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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 activ- 

ity 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 tech- 

nique. 

© 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

s

m

t

m

t

f

t

[

a

a

u

e

r

l

[

e

t

v

v

i

t

s

t

c

t

[  

b

e

h

1

(

. Introduction 

Ferroelectric materials are widely used to produce actuation 

ystems such as traveling wave motors [1–3] , structural resonance 

otors [4–6] , walking [7] or clamping systems [8,9] , inertial mo- 

ors [10] or meshing engagement motors [11] . In all these actuation 

echanisms, the ferroelectric material is simultaneously subjected 

o an electric field and a mechanical stress. A full understanding of 

erroelectric materials behaviour under such conditions is required 

o optimise these devices. 

Several studies were conducted to observe [12–14] and model 

15–21] the macroscopic behaviour of soft ferroelectric materi- 

ls under coupled electromechanical loadings. However, bound- 

ry conditions are difficult to control and experimental studies are 

sually restricted to low stress [22–24] ( < 60 MPa) or subcoercive 

lectric field [22,25,26] . Studies where stress and electric field both 
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argely overtake the coercive values of the material can be found 

27–33] , but only a few include piezoelectric and ferroelastic prop- 

rties measurements [31–33] . Similarly the measurement of the 

ransverse strain under high field and high stress was already in- 

estigated [34] but is still rarely shown. To facilitate a complete in- 

estigation of the material behaviour under severe electromechan- 

cal loadings, new investigation techniques are needed. 

Digital Image Correlation (DIC) is a computation technique used 

o extract the 2D displacement field between two images of the 

ame scene. It has been used to study the strain field of struc- 

ural materials during classical mechanical tests such as tensile, 

ompression, shear, torsion and bending [35–39] . Severe condi- 

ions 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

een introduced for the study of ferroelectric material response to 

xternal loadings [45–49] . The ferroelastic strain was studied ei- 

her under electric field [ [45–47] , [49] ] or mechanical stress [48] .

iezoelectric properties were also studied [45,49] . In [49] , it was 

hown that DIC can give access to electric-induced strains down to 

 × 10 −6 and allows defining piezoelectric coefficients of the or- 
c. This is an open access article under the CC BY license 
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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.) 
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er of 20 pm/V. Besides, unlike classical strain measurement tech- 

iques, DIC does not only provide the average strain response of 

he material but the full displacement field over the studied area. 

his 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 

oft lead zirconate titanate (PZT) ceramic under combined electri- 

al and mechanical loading. The experimental setup and the mea- 

urement procedure are described in a first part. The classical P - 

 and S - E loops obtained for different levels of applied pre-stress 

re presented. Ferroelectric, piezoelectric and dielectric properties 

re then evaluated as a function of stress and electric field. The 

ifferent contributions to the material behaviour (ferroelectric, fer- 

oelastic, elastic, dielectric and piezoelectric) are further extracted 

rom the results and discussed. It is shown that DIC measurements 

an be used to associate changes in material properties to specific 

icro-mechanical phenomena such as domain switching or crystal 

hase transitions. 

. Experimental procedures 

.1. Measurement setup 

The electromechanical compression setup is shown in Fig. 1 a. 

he setup is designed to apply to the sample an electric field E 3 
p to 4 kV/mm and a force F 3 up to 10 kN (corresponding to a

tress σ33 up to 600 MPa). The sample is a 4 × 4 × 4 mm soft 

ZT (NCE55, Noliac) with silver electrodes. The material, initially 

sotropic after sintering, was subjected only to uniaxial electro- 

echanical loading along direction 3, so that it is assumed trans- 

erse isotropic around axis 3. The sample is placed between two 

aws, electrically isolated from the ground using alumina parts. The 

pper jaw (red parts) contains a ball-joint and is used to apply the 

igh voltage. The lower jaw (blue part) is used to measure the in- 

uced electric displacement D 3 . All bearing surfaces were grinded 

nd have a flatness within ± 4 μm. 

