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Abstract

Mechanical energy harvesting presents a viable approach for powering devices and
sensors, particularly given the rising prevalence of interconnected devices. Despite
the abundance of sudden pulsed mechanical energy sources in the environment,
such as footsteps, tires on road or door openings, non-resonant systems have not
garnered substantial attention in the scientific community when compared to their
resonant counterparts. One of the main challenges with such an approach is the
requirement to maximize energy scavenging per cycle to make it viable. Thus, em-
ploying thermodynamic cycles allow to optimize the harvested energy. Moreover,
leveraging nonlinearities, generally avoided in resonant systems, can lead to further
improvement of the harvested energy. Then, comprehending the intrinsic mecha-
nisms of the materials, assessing their electromechanical capabilities through such
cycles, and incorporating them into prototypes are crucial steps for potential future
applications.

Significant research efforts have been dedicated to the use of thermodynamic cy-
cles to enhance output power. The Ericsson cycle, commonly known as the Olsen
cycle in the realm of pyroelectric energy harvesting, has attracted attention due to
its notable energy conversion capabilities. While this cycle has primarily been inves-
tigated for pyroelectric applications, its application in mechanical energy harvesting
has been limited. The cycle involves two isostress processes and two isoelectric pro-
cesses. These thermodynamic cycles present a viable solution for capturing energy
from low-frequency sources (<10Hz) and non-resonant mechanical energy harvest-
ing. The implementation of these cycles, coupled with the associated electrical inter-
face, remains feasible even in degraded modes.

Within this framework, ferroelectric materials (a particular class of piezoelectric
materials) show significant potential for use in mechanical energy harvesting as a
transducer due to their outstanding properties. A noteworthy feature of these mate-
rials is their unique ability to maintain polarization even in the absence of an electric
field. Another captivating aspect is their capacity to display phase transitions in-
duced by variations of temperature, electric field, and stress, which yield significant
change in the material properties that can be used in favor of energy harvesting
enhancement. Exploiting these phase transitions emerges as a viable approach to
enhance energy harvesting, given that the material’s properties display non-linear
characteristics in the vicinity of these transitions.

Understanding the intricate mechanism of phase transitions is challenging, and
only a handful of theories successfully elucidate them. The Landau-Devonshire the-
ory based on the mean-field approximation has been a good solution for describing
ferroelectric materials. This formulation, recognized as the Landau-Devonshire the-
ory, involves developing the free energy term through a power expansion of an order
parameter, which is the polarization in the case of ferroelectric materials.

Based on this approach, Chapter 2 introduces a novel approach for simulating
thermodynamic cycles in the context of pyroelectric and mechanical energy harvest-
ing. The simulation results for pyroelectric energy harvesting are compared with
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existing literature, whereas the mechanical outcomes contribute to the analysis of
the characterization results presented in Chapter 3.

Therefore, the subsequent chapter explores the characterization results obtained
from diverse ferroelectric materials. Ericsson cycles were conducted under elevated
stress levels and high electric fields. A comparative analysis among different ma-
terials revealed a convergence in the energy density of materials with increasing
stress and electric field. Subsequently, attention was directed toward PMN-25PT
and PZN-8PT single crystals due to their notably high energy density. Experimen-
tal testing and modeling of various operating temperatures were conducted using
the simulation framework developed in Chapter 2. Optimal working temperatures,
crucial for achieving high-level energy conversion, were successfully identified and
predicted through simulation. The polarization mechanisms induced under these
extreme conditions for energy harvesting are elucidated based on experimental and
modeling results. Notably, results obtained at elevated stress levels suggest that op-
erating along the polarization direction yields the most favorable outcomes, contrary
to conclusions drawn in the case of domain-engineered crystals.

The final chapter centers on the practical implementation of ferroelectric materi-
als in real devices, incorporating the high levels of stress and electric field identified
through modeling and characterization. In the first device, operating in 33-mode,
a substantial volume of materials was integrated into a smart tile. Ericsson cycles
were conducted, and the output energy reached values as high as 800m] per cycle.
From a pragmatic standpoint, a passive electrical interface based on Bennet’s dou-
bler was implemented and compared to the Ericsson cycles in terms of output en-
ergy. This electrical energy management strategy proved to be effective, extracting
nearly 40% of the energy from the Ericsson cycle while allowing a fully standalone
operation. Comparative analysis with the state of the art revealed that the output
energy surpassed existing results by nearly two decades. Subsequently, a cantilever
beam-based device operating in 31-mode was presented, sharing similar objectives
with the smart tile but with dimensions scaled down. Unfortunately, the results were
not promising for energy harvesting applications under ultra-high levels and non-
resonant conditions. The experiment indicated that the range of tensile stress ap-
plied was insufficient to induce depolarization, while higher stress will easily break
the samples. Nevertheless, these results did not exclude the feasibility of 31-mode
operating devices in non-resonant energy harvesting, especially with materials not
bonded to a beam. By delving into the modeling, characterization, and implementa-
tion of ferroelectric materials, this study sheds light on their exceptional potential for
achieving ultra-high energy conversion when exposed to significant levels of stress
and electric field. The traditionally perceived counter-productive nonlinearities of
polarization induced by these conditions have been shown to be an effective solu-
tion for devices operating in non-resonant conditions.
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Résumé

La récupération d’énergie mécanique présente une approche viable pour alimenter
des appareils et des capteurs, en particulier compte tenu de l'augmentation crois-
sante des dispositifs interconnectés. Malgré 1’abondance de sources soudaines et in-
termittentes d’énergie mécanique dans I’environnement, telles que les pas, les pneus
sur la route ou les ouvertures de porte, les systemes non résonants n’ont pas suscité
autant d’attention au sein de la communauté scientifique que leurs homologues ré-
sonants. L'un des principaux défis de cette approche réside dans la nécessité de max-
imiser la récupération d’énergie par cycle pour la rendre viable. Ainsi, l'utilisation
de cycles thermodynamiques permet d’optimiser 1'énergie récupérée. De plus, tirer
parti des non-linéarités, généralement évitées dans les systémes résonants, peut con-
duire a une amélioration supplémentaire de 1’énergie récoltée. Comprendre les mé-
canismes intrinseques des matériaux, évaluer leurs capacités électromécaniques a
travers de tels cycles et les intégrer dans des prototypes sont donc des étapes cru-
ciales pour des applications futures.

Des efforts de recherche significatifs ont été consacrés a 'exploitation des cy-
cles thermodynamiques pour améliorer la puissance de sortie. Le cycle d’Ericsson,
communément appelé cycle d’Olsen dans le domaine de la récupération d’énergie
pyroélectrique, a attiré I’attention en raison de ses remarquables capacités de conver-
sion d’énergie. Bien que ce cycle ait principalement été étudié pour des applications
pyroélectriques, son application dans la récupération d’énergie mécanique reste lim-
itée. Le cycle implique deux processus isostatiques et deux processus isoélectriques.
Ces cycles thermodynamiques présentent une solution viable pour la récupération
d’énergie avec des sources basse fréquence (<10 Hz) ou non résonante. L’ implémen-
tation de ces cycles, couplée a l'interface électrique associée, reste réalisable méme
en mode dégradé.

