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ABSTRACT

In this study the behavior of a soft PZT ceramic subjected to compressive cyclic loadings is investigated
with the aim of providing an insight into different dissipative processes which affect the ferroelastic
cyclic behavior of the material. Two quantitative imaging techniques, infrared (IR) thermography and dig-
ital image correlation (DIC), are employed to measure superficial temperature and in-plane displacement
of the sample under mechanical cyclic loadings. Thermal and strain responses are further deduced from
these measurements. This allows to quantify the energy dissipated by the material during applied me-
chanical loadings. Self-heating (SH) and DIC measurements reveal that, even in the piezoelectric regime,
the level of dissipation is significant. This suggests that PZT ceramic response under cyclic compression
is significantly influenced by domain switching mechanisms. The two imaging techniques are shown to
be efficient tools to identify domain wall activity in ferroelectric ceramics and can be advantageously
substituted for polarization measurements when polarization variations are too small to be detected. It
is also shown that, due to the initial compressive stress experienced by all specimens, the domain wall
activity under cyclic uniaxial compressive stress is almost independent of the initial polarization state of

the material.

© 2021 The Authors. 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

Perovskite-type ferroelectrics such as Lead Zirconate Titanate
(PZT) are being extensively used in electromechanical devices such
as actuators or sensors [1]. The key feature used in these devices
is the strong electromechanical coupling effects exhibited by the
ferroelectric ceramics. In most of these systems, ferroelectric ma-
terials work under cyclic electromechanical loadings. The cyclic
loading is associated to energy dissipation, that may induce ma-
terial degradation. The degradation of the material properties dur-
ing cyclic loadings raises concerns and challenges since it signifi-
cantly limits the use of these materials [2]. Thereby, to fully exploit
the potential applications of ferroelectric materials, investigations
on dissipation sources are critically important, eventually leading
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to a better understanding of different dissipation and degradation
mechanisms.

In ferroelectric materials, intrinsic and extrinsic effects play
a major role on polarization and strain changes under electri-
cal/mechanical loadings [3-5]. Intrinsic effects refer to elastic, di-
electric and piezoelectric behaviors associated to changes in strain
and polarization occurring at the crystal lattice scale. Extrinsic ef-
fects refer to ferroelastic and ferroelectric behaviors associated to
180 ° and/or non-180 ° domain wall motions. It is worth noting
that 180 ° domain wall motions do not contribute to the change
in macroscopic strain [6,7]. When an initially unpoled material is
subjected to a sufficiently high electric field, it reaches a saturation
polarization state. After removing the electric field, a large part of
the polarization remains. When the material is reloaded - at small
amplitude - around this remanent polarization state, its behavior
is approximately linear and reversible as a function of electric field
and stress. It is referred to as the piezoelectric regime [8]. Similar
observations can be made with the application of stress; after a
first application of a high amplitude stress, the macroscopic behav-
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ior appears approximately linear and reversible. The piezoelectric
regime is the operating range of most practical applications. It is
well known, however, that this linearity and reversibility are only
apparent and that non-linear and dissipative mechanisms remain
active [9].

Both intrinsic and extrinsic effects can contribute to the total
energy dissipation [3,4,10,11]. The contribution of intrinsic effects
appears at high frequency regime, mostly through damping and
resonance effects [11]. They will not be considered in this study
restricted to low frequency range (below 1 kHz). On the other
hand, extrinsic contributions contribute to the dissipation through
domain wall motions, domain switching and interaction between
moving domain walls and defects [12,13]. Hence, the complexity
of the mechanisms involved makes the identification and quantifi-
cation of the different dissipation sources upon electromechanical
cyclic loadings very challenging. Up to date, the complex energy
dissipation behavior in ferroelectric materials is far from being
fully understood, notably in perovskite materials with high elec-
tromechanical coupling factors, such as soft PZT ceramics [11].

For a thorough understanding of the energy dissipation mech-
anisms in ferroelectric materials, it is of paramount importance to
separately investigate each dissipative mechanism. However, to the
authors’ knowledge, few works have been directed toward individ-
ually studying energy dissipation mechanisms [14]. Recognition of
dissipative mechanisms during purely mechanical and purely elec-
trical cyclic loadings can help understand dissipative mechanisms
during complex electromechanical cyclic loadings. The influence
of cyclic unipolar [15-20], sesquipolar [21-23] and bipolar [24-
33] electric fields on the degradation of ferroelectric behavior has
been investigated in great detail, whereas dissipative mechanisms
and degradation processes during cyclic mechanical loading (i.e.,
ferroelastic behavior) have not received as much attention [34-37].

Multiple dissipative mechanisms occur at disparate scales (mi-
cro and/or nanoscale), and by common experimental setup, only
the combined effects at macroscopic scale can be observed. In-
adequacy (or inability) of exhibiting underlying micro/nanoscale
processes in macroscopic parameters is most pronounced in cases
where the macroscopic behavior of the material can be con-
sidered as a linear reversible approximation (i.e., piezoelectric
regime). However, irreversible nonlinear processes still occur at
micro/nanoscale levels [9], such as domain switching [38,39]. In
this context, the implementation and development of full-field
techniques represent an opportunity to collect high precision mea-
surements in order to investigate the internal dissipative mecha-
nisms in ferroelectrics. Two quantitative imaging techniques, in-
frared (IR) thermography and digital image correlation (DIC), can
efficiently be used to characterize the material response under
cyclic loadings. These methods give access to full-field measure-
ments of temperature and strain fields.

