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a b s t r a c t
The behaviour of a bulk lead zirconate titanate ceramic has been characterised under combined high
stress and high electric ﬁeld. The electrical response of the sample was monitored, and Digital Image
Correlation (DIC) was used to characterise the strain ﬁeld at the surface of the sample. The DIC technique
allows both longitudinal and transverse strains to be measured simultaneously. The results showed that
a compressive stress of 25 MPa increases the susceptibility by 128% and the longitudinal piezoelectric
coeﬃcient by 47%. A further increase of stress has reversed this trend and under a 500 MPa compression,
the susceptibility has fallen by 71% and the longitudinal piezoelectric coeﬃcient by 98% compared to the
unstressed case. The analysis of the ferroelastic contribution revealed that this decrease is explained by
a saturation of the ferroelastic switching, beginning at the coercive ﬁeld. The material volume change
during loading was computed using the DIC results. It was found that a negligible piezoelectric activity remains at 500 MPa while ferroelastic switching still occurs and is reversible. This work shows that
it is possible to obtain quantitative insights into the physical mechanisms underlying the macroscopic
behaviour of ferroelectrics using the DIC technique without requiring the use of local investigation technique.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Ferroelectric materials are widely used to produce actuation
systems such as traveling wave motors [1–3], structural resonance
motors [4–6], walking [7] or clamping systems [8,9], inertial motors [10] or meshing engagement motors [11]. In all these actuation
mechanisms, the ferroelectric material is simultaneously subjected
to an electric ﬁeld and a mechanical stress. A full understanding of
ferroelectric materials behaviour under such conditions is required
to optimise these devices.
Several studies were conducted to observe [12–14] and model
[15–21] the macroscopic behaviour of soft ferroelectric materials under coupled electromechanical loadings. However, boundary conditions are diﬃcult to control and experimental studies are
usually restricted to low stress [22–24] (< 60 MPa) or subcoercive
electric ﬁeld [22,25,26]. Studies where stress and electric ﬁeld both
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largely overtake the coercive values of the material can be found
[27–33], but only a few include piezoelectric and ferroelastic properties measurements [31–33]. Similarly the measurement of the
transverse strain under high ﬁeld and high stress was already investigated [34] but is still rarely shown. To facilitate a complete investigation of the material behaviour under severe electromechanical loadings, new investigation techniques are needed.
Digital Image Correlation (DIC) is a computation technique used
to extract the 2D displacement ﬁeld between two images of the
same scene. It has been used to study the strain ﬁeld of structural materials during classical mechanical tests such as tensile,
compression, shear, torsion and bending [35–39]. Severe conditions were also studied such as high temperature [40], large strains
[41,42] or high strain rates [43,44]. Over the past six years, DIC has
been introduced for the study of ferroelectric material response to
external loadings [45–49]. The ferroelastic strain was studied either under electric ﬁeld [[45–47],[49]] or mechanical stress [48].
Piezoelectric properties were also studied [45,49]. In [49], it was
shown that DIC can give access to electric-induced strains down to
3 × 10−6 and allows deﬁning piezoelectric coeﬃcients of the or-
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Fig. 1. Drawing of the loading cell (a) and illustration of the whole experimental setup (b). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

der of 20 pm/V. Besides, unlike classical strain measurement techniques, DIC does not only provide the average strain response of
the material but the full displacement ﬁeld over the studied area.
This can be very useful as a mean to monitor the test conditions
[[47–49]].
In the present work, DIC is used to study the properties of a
soft lead zirconate titanate (PZT) ceramic under combined electrical and mechanical loading. The experimental setup and the measurement procedure are described in a ﬁrst part. The classical PE and S-E loops obtained for different levels of applied pre-stress
are presented. Ferroelectric, piezoelectric and dielectric properties
are then evaluated as a function of stress and electric ﬁeld. The
different contributions to the material behaviour (ferroelectric, ferroelastic, elastic, dielectric and piezoelectric) are further extracted
from the results and discussed. It is shown that DIC measurements
can be used to associate changes in material properties to speciﬁc
micro-mechanical phenomena such as domain switching or crystal
phase transitions.