The complete experimental setup is shown in Fig. 1 b. The elec- 

ric field E 3 is produced by a Trek 20/20C HS high voltage amplifier. 

or insulation purpose, the sample is immersed into a plastic con- 

ainer filled with insulating fluid (Fluorinert TM FC-770, 3M). The 

lectric displacement D 3 is measured using an operational ampli- 

er integrator circuit [50,51] . The integrating capacitor is of 2 μF. 

he force is applied by a Zwick/Roell 030 compression machine 

nd is measured by a 10 kN sensor (KAP-TC, Angewandte System 

echnik), mounted between the machine loading frame and the 

pper jaw. The force and the electric field are collinear. A real- 
2 
ime dSPACE hardware module is used to apply E 3 and acquire F 3 
nd D 3 . The module has a maximum sampling frequency of 50 kHz 

nd is controlled from a computer using a real-time Graphical User 

nterface. 

The in-plane strain field is measured by Digital Image Correla- 

ion [49] . A speckle pattern is deposited on a lateral face of the 

ample so as to track local displacements [52] . The deposition pro- 

ess is described in [49] . The speckled face is imaged during exper- 

ments with a Ximea MD091MU-SY camera mounted on a Questar 

M100 MKIII. This optical setup is placed at ~37 cm from the sam- 

le surface. It can acquire 3380 × 2708 px size images at a max- 

mum rate of 5 Hz, with a spatial sampling of ~1.2 μm/px (area 

f ~3.2 × 4 mm). A flat glass window (1 mm thick) mounted on 

 side of the plastic container (see Fig. 1 a and 1 b) allows a visual

ccess to the sample. A minimum distance of 0.8 mm between the 

ample and the glass ensures that no contact appears during the 

xperiment. The sample lighting is produced by a LLS 3 LED light 

ource (SCHOTT North America, Inc.) and oriented with an optical 

bre. The camera is triggered by the dSPACE module to synchro- 

ise the image acquisition with the applied electric field. A sec- 

nd computer is used to store the images. The in-plane displace- 

ents are obtained from the images using a Digital Image Correla- 

ion program based on a global approach (CorreliRT3) [49,53] . The 

train field is computed from the displacement field using a finite- 

lement algorithm. A mesh with triangular elements of 64 px is 

sed for this purpose. More details on the optical setup and on 

he DIC program are given in [49] . 

.2. Measurement procedure 

Polarisation P 3 , longitudinal strain S 33 and transverse strain S 11 

ere all measured simultaneously. The stress levels ranged from 2 

o 500 MPa (compressive stresses will be noted positive). During 

he experiment, the system controlled the stress so that it did not 

ary by more than ± 6 MPa. The loading stress rate to reach each 

re-stress level was 0.63 MPa/s. The electric field was triangular, 

ith amplitude ± 40 0 0 V/mm and frequency 25 mHz. The image 

cquisition frequency was set to 5 Hz so as to obtain 200 points for 

ach S - E loop. To take into account the time-dependency of depo- 

arisation under constant stress [54,55] , the stress was maintained 

00 s before electric field was started. For each stress level, four 

lectric field cycles were applied to stabilise the sample response. 

nly the last cycle was recorded. The reference state for all strain 

alues is chosen at E 3 = 0 and σ 33 = 2 MPa. In the following, the

emanent strain will refer to the strain measured between the ref- 

rence state and the remanent state ( E = 0 at any σ ). 
3 33 
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Fig. 2. Longitudinal ( S 33 ) and transverse ( S 11 ) DIC strain fields at (2 MPa, 4 kV/mm) (a) and at (500 MPa, 4 kV/mm) (b). Standard deviations of the strain fields S 33 and S 11 

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.) 
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Fig. 3. P-E loop measured on NCE55 for different levels of uniaxial static compres- 

sive 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

s

c

c

s

Fig. 2 a shows S 33 and S 11 strain fields obtained under 2 MPa 

nd 4 kV/mm. The coloured areas are the Region Of Interest (ROI). 

he grey parts thus represent uncorrelated pixels and show no 

ata. The black dashed rectangles represent the zone within which 

he mean and standard deviation of the field are computed. This 

one contains 1982 elements. The borders are discarded to ex- 

lude possible correlation errors associated with edge effects [49] . 

t 2 MPa and 4 kV/mm, the mean S 33 value is 1.82 × 10 −3 , the

ean S 11 is -0.85 × 10- 3 and their respective standard deviations 

 calculated from the value of strain on the 1982 elements - are 

.5 × 10 −5 and 6.8 × 10 −5 . The standard deviations are less than 

% of the mean S 33 value. The strain fields are thus satisfyingly ho- 

ogeneous. This observation is important as clamping stresses can 

ignificantly affect the material strain within 3 mm of the bearing 

urface [48] . 