IR thermography is a non-contact technique wused for
temperature-evolution measurements. The technique is gener-
ally employed to record the superficial temperature variations of a
material under external load stimulation using an infrared camera.
This technique indirectly provides information (both qualitative
and quantitative) about the possible heat-dissipation mechanisms
and can be used to establish the correlation between tempera-
ture evolution and corresponding heat-dissipation quantity. The
temperature evolution of materials submitted to cyclic loading is
linked to internal heat sources of different natures and to both
time and spatial changes caused by conduction inside the material
and heat transfer at the boundaries. During cyclic loading, the
dissipated energy is converted into heat resulting in an increase
in the specimen’s mean temperature. In the first few cycles, the
specimen’s temperature rises abruptly, then in later cycling, it
stabilizes or it keeps increasing with a milder slope. Provided
that there is no external source, the temperature evolution during
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cyclic loading is called the material self-heating (SH). The tem-
perature evolution can be detected by IR thermography technique
as a function of time. Owing to the relevance of a link between
material self-heating and irreversible processes (i.e., dissipative
mechanisms), this method has been employed as a precious
tool for several purposes, such as studying electric-field induced
fatigue crack growth [40] or estimating the endurance limit of
metallic materials [41,42], shape memory alloys [43,44] and com-
posites [45,46]. However, as far as we are aware of, in the case
of ferroelastic loading, no published studies have tried to use the
self-heating approach as a framework to explain the relationship
between dissipative mechanisms and thermal processes.

Digital image correlation (DIC) is a non-contact optical tech-
nique that can measure full-field strains at the surface of a sam-
ple. This technique can also indirectly provide insight into polar-
ization and deformation mechanisms [47]. It was previously shown
that, in the case of ferroelectric materials, DIC method can pro-
vide access to electric-induced strains down to 3 x 10=6 (standard
deviation on the average value) and permits determining piezo-
electric coefficients of the order of 20 pm/V and above [47-49].
Furthermore, previous studies showed that DIC-based strain field
measurements can help to distinguish the contribution of isochoric
mechanisms (i.e., domain switching) from non-isochoric mecha-
nisms (e.g., piezoelectricity or crystal phase transition) [47-54].
Consequently, DIC-based investigation provides more insight about
underlying microscale processes.

The electrocaloric effect and self-heating behavior stemming
from dissipative phenomena have been extensively tackled in fer-
roelectric ceramics under electrical loadings [55-63]. By contrast,
dissipative phenomena under mechanical loading (i.e., ferroelastic
behavior) is hardly investigated [64]. In the present work, special
attention is devoted to the investigation of dissipative phenom-
ena during mechanical loading in soft PZT ceramic. The aim of
this study is to contribute towards a better understanding of irre-
versible electromechanical phenomena in ferroelastic behavior. Ir-
reversibility and energy dissipation processes under compressive
mechanical cyclic loadings are quantitatively studied, and possi-
ble dissipative mechanisms are discussed. In practice, thermal, me-
chanical and electrical fields are required for evaluating the en-
ergy dissipation processes in ferroelectric ceramics. In this study,
IR thermography and DIC techniques are employed for measuring
thermal and mechanical fields in order to characterize the dissi-
pated energy. IR thermography technique provides thermal images
relevant to the material self-heating, and the heat sources asso-
ciated with the material cycling are directly evaluated using the
heat diffusion equation. This methodology is based on the link be-
tween heating effects and irreversible dissipative mechanisms (i.e.,
domain switching) during mechanical cyclic loading. The DIC tech-
nique gives access to surface displacement and strain fields. The
obtained results from both imaging techniques in conjunction with
polarization variations will then be combined to assess energy dis-
sipation processes.

The paper is organized as follows: In the next section, the ex-
perimental setups and corresponding procedures and the studied
material will be outlined. In Section 3, the self-heating test pro-
cedure and underlying assumptions of the OD approach will be
explained and then corresponding results will be presented. In
Section 4 the results obtained from DIC measurements will be
brought and finally all results will be discussed in Section 5.

2. Experimental procedure and studied material
2.1. DIC measurements

The experimental setup used for DIC measurements is de-
scribed in Fig. A1 (see appendix for details). The setup was de-
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signed to apply a compressive force (F3) up to -10 kN and to
measure transverse and longitudinal strain components (&1; and
£33, respectively) using DIC system. The compressive quasi-static
force was applied by a Zwick/Roell030 tension/compression ma-
chine and was measured by a 4+ 10 kN load sensor (KAP-TC, Ange-
wandte System Technik), mounted between the machine loading
frame and the upper fixture. The sample was placed between two
fixtures, electrically isolated from the ground using alumina parts.
The upper fixture contains a ball-joint and all bearing surfaces
were grinded and have a flatness within +4 pm.