time dSPACE hardware module is used to apply E3 and acquire F3
and D3 . The module has a maximum sampling frequency of 50 kHz
and is controlled from a computer using a real-time Graphical User
Interface.
The in-plane strain ﬁeld is measured by Digital Image Correlation [49]. A speckle pattern is deposited on a lateral face of the
sample so as to track local displacements [52]. The deposition process is described in [49]. The speckled face is imaged during experiments with a Ximea MD091MU-SY camera mounted on a Questar
QM100 MKIII. This optical setup is placed at ~37 cm from the sample surface. It can acquire 3380 × 2708 px size images at a maximum rate of 5 Hz, with a spatial sampling of ~1.2 μm/px (area
of ~3.2 × 4 mm). A ﬂat glass window (1 mm thick) mounted on
a side of the plastic container (see Fig. 1a and 1b) allows a visual
access to the sample. A minimum distance of 0.8 mm between the
sample and the glass ensures that no contact appears during the
experiment. 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 applied electric ﬁeld. A second computer is used to store the images. The in-plane displacements are obtained from the images using a Digital Image Correlation program based on a global approach (CorreliRT3) [49,53]. The
strain ﬁeld is computed from the displacement ﬁeld using a ﬁniteelement algorithm. A mesh with triangular elements of 64 px is
used for this purpose. More details on the optical setup and on
the DIC program are given in [49].

2. Experimental procedures
2.1. Measurement setup
The electromechanical compression setup is shown in Fig. 1a.
The setup is designed to apply to the sample an electric ﬁeld E3
up to 4 kV/mm and a force F3 up to 10 kN (corresponding to a
stress σ33 up to 600 MPa). The sample is a 4 × 4 × 4 mm soft
PZT (NCE55, Noliac) with silver electrodes. The material, initially
isotropic after sintering, was subjected only to uniaxial electromechanical loading along direction 3, so that it is assumed transverse isotropic around axis 3. The sample is placed between two
jaws, electrically isolated from the ground using alumina parts. The
upper jaw (red parts) contains a ball-joint and is used to apply the
high voltage. The lower jaw (blue part) is used to measure the induced electric displacement D3 . All bearing surfaces were grinded
and have a ﬂatness within ± 4 μm.
The complete experimental setup is shown in Fig. 1b. The electric ﬁeld E3 is produced by a Trek 20/20C HS high voltage ampliﬁer.
For insulation purpose, the sample is immersed into a plastic container ﬁlled with insulating ﬂuid (FluorinertTM FC-770, 3M). The
electric displacement D3 is measured using an operational ampliﬁer integrator circuit [50,51]. The integrating capacitor is of 2 μF.
The force is applied by a Zwick/Roell 030 compression machine
and is measured by a 10 kN sensor (KAP-TC, Angewandte System
Technik), mounted between the machine loading frame and the
upper jaw. The force and the electric ﬁeld are collinear. A real-