The shear strain S 31 is not shown since its mean value does 

ot exceed 2% of the mean S 33 value. Fig. 2 b similarly presents 

 33 and S 11 strain fields under 500 MPa and 4 kV/mm. It can be

een that the strain field remains homogeneous with mean values 

6.86 × 10 −3 for S 33 and 2.79 × 10 −3 for S 11 . Standard deviations 

 on the mean value - are of the order of 3 × 10 −5 . 

The strain field was similarly analysed for other applied electric 

elds between -4 and 4 kV/mm. The corresponding standard devi- 

tions are shown in Fig. 2 c as a function of the electric field, for 2

nd 500 MPa pre-stress levels. The curves exhibit local peaks, pre- 

umably due to experimental errors. One possible explanation is 

he presence of out of plane motions [56] . Such effect was not ob-

erved on previous stress-free experiments [46,47,49] and are thus 

ossibly induced by the compression machine under force-control 

ondition. The heterogeneity of the strain field is however accept- 

ble, with a standard deviation below 1.6 × 10 −4 . Such value rep- 

esents a contribution of 3.6 × 10 −6 to the total experimental error 

n the mean strain, which is about 3 × 10 −5 . 
3 
. Results 

Fig. 3 shows the P - E hysteresis loops under different compres- 

ive stress levels. The polarisation amplitude decreases with an in- 

reasing stress. The slope of the curve at the coercive field also de- 

reases and the P - E loop consequently slants. Its shape goes from 

quared at 2 MPa to a stretched rhombus at 500 MPa. These ob- 
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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.) 
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ervations are classical for PZT based ceramics [23,27,31,57] . The 

emanent polarisation P r first drastically decreases until 300 MPa. 

eyond this stress value, the reduction of P r is limited as the ma- 

erial state tends to a mechanically saturated state. 

Similarly to the polarisation amplitude, the strain amplitude de- 

reases with the increase of the compressive stress ( Fig. 4 a and b).

he remanent S 33 (or S 11 ) and the minimum S 33 (or maximum S 11 )

onverge toward each other. The S - E loop area decreases as stress 

ncreases and, contrary to the P - E area, it becomes negligible above 

00 MPa. These results are consistent with previous observations 

n similar materials [23,31,58] . The S - E loops contain local strain 

eaks with an amplitude up to 10 −4 (see Fig. 4 a and b – for in-

tance at 2 MPa, around -2 kV/mm). The position of these peaks 

atches those seen on the strain standard deviation in Fig. 2 c. As 

xplained in the previous section, it is believed that these anoma- 

ies are caused by measurement errors. 

. Discussion 

The results shown in the previous section are used to study the 

ffect of stress on ferroelectric, dielectric and piezoelectric proper- 

ies. They are further used to separate the piezoelectric, elastic and 

erroelastic contributions from the material behaviour. In order to 

mprove the clarity of the discussion, a review of the main contri- 

utions to ferroelectric behaviour is introduced in a first part. The 

econd part shows the evolution of the ferroelectric, piezoelectric 

nd dielectric properties as a function of stress and electric field. 

he third and fourth parts are focused on the ferroelastic contribu- 

ion and the material volume variation. 

.1. Review of the main contributions 

In ferroelectrics, the polarisation and strain changes under ex- 

ernal loading (such as electric field or stress) are produced by sev- 

ral mechanisms among which ferroelasticity, elasticity, piezoelec- 

ricity, dielectricity and ferroelectricity play a major role [12,14,26] . 

icrostructural effects are commonly distinguished from local ef- 

ects. Ferroelasticity and ferroelectricity - associated with an evo- 

ution of the domain microstructure - are referred to as extrinsic 
4 
ffects. Elasticity, piezoelectricity and dielectricity are called intrin- 

ic contributions [59–61] . The characteristics of these contributions 

re schematically illustrated in Fig. 5 . 