The electric displacement (D3) was measured from the lower
electrode of the sample using the conditioner with an operational
amplifier integrator circuit [65,66]. The integrating capacitor of
2 pF was utilized to measure D3. A real-time DSpace hardware
module with a maximum sampling frequency of 50 kHz was used
to acquire and to record F3 and D3;. The module was controlled
from computer 1 (see Fig. Alb in appendix) using a real-time
Graphical User Interface (GUI) and F3 and D3 were monitored and
recorded on this computer with MATLAB/Simulink associated to
GUI (DSpace ControlDesk).

To measure in-plane strain field by DIC [48,49], a suitable
speckle pattern was painted on a lateral face of the samples so
as to track local displacements. Details concerning the deposition
process are described in [48,49]. During experiments, the speck-
led face of the sample was imaged by means of a high resolu-
tion Ximea MD091MU-SY (14 bits monochrome) camera mounted
on a Questar QM100 MKIII long distance microscope. This high-
resolution camera can acquire 3380 x 2708 px size images at a
maximum frame rate of 5 Hz. This optical system was placed at
distance of ~ 37 cm from the sample surface, which results in
the aperture of f/7, the optical resolution of ~ 5 um and the spa-
tial sampling of ~1.2 um/px (area of ~3.2 x 4 mm). The sample
lighting was provided by an LLS 3 LED light source (SCHOTT North
America, Inc.) and oriented with an optical fiber.

The camera was triggered by the dSPACE module to synchro-
nize the image acquisition with the applied mechanical force and
the images were stored on Computer 2 (see Fig. Al.b in appendix).
After acquiring images, the in-plane displacement and strain fields
were obtained using a post-processing Digital Image Correlation
program (CorreliRT3) [49,67]. A detailed description of the optical
setup and the DIC program can be found in [49)].

It is worth noting that the homogeneity of the strain field was
confirmed (standard deviation is about 5% of the average value and
no more than 8%) and only the averaged value of strain compo-
nents was considered in this study. Furthermore, to avoid edge ef-
fects, the data close to the border of images was discarded since
this data leads to discontinuity in the displacement field and con-
sequently to an inhomogeneous strain [47,48].

2.2. Self-heating measurements

The general testing set up dedicated to self-heating tests is pre-
sented in Fig. A.2 (see appendix for details). In order to perform
the self-heating measurement tests, stress-controlled cyclic com-
pression tests were carried out at room temperature, by means
of an INSTRON all-electric dynamic test instrument (ElectroPuls
E10000, which is designed based on the linear motor technol-
ogy) with the capacity of &+ 10 kN. The cyclic tests were con-
ducted with different stress ratio and a loading frequency (f;) of
30 Hz. Compression test fixtures were designed to ensure uni-
form loading conditions, independent of applied load level, dur-
ing mechanical cycling. The designed upper fixture contains a
spherical joint, which controls the parallelism between two fix-
ture faces, the alignment of the applied load and, therefore, the
homogenously compressive loading without bending. It is of par-
ticular importance to ensure that the uniform boundary condi-
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tions are maintained upon loading, which was verified by DIC
measurements.

During the self-heating test, IR thermography technique was
utilized to measure and to record the temperature evolution on the
specimen surface. A mid-wavelength range infrared (MWIR) detec-
tor INFRATEC IR8300 was used with a full frame rate of 350 Hz.
The detector format (IR pixels) was a 512 x 640 array of detectors
digitized on 14 bits and sensitive in the 2.0-5.7 um spectral band
with a 15 um pitch (distance between two detectors) and a tem-
perature resolution as low as 0.02 K. The device was equipped with
a Stirling cooler. The focal length of the optical lens was 50 mm,
and its transmissivity was 0.94. The measuring range of the cam-
era was chosen between -10 °C and 60 °C, and the frequency ac-
quisition and the integration time were set to 23 Hz and 1600 s,
respectively. Infrared images were analyzed by means of the IRBIS
3 commercial software. To limit the errors associated with emis-
sivity of the surface, the surface of the specimen was covered with
a very fine coating of a strongly emissive black paint.

Special attention was given to minimize the influence of the
environment thermal perturbations on the measurements and to
provide a relatively thermally insulated system. In doing so, the
specimen was surrounded by a black painted paperboard box be-
tween the testing machine frame, leaving only a rectangle area (an
inspection window) in front of it, facing the IR camera. Moreover,
a thick dark blanket was used to thermally insulate the whole test-
ing machine frame and the IR camera.

Since, upon mechanical cycling, dissipative sources in metallic
materials are more pronounced than those in ceramics, heat gen-
eration in the designed metallic fixtures is more than that in the
PZT sample. Therefore, during cyclic loading, the temperature of
metallic fixtures raises more than that of the specimen. Hence, the
heat transfer direction is from metallic fixtures to the PZT sample,
which is undesirable for dissipative energy evaluation purposes.
Ideally, the heat transfer direction should be from the specimen
to fixtures, and the reverse heat transfer direction leads to temper-
ature measurement interferences. Hence, a closed-loop water cool-
ing system (Neslab RTE-101 refrigerated bath chiller circulator in
conjunction with copper pipes (i.e., cooling collars)) was designed
to control the temperature of metallic fixtures. This cooling system
minimizes the fixtures temperature variations during testing and
ensures the heat transfer direction from specimen to fixtures. It is
worth noting that by considering a temperature difference of about
1-2 °C between the specimen and fixtures, the influence of tem-
perature fixtures on the stabilized mean temperature of the speci-
men is negligible (see appendix for details).