2.2. Measurement procedure
Polarisation P3 , longitudinal strain S33 and transverse strain S11
were all measured simultaneously. The stress levels ranged from 2
to 500 MPa (compressive stresses will be noted positive). During
the experiment, the system controlled the stress so that it did not
vary by more than ± 6 MPa. The loading stress rate to reach each
pre-stress level was 0.63 MPa/s. The electric ﬁeld was triangular,
with amplitude ± 40 0 0 V/mm and frequency 25 mHz. The image
acquisition frequency was set to 5 Hz so as to obtain 200 points for
each S-E loop. To take into account the time-dependency of depolarisation under constant stress [54,55], the stress was maintained
100 s before electric ﬁeld was started. For each stress level, four
electric ﬁeld cycles were applied to stabilise the sample response.
Only the last cycle was recorded. The reference state for all strain
values is chosen at E3 = 0 and σ 33 = 2 MPa. In the following, the
remanent strain will refer to the strain measured between the reference state and the remanent state (E3 = 0 at any σ 33 ).
2
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Fig. 2. Longitudinal (S33 ) and transverse (S11 ) DIC strain ﬁelds at (2 MPa, 4 kV/mm) (a) and at (500 MPa, 4 kV/mm) (b). Standard deviations of the strain ﬁelds S33 and S11
as a function of the electric ﬁeld for 2 MPa (black curve) and 500 MPa (green curve) (c). The reference state for ﬁelds in (a) and (b) is the material state at 0 V/mm and
2 MPa. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2a shows S33 and S11 strain ﬁelds obtained under 2 MPa
and 4 kV/mm. The coloured areas are the Region Of Interest (ROI).
The grey parts thus represent uncorrelated pixels and show no
data. The black dashed rectangles represent the zone within which
the mean and standard deviation of the ﬁeld are computed. This
zone contains 1982 elements. The borders are discarded to exclude possible correlation errors associated with edge effects [49].
At 2 MPa and 4 kV/mm, the mean S33 value is 1.82 × 10−3 , the
mean S11 is -0.85 × 10-3 and their respective standard deviations
- calculated from the value of strain on the 1982 elements - are
9.5 × 10−5 and 6.8 × 10−5 . The standard deviations are less than
6% of the mean S33 value. The strain ﬁelds are thus satisfyingly homogeneous. This observation is important as clamping stresses can
signiﬁcantly affect the material strain within 3 mm of the bearing
surface [48].
The shear strain S31 is not shown since its mean value does
not exceed 2% of the mean S33 value. Fig. 2b similarly presents
S33 and S11 strain ﬁelds under 500 MPa and 4 kV/mm. It can be
seen that the strain ﬁeld remains homogeneous with mean values
-6.86 × 10−3 for S33 and 2.79 × 10−3 for S11 . Standard deviations
- on the mean value - are of the order of 3 × 10−5 .
The strain ﬁeld was similarly analysed for other applied electric
ﬁelds between -4 and 4 kV/mm. The corresponding standard deviations are shown in Fig. 2c as a function of the electric ﬁeld, for 2
and 500 MPa pre-stress levels. The curves exhibit local peaks, presumably due to experimental errors. One possible explanation is
the presence of out of plane motions [56]. Such effect was not observed on previous stress-free experiments [46,47,49] and are thus
possibly induced by the compression machine under force-control
condition. The heterogeneity of the strain ﬁeld is however acceptable, with a standard deviation below 1.6 × 10−4 . Such value represents a contribution of 3.6 × 10−6 to the total experimental error
on the mean strain, which is about 3 × 10−5 .

Fig. 3. P-E loop measured on NCE55 for different levels of uniaxial static compressive pre-stress. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

3. Results
Fig. 3 shows the P-E hysteresis loops under different compressive stress levels. The polarisation amplitude decreases with an increasing stress. The slope of the curve at the coercive ﬁeld also decreases and the P-E loop consequently slants. Its shape goes from
squared at 2 MPa to a stretched rhombus at 500 MPa. These ob3
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Fig. 4. Longitudinal (a) and transverse (b) S-E loops measured on NCE55 for different levels of static compressive pre-stress. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

servations are classical for PZT based ceramics [23,27,31,57]. The
remanent polarisation Pr ﬁrst drastically decreases until 300 MPa.
Beyond this stress value, the reduction of Pr is limited as the material state tends to a mechanically saturated state.
Similarly to the polarisation amplitude, the strain amplitude decreases with the increase of the compressive stress (Fig. 4a and b).
The remanent S33 (or S11 ) and the minimum S33 (or maximum S11 )
converge toward each other. The S-E loop area decreases as stress
increases and, contrary to the P-E area, it becomes negligible above
300 MPa. These results are consistent with previous observations
on similar materials [23,31,58]. The S-E loops contain local strain
peaks with an amplitude up to 10−4 (see Fig. 4a and b – for instance at 2 MPa, around -2 kV/mm). The position of these peaks
matches those seen on the strain standard deviation in Fig. 2c. As
explained in the previous section, it is believed that these anomalies are caused by measurement errors.