Ferroelasticity and ferroelectricity refer to the possible reorien- 

ation of the spontaneous strain and polarisation of a crystal under 

tress or electric field (see Fig. 5 , local scale) [23] . Both effects are

ssociated with domain switching through 180 ° and non-180 ° do- 

ain wall motions (see Fig. 5 , global scale). These contributions 

aturate at high external fields, are non-linear and dissipative. Im- 

ortantly, changes in polarisation can be induced by 180 ° and non- 

80 ° wall motions whereas changes in strain are only induced by 

on-180 ° wall motions [62–65] . 

Elasticity is the reversible stress-strain distortion of the crystal 

attice and is characterised by Hooke’s law ( Fig. 5 , local scale). This 

henomenon only affects the material strain and adds up to the 

erroelastic behaviour [66] . Since the stiffness of a single crystal is 

nisotropic, the overall stiffness at the polycrystal scale depends on 

he orientation distribution of the single crystals within the mate- 

ial. 

Dielectricity is the reversible electric field induced polarisation 

bserved in non-conductive materials [68] . The physical mecha- 

ism causing this polarisation may either be electronic, ionic, dipo- 

ar or interfacial. At the local scale, the P ( E ) relation is generally

inear (see Fig. 5 , local scale). At the polycrystal scale, this relation 

emains linear as long as no ferroelectric switching occurs. Dur- 

ng ferroelectric switching, changes in permittivity appear due to 

he reorientation of the spontaneous polarisation (see Fig. 5 , global 

cale). 

Piezoelectricity [69] arises from charges anisotropy in noncen- 

rosymmetric crystal structures. Each unit cell polarises under non- 

ydrostatic stress and deforms under electric field. Similarly to the 

ielectric response, the amplitude of the piezoelectric response de- 

ends on the angle of the applied field toward the spontaneous po- 

arisation of the crystal. The piezoelectric contribution thus also re- 

ies on the crystal orientation and on domain configuration. At the 

olycrystal scale, the relations P ( σ ) and S ( E ) can be taken as linear

ut the linearity coefficients ( d ij ) change with domain switching 

see Fig. 5 , global scale). 
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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 distri- 

bution (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 E c (a), maximum polarisation P max and remanent polarisation P r (b). Values are obtained from Fig. 3 . E c is estimated by linear 

regression around P 3 = 0. The error bar represents the error propagated from P 3 by the linear regression. 
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.2. Ferroelectric, piezoelectric and dielectric properties 

Fig. 6 a and 6 b show the coercive field absolute value | E c |, the

emanent polarisation P r and the maximum polarisation P max as 

 function of the compressive stress. These parameters were ob- 

ained from the P - E loops of Fig. 3 . P max was obtained at maximum

lectric field. | E c | and P r were obtained using a local linear regres-
5 
ion of the P - E loop such that P ( E c ) = 0 and P r = P ( E = 0). Values

btained for positive and negative electric fields are averaged. 

If we look at the coercive field evolution ( Fig. 6 a), the general

endency (evident above 100 MPa) is that stress tends to increase 

 almost linearly - the coercive field, as the microstructure evolves 

oward a mechanically saturated state. The increase rate is approx- 

mately 0.18 %/MPa, calculated between 100 and 500 MPa and tak- 
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Fig. 7. Apparent susceptibility χ ∗
33 as a function of the compressive stress obtained in the poled region (when E decreases from E max to 0) (a) and obtained at E = E c (b). 

χ ∗
33 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 

electric field period. Values of χ ∗
33 obtained for negative and positive regions are averaged. The error bar represents the error propagated from P 3 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.) 
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ng the reference at 2 MPa. In the literature, various results are 

ound: | E c | either increases or decreases [28,33,70] and its relative 

ariation ranges from 0.02 %/MPa to 2.5 %/MPa [33,71,72] . Here, the 

ncrease of | E c | means that the mobility of walls is impeded by the

pplication of stress. This can be interpreted as a consequence of 

he refinement of the domain structure due to stress, which in- 

reases the number of domains, and hence the number of walls. 

he defects of the material are then more likely to be active as a 

lock to wall mobility. At low stress (below 100 MPa), a deviation 

rom this linear increase of | E c | is observed, and an additional and

pposite contribution seems to emerge, resulting in a drop of the 

oercive field. This is interpreted as a promotion of domain wall 

obility in that region. Since stress does not significantly affect 

80 ° wall mobility, the conclusion is that low stresses favour non- 

80 ° wall mobility, in the region of the coercive field. 