Obtaining information about heat sources requires solving the
heat diffusion equation [41], which will be detailed in the fol-
lowing section. For each loading level, this equation links what is
measurable, the temperature, to a dissipation heat source, which
is an internal quantity of the material. When internal mechani-
cal dissipations (i.e., heat sources) are spatially homogeneous in
the tested specimen, temperature changes are homogeneously dis-
tributed over the volume of the material and there is no tempera-
ture gradient, which could result in a simplified form of the heat-
diffusion equation. It was observed that the measured temperature
field is homogeneous throughout the specimen surface during ap-
plied mechanical cyclic loadings, which leads to a reduced form
of the heat equation. Hence, it is assumed that the temperature
field is also homogeneous throughout the whole specimen volume
and a zero-dimensional (0D) approach is adopted [41] (i.e., thermal
sources are spatially homogeneous in the specimen studied). Thus,
the averaged value of the temperature field over the specimen sur-
face can be considered as the specimen temperature (Tspecimen). ON
the other hand, heat generation in the fixtures has a detrimental
effect on evaluating the internal thermal dissipation of the spec-
imen. Thus, to eliminate this effect and to obtain the specimen
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Table 1
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Noliac NCE55 piezoelectric (ds3 and ds;) and dielectric («33) coefficients, density (p)
and specific heat capacity (c), according to the datasheet [71].

Parameter  ds3 (m/V) d3; (m/V)

k3l ko p(kgim®)  c(/kg°K)

Value 670 x 10712

—-260 x 10-12

5000 8000 420

temperature evolutions relevant only to the internal dissipation,
the mean temperature of the fixtures (Typper fixure a0d Tiower fixture)
should be subtracted from Tpecimen (at the beginning of the self-
heating test, the difference between the temperatures of fixtures
and specimen temperature is about 1 °C). Therefore, the tempera-
ture change (6°P) is given by

QOD T Tupperﬁxture + Tlowerﬁxture 1
= Ispecimen — 2 ( )

2.3. Studied material

The studied piezoelectric material in this work is a soft lead
zirconate titanate (PZT) ceramic from Noliac Inc. with silver elec-
trodes on two opposite specimen’s surfaces (NCE55, Noliac). The
dimension of specimens is 4 x 4 x 4 mm3 and its piezoelec-
tric and dielectric coefficients, density and specific heat capacity
are summarized in Table 1. First of all, the quasi-static uniaxial
compressive loading was performed on polarized PZT specimen
to study the ferroelastic behavior and to examine the effect of
ferroelastic domain switching on the stress-strain curve. The ob-
tained results are illustrated in Fig. 1. The polarized PZT exhibits
the typical mechanical behavior of a ferroelastic material [68-70].
As can be seen in Fig. 1, the stress-strain curves show a visible
non-linearity in loading part, which is due to non-180 ° ferroelastic
domains switching. During domain switching process, the domains
are aligned in orientation closest to the direction perpendicular to
the compressive stress. The stress-strain curves in unloading part
are “almost reversible and linear” (Fig. 1a and b) and the polar-
ization remains almost constant (Fig. 1c). To interpret the effects
of different type of cyclic loading cases, it is prominent to have
the same initial state for all loading cases. Therefore, unloading
part of the ferroelastic behavior will be used to investigate dissi-
pative phenomena upon mechanical cyclic loadings. Consequently,
prior to applying cyclic loading, all samples (both polarized and
non-polarized) were subjected to quasi-static compression loading-
unloading up to -400 MPa. In the case of DIC samples, this proce-
dure was also preceded by a series of mechanical cycles (at maxi-
mum amplitude), in order to reach a stabilized behavior and over-
come the slight drift observed during the first cycles. This latter
step is unnecessary for self-heating measurements since the num-
ber of cycles performed is much higher than the number required
for stabilization.

3. Self-heating tests under compressive cyclic loading
3.1. Self-heating test protocol

The principle of a self-heating test protocol is shown in Fig. 2.
The self-heating tests are carried out by applying several series of
compressive cyclic loadings (or loading blocks) with an increas-
ing stress amplitude upon the same loading frequency (f; = 30Hz,
here). The choice of the frequency is made so that the internal
dissipation leads to achieving temperatures high enough to be
detected using IR thermal camera. The considered value of the
frequency makes it possible to achieve a temperature rise (99°)
of about 0.4 °C at last loading block (i.e., o0mean = —210MPa and
Oamp = 190 MPa).