effects. Elasticity, piezoelectricity and dielectricity are called intrinsic contributions [59–61]. The characteristics of these contributions
are schematically illustrated in Fig. 5.
Ferroelasticity and ferroelectricity refer to the possible reorientation of the spontaneous strain and polarisation of a crystal under
stress or electric ﬁeld (see Fig. 5, local scale) [23]. Both effects are
associated with domain switching through 180° and non-180° domain wall motions (see Fig. 5, global scale). These contributions
saturate at high external ﬁelds, are non-linear and dissipative. Importantly, changes in polarisation can be induced by 180° and non180° wall motions whereas changes in strain are only induced by
non-180° wall motions [62–65].
Elasticity is the reversible stress-strain distortion of the crystal
lattice and is characterised by Hooke’s law (Fig. 5, local scale). This
phenomenon only affects the material strain and adds up to the
ferroelastic behaviour [66]. Since the stiffness of a single crystal is
anisotropic, the overall stiffness at the polycrystal scale depends on
the orientation distribution of the single crystals within the material.
Dielectricity is the reversible electric ﬁeld induced polarisation
observed in non-conductive materials [68]. The physical mechanism causing this polarisation may either be electronic, ionic, dipolar or interfacial. At the local scale, the P(E) relation is generally
linear (see Fig. 5, local scale). At the polycrystal scale, this relation
remains linear as long as no ferroelectric switching occurs. During ferroelectric switching, changes in permittivity appear due to
the reorientation of the spontaneous polarisation (see Fig. 5, global
scale).
Piezoelectricity [69] arises from charges anisotropy in noncentrosymmetric crystal structures. Each unit cell polarises under nonhydrostatic stress and deforms under electric ﬁeld. Similarly to the
dielectric response, the amplitude of the piezoelectric response depends on the angle of the applied ﬁeld toward the spontaneous polarisation of the crystal. The piezoelectric contribution thus also relies on the crystal orientation and on domain conﬁguration. At the
polycrystal scale, the relations P(σ ) and S(E) can be taken as linear
but the linearity coeﬃcients (dij ) change with domain switching
(see Fig. 5, global scale).

4. Discussion
The results shown in the previous section are used to study the
effect of stress on ferroelectric, dielectric and piezoelectric properties. They are further used to separate the piezoelectric, elastic and
ferroelastic contributions from the material behaviour. In order to
improve the clarity of the discussion, a review of the main contributions to ferroelectric behaviour is introduced in a ﬁrst part. The
second part shows the evolution of the ferroelectric, piezoelectric
and dielectric properties as a function of stress and electric ﬁeld.
The third and fourth parts are focused on the ferroelastic contribution and the material volume variation.
4.1. Review of the main contributions
In ferroelectrics, the polarisation and strain changes under external loading (such as electric ﬁeld or stress) are produced by several mechanisms among which ferroelasticity, elasticity, piezoelectricity, dielectricity and ferroelectricity play a major role [12,14,26].
Microstructural effects are commonly distinguished from local effects. Ferroelasticity and ferroelectricity - associated with an evolution of the domain microstructure - are referred to as extrinsic
4
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Fig. 5. Illustration of the ferroelectric, ferroelastic, piezoelectric, dielectric and elastic contributions at the crystal lattice scale (local) and at the polycrystal scale (global).
At the local scale, the contributions are independent of each other. At the global scale, the total amplitude of each contribution depends on the crystal orientation distribution (anisotropy). The piezoelectric and dielectric contributions further depend on the ferroelectric switching [67]. They are affected by the direction of the spontaneous
polarisation with respect to the applied electric ﬁeld or the normal stress.

Fig. 6. Ferroelectric properties: Coercive ﬁeld Ec (a), maximum polarisation Pmax and remanent polarisation Pr (b). Values are obtained from Fig. 3. Ec is estimated by linear
regression around P3 = 0. The error bar represents the error propagated from P3 by the linear regression.

sion of the P-E loop such that P(Ec ) = 0 and Pr = P(E = 0). Values
obtained for positive and negative electric ﬁelds are averaged.
If we look at the coercive ﬁeld evolution (Fig. 6a), the general
tendency (evident above 100 MPa) is that stress tends to increase
- almost linearly - the coercive ﬁeld, as the microstructure evolves
toward a mechanically saturated state. The increase rate is approximately 0.18 %/MPa, calculated between 100 and 500 MPa and tak-

4.2. Ferroelectric, piezoelectric and dielectric properties
Fig. 6a and 6b show the coercive ﬁeld absolute value |Ec |, the
remanent polarisation Pr and the maximum polarisation Pmax as
a function of the compressive stress. These parameters were obtained from the P-E loops of Fig. 3. Pmax was obtained at maximum
electric ﬁeld. |Ec | and Pr were obtained using a local linear regres5
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∗
as a function of the compressive stress obtained in the poled region (when E decreases from Emax to 0) (a) and obtained at E = Ec (b).
Fig. 7. Apparent susceptibility χ33
∗
is obtained from Fig. 3 by local linear regressions of the P-E loops. The regressions are computed within a window of 20 to 60 points, corresponding to 1.6 – 4.8% of the
χ33
∗
obtained for negative and positive regions are averaged. The error bar represents the error propagated from P3 by the linear regression.
electric ﬁeld period. Values of χ33
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