Dans ce cadre, les matériaux ferroélectriques (une classe particuliere de matéri-
aux piézoélectriques) montrent un potentiel significatif pour étre utilisés dans la
récupération d’énergie mécanique en tant que transducteurs en raison de leurs pro-
priétés exceptionnelles. Une caractéristique notable de ces matériaux est leur capac-
ité unique a maintenir une polarisation méme en 1’absence d"un champ électrique.
Un aspect attractif est également leur capacité a afficher des transitions de phase in-
duites par des variations de température, de champ électrique et de contrainte. Ex-
ploiter ces transitions de phase émerge comme une approche viable pour améliorer
la récupération d’énergie, étant donné que les propriétés du matériau présentent des
caractéristiques non linéaires a proximité de ces transitions.

La compréhension du mécanisme complexe des transitions de phase est diffi-
cile, et seules quelques théories les décrivent avec succes. La théorie de Landau-
Devonshire basée sur I'approximation du champ moyen offre une bonne solution
pour décrire les matériaux ferroélectriques. Cette formulation, connue sous le nom
de théorie de Landau-Devonshire, implique le développement du terme d’énergie
libre par un développement en puissance d"un parametre d’ordre, qui est la polari-
sation dans le cas des matériaux ferroélectriques.
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Sur la base de cette approche, le chapitre 2 introduit une nouvelle approche pour
simuler des cycles thermodynamiques dans le contexte de la récupération d’énergie
pyroélectrique et mécanique. Les résultats de simulation pour la récupération d’
énergie pyroélectrique sont comparés a la littérature existante, tandis que les résul-
tats mécaniques contribuent a I’analyse des résultats de caractérisation présentés au
chapitre 3.

Par conséquent, le chapitre suivant explore les résultats de caractérisation sur
différents matériaux ferroélectriques. Des cycles d’Ericsson ont été réalisés sous des
niveaux de contrainte et des champs électriques élevés. Une analyse comparative en-
tre différents matériaux a révélé une convergence de la densité d’énergie des matéri-
aux avec I'augmentation de la contrainte et du champ électrique. Ensuite, ’attention
a été portée sur les cristaux de PMN-25PT et PZN-8PT en raison de leurs densités
d’énergies particulierement élevées. Des tests expérimentaux ainsi que la modéli-
sation a différentes températures de fonctionnement ont été réalisés en utilisant le
cadre de simulation développé au chapitre 2. Les températures de fonctionnement
optimales, ot la conversion d’énergie est la plus importante, ont été identifiées avec
succes et prédites par simulation. Les mécanismes de polarisation induits dans ces
conditions extrémes pour la récupération d’énergie sont élucidés sur la base des ré-
sultats expérimentaux et de la modélisation. Notamment, les résultats obtenus a des
niveaux de contrainte élevés suggerent que fonctionner le long de la direction de
polarisation produit les résultats les plus favorables, contrairement aux conclusions
tirées dans le cas de l'ingénierie de domaine des cristaux ferroélectriques.

Le dernier chapitre se concentre sur la mise en ceuvre pratique des matériaux
ferroélectriques dans des dispositifs réels, intégrant les niveaux élevés de contrainte
et de champ électrique identifiés par la modélisation et la caractérisation. Dans le
premier dispositif, fonctionnant en mode 33, un large volume de matériaux a été in-
tégrée dans une dalle intelligente. Les cycles d’Ericsson ont été réalisés, et I’énergie
de sortie a atteint 800 m]J par cycle. D’un point de vue applicatif, une interface élec-
trique passive basée sur le doubleur de Bennet a été mise en ceuvre et comparée aux
cycles Ericsson en termes d’énergie de sortie. Cette stratégie s’est avérée efficace, ex-
trayant pres de 40% de I'énergie du cycle d’Ericsson. Une analyse comparative avec
I'état de I'art a révélé que I'énergie de sortie surpassait les résultats existants de pres
de deux ordres de grandeurs. Ensuite, un dispositif basé sur une poutre en porte-
a-faux fonctionnant en mode 31 a été présenté, partageant des objectifs similaires
avec la dalle intelligente. Malheureusement, les résultats n’ont pas été prometteurs
pour des applications de récupération d’énergie dans des conditions extrémes et
non résonantes. L'expérience a indiqué que la plage de contrainte appliquée était in-
suffisante pour induire une dépolarisation suffisante, tandis qu'une contrainte plus
élevée engendrait une rupture mécanique des échantillons. Néanmoins, ces résultats
n’excluent pas la faisabilité de dispositifs fonctionnant en mode 31 dans la récupéra-
tion d’énergie non résonante, en particulier avec des matériaux non liés a une poutre.
En explorant la modélisation, la caractérisation et la mise en ceuvre des matériaux
ferroélectriques, cette étude met en lumiere leur potentiel exceptionnel pour attein-
dre une conversion d’énergie ultra-élevée lorsqu’ils sont soumis a des niveaux sig-
nificatifs de contrainte et de champ électrique. Les non-linéarités traditionnellement
percues comme contre-productives se sont révélées étre une solution efficace pour
les dispositifs fonctionnant dans des conditions non résonantes.
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French part

Introduction

La récupération d’énergie a partir de sources d’énergies ambiantes représente une
approche prometteuse pour alimenter des capteurs sans fil et d’autres dispositifs
a faible consommation, en particulier dans des environnements difficiles ou isolés.
Cette méthode présente des avantages notables, notamment en termes de rentabilité
et d’élimination des tdches de maintenance telles que le remplacement des batteries,
souvent nécessaire en raison de leur auto-décharge. Par conséquent, on a constaté
une augmentation des efforts de recherche a la fois au niveau académique et in-
dustriel et développement axés sur la récupération d’énergie au cours des dernieres
décennies. Cette poussée est largement stimulée par la prolifération de I'Internet des
Objets (IoT), qui nécessite l'interconnexion de nombreux dispositifs a faible consom-
mation capables d’échanger des données de maniere autonome. Diverses formes
d’énergies présentes dans l’environnement tel que les vibrations, le rayonnement
solaire, le vent et la chaleur résiduelle, peuvent étre récupérées et converties en én-
ergie électrique. Dans le contexte actuel du réchauffement climatique et de la néces-
sité pour I'humanité d’utiliser des énergies plus propres, la récupération d’énergie
est une bonne solution alternative. Cependant, elle souffre d"une faible puissance
de sortie et les efforts de recherche se sont donc concentrés sur I’augmentation de
I"énergie produite [KKK18; RYK19; Dha+13]. Une comparaison illustrant la densité
de puissance entre diverses sources d’énergie et types de récupération d’énergie est
présentée dans la Figure 1. En récupération d’énergie, les sources d’énergie mé-
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FIGURE 1: Comparaison entre les différentes sources d’énergies et
leurs densités d’énergies [Ann+17]
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canique ont été parmi les plus étudiées en raison de I’'abondance de cette forme
d’énergie dans la nature. Dans le domaine de la récupération d’énergie mécanique,
la plupart des travaux de recherche portent sur des dispositifs résonnants fonction-
nant avec des sources vibratoires [BTW06; Mun+16; Cle+21]. Cependant, il existe de
nombreuses sources d’énergies mécaniques impulsionnelles et aléatoires qui peu-
vent étre récupérées dans la vie quotidienne (interrupteurs, pas, pneu sur la route,
ouverture de porte, etc.) [AAMF19; SVP16; Xu+18a].