During self-heating test, the temperature evolution of the spec-
imen is recorded through thermal imaging, which is accomplished
by using IR camera. For instance, temperature evolution during the
loading block “n” (in Fig. 2a) is schematically shown in Fig. 2b.
Each loading block consists of two stages. The first stage is the
force-controlled loading step, in which the sample is subjected to
3000 compressive sinusoidal loading cycles (i.e., 3000 cycles per
block). During this stage, the temperature of the specimen ini-
tially increases with the number of applied cycles and then reaches
a steady state. This specified number of cycles (N = 3000 cy-
cles/block) is considered so that before achieving 3000 cycles, the
temperature of the specimen stabilizes. Temperature evolution dur-
ing the loading stage (stage I) is shown in Fig. 2b, which contains
two classical phenomena. The first is a global rise in temperature
(blue curve in Fig. 2b), which is related to energy dissipation. The
second is the oscillation around the previous curve, which is re-
lated to the thermo-elastic coupling effect (red curve in Fig. 2b).
The second stage is a cooling step, during which the compressive
cyclic loading is ceased to have almost the same initial condition
from one loading block to another. In the cooling phase, the speci-
men cools down to the initial temperature (91.0[’ ). It is worth noting
that the cooling step removes the probability of any carryover of
the temperature from a previous loading block to the subsequent
one. The temperature evolution recorded confirms that the speci-
men is thoroughly cooled down at the end of second stage and is
ready for the next loading sequence. This protocol is repeated for
each sequence of cyclic blocks and allows the temperature evolu-
tion to be correlated to the compressive stress.

The thermal data recorded during the self-heating tests are an-
alyzed to correlate the superficial temperature of the specimen to
the internal dissipation. Combining the local expression of the first
and the second principles of thermodynamics and neglecting the
convective terms of the material derivative lead to the local heat
diffusion equation as follows [72]

02y
dToed

2y
aTav,

Vi = pcs;
(2)

where T and &¢ are the temperature and the elastic part of the
strain tensor, respectively, V,(k=1, ..., n) represents the n in-
ternal state variables, introduced to describe the microstructural
state, and v is the Helmholtz free energy. The involved terms in
Eq. (2) have the following physical significance:

pcT —div(q) = A +r+ pT (€% 4 pT

« pcTreflects the stored/released heat rate; in which c and p are
the specific heat capacity (at constant pressure) and the den-
sity, respectively, and it is assumed that c and p are indepen-
dent of the temperature T,

div(q) stands for the volume heat rate losses by conduction,
where ¢is the heat flux vector,

« A=o0:é"_A,:V,is the internal dissipated energy, where ois
the Cauchy stress tensor, €"is the nonlinear part of the strain
tensor and A;, denotes a set of thermodynamic forces associated
to a set of the internal variables V,

r is the external heat supply, it is assumed that ris time-
independent,

. poT az;;’ﬁe, : gel +pT36TZT'/"/, .V, are the thermodynamic coupling
K

sources (i.e., thermo-elastic and thermo-mechanical and/or
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Fig. 1. Evolutions of (a) longitudinal and (b) transverse strains (obtained by DIC measurements) and (c) polarization variations upon quasi-static compression test performed
on polarized PZT sample.

Self-heating Test Protocol Loading Block "n"
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Fig. 2. (a) Schematic of successive series of compressive loading blocks (blocks 1, 2, and “n”) in the self-heating test (b) Temperature elevation during loading block “n”, 9°°

denotes the temperature elevation including fluctuations due to thermo-elastic coupling effect, while the mean temperature with no fluctuation is shown by 93’3,9.
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-electrical coupling sources), it is supposed that thermo-
mechanical and thermo-electrical coupling sources are negligi-
ble and therefore the coupling terms are limited to the thermo-

2y sel
elastic source (pT 5= © £),

« pcS; is the local thermal source.

As evoked previously, by assuming a homogenous temperature
field throughout the specimen volume, the OD approach can be
adopted [41] and the average temperature variation 8%P(t) can be
considered instead of the spatial temperature T (x,y, z, t). It implies
that the thermal sources are spatially homogeneous in the volume
considered. Thus, by integrating Eq. (2) over the specimen volume,
the heat equation reads [41]

i (r)

eq

69 (t) + = 59 (t) 3)

where SOP is the average heat source throughout the specimen vol-
ume and req is a time constant characterizing heat losses with the
surroundings. The characteristic time depends on the dimensions
and on the thermal conductivity of the specimen as well as on the
heat transfer coefficients between the specimen and the fixtures
and between the specimen and the surrounding environment.

It is worth noting that, by considering all above-mentioned
assumptions, S?Ponly consists of the internal dissipation and the
thermo-elastic coupling term. The thermo-elastic coupling effect is
a reversible phenomenon, and its variation vanishes at the end of
each complete loading cycle (see Fig. 2b). Therefore, the integration
of Eq. (3) over one cycle leads to

0+ 02 ® _so_p [ qonge_ S | adi- Ira
q'de ‘L’eq ! cycle PC Jeycle pc
(4)
where HCOyfgl . is the mean value of temperature evolution per cycle

(see Fig. 2b). If the average value of the internal dissipation per
cycle (A) is constant, as is shown in Fig. 2b, the mean temperature
reaches a stabilized value (6°P) at the end of loading step of each
block. It implies that the temperature rate is negligible at the end
of loading step (i.e., Hgl’gle ~ 0), and by virtue of Eq. (4), the internal
dissipation corresponding to each stress amplitude (each loading
block) can be obtained by

P cHoD
fredl

To identify the characteristic time 72 q in this study, the cool-
ing part of self-heating data (second stage in Fig. 2b) is utilized.
Eq. (6) is a solution of Eq. (4) during the cooling stage

(when SPP = 0). Therefore, 7P is estimated by fitting the cool-
ing part of experimental data with Eq. (6) (i.e., the theoretical evo-
lution of ngc’,e during cooling step).