If we now look at the remanent polarisation P r ( Fig. 6 b), a

harp drop is observed at low stress levels (-75% in the range 2- 

00 MPa). The maximum polarisation P max also drops down, but 

o a lesser extent (-11%). The order of magnitude of these varia- 

ions is consistent with previous studies [27,28] . This shows a de- 

rease in the activity of 180 ° switching in the region from the coer- 

ive field to saturation. A good indicator of the wall mobility in the 

emanence region is the difference between maximum and rema- 

ent polarisation, which indicates the degree of reversibility of the 

aterial polarisation. It is clear from Fig. 6 b that this degree of re-

ersibility first increases with stress (below 100 MPa) and then de- 

reases. Again, it is assumed that stress is mostly effective on non- 

80 ° wall motions, so that in this region non-180 ° domain walls 

obility is favoured. 

This observation is consistent with the evolution of both sus- 

eptibility and piezoelectric coefficients at low stress, shown here- 

fter in Figs. 7 and 8 . The apparent susceptibility χ ∗
33 

( Fig. 7 a) and

he apparent piezoelectric coefficients d ∗
33 

and d ∗
31 

( Fig. 8 a and 8 b)

ere calculated from the P - E loops of Fig. 3 and the S - E loops of

ig. 4 , respectively. Only the regions where the material is poled 

re represented (i.e. from P r to P max , excluding switching regions). 
a

6 
he evolution of the susceptibility χ ∗
33 

in the switching region is 

pecifically shown in Fig. 7 b. These properties are computed as 

artial derivatives ( χ ∗
33 

= 

∂ P 3 
∂ E 3 

; d ∗
33 

= 

∂ S 33 
∂ E 3 

; d ∗
31 

= 

∂ S 11 
∂ E 3 

). Values for 

ositive and negative electric fields were averaged. The obtained 

arameters are called “apparent” because the extrinsic contribu- 

ion remains significant [12,26,73] . 

If we look at the susceptibility at the remanence, when E 3 = 0, 

black curve, Fig. 7 a), a peak is observed in the first region (at 

33 = 25 MPa). A similar peak was observed at 50 MPa on another 

oft PZT [32] , using unipolar P - E loops (0 ≤ E 3 ≤ 20 0 0 V/mm).

n the present case, the relative χ ∗
33 variation from 2 MPa reaches 

 128% at 25 MPa and then decreases down to -71% at 500 MPa. 

he χ ∗
33 

peak at 25 MPa is linked to the increase of domain walls 

obility, deduced previously from Fig. 6 . At the left of the peak 

 σ 33 ≈ 0), the stress is too low to contribute significantly to the 

quilibrium compared to the contribution of the electric field. At 

he right of the peak, the stress saturates the fraction of non-180 °
omains ( σ 33 > 100 MPa). Regarding the electric field dependency, 

he susceptibility decreases as E 3 increases since the material po- 

arisation reaches the electrical saturation. However, near the coer- 

ive field, the susceptibility seems to decrease monotonically with 

he applied stress (see Fig. 7 b). This is consistent with the previous 

bservations as it suggests that 180 ° wall mobility is not particu- 

arly favoured by the application of stress, contrarily to non-180 °
all mobility at low stress. 