Dans ce contexte, les matériaux ferroélectriques, qui font partie d’une classe de
matériaux piézoélectriques, sont trés prometteurs pour de telles applications en rai-
son de leurs propriétés remarquables comme leur intégrabilité et leur bonne densité
de puissance. Une particularité de ces matériaux est de conserver une polarisation
résiduelle a un champ électrique nul. De plus, il est possible d’inverser leur po-
larisation par l’application appropriée d'un champ électrique. La courbe caractéris-
tique des matériaux ferroélectriques (et également des matériaux ferromagnétiques)
est le cycle d’hystérésis bipolaire. Cette courbe illustre comment la polarisation du
matériau change lorsqu'un champ électrique est appliqué, puis retiré, présentant
une hystérésis sous la forme d’un motif en boucle comme illustré sur la Figure 2.

FIGURE 2: Exemple d'une courbe d’hystérésis d’un matériau
ferroélectrique

Les matériaux ferroélectriques suscitent un intérét significatif pour une gamme
diversifiée d’applications, notamment les capteurs sans fil, les mémoires RAM et les
transducteurs [Yao+22; KKD20; Wei+22]. Leur capacité remarquable a convertir di-
verses formes d’énergie, telles que les vibrations mécaniques et les fluctuations de
température, en signaux électriques, et vice versa, représente 1'une de leurs carac-
téristiques les plus convaincantes. Une autre caractéristique intéressante est la pos-
sibilité pour ces matériaux de présenter des transitions de phase avec la variation de
la température, du champ électrique et de la contrainte. La plupart des systemes en
récupération d’énergie considerent classiquement ces transitions de phases comme
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une limitation. Cependant, Il est possible d’améliorer la récupération d’énergie en
utilisant ces transitions de phase judicieusement, car les propriétés du matériau sont
non linéaires a proximité de ces transitions [Kho+09a; GPS08a].

En ce qui concerne la récupération d’énergie mécanique a travers l’application
d’une force unique, 1'objectif est de maximiser la conversion de 1'énergie mécanique
en énergie électrique. En travaillant a une fréquence plus basse, il est alors pos-
sible d"utiliser des cycles thermodynamiques et d’exploiter les non-linéarités des
matériaux induites par la contrainte et le champ électrique élevés par rapport aux
systémes a haute fréquence. Un effort de recherche important a été déployé en util-
isant des cycles thermodynamiques pour augmenter la puissance de sortie. Le cycle
d’Ericsson, généralement appelé cycle d’Olsen pour la récupération d’énergie py-
roélectrique, a beaucoup été étudié en raison de ses capacités élevées de conversion
d’énergie [OBB85; Lhe+22; MKP12]. Il a cependant peu été utilisé pour la récupéra-
tion d’énergie mécanique. Ce cycle se décompose en plusieurs étapes. Tout d’abord,
le champ électrique est appliqué (étape 1-2), les domaines de polarisation s’alignent
dans la direction du champ électrique. Cela a pour conséquence d’augmenter la
déformation du matériau et la polarisation. A l'inverse, lorsque la contrainte est ap-
pliquée (étape 2-3), la déformation et la polarisation diminuent. Le relachement du
champ électrique (étape 3-4) diminue davantage la déformation et la polarisation.
Enfin, lorsque la contrainte est libérée, la polarisation augmente, complétant le cycle
et ramenant la déformation a son état initial. Une illustration de ce cycle est donnée
sur la Figure 3.

a) A 2 b 2
) I/l/l‘rrr"l A

[

21 w, S
g W ; y 5
kS 1 »
@]

o

4 Wout 4 m
out
Electric field Stress

FIGURE 3: Illustration d"un cycle d’Ericsson (a) P-E
(Polarisation-Champ électrique) cycle; (b) e — o
(Déformation-Contrainte) cycle

Il est possible de déduire de 1’équation de conservation de I'énergie et de la Fig-
ure 1.26(a) et (b) 'énergie récupérée W), en fonction du travail mécanique entrant
Wi et sortant W', ainsi que du travail électrique entrant W;,, et sortant Woy;:

Wy, = Wi, — Wi D

Wh = Wour — Wi (2)

On voit facilement aisi facilement grace a cette équation et a la Figure 3 que 'énergie
récupérée est donnée par l'aire du cycle fermé P-E.
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Dans ce contexte, I’objectif principal de cette these est d’améliorer la récupération
d’énergie en exploitant les non-linéarités de la polarisation induites par ces transi-
tions de phase. Pour atteindre cet objectif, ce travail a été divisé en trois parties avec
leurs propres objectifs interdépendants, en suivant une approche du matériau au
systeme:

¢ Identifier les conditions thermodynamiques idéales via une approche de mod-
élisation. Pour atteindre cet objectif, la théorie de Landau-Devonshire est em-
ployée pour modéliser les transitions de phase des matériaux ferroélectriques
en fonction de la température, du champ électrique et de la contrainte. Cela
permet de prédire les conditions optimales pour la récupération d’énergie en
utilisant un cycle thermodynamique a la fois pour la récupération d’énergie
pyroélectrique et mécanique.

¢ Identifier expérimentalement les conditions thermodynamiques optimales et
les transitions de phase associées, confirmées par les résultats de la modélisa-
tion. Pour la récupération d’énergie pyroélectrique, une comparaison des ré-
sultats de l'effet électrocalorique dans la littérature est réalisée. Pour la récupéra-
tion d’énergie mécanique, un banc d’essai dédié a été développé pour appli-
quer une forte contrainte uniaxiale et un fort champ électrique aux matériaux
tout en contrélant leur température.

¢ Développer une structure électromécanique avec I'interface électrique associée
capable d’atteindre la contrainte et le champ électrique ciblés. Cet objectif est
réalisé par le développement d"une dalle intelligente et d'une poutre en porte-
a-faux. Dans les deux dispositifs, la contrainte appliquée a été amplifiée pour
atteindre environ 100 MPa et un champ électrique de 1,5 kV/mm a été ap-
pliqué. Une interface électrique (Bennet Doubler) est proposée comme solution
réaliste par rapport a la récupération d’énergie en utilisant le cycle d’Ericsson.

