
could be investigated. Finally, DIC is used here for quasi-static and high-resolution
measurement but has a high-frequency potential with high speed cameras (up to 100 kHz and

more with reduced digital resolution).
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