(5)

Qcycle - chcle X €Xp <_t/Te%D) (6)

As an example, in Fig. 3, the results of the characteristic time
identification are given for non-polarized PZT specimen over four
loading blocks. It appears that the identified characteristic times
are almost constant, and their slight discrepancies are attributed
to the measurement noises.

3.2. Self-heating test results

In this section, the methodology developed in the previous
section for evaluating the internal dissipation during self-heating
tests is performed on polarized and non-polarized PZT specimens.
As was mentioned in Section 2.3, prior to perform self-heating
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Fig. 4. First loading block of different loading cases considered for realizing self-
heating tests.

tests, all samples (both polarized and non-polarized ones) were
subjected to quasi-static compression loading-unloading up to -
400 MPa (Fig. 4). In doing so, the unloading part of stress-strain
curve (i.e., part B,C in Fig. 4) is used to ensure apparent macro-
scopic reversibility of the ferroelastic behavior with the aim of in-
vestigation of the internal dissipation upon compressive mechani-
cal cyclic loadings.

Accordingly, in this study, three loading cases are considered to
realize self-heating tests:

- Loading case I: maximum applied compressive stress is kept
constant during all loading blocks and its value is equal to -
20 MPa

- Loading case II: mean applied compressive stress is kept con-
stant during all loading blocks and its value is equal to -
210 MPa

- Loading case IlI: minimum applied compressive stress is kept
constant during all loading blocks and its value is equal to -
400 MPa

All self-heating tests comprise seven loading blocks with stress
amplitudes of 40, 65, 90, 115, 140, 165, and 190 MPa. Thus, the
stress range in the last loading block is the same for all loading
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loading blocks with different stress amplitude (the cyan curve shows the temperature elevation at stress amplitude of 190 MPa, including fluctuations due to thermo-elastic

coupling effect).

cases (i.e., the compressive stress varies between -20 and -400 MPa
in the last loading block), which is not the case for other loading
blocks. Stress variations during first loading block of these three
loading cases are shown in Fig. 4. For loading cases II and III, the
first loading block of the self-heating test is in a reasonably linear
part of the stress-strain curve. On the contrary, for the loading case
I, the first loading block of the self-heating test is in a significantly
nonlinear part of the stress-strain curve (this nonlinearity implies
more dissipative phenomena (i.e., domain switching) which occurs
at stress levels lower than 150 MPa). It can be generalized to other

loading blocks. Therefore, it will be expected that the internal dis-
sipative energy in loading case I is more than that in loading cases

I and IIL
Stress variations in loading cases I,

Il and III as well as corre-

sponding temperature evolutions of non-polarized specimens dur-
ing their seven loading blocks are shown in Fig. 5.

As is shown in Fig. 5b, d and f, the temperature increases
rapidly at the beginning of each loading block (during the first
600 cycles) and then it tends to reach a stationary value. The tem-
perature stabilization correlates with a constant dissipated ther-
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Fig. 6. Evolution of the cyclic internal dissipation as a function of the stress amplitude for (a) polarized and (b) non-polarized PZT specimens by applying loading cases I, II

and IIL

mal source. It implies a thermodynamic equilibrium between the
energy induced by mechanical loading and the heat losses with
the surroundings. The higher stress amplitudes lead to the higher
mean steady state temperature following the same trend until it
reaches about 0.4 °C for a stress amplitude of 190 MPa. It is worth
noting that the reproducibility of the results was confirmed by per-
forming three self-heating tests on the polarized specimens under
loading case 1.

To provide a comparable analysis, self-heating tests with above
loading cases are also performed on polarized specimens. Then, for
both polarized and non-polarized samples, the cyclic internal dis-
sipation (or the internal dissipation per cycle, A) is evaluated for
each loading block using Eq. (5). Fig. 6a and b present the cyclic in-
ternal dissipation versus the stress amplitude curves obtained for
the polarized and non-polarized PZT specimens, respectively. These
results highlight that the cyclic internal dissipation is evolving al-
most linearly with the stress amplitude during loading case I and
is evolving nonlinearly with the stress amplitude during loading
cases II and IIl. As it was expected, in the first loading block, the
cyclic internal dissipation is close to zero for the loading cases II
and III, while it is not zero for the loading case I. It is also worth
noting that the last loading block does indeed provide identical re-
sults (as expected) for the three loading cases and allows an esti-
mation of the error bar on the internal dissipation per cycle (A)
around 0.19 kJ/m3.

4. Polarization measurements under compression cyclic
loading

This section describes the behavior of the polarized and non-
polarized PZT ceramics subjected to cyclic compressive mechani-
cal loading under low frequency (f; = 50 mHz). At such a low fre-
quency, the released heat due to internal dissipation has enough
time to transfer out completely and therefore the temperature of
the specimen does not evolve significantly. On the other hand, it
permits the measurement of stress-strain hysteresis loop area via
DIC. The hysteresis loop area (j'cydea : de™) provides a valuable in-
formation to evaluate energy dissipated upon cycling

(A = [yt 0 - d€™ — [0 Ax = dVy) and it can be regarded as an
indicator to study dissipative phenomena.

The same loading cases, as those considered to realize self-
heating tests in Section 3.2, are considered to investigate further
the hysteretic behavior during loading-unloading cycles. For the
sake of stable closed hysteresis loop, five cycles are performed at
each loading block, as shown in Fig. 7, and the results of the last
cycle are used to evaluate hysteresis areas corresponding to each

loading case. After the fourth cycle, the hysteresis loop area (i.e.,
the area enclosed by the loop) does not considerably vary from
one cycle to the next one, and its fractional change is negligible. It
should be pointed out that the hysteresis loop could be displaced
slightly with each cycle. However, the shift of the hysteresis loop
is not considered because, in this study, our interest is in the area
enclosed by the hysteresis loop and not in its real position along
the stress-strain or the stress-polarization curves.

As an example, evolution of stress-polarization and stress-strain
hysteresis loops of the fifth cycle of each block during loading case
I are shown in Fig. 8. In the following, the hysteresis loop area will
be used to study the dissipated energy during above-mentioned
three loading cases. It is worth mentioning that the hysteresis
loop area gained from each pair of conjugate variables (e.g., stress-
strain and polarization-electric field) is an energy quantity. While
the hysteresis loop area acquired from the polarization-stress curve
(Fig. 8a) is not an energy quantity, but corresponding information
can be used as an insight to study the dissipated energy.

Fig. 9 shows the evolution of hysteresis areas versus the stress
amplitude obtained for the polarized and non-polarized PZT spec-
imens. To check the reproducibility of measurements, each loading
case is repeated at least three times.

It is worth noting that polarization does not vary upon com-
pressive mechanical loading in non-polarized PZT samples. Hence,
in Fig. 9c, only the evolution of stress-strain hysteresis areas in
non-polarized PZT samples is brought.

5. Discussion

The dissipation measured in this study is interpreted as result-
ing mostly from domain switching. Other sources of dissipation,
however, could be considered. For instance, the electromechanical
behavior of soft PZT ceramics can be accompanied by a structural
phase transformation [73-75]. DIC technique can indirectly give
access to this information through the material volume change
[47,54]. Since the domain switching is an isochoric mechanism, the
material volume variation is ascribed to other non-isochoric mech-
anisms such as elasticity, piezoelectricity and possible phenomena
such as phase transformation or crack propagation. Regarding the
experiments performed in this study, the observed volume change
- although rather noisy due to the uncertainties on the transverse
strain measurement - cannot be fully explained by elastic effects.
A structural phase transformation is therefore suspected. Such a
phase transformation could contribute to the temperature change
of the samples. This contribution, however, was assumed to be
small compared to the effect of domain switching. Some mechan-



M. Barati, B. Amini, V. Segouin et al.

Acta Materialia 221 (2021) 117386

5 Loading Case I 5 Loading Case 11
— et T e
| [ i ‘ [ [
-50 i I “ -50 ‘ \ ‘J
1| | ‘
-100 | “i il \ -100 I \ ‘
g s I £ s TR
-150 \ -150 |
= M s I \ ‘
2200 | 2 200 | AR mi '
e e ;Hi”: } il
% 250 ¢ 2 250+ |
[ [0 |
& 5 |
“ 300 | “ 300 | D
2350 2350
F=50mHz & 5 cycles/Blockl F=50mHz & 5 cycles/BIockl
-400 | L . . | ! ‘ -400 | L . , ‘ | ‘
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time, t (s) Time, t (s)
(a) (b)
5 Loading Case III
| I I I T 1 I
50 ‘f’_=50mHz & 5cycles/Block‘
-100
£ 150
-15
2
@ -200
S
% 250
[
=
L2300 |
-350 W
-400 | ! | . | | |
0 200 400 600 800 1000 1200
Time, t (s)
(©)

Fig. 7. Applied compressive stress versus time during compressive quasi-static (f; = 50 mHz) tests (a) loading case I (b) loading case II (c) loading case III

Loading Case I
0 . 4 . . .
50 7 / ]
-100 | / 1
£
s -150 |
v;ﬁ ”amp:40 MPa
Ng =200 T 05 MPa
g 2501 T 90 MPa |
= =
& il T~} 15 MPa |
oamp=l40 MPa
350 o =165 MPa|
amp
400 F T =190 MPa |
e e o
0.003

Polarization, AP, (C/m’)

(2)

ical degradation mechanisms, such as microcracking, can also be a
source of internal dissipation [40,76]. Here, due to the moderate
level of applied loadings, in terms of amplitude and number of cy-
cles, no mechanical degradation has been observed in the tested
samples. This possible source of dissipation will be neglected in
the following. Therefore, in this study, the observed dissipation will
be ascribed to domain switching.
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Fig. 8. (a) Stress-polarization and (b) stress-strain hysteresis loops for different stress amplitudes in loading case I obtained from polarized PZT sample.

All results obtained from DIC measurements under compressive
cyclic loading at low frequency (f; = 50 mHz) and self-heating tests
performed at frequency of 30 Hz are gathered in Fig. 10. For the
sake of clarity, only regression curves are plotted in Fig. 10 which
summarizes whole experimental data. Very similar trend is seen
for variations of stress-strain hysteresis area and cyclic internal dis-
sipation under considered three loading cases.
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Fig. 9. Polarized PZT evolution of (a) stress-strain and (b) stress-polarization hysteresis areas versus stress amplitude and (c) non-polarized PZT evolution of stress-strain
hysteresis areas versus stress amplitude.
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According to Fig. 10, case I is found to possess higher values
of energy dissipation compared to cases Il and Il (exhibiting less
dissipation under compressive mechanical cyclic loading). Variation
of stress in loading case I covers more of the nonlinear part of the
stress-strain curve (stress range of -20 up to -150 MPa in Fig. 4)
where the effect of dissipative phenomena (i.e., domain switching)
on the material behavior is presumably increased.

The obtained results from both DIC and self-heating measure-
ments show that more dissipation is observed at low stress values.
It implies that micro non-180 ° domain walls mobility is favored
at low stress values (lower than 150 MPa). These results, consis-
tently with previous observations, can also be interpreted as the
existence of an enhanced electromechanical coupling at low stress
levels which leads to more energy dissipation. At high stress am-
plitudes (more than 150 MPa), applied mechanical load reduces
the domain wall contributions to the energy dissipation but en-
ergy dissipation is still observed. Therefore, it can be concluded
that even in the macroscopically linear part of the stress-strain
curve, domain switching occurs and contributes to energy dissipa-
tion upon mechanical cyclic loading. This conclusion is in line with
the results of local investigation in the literature (e.g., [39]).

Other important point which can be drawn from Fig. 10 is that
the initial state of the material (polarized or non-polarized) has lit-
tle impact on the internal dissipation upon mechanical cyclic load-
ing. These dissipative mechanisms are connected to non-180 ° do-
main switching generated by the application of the stress. Due to
the application of a compressive stress of 400 MPa amplitude prior
to the self-heating tests, the initial polarization state of the spec-
imens is modified. The level of applied stress seems sufficient to
make the domain states of all samples similar. Therefore, the non-
180 ° domain switching generated during self-heating tests appear
in similar proportions whatever the initial polarization level. The
effect of the initial state of the material is only highlighted in the
hysteresis area of the stress-strain curves at high stress amplitudes
(Fig. 10a)).

For polarized material, the results of self-heating, DIC and po-
larization measurements represent almost the same trend which
can be interpreted as a signature of domain wall activity. Polar-
ization measurement is the easiest experimental procedure among
them. However, this measurement procedure is not accessible for
non-polarized material.

Since the frequency of the tests for DIC and self-heating mea-
surements is different, the contribution of other state functions of
conjugate variables (f,q, Ay : dV)) to energy dissipated upon cy-
cling

(A= [y : dem — Jeycle Ak dVi) cannot be determined ex-
plicitly. On the other hand, due to the limitation of acquisition
frequency of DIC camera (maximum frame rate of 5 Hz), it was
not possible to evaluate the effect of frequency on DIC measure-
ment results. However, even without knowing the exact effect of
frequency, one may conclude that the contribution of other state
functions of conjugate variables

(fcyde Ay, : dV,) to the total energy dissipated upon cycling (A) is
considerable. Nevertheless, these results can be employed to pro-
pose a thermodynamic framework for investigating the dissipative
phenomena under cyclic ferroelastic loadings.

The realized work robustly illustrates the capability of em-
ployed full-field methodologies (DIC and self-heating measure-
ments) to quantify the dissipated energy of studied material upon
compressive mechanical cyclic loading, even when the materials
are non-polarized. This study represents a first step toward the
investigation of dissipative mechanisms upon mechanical cyclic
loadings (i.e., ferroelastic cyclic behavior). Future work will con-
centrate on proposing a model based on the thermodynamics
of irreversible processes, to reproduce the obtained self-heating
results.

1
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6. Conclusion

In this paper self-heating and dissipative effects in soft PZT
ceramics are studied under compressive cyclic mechanical load-
ings. Cyclic mechanical loadings are applied on polarized and non-
polarized PZT specimens by considering three loading patterns.
DIC and self-heating measurements are employed to quantify dis-
sipated energy in the studied material under the considered me-
chanical loadings. This study sheds new light on dissipative mech-
anisms occurring during cyclic ferroelastic loadings and enables
the magnitude of non-linear mechanisms to be quantified. The
origin of nonlinearities observed during the considered mechan-
ical loadings is attributed to non-180 ° domain switching which
is shown to be more pronounced at low stress levels. For polar-
ized specimens, the results of self-heating, DIC and polarization
measurements follow the same trend which can be interpreted as
a signature of domain wall activity. Polarization measurement is
the easiest experimental procedure. However, the hysteresis loop
area obtained from the polarization-stress curves is not an en-
ergy quantity, and this measurement procedure is not accessible
for non-polarized material. On the other hand, it is not a straight-
forward task to perform self-heating test on PZT specimen sub-
jected to mechanical cyclic loadings. It is also shown that, due
to the compressive stress experienced by all specimens prior to
self-heating measurements, the initial state of the material (po-
larized or non-polarized) has a negligible impact, for the stud-
ied material, on the internal dissipation upon mechanical cyclic
loadings.
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