∗ in the switching region is
The evolution of the susceptibility χ33
speciﬁcally shown in Fig. 7b. These properties are computed as
∗ = ∂ P3 ; d ∗ = ∂ S33 ; d ∗ = ∂ S11 ). Values for
partial derivatives (χ33
33
31
∂E
∂E
∂E

ing the reference at 2 MPa. In the literature, various results are
found: |Ec | either increases or decreases [28,33,70] and its relative
variation ranges from 0.02 %/MPa to 2.5 %/MPa [33,71,72]. Here, the
increase of |Ec | means that the mobility of walls is impeded by the
application of stress. This can be interpreted as a consequence of
the reﬁnement of the domain structure due to stress, which increases the number of domains, and hence the number of walls.
The defects of the material are then more likely to be active as a
block to wall mobility. At low stress (below 100 MPa), a deviation
from this linear increase of |Ec | is observed, and an additional and
opposite contribution seems to emerge, resulting in a drop of the
coercive ﬁeld. This is interpreted as a promotion of domain wall
mobility in that region. Since stress does not signiﬁcantly affect
180° wall mobility, the conclusion is that low stresses favour non180° wall mobility, in the region of the coercive ﬁeld.
If we now look at the remanent polarisation Pr (Fig. 6b), a
sharp drop is observed at low stress levels (-75% in the range 2100 MPa). The maximum polarisation Pmax also drops down, but
to a lesser extent (-11%). The order of magnitude of these variations is consistent with previous studies [27,28]. This shows a decrease in the activity of 180° switching in the region from the coercive ﬁeld to saturation. A good indicator of the wall mobility in the
remanence region is the difference between maximum and remanent polarisation, which indicates the degree of reversibility of the
material polarisation. It is clear from Fig. 6b that this degree of reversibility ﬁrst increases with stress (below 100 MPa) and then decreases. Again, it is assumed that stress is mostly effective on non180° wall motions, so that in this region non-180° domain walls
mobility is favoured.
This observation is consistent with the evolution of both susceptibility and piezoelectric coeﬃcients at low stress, shown here∗ (Fig. 7a) and
after in Figs. 7 and 8. The apparent susceptibility χ33
∗ and d ∗ (Fig. 8a and 8b)
the apparent piezoelectric coeﬃcients d33
31
were calculated from the P-E loops of Fig. 3 and the S-E loops of
Fig. 4, respectively. Only the regions where the material is poled
are represented (i.e. from Pr to Pmax , excluding switching regions).

3

3

3

positive and negative electric ﬁelds were averaged. The obtained
parameters are called “apparent” because the extrinsic contribution remains signiﬁcant [12,26,73].
If we look at the susceptibility at the remanence, when E3 = 0,
(black curve, Fig. 7a), a peak is observed in the ﬁrst region (at
σ 33 = 25 MPa). A similar peak was observed at 50 MPa on another
soft PZT [32], using unipolar P-E loops (0 ≤ E3 ≤ 20 0 0 V/mm).
∗ variation from 2 MPa reaches
In the present case, the relative χ33
+128% at 25 MPa and then decreases down to -71% at 500 MPa.
∗ peak at 25 MPa is linked to the increase of domain walls
The χ33
mobility, deduced previously from Fig. 6. At the left of the peak
(σ 33 ≈ 0), the stress is too low to contribute signiﬁcantly to the
equilibrium compared to the contribution of the electric ﬁeld. At
the right of the peak, the stress saturates the fraction of non-180°
domains (σ 33 > 100 MPa). Regarding the electric ﬁeld dependency,
the susceptibility decreases as E3 increases since the material polarisation reaches the electrical saturation. However, near the coercive ﬁeld, the susceptibility seems to decrease monotonically with
the applied stress (see Fig. 7b). This is consistent with the previous
observations as it suggests that 180° wall mobility is not particularly favoured by the application of stress, contrarily to non-180°
wall mobility at low stress.
∗ and d ∗ are shown in
The apparent piezoelectric coeﬃcients d33
31
Fig. 8a and 8b. Since non-180° domain walls motion affects both
polarisation and strain, the piezoelectric properties also exhibit a
∗ variation (from
peak within the 2-100 MPa stress range. The d33
∗
2 MPa) reaches +47% at 25 MPa and -98.5% at 500 MPa. The d33
∗
variation at 25 MPa is 2.7 times lower than the variation of χ33 .
This is attributed to the fact that some non-180° wall motions can
cancel their contribution to the material strain. Considering a domain whose orientation is opposite to that of the electric ﬁeld, two
successive non-180° reversals will lead to zero strain but will be
associated with an increase in polarisation.