Modélisation de cycles de récupération d’énergie

Afin de décrire les transitions de phases, La théorie de Landau a largement été util-
isée par la communauté scientifique [Wan+10b; Bai+19; LWL16]. Pour les matéri-
aux ferroélectriques, dans les années 1950, Devonshire a utilisé cette approche pour
décrire les transitions de phase du titanate de baryum [Dev49]. Cette théorie consiste
a développer I'énergie libre en une expansion de puissance d'un parametre d’ordre
qui est la polarisation dans le cas des matériaux ferroélectriques. La théorie de Lan-
dau repose sur I"approximation de champ moyen. Cependant, prés des transitions,
généralement cette approximation échoue a décrire correctement les observations
expérimentales. Heureusement, dans les matériaux ferroélectriques, I’approximation
de champ moyen est plus que satisfaisante pour les décrire en raison des interac-
tions a longue portée [Rab+07]. En adoptant la convention de sommation d’Einstein,
I"énergie libre classique introduite par Devonshire est exprimée comme suit :

Fiogg = ijPiPj + iy PiPiPe Py + atijictyn Pi P PPy P Py 3)

+“ijklmnopPinPkPlPmPnPoPp + ..
ou P; sont les composantes de la polarisation; a;j, &jjki, ®jjkimn €t &ijkimnop SONt des
tenseurs représentant les différents ordres de la rigidité diélectrique. Un avantage
significatif de cette approche est la possibilité de prendre en compte la température,
le champ électrique et la contrainte appliqués au matériau. L'enthalpie libre corre-
spond au potentiel thermodynamique approprié pour décrire ce type de systémes et
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est donnée en notation tensorielle par :
1
AG = Fgqg — EiP; — 5SijkiCij0kt — Qijk10ij P Py 4)

ou E; sont les composantes du champ électrique, 0j; est le tenseur des contraintes,
et sjjx et Qjji sont respectivement les tenseurs de compliance et électrostrictif. Cette
énergie libre doit étre invariante par symétrie d"une phase mere [Cao08a; Li+12] (ici
la phase cubique). Ainsi en adoptant la symétrie cubique m3m et la notation de
Voigt, son expression est donnée par :

AG = m (P12 + P22 + P32) + o1 (P14 + P24 +4 P34) + 0(12(P12P22 + P1P32 + P22P32)

0123 P12 P2 P3? + 111 (P1® + P28 + P3®) + aqnn [Plz(P24 + P5t) + P2 (Pt + Pt
+P5% (Pt + Pz‘*)} +a1111 (P18 4+ P8 + P3®) + aqim (PAP* + PAPs* + PoPsY)

+a1112 [Plé(PZZ + P32) + P,0(Py2 + P32) + P36(Py2 + Pzz)] +a1123( P14 P22 P32
+P12P24P32 + P12P22P34) — %511 (0’12 + 0’% + 0’%) — 512(0'10'2 + 0103 + 0’20’3)

—%544(0;% + 0'52 + (762) — Q11(0'1P12 + 0'2P22 + 0'3P32) — Q12 |:0'1(P22 + P:)%)

+02(P? + P2) + 03(P? + Pzz)] —Qus(04PrP3 + 5P P + 06 Py Py)

—EPy — E;P, — E3Ps

©)
En minimisant 1'enthalpie libre, il est alors possible d’obtenir la polarisation cor-
respondante pour chaque état thermodynamique. Le champ électrique et la con-
trainte, ainsi que leurs directions d’application, peuvent conduire a diverses config-
urations de phase et méme permettre la création de structures cristallines distinctes.
La nouveauté dans cette approche de modélisation est de simuler des cycles ther-
modynamiques en calculant la structure crystalline stable (c’est-a-dire qui minimise
I'énergie) avec sa polarisation associée pour chaque pas de contrainte, de tempéra-
ture et de champ électrique du cycle.

State Polarization | Number of Symmetry
components | configurations
Cubic (0,0,0) 1 m3m
Tetragonal (0,0,P) 6 4mm
Orthorhombic (%, %, 0) 12 mm?2
Rhombohedral (%, %, %) 8 3m1l

TABLE 1: Propriétés des différentes phases ferroélectriques

Lors d"une expérience, la polarisation est déterminée en mesurant les variations
du courant passant a travers les échantillons. Ces cristaux sont orientés le long de la
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direction <001>, ce qui signifie que la polarisation mesurée correspond a une projec-
tion le long de 'axe z (P;). Dans le processus de modélisation, les états ferroélec-
triques considérés sont les états tétragonal (T), orthorhombique (O) et rhomboé-
drique (R). Les différentes phases et leurs propriétés de polarisations sont données
dans le Tableau 1. Lorsque le champ électrique et la contrainte sont appliqués simul-
tanément, il devient difficile de prédire quel état cristallin le matériau adoptera. En
effet, le champ électrique a tendance a favoriser 1’alignement le long de sa direction
d’application, comme illustré dans la Figure 4 (b), tandis que la contrainte uniaxiale
a tendance a favoriser des états perpendiculaires a sa direction d’application, comme
représenté dans la Figure 4 (c).

n / J

@ | . R 7
- .
v / /
‘ »
(b) 9 =0° 9 = 45° 9 = 54.7°
+ + +

(c) Vs,

FIGURE 4: Les différentes orientations possibles de la polarisation
pour les phases tétragonaux, orthorhombiques et rhomboédriques
(de gauche a droite). (a) Configurations possibles sans champ
électrique et contrainte appliqués ; (b) Configurations possibles
lorsqu'un champ électrique est appliqué ; (c) Configurations
possibles lorsqu’une contrainte uniaxiale est appliquée. Les fleches
rouges représentent le champ électrique et les fleches noires
représente la contrainte.

II convient de noter que certaines approximations sont faites dans les simula-
tions. En effet, on suppose ici que le cristal est monodomaine, ce qui peut ne pas étre
vrai dans une expérience réelle. Néanmoins, comme détaillé précédemment, cette
approximation est raisonnablement précise sous un champ électrique suffisamment
élevé [CLO7]. De plus, I'hystérésis du matériau et les pertes diélectriques ne sont pas
prises en compte. Il est important de noter que cette approche de modélisation est
bien adaptée pour prédire qualitativement la phase ferroélectrique optimale dans
des conditions de travail spécifiques et est principalement axée sur 1’évaluation de
la réponse non linéaire des matériaux a des champs électriques et des contraintes

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



List of Tables 7

élevés.

Par soucis de concision, les résultats de modélisations seront présentés dans la
partie suivante ot ils seront comparés aux résultats expérimentaux réalisés sur des
cristaux de PMN-25 et PZN-8PT. De plus, l'intégralité du travail de modélisation
n’a pas été présenté ici. En effet, des cycles d’Olsen pour la récupération d’énergie
pyroélectrique ont également été simulés. Plus de détails seront donnés dans la
version anglaise de ce manuscrit.