The apparent piezoelectric coefficients d ∗
33 

and d ∗
31 

are shown in 

ig. 8 a and 8 b. Since non-180 ° domain walls motion affects both 

olarisation and strain, the piezoelectric properties also exhibit a 

eak within the 2-100 MPa stress range. The d ∗
33 

variation (from 

 MPa) reaches + 47% at 25 MPa and -98.5% at 500 MPa. The d ∗
33 

ariation at 25 MPa is 2.7 times lower than the variation of χ ∗
33 . 

his is attributed to the fact that some non-180 ° wall motions can 

ancel their contribution to the material strain. Considering a do- 

ain whose orientation is opposite to that of the electric field, two 

uccessive non-180 ° reversals will lead to zero strain but will be 

ssociated with an increase in polarisation. 
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Fig. 8. Apparent piezoelectric coefficients d ∗33 (a) and d ∗31 (b) as a function of the compressive stress and for different applied electric fields, in the poled region (when E 

decreases from E max 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 S 33 and S 31 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.) 
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It is also worth noting that the decrease of d ∗
33 

and d ∗
31 

ob- 

erved for high stress is more significant and abrupt than the de- 

rease of χ ∗
33 . It is presumably because 180 ° wall motions still con- 

ribute to χ ∗
33 

while d ∗
33 

and d ∗
31 

only rely on non-180 ° wall mo- 

ions. Indeed, 180 ° walls are not affected by the level of stress. 

his explanation is consistent with remaining values at 500 MPa. 

t E 3 = 0 (black curves), the remaining χ ∗
33 

is 4180 which is 30% 

f χ ∗
33 

( σ 33 = 2 MPa) while d ∗
33 

is 39 pm/V which is only 1.5% of

 

∗
33 ( σ 33 = 2 MPa). 

The evolution of material properties at low stress 

 σ 33 < 20 MPa) is consistent with previous studies [26,74] . 

he observation of a d ∗
33 

and d ∗
31 

peak followed by a monotonic 

ecrease above 50 MPa was also reported in [75] . Another recent 

tudy made on a single crystal confirms these observations [33] . 

 similar measurement of d ∗
33 

and d ∗
31 

under high stress and high 

lectric field can be found in [32,34] . The difference with the 

resent work is that the dependence of the coefficients on the 

lectric field was not shown. 

.3. Material compliance: elastic vs ferroelastic contributions 

Fig. 9 a and Fig. 9 b show the maximum, remanent and min- 

mum values of strain components S 33 and S 11 as functions of 

tress. The gap between the maximum and remanent strains ( S max 

nd S r ) increases between 2 and 50 MPa and then continuously 

ecreases until 500 MPa. This evolution is consistent with the ob- 

ervations made in Section 4.2 : the electromechanical properties 

re enhanced in the region 2-100 MPa and deteriorated in the re- 

ion 10 0-50 0 MPa. 

The minimum and remanent strains ( S min and S r ) converge to- 

ard each other when the stress increases. From 300 MPa to 

00 MPa, the evolution of S r and S min is approximately linear. 

t is assumed that only the elastic contribution remains in this 

tress range, as the material microstructure is mechanically satu- 

ated. This is consistent with a previous study [76] that showed 
7 
hat the compliances s E 
33 

and s E 
31 

of a polarised soft PZT were 

onstant above a stress of 200 MPa. A linear regression between 

00 and 500 MPa gives a compliance s 33 of 7.57 × 10 −3 GPa- 
 and a s 31 of -2.11 × 10 −3 GPa −1 . For comparison purpose, 

he compliance obtained in the range 30 0-40 0 MPa during a 

ure mechanical test was measured on four samples initially 

olarised. Similar elastic coefficients were obtained: s 33 varied 

rom 5.71 × 10 -3 GPa -1 to 6.58 × 10 -3 GPa -1 and s 31 from 

.76 × 10 -3 GPa -1 to 1.97 × 10 −3 GPa −1 . It shows that the elec- 

rical loading applied between each stress level does not affect the 

lastic coefficients of a stress-saturated PZT, initially polarised. 