6
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∗
∗
(a) and d31
(b) as a function of the compressive stress and for different applied electric ﬁelds, in the poled region (when E
Fig. 8. Apparent piezoelectric coeﬃcients d33
decreases from Emax to 0). The coeﬃcients are obtained from Fig. 4 by local linear regressions of the S-E loops. The regressions are computed within a window of 4 to 22
points, corresponding to 2 – 11% of the electric ﬁeld period. Coeﬃcients obtained for negative and positive saturating regions are averaged. The error bar represents the
error propagated from S33 and S31 by the linear regression. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

∗ and d ∗ obIt is also worth noting that the decrease of d33
31
served for high stress is more signiﬁcant and abrupt than the de∗ . It is presumably because 180° wall motions still concrease of χ33
∗ while d ∗ and d ∗ only rely on non-180° wall motribute to χ33
33
31
tions. Indeed, 180° walls are not affected by the level of stress.
This explanation is consistent with remaining values at 500 MPa.
∗ is 4180 which is 30%
At E3 = 0 (black curves), the remaining χ33
∗ (σ
∗
of χ33
33 = 2 MPa) while d33 is 39 pm/V which is only 1.5% of
∗ (σ
d33
33 = 2 MPa).
The evolution of material properties at low stress
(σ 33 < 20 MPa) is consistent with previous studies [26,74].
∗ and d ∗ peak followed by a monotonic
The observation of a d33
31
decrease above 50 MPa was also reported in [75]. Another recent
study made on a single crystal conﬁrms these observations [33].
∗ and d ∗ under high stress and high
A similar measurement of d33
31
electric ﬁeld can be found in [32,34]. The difference with the
present work is that the dependence of the coeﬃcients on the
electric ﬁeld was not shown.

that the compliances sE33 and sE31 of a polarised soft PZT were
constant above a stress of 200 MPa. A linear regression between
400 and 500 MPa gives a compliance s33 of 7.57 × 10−3 GPa1 and a s
−3 GPa−1 . For comparison purpose,
31 of -2.11 × 10
the compliance obtained in the range 30 0-40 0 MPa during a
pure mechanical test was measured on four samples initially
polarised. Similar elastic coeﬃcients were obtained: s33 varied
from 5.71 × 10-3 GPa-1 to 6.58 × 10-3 GPa-1 and s31 from
1.76 × 10-3 GPa-1 to 1.97 × 10−3 GPa−1 . It shows that the electrical loading applied between each stress level does not affect the
elastic coeﬃcients of a stress-saturated PZT, initially polarised.
f erro
f erro
The ferroelastic contributions S33
and S11
were then exelast = s .σ
tracted by removing the elastic contributions S33
33 33 and
elast = s .σ
S11
31 33 from the total strain. Results are shown in Fig. 9c
and Fig. 9d. The dashed lines schematically illustrate the ferroelastic strain value at the electrical saturation state (maximal ferroelastic elongation) and the mechanical saturation state (maximal ferroelastic contraction). The amplitude between those two
lines is representative of the maximum strain amplitude achievable
through ferroelastic mechanisms for this material. The ferroelastic
strain at the coercive ﬁeld (orange curve, Fig. 9c and red curve,
Fig. 9d) evolves from 2 to 50 MPa and then saturates. The material state at E = Ec is then mechanically saturated above 50 MPa.
The ferroelastic strain at zero ﬁeld (black curves) also changes at
low stress and saturates for σ 33 > 100 MPa. Thus, S(Ec ) is the ﬁrst
point of the S-E loop to saturate. The saturation state then propagates around Ec as long as the stress increases. The mechanical
saturation never reaches S(Emax ) since at 500 MPa, a residual ferroelastic strain remains (red curve, Fig. 9c).
The application of a compressive stress tends to increase the
achievable ferroelastic strain amplitude. The reason for which it is
f erro
not observed experimentally – maximum S33 is decreasing with
the applied stress (Fig. 9c) – is that it would require much higher
levels of electric ﬁeld to overcome the elastic energy saturating the
material microstructure.