Caractérisation expérimentale

Un des objectifs principaux de ce travail est de caractériser expérimentalement dif-
férents matériaux ferroélectriques et leurs capacités de conversion d’énergie, et de
confronter les résultats avec les prédictions de la simulation. Un banc d’essai capable
d’atteindre des niveaux élevés de contrainte, un fort champ électrique et différentes
températures a ainsi été congu.

Une machine de compression Shimadzu® AGS-X a été utilisée pour appliquer la
force souhaitée sur les échantillons. Un générateur de fonctions arbitraires Tektronix®
AFG1022 et un amplificateur haute tension Trek® 10/10B-HS ont été utilisés pour
appliquer le champ électrique. Le courant a été mesuré en utilisant un amplifica-
teur de courant a faible bruit (Stanford research®, Sunnyvale, CA, Etats-Unis). Les
échantillons pour les mesures ont été placés dans un bain d’huile de silicone pour
appliquer le champ électrique et réguler la température. La température a été con-
trolée avec une chambre thermostatique Shimadzu® TCE-N300A. Des illustrations
du banc d’essai expérimental et des différents échantillons testés sont présentées re-
spectivement sur la Figure 5 et 6.

Thermostatic
chamber

FIGURE 5: (a) illustration schématique du banc expérimental
[Tax+23]; (b) Photo du banc expérimental [Tax+23]

Les résultats expérimentaux sur les cristaux de PMN-25PT et de PZN-8PT, tous
deux orientés selon la direction cristallographique [001], sont présentés ici car ils
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Ut
C203 C6 C9 PZN-8PT PMN-25PT PMN-15

FIGURE 6: Photo de tous les échantillons testés [Tun+22]

présentent les plus grandes densités d’énergies et sont adaptés a I’approche de mod-
élisation. Cependant de nombreux autres matériaux et tests expérimentaux ont été
réalisés et seront présentés plus en détail dans la partie anglaise de ce travail.

Pour mieux comprendre la réponse des matériaux et identifier les mécanismes
de polarisation les plus efficaces pour la récupération d’énergie, les résultats expéri-
mentaux ainsi que les résultats simulés pour la composante de polarisation P; sont
présentés par rapport au champ électrique appliqué E3 et a la contrainte uniaxiale o3
pour les monocristaux de PMN-25PT et PZN-8PT orientés selon <001> a différentes
températures. Ces résultats sont illustrés sur les Figures 7 et 8.

A température ambiante, les résultats expérimentaux (Figure 7 (a)) révelent une
surface de polarisation plate, indiquant une réponse entiérement linéaire du matériau
a la contrainte et au champ électrique appliqués. Le PMN-25PT a cette température
présente une phase rhomboédrique (R), en accord avec les prédictions du modele
théorique. Le PZN-8PT quant a lui présente une réponse différente en termes de
projection de la polarisation P; par rapport au PMN-25PT. A 20 °C, une forte non-
linéarité de la polarisation est observée experimentalement et théoriquement sous
faible contrainte, allant de 0 a 50 MPa, et méme sous des champs électriques ap-
pliqués élevés, comme le montre la Figure 8(a). Ces larges variations de polarisation
sont atttribuées a des basculements dans le plan de la polarisation induite par la
contrainte. Il est intéressant de noter qu’a plus haute température le PMN-25PT
présente lui aussi des nonlinéarités particulierement pour les contraintes élevées et
les faibles champs électriques. De son coté le PZN-8PT semble moins sensible avec
la température et ces non-linéarités ne semblent pas évoluer avec la température. On
peut tout de méme remarquer que les prédictions du modele sont assez bonnes pour
les deux matériaux ainsi que sur 1’ensemble des contraintes, champs électriques et
températures testée, confirmant sa capacité a prédire 'état du matériau.

Par la suite, la conversion d’énergie des cristaux de PMN-25PT et de PZN-8PT a
été évaluée a l'aide des cycles d’Ericsson. L'évaluation des capacités de récupération
d’énergie a été réalisée en analysant les courbes descendantes des boucles bipolaires
a 0 et 100 MPa. Cette évaluation a été réalisée a différentes températures tout en
maintenant des conditions similaires pour le cycle d’Ericsson, avec des contraintes
variant de 0 a 100 MPa et un champ électrique s’étendant de 0 a 1500 kV/m. La den-
sité d’énergie correspondante en fonction de la température de travail du cycle, sur
la base des résultats expérimentaux et modélisés a 'aide de 1’approche de Landau-
Devonshire est donnée sur la Figure 9.
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FIGURE 7: Graphique de la composante de polarisation P3 en
fonction de la contrainte uniaxiale o3 et du champ électrique E3 pour
le PMN-25PT [Tax+23]. (a) Expérience a 20°C ; (b) Modélisation a
20°C; (c) Expérience a 50°C ; (d) Modélisation a 50°C ; (e) Expérience
a 80°C; (f) Modélisation a 80°C.
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FIGURE 8: Graphique de la composante de polarisation P3 en
fonction de la contrainte uniaxiale 03 et du champ électrique E3 pour
le PZN-8PT [Tax+23]. (a) Expérience a 20°C ; (b) Modélisation a 20°C

; (c) Expérience a 50°C ; (d) Modélisation a 50°C ; (e) Expérience a
80°C ; (f) Modélisation a 80°C.
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FIGURE 9: Graphique de la densité d’énergie en fonction de la
température de travail du cycle [Tax+23]. (a) Expérience pour le
PMN-25PT ; (b) Modélisation pour le PMN-25PT ; (c) Expérience

pour le PZN-8PT ; (d) Modélisation pour le PZN-8PT.

La température de travail idéale pour le cycle d’Ericsson a été déterminée pour
les deux cristaux. Les résultats soulignent que les performances optimales sont at-
teintes a la température a laquelle le cristal devient entierement tétragonal. Cette
observation a le potentiel d’étre extrapolée a tous les cristaux ferroélectriques ori-
entés <001> dans des conditions de contrainte significative, permettant un bascule-
ment dans le plan de la polarisation. En effet, une variation plus importante de la
polarisation est possible avec une augmentation de la contrainte uniaxiale suivant
la direction de la polarisation spontanée. Ainsi, les résultats sous des conditions de
contrainte élevée suggerent que le fonctionnement en alignement avec la direction
de polarisation produit les densités d’énergie les plus élevées, ce qui contredit les
conclusions tirées de I'ingénierie de domaine dans les cristaux et apporte un nouvel
éclairage quant a 1'utilisation de ces matériaux pour la récupération d’énergie sous
conditions extrémes.

Structures électromécaniques

I a été mis en lumiére qu’exploiter les comportements non linéaires induits par la
contrainte et le champ électrique dans les matériaux ferroélectriques est d'un grand
interét dans le contexte de la récupération d’énergie mécanique non résonante. Dans
ce contexte, la conception mécanique d"un dispositif de récupération d’énergie dans
son ensemble doit étre adaptée a la source mécanique, garantissant que la con-
trainte mécanique est suffisamment élevée pour maximiser la conversion d’énergie
au travers de transitions de phase. L'objectif ici est de développer des systemes

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



12 List of Tables

applicatifs réels avec les conditions de contrainte et de champ électrique précédem-
ment considérées dans la modélisation et la caractérisation des matériaux ferroélec-
triques. Le but principal est de tirer profit des non-linéarités largement discutées
dans ce manuscrit pour démontrer leur potentiel pour la récupération d’énergie.