The ferroelastic contributions S 
f erro 
33 

and S 
f erro 
11 

were then ex- 

racted by removing the elastic contributions S elast 
33 

= s 33 . σ33 and 

 

elast 
11 

= s 31 . σ33 from the total strain. Results are shown in Fig. 9 c 

nd Fig. 9 d. The dashed lines schematically illustrate the ferroe- 

astic strain value at the electrical saturation state (maximal fer- 

oelastic elongation) and the mechanical saturation state (maxi- 

al ferroelastic contraction). The amplitude between those two 

ines is representative of the maximum strain amplitude achievable 

hrough ferroelastic mechanisms for this material. The ferroelastic 

train at the coercive field (orange curve, Fig. 9 c and red curve, 

ig. 9 d) evolves from 2 to 50 MPa and then saturates. The mate- 

ial state at E = E c is then mechanically saturated above 50 MPa. 

he ferroelastic strain at zero field (black curves) also changes at 

ow stress and saturates for σ 33 > 100 MPa. Thus, S ( E c ) is the first

oint of the S - E loop to saturate. The saturation state then prop- 

gates around E c as long as the stress increases. The mechanical 

aturation never reaches S ( E max ) since at 500 MPa, a residual fer-

oelastic strain remains (red curve, Fig. 9 c). 

The application of a compressive stress tends to increase the 

chievable ferroelastic strain amplitude. The reason for which it is 

ot observed experimentally – maximum S 
f erro 
33 

is decreasing with 

he applied stress ( Fig. 9 c) – is that it would require much higher

evels of electric field to overcome the elastic energy saturating the 

aterial microstructure. 
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Fig. 9. Minimum, maximum and remanent S 33 (a) and S 11 (b) obtained from Fig. 4 . Ferroelastic contribution to S 33 (c) and S 11 (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.) 
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.4. Volume variation: piezoelectric vs ferroelastic contributions 

It should be noted that contrary to the S-E loops, the P-E loops 

re still largely hysteretic above 300 MPa (see Fig. 3 ). Such a re-

ult does not seem to be noted in the literature but can still be

bserved in [31] and, to a lesser extent, in [21,32,58] . First, among 

he extrinsic contributions, only non-180 ° wall motions are respon- 

ible for the change in strain. It is thus tempting to conclude that 

on-180 ° wall motions are reversible at high stress. This assump- 

ion however is not considering the intrinsic effects. For instance, a 

on-negligible piezoelectric contribution can remain at high stress 

ue to 180 ° oriented domain. Similarly, the electrostrictive coef- 

cient Q 33 is ~0.03 m 

4 /C 

2 for PZT [77] . Electrostriction can thus 

ontribute to S 33 up to 5.10 -4 at 500 MPa – as the material polari- 

ation reaches 0.13 C/m ². The intrinsic effects were then evaluated 

y computing the relative volume variation �V/V from Fig. 4 , un- 

er transverse isotropy ( S 22 = S 11 ) and small strain assumptions: 

�V = S 33 + 2 S 11 (1) 

V 

8 
Results are shown in Fig. 10 a as a function of the electric field

nd for different applied stress. Strain values obtained for negative 

nd positive electric fields are averaged. Measurement noise was 

emoved using a moving average filter with a 10 points window 

0.5% of the electric field period). The curves exhibit non negligible 

ariations between 2 and 200 MPa. As ferroelastic switching re- 

ults in an isochoric strain, these volume variations are attributed 

o intrinsic contributions. The maximum volume change is 2.10 −4 

nd occurs at σ 33 = 2 MPa and E = E max . This point corresponds 

o the electrical saturation state, where the intrinsic contributions 

re expected to be maximum. It can be deduced that the intrin- 

ic effects are associated with a volume change of 2.10 −4 in this 

aterial. 

Fig. 10 b shows, for specific electric fields, the volume varia- 

ion as a function of stress. Above 200 MPa, the estimated volume 

ariation is of the order of 10 −5 . It is about one order of magni-

ude lower compared to the value at low stress. Consequently, it 

an be assumed that the intrinsic contributions are negligible at 

igh stresses. Domain wall motion is thus presumably the dom- 

nant mechanism contributing to strain and polarisation changes. 
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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 = E max and E = E c as a function of stress (b). 

Values are computed from Fig. 4 with transverse isotropy hypothesis ( S 22 = S 11 ). 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.) 
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esides, the S-E curve shows no hysteresis beyond 400 MPa which 

ndicates that non-180 ° wall motions induced by electric field are 

eversible. It can further be deduced that the hysteresis seen in 

he high-stress P-E loops comes from 180 ° wall motions. An ex- 

lanation is that under large pre-stresses, the amplitude of non- 

80 ° wall motion is small due to the intense mechanical pressure. 

hus, these walls oscillate between local defects without crossing 

hem. Their motion is then reversible. Contrary to non-180 ° do- 

ain walls, the motion of 180 ° domain walls does not depend on 

he level of stress. Therefore, these domain walls cross local defects 

he same way they do at low stresses. 