4.3. Material compliance: elastic vs ferroelastic contributions
Fig. 9a and Fig. 9b show the maximum, remanent and minimum values of strain components S33 and S11 as functions of
stress. The gap between the maximum and remanent strains (Smax
and Sr ) increases between 2 and 50 MPa and then continuously
decreases until 500 MPa. This evolution is consistent with the observations made in Section 4.2: the electromechanical properties
are enhanced in the region 2-100 MPa and deteriorated in the region 10 0-50 0 MPa.
The minimum and remanent strains (Smin and Sr ) converge toward each other when the stress increases. From 300 MPa to
500 MPa, the evolution of Sr and Smin is approximately linear.
It is assumed that only the elastic contribution remains in this
stress range, as the material microstructure is mechanically saturated. This is consistent with a previous study [76] that showed
7
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Fig. 9. Minimum, maximum and remanent S33 (a) and S11 (b) obtained from Fig. 4. Ferroelastic contribution to S33 (c) and S11 (d) are obtained by removing the elastic
contribution in graph (a) and (b). The dashed lines show the higher and lower bound of the ferroelastic strain (electrical and mechanical saturation states). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

4.4. Volume variation: piezoelectric vs ferroelastic contributions

Results are shown in Fig. 10a as a function of the electric ﬁeld
and for different applied stress. Strain values obtained for negative
and positive electric ﬁelds are averaged. Measurement noise was
removed using a moving average ﬁlter with a 10 points window
(0.5% of the electric ﬁeld period). The curves exhibit non negligible
variations between 2 and 200 MPa. As ferroelastic switching results in an isochoric strain, these volume variations are attributed
to intrinsic contributions. The maximum volume change is 2.10−4
and occurs at σ 33 = 2 MPa and E = Emax . This point corresponds
to the electrical saturation state, where the intrinsic contributions
are expected to be maximum. It can be deduced that the intrinsic effects are associated with a volume change of 2.10−4 in this
material.
Fig. 10b shows, for speciﬁc electric ﬁelds, the volume variation as a function of stress. Above 200 MPa, the estimated volume
variation is of the order of 10−5 . It is about one order of magnitude lower compared to the value at low stress. Consequently, it
can be assumed that the intrinsic contributions are negligible at
high stresses. Domain wall motion is thus presumably the dominant mechanism contributing to strain and polarisation changes.

It should be noted that contrary to the S-E loops, the P-E loops
are still largely hysteretic above 300 MPa (see Fig. 3). Such a result does not seem to be noted in the literature but can still be
observed in [31] and, to a lesser extent, in [21,32,58]. First, among
the extrinsic contributions, only non-180° wall motions are responsible for the change in strain. It is thus tempting to conclude that
non-180° wall motions are reversible at high stress. This assumption however is not considering the intrinsic effects. For instance, a
non-negligible piezoelectric contribution can remain at high stress
due to 180° oriented domain. Similarly, the electrostrictive coefﬁcient Q33 is ~0.03 m4 /C2 for PZT [77]. Electrostriction can thus
contribute to S33 up to 5.10-4 at 500 MPa – as the material polarisation reaches 0.13 C/m². The intrinsic effects were then evaluated
by computing the relative volume variation V/V from Fig. 4, under transverse isotropy (S22 = S11 ) and small strain assumptions:

V
V

= S33 + 2S11

(1)
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Fig. 10. Relative volume variation V/V as a function of electric ﬁeld and stress (a) and relative volume variation V/V at E = Emax and E = Ec as a function of stress (b).
Values are computed from Fig. 4 with transverse isotropy hypothesis (S22 = S11 ). The elastic contribution is removed. The dash lines in graph (b) are guides for the eye. The
error bars represent the error propagated from strain data. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Besides, the S-E curve shows no hysteresis beyond 400 MPa which
indicates that non-180° wall motions induced by electric ﬁeld are
reversible. It can further be deduced that the hysteresis seen in
the high-stress P-E loops comes from 180° wall motions. An explanation is that under large pre-stresses, the amplitude of non180° wall motion is small due to the intense mechanical pressure.
Thus, these walls oscillate between local defects without crossing
them. Their motion is then reversible. Contrary to non-180° domain walls, the motion of 180° domain walls does not depend on
the level of stress. Therefore, these domain walls cross local defects
the same way they do at low stresses.
Another important observation coming from Fig. 10b is that
the volume variation at the coercive ﬁeld exhibits a negative peak
in the ﬁrst region (2 to 100 MPa). This peak reﬂects the nonmonotonic and non-reversible variations of the V(E)/V curves
(Fig. 10a) from 50 to 100 MPa. The origins of these non-linearities
are not completely understood. As the apparent (macroscopic)
piezoelectric coeﬃcients depend on the polarisation state of the
sample (see Fig. 5), a non-linear variation of the piezoelectric response is expected. However, such non-linearity is not present on
the 2 MPa curve (Fig. 10a). It is thus diﬃcult to attribute these volume variations to the piezoelectric activity.
Another possible cause is the presence of crystalline phase transitions. Such transitions induced by a combined electromechanical
applied ﬁeld was already observed on PZT with a near-MPB (Morphotropic Phase Boundary) composition [78]. The study showed
that a mechanical stress favours the tetragonal phase whereas the
electric ﬁeld favours the rhombohedral phase. It was also observed
that the phase transition occurs at the coercive ﬁeld and that
the maximal difference between electric-ﬁeld-induced phase fractions occurs at a 70 MPa pre-stress. This value is consistent with
the peak position observed on the red curve (Fig. 10b, 50 MPa).
Since the tested material is mixed-phase, crystalline phase transition around the coercive ﬁeld and for stresses around 50 MPa is
suspected.

5. Conclusion
An original Digital Image Correlation (DIC) technique was used
to characterise the strain of a soft PZT under electromechanical
loading. This technique was combined with standard polarisation
measurements. Results show the P-E and S-E loops under static
stress. The DIC strain ﬁeld was found to be homogeneous during
the electromechanical loading. The accuracy (standard deviation)
on the mean strain value was about 3.10−5 .
Ferroelectric, dielectric and piezoelectric properties were extracted from the results. The analysis of the data shows that non180° wall motions are favoured by compressive stress in the range
2-100 MPa. The electromechanical coupling appears to be maximum between 25 and 50 MPa, for electric ﬁelds under 500 V/mm.
The ferroelastic contribution was also isolated by removing the
elastic contribution, estimated at high stress (300 to 500 MPa).
The ferroelastic strain at the coercive ﬁeld was found to saturate
as soon as the stress exceeds 50 MPa. This was explained by the
mechanical saturation of the volume fraction of non-180° oriented
domains. This saturation state propagates to nearest electric ﬁelds
when the stress increases and reaches E3 = 0 at σ 33 = 150 MPa. It
was concluded that this saturation is the cause of the decrease in
electromechanical properties, classically observed above 100 MPa
for soft PZT.
Another important ﬁnding is that DIC can estimate the amplitude of the piezoelectric contribution by analysing the material
volume change. This contribution was found to be negligible at
500 MPa. This information allowed the ferroelectric contribution
to be isolated. It was deduced that non-180° wall motions are reversible at high stress while 180° wall motions are still signiﬁcantly
affected by dissipative effects. The volume change also appeared
to be an indicator for the detection of crystal phase transitions.
In the present case, phase transitions presumably occur from 2 to
100 MPa, around the coercive electric ﬁeld.
DIC opens opportunities for complex studies. Using the material
volume change, the technique can further be used to quantitatively
9

V. Segouin, M. Domenjoud, Y. Bernard et al.

Acta Materialia 211 (2021) 116870

separate the intrinsic and extrinsic contributions to the material
behaviour [12]. Such separation is necessary to have, at the macroscopic scale, a view of the different micro-mechanisms contributing to the material behaviour. It is also a convenient macroscopic
complementary technique to crystal-scale measurement techniques
such as X-Ray diffraction or Atomic Force Microscopy.
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