Divers défis doivent étre relevés pour parvenir a un dispositif entiérement fonc-
tionnel, notamment garantir un volume suffisant en matériaux actifs et mettre en
ceuvre une interface électrique appropriée pour extraire I'énergie. Ici, une dalle in-
telligente opérant en mode 33 basée sur un mécanisme d’amplification de force est
utilisée dans le but de fonctionner dans le régime non linéaire. L'objectif est alors de
libérer le potentiel pour une densité de conversion d’énergie ultra-élevée. Un dis-
positif a aussi été développé basée sur une poutre en porte a faux opérant cette fois
en mode 31 et sera présenté plus en détails dans la version anglaise de ce manuscrit.

Fy

FIGURE 10: (a) Schéma illustrant la dalle; (b) Photo du dispositif.

Des "stacks" de PZT ont été sélectionnés pour maximiser la quantité totale de
matériau actif tout en restant compatibles avec des forces de 1’ordre de plusieurs cen-
taines de Newtons afin d’atteindre des niveaux de contrainte d’environ =~ 100, MPa
(qui sont nécessaires pour induire une dépolarisation significative sous contrainte).
La force mécanique d’entrée a été amplifiée grace a un bras de levier, représenté
schématiquement sur la Figure 10(a). Ce dispositif est composé de 3 empilements
piézoélectriques connectés électriquement en parallele et mécaniquement en série.
Une photo illustrant le dispositif est donnée sur la Figure 10(b).

Dans une des expériences réalisées sur la dalle, I’application de la force a été
réalisé en marchant sur le plateau supérieur du dispositif comme illustré sur la Fig-
ure 10(b). Avec une force de 700 N, I'énergie convertie mesurée expérimentalement
en appliquant des cycles d’Ericsson a atteint une valeur de 776 m] par pas, tandis
qu'une force de 500 N a donné une énergie de 578 mJ. Ces deux cycles d’Ericsson
réalisés en marchant sur le dispositif sont présentés sur la Figure 11.

Tous les résultats précédents se sont concentrés sur les cycles d’Ericsson, qui,
dans une mise en ceuvre pratique, pourraient étre difficiles a réaliser en raison de
leur dépendance a une source de tension entierement controlable. Une telle ap-
proche consomme en effet une énergie excessive lorsqu’elle fonctionne de maniere
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FIGURE 11: Cycles d’Ericsson avec des vrais pas; (a) S00N; (b) 700N.

entierement autonome, compromettant ainsi 1’équilibre énergétique global du dis-
positif. Dans ce travail, I'objectif était de créer un prototype entierement opéra-
tionnel et réaliste capable de fonctionner de maniere indépendante. Tenant compte
de ces aspects, I'interface choisie est une adaptation électrique du doubleur de Ben-
net [QD11] (représentés sur la figure 12(a)). Avec ce circuit et la disposition partic-
uliere des diodes, le processus de charge implique une configuration en parallele de
la source de tension et des capacité tampon et de stockage, tandis que le processus
de décharge consiste en une connexion en série de la capacité tampon et de la capac-
ité de stockage. Cette disposition a pour résultat que le matériau ferroélectrique est
exposé a une tension successivement égale a une et deux fois la valeur de la tension
de la capacité de stockage.

a) a b)10 %107
A c, _L Ericsson
<] 1000uF —— 3

(o]

Bennet

_ D2 N4004 6
1N4004 S N
S )
D1 S
V, 1N4004 C—— 0
A 1000pF |y,
42
77 0 50 100 150
Voltage (V)

FIGURE 12: (a) Circuit électrique du doubleur de Bennet; (b) Charge
vs Tension avec le cycle d’Ericsson (ligne rouge) et doubleur de
Bennet (ligne bleu) a 700N [Seb+23].

Le fabricant recommandait de ne pas appliquer une tension supérieure a 180V
pour éviter le claquage. Ainsi, les cycles ont été interrompus lorsque la tension at-
teignait cette limite. Par conséquent, dans le dernier cycle, les condensateurs de
stockage ont été chargés jusqu’a 90 V et la tension des stacks de PZT varie alors
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entre 90 V et 180 V. Dans un tel scénario, I'énergie par cycle a atteint 320 mJ par cy-
cle. Curieusement, les cycles du convertisseur de Bennet surpassent ceux des cycles
d’Ericsson comme on peut 'observer sur la Figure 12(b) Ce comportement est in-
terprété en termes de dépolarisation irréversible induite par la contrainte appliquée.
Lors de la réalisation d"un cycle d’Ericsson, la courbe de charge commence a champ
électrique nul, et la partie initiale de la courbe correspond au processus de repo-
larisation, a partir d'un état partiellement dépolarisé. Cependant, le convertisseur
de Bennet ne retourne pas a une valeur de tension nulle, entrainant une dépolatisa-
tion plus faible. Par conséquent, la branche de charge équivalente correspond a une
valeur de polarisation plus élevée. En conséquence, les cycles du convertisseur Ben-
net étaient plus élevés que prévu, atteignant environ 40% du cycle d’Ericsson réel.

Afin de fournir une vision plus complete, une analyse comparative de divers
travaux en récupération d’énergie piézoélectrique, englobant a la fois les régimes
dynamiques et statiques, a été faite. Il est essentiel de noter que les prototypes vari-
ent significativement en termes de géomeétries, de conditions de fonctionnement,
de fréquences de travail et d’entrées d’énergie mécanique. Néanmoins, cette ap-
proche comparative aide a évaluer le potentiel global de la récupération d’énergie,
en tenant compte a la fois de I’énergie mécanique d’entrée et de la partie convertie et
récupérée sous forme d’énergie électrique. Bien que chaque point de données puisse
nécessiter une investigation spécifique pour une analyse détaillée, 1"objectif princi-
pal est de discerner une tendance générale. Ainsi, sur la Figure 13, un graphique de
I"énergie de sortie par cycle en fonction du volume des éléments piézoélectriques
ainsi que la tendance globale sont donnés (les réferences associées peuvent étre
trouvées dans le tableau 4.2 de la partie anglaise). On peut noter qu’'une tendance
générale émerge, fournissant une indication de 1’énergie de sortie réalisable en fonc-
tion du volume du matériau piézoélectrique. Dans ce travail, le doubleur de Bennet
a permis d’exploiter le comportement électrique non linéaire combiné a une ampli-
fication de force. Cette intégration a produit une énergie de sortie significativement
plus élevée, atteignant des niveaux jusqu’a deux ordres de grandeur supérieurs aux
tendances établies. De plus, compte tenu du fait que les cycles d’Ericsson ont atteint
une énergie de sortie deux a trois fois plus élevée que celle de I'interface électrique de
Bennet, il existe ainsi un potentiel d’améliorations supplémentaires avec des circuits
électriques innovants.

Conclusion

Ce travail se concentrait sur la récupération d’énergie mécanique non résonnante
tirant partie des comportements non-linéaires, notamment les transistions de phase,
sous conditions extrémes (mais réalisables en pratiques). Comme détaillé, cette ap-
proche est une bonne solution pour des sources d’énergie mécanique soudaines et
aléatoires telles que des pas et des pneus sur les routes. Cette méthode est d'un in-
térét particulier compte tenu des exigences actuelles en matiere de production élec-
trique propre et dans le contexte des dispositifs interconnectés. Le principal prob-
leme de cette approche est la faible énergie de sortie. Par conséquent, récupérer le
plus d’énergie possible par cycle est essentiel pour des applications réalistes. Ce
travail, en considérant différents aspects tels que les propriétés des matériaux, la
structure électromécanique et 1'interface électrique, visait a améliorer les capacités
de conversion d’énergie des matériaux ferroélectriques. En particulier, profiter des
non-linéarités de la polarisation induites par 1’application d"un champ électrique
élevé et d'une contrainte importante sur les matériaux ferroélectriques était 1’objectif
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FIGURE 13: Tendance générale de 1’énergie de sortie des dispositifs
de récupération d’énergie piézoélectrique en fonction du volume des
éléments piézoélectriques [Seb+23].

principal de ce travail.

Ainsi, en considérant la modélisation, la caractérisation et la mise en ceuvre des
matériaux ferroélectriques au sein de dispositifs, ce travail a mis en lumiere leur
potentiel unique de conversion d’énergie ultra-élevée lorsqu’ils sont soumis a des
niveaux suffisants de contrainte et de champ électrique. Les non-linéarités de la
polarisation induites par ces conditions ont été démontrées comme une solution ef-
ficace pour les dispositifs fonctionnant dans des conditions non résonnantes. Cer-
tains aspects examinés dans ce travail pourraient faire 1’objet de recherches appro-
fondies, tandis que des pistes potentielles non abordées dans cette recherche pour-
raient servir de base a des investigations futures. Parmi ces possibilités, développer
une nouvelle interface électrique qui correspond davantage au cycle d’Ericsson dans
I'espace Q-V et augmenter la contrainte et le champ électrique appliqués en mode
33 semblent étre les plus simples a mettre en oeuvre.
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Chapter 1

Introduction

This chapter provides a comprehensive overview of the various central themes addressed in
this research project. It also introduces the framework of the study and outlines the various
objectives of the thesis.

In the first part, a broad introduction to piezoelectric, pyroelectric, and ferroelectric mate-
rials is presented. It introduces the distinctive characteristics of these materials and explores
the origins of ferroelectricity.

Then, a theoretical background on ferroelectricity and their phase transitions is proposed
along with some unique features of ferroelectric relaxors. Particularly, it introduces the
Landau-Devonshire theory which will be an important part on this research work.

After that, a broad introduction to energy harvesting, with particular emphasis on non-
resonant mechanical energy harvesting, which is the primary focus of this research work.

Finally, an overview is proposed on the FIESTA project, which has a strong connection
to this work as it was carried out within the framework of this project. Then, the various
objectives of the thesis are presented along with its structure.
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1.1 Generalities on ferroelectricity

Ferroelectric materials is a particular class of materials and have attracted the atten-
tion of the scientific community in the last decades due to their unique properties.
A specific characteristic of these materials is their capability to undergo phase tran-
sitions in response to changes in temperature, electric field, and stress. Made profit
of these phase transitions can enhance energy harvesting, as the material’s prop-
erties exhibit non-linear behavior in the proximity of these transitions. Within the
scope of this research, the primary objective is to exploit the non-linear behaviors
exhibited by ferroelectrics for the purpose of energy harvesting. In this part, an in-
troduction to this materials is proposed by presenting first, their remarkable features
such as piezoelectricity and pyroelectricity. After that, this part will be dedicated to
the inherent mechanisms of ferroelectricity and to the perovskite structure which is
strongly linked to ferroelectricity.

1.1.1 Piezoelectricity

Piezoelectricity was first discovered in 1880 by Pierre and Jacques Curie in Rochelle
salt. The particularity of these materials is the ability to generate an electrical voltage
in response to a mechanical excitation (direct piezoelectric effect). On the other hand,
converse (or reverse) piezoelectric effect consists of applying a voltage which in-
duces strain. Piezoelectricity occurs only in non-centrosymmetric crystalline classes.
Twenty one crystalline classes are non-centrosymmetric among the thirty two exist-
ing ones. In piezoelectricity, the barycenter of the positive and negative charges is
non-centrosymmetric and applying an electric field or a force will move this barycen-
ter. An illustration of the direct and of the converse piezoelectric effect is presented
in Figure 1.1.

Direct piezoelectric effect Inverse piezoelectric effect
Induced current Applied voltage

?
V@A V@A
Induced strain
- + - +
Applied stress C

3 +

a)

Piezoelectric material Piezoelectric material

FIGURE 1.1: Illustration of the piezoelectric effect. (a) Direct
piezoelectric effect; (b) converse piezoelectric effect.

By adopting the Einstein notation, the governing equations for direct and con-
verse piezoelectric effect are given respectively by:

D; = dijojk + KijE; (1.1)

€ij = Sijki0k + dijkEx (1.2)
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1.1. Generalities on ferroelectricity 19

where E; and D; are the components of the electric field and of the electric displace-
ment. 0jj, €;; and «;; are respectively the stress, strain and dielectric permittivity
tensors, d;ji is the piezoelectric tensor of rank 3 and s;j the 4" rank tensor of com-
pliance.

Piezoelectric materials have diverse applications, from sensors measuring pres-
sure and acceleration to energy harvesting systems through ultrasound imaging
devices and actuators [SCZ07; GG02; KKK11]. They play vital roles in converting
mechanical energy into electrical signals and precise mechanical motion in various
technologies across industries.

1.1.2 Pyroelectricity

Among piezoelectric materials, 10 of the 20 piezoelectric crystal classes are pyroelec-
tric. Their particularity is their ability to induce a polarization change by a temper-
ature variation. The origin of this effect lies from the entropy change induced by
the temperature variation that modifies dipole alignment order which will cause a
polarization variation. An illustration of this mechanism is given in Figure 1.2. To
describe these materials, generally, the pyroelectric coefficient is defined as:

pi = (5. (1.3)

where S is the entropy and p; and P; are respectively the components of the pyroelec-
tric coefficient and of the polarization. On the other hand, the electrocaloric effect is
the reciprocal effect of pyroelectricity and consists in a change of temperature caused
by an electric field variation. It is possible to obtain the temperature variation from
the Maxwell relation:

(g%)'r = (%)E (1.4)
and AT is obtain as follows:
E
AT = — % [/ (57).dE (1.5)

Even if this approximation is not always verified, it is largely common and generally
sufficient. Pyroelectric materials are of interest for different applications such as
infrared detectors, which are largely used nowadays [Wha91]. One of their other
field of application is for generating voltage from temperature variation [Rav+11;
Bow+14], for instance in the framework of enrgy harvesting which will be the main
interest for this work.

?3_: < 0 Cooling Initial state 3—: > 0 Heating
ety

FIGURE 1.2: Pyroelectric effect representation
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1.1.3 Ferroelectricity

Ferroelectricity concerns a smaller set of materials within the 10 pyroelectric crys-
talline classes (9 over 10). All ferroelectric materials are also piezoelectric and py-
roelectric (Figure 1.3). Their distinctive feature is the presence of a remnant po-
larization without an applied electric field. Moreover, it is possible to reverse the
polarization by the proper application of an electric field. Ferroelectric materials
hold significant appeal for a diverse range of applications, including wireless sen-
sors, random access memories and transducers [Yao+22; KKD20; Wei+22]. Their
remarkable ability to convert various forms of energy, such as mechanical vibrations
and temperature fluctuations, into electrical signals, and conversely, represents one
of their most compelling features. Ferroelectric materials typically exhibit ferroelec-
tric behavior only within a certain temperature range. Above a critical temperature
called the Curie temperature (T,), they lose their ferroelectric properties and become
paraelectric, without a remnant polarization. Ferroelectric materials are often com-

Piezoelectric
Non-centrosymetric crystalline
classes (20 over 32 classes)

Pyroelecric
(10 over 32 classes)
Polarization changes with temperature

Ferroelectric
Remnent polarization
Polarization reversal

FIGURE 1.3: Diagram presenting the relation between the materials

pared to ferromagnetic materials because the couple magnetization-magnetic field
is similar to the polarization-electric field one. However, the physics behind these
effects are very different. Ferromagnetism originates from the exchange interaction
due to the anti-symmetric wave function of electrons, which is a purely quantum as-
pect. In contrast, ferroelectricity comes from the lattice distortion for bulk materials,
resulting in a net polarization. It can be noted, that ferroelectricity can also manifest
in polymers when the polymer chain adopts a specific conformation. However, it’s
important to clarify that this study will exclusively concentrate on ferroelectric ce-
ramics and crystals, omitting the discussion of ferroelectricity in polymers.

The characteristic curve of ferroelectric materials (and of ferromagnetic materi-

als as well) is the bipolar hysteresis loop. This curve illustrates how the polarization
of the material changes as an electric field is applied and then removed, displaying
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hysteresis in the form of a loop-shaped pattern. Different quantities are typically
identified on this curve: the remnant polarization (P,) which is the value of polar-
ization that remains in the material when the electric field returns to zero after a
complete cycle through the hysteresis loop. The coercive field (E.), which is the min-
imum electric field required to reverse the direction of polarization in the material
and the saturation polarization (Fs), which is the maximum achievable polarization,
when an electric field is applied. An hysteresis curve for ferroelectric materials with
its associated key values is displayed in Figure 1.4.

FIGURE 1.4: Example of an hysteresis curve of a ferroelectric
material with associated quantities

In ferroelectric materials, the polarization is distributed in domains as it mini-
mizes energy in the material. This distribution is responsible of different aspects of
the properties of ferroelectrics. For instance, the hysteresis of ferroelectic materials
originates from these domains configurations. Indeed, when an bipolar hysteresis
curve is performed, the material starts from a random state which depends of the
history of the material. When the electric field increases, the domains start to align
with it until the maximum alignment is reached, which corresponds to the satura-
tion polarization. After that, the electric field decreases and with it the alignment
order of the domains. At zero electric field, the non zero value of the polarization is
explained by the supplementary electrical energy originating from domain interac-
tions required to return in a homogeneous orientation distribution which is the case
when the electric field become negative and reach the coercive field. Finally, the cy-
cle continues and is closed in a symmetric way as it reachs respectively the negative
saturation polarization, the negative remnant polarization and the positive coercive
field. Anillustration of the domain evolution in the process is provided in Figure 1.5.

The boundary region separating two domains is called domain wall. This border
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position can evolves with time and is responsible of different properties of ferroelec-
tric materials (domain wall motion) [Mer54; Pra+12]. There is a lot of study in the
literature that investigates the role of domain wall motion [Nat+20; MS22] and it is
important to notice the influence of such phenomena. However, it is an aspect of
ferroelectric materials which will not be the main focus of this work.

FIGURE 1.5: Illustration of the evolution of the domains of
polarization during an hysteresis cycle

1.1.4 Perovskite structure and ferroelectricity

A significant part of ferroelectric materials utilized in practical applications and
studied both theoretically and experimentally, exhibits an ABO3 perovskite struc-
ture which has a face-centered cubic lattice. In this configuration, the A chemical
element is a large atom with a positive charge (cation) situated at the edges of the
cube. The B element is a cation positioned at the lattice’s central location. Finally, the
3 oxygen atoms are anions (negatively charged) located on the faces of the cube. An
illustration of the perovskite structure is given in Figure 1.6. Within the perovskite
structure, ferroelectric distortion leads to a relative displacement of the cations in
relation to the anions, thereby inducing a net polarization [Coh92]. This crystalline
structure is important for the rest of this work. Indeed, all the materials studied in
this work are ceramics or single crystals with a perovskite structure

Among ferroelectric perovskites, barium titanate (B,T;Os3) has been largely stud-
ied and is generally considered due to its classical ferroelectric behavior [Smi+08;
Gig+22]. Moreover, it presents a high Curie temperature (around 120°C) and it
undergoes successive FE-FE (Ferroelectric-Ferroelectric) phase transitions and FE-
PA (Ferroelectric-Paraelectric) transitions with temperature. It goes from Rhombo-
hedral (R) to Orthorhombic (O), from Orthorhombic to Tetragonal (T) and finally
from Tetragonal to Cubic (C) phases. These different ferroelectric phases have dif-
ferent physical properties such as different polarization orientations depending of
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FIGURE 1.6: (a) lllustration of a perovskite lattice cells; (b) Polarized
tetragonal state
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the crystal symmetry. These different ferroelectric phases with their polarization
orientations are depicted in Figure 1.7 and are typical of ferroelectric perovkskites.
With increasing temperature, the symmetry of the different ferroelectric phases be-
come higher and reachs its maximum symmetry level in the cubic paraelectric state.

Tetragonal
a) (001) b) X
(010)
Orthorhombic Rhombohedral
C) d)

/

<

FIGURE 1.7: The different possible orientations of the polarization
for a ferroelectric crystal. (a) Referential of the cubic basis of the
crystal; (b) Tetragonal phase; (c) Orthorhombic state; (d)
Rhombohedral phase.

The study of perovskite ferroelectric materials has