Another important observation coming from Fig. 10 b is that 

he volume variation at the coercive field exhibits a negative peak 

n the first region (2 to 100 MPa). This peak reflects the non- 

onotonic and non-reversible variations of the �V ( E )/ V curves 

 Fig. 10 a) from 50 to 100 MPa. The origins of these non-linearities

re not completely understood. As the apparent (macroscopic) 

iezoelectric coefficients depend on the polarisation state of the 

ample (see Fig. 5 ), a non-linear variation of the piezoelectric re- 

ponse is expected. However, such non-linearity is not present on 

he 2 MPa curve ( Fig. 10 a). It is thus difficult to attribute these vol-

me variations to the piezoelectric activity. 

Another possible cause is the presence of crystalline phase tran- 

itions. Such transitions induced by a combined electromechanical 

pplied field was already observed on PZT with a near-MPB (Mor- 

hotropic Phase Boundary) composition [78] . The study showed 

hat a mechanical stress favours the tetragonal phase whereas the 

lectric field favours the rhombohedral phase. It was also observed 

hat the phase transition occurs at the coercive field and that 

he maximal difference between electric-field-induced phase frac- 

ions occurs at a 70 MPa pre-stress. This value is consistent with 

he peak position observed on the red curve ( Fig. 10 b, 50 MPa).

ince the tested material is mixed-phase, crystalline phase transi- 

ion around the coercive field and for stresses around 50 MPa is 

uspected. 
v

9 
. Conclusion 

An original Digital Image Correlation (DIC) technique was used 

o characterise the strain of a soft PZT under electromechanical 

oading. This technique was combined with standard polarisation 

easurements. Results show the P-E and S-E loops under static 

tress. The DIC strain field was found to be homogeneous during 

he electromechanical loading. The accuracy (standard deviation) 

n the mean strain value was about 3.10 −5 . 

Ferroelectric, dielectric and piezoelectric properties were ex- 

racted from the results. The analysis of the data shows that non- 

80 ° wall motions are favoured by compressive stress in the range 

-100 MPa. The electromechanical coupling appears to be maxi- 

um between 25 and 50 MPa, for electric fields under 500 V/mm. 

The ferroelastic contribution was also isolated by removing the 

lastic contribution, estimated at high stress (300 to 500 MPa). 

he ferroelastic strain at the coercive field was found to saturate 

s soon as the stress exceeds 50 MPa. This was explained by the 

echanical saturation of the volume fraction of non-180 ° oriented 

omains. This saturation state propagates to nearest electric fields 

hen the stress increases and reaches E 3 = 0 at σ 33 = 150 MPa. It 

as concluded that this saturation is the cause of the decrease in 

lectromechanical properties, classically observed above 100 MPa 

or soft PZT. 

Another important finding is that DIC can estimate the ampli- 

ude of the piezoelectric contribution by analysing the material 

olume change. This contribution was found to be negligible at 

00 MPa. This information allowed the ferroelectric contribution 

o be isolated. It was deduced that non-180 ° wall motions are re- 

ersible at high stress while 180 ° wall motions are still significantly 

ffected by dissipative effects. The volume change also appeared 

o be an indicator for the detection of crystal phase transitions. 

n the present case, phase transitions presumably occur from 2 to 

00 MPa, around the coercive electric field. 

DIC opens opportunities for complex studies. Using the material 

olume change, the technique can further be used to quantitatively 
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eparate the intrinsic and extrinsic contributions to the material 

ehaviour [12] . Such separation is necessary to have, at the macro- 

copic scale, a view of the different micro-mechanisms contribut- 

ng to the material behaviour. It is also a convenient macroscopic 

omplementary technique to crystal-scale measurement techniques 

uch as X-Ray diffraction or Atomic Force Microscopy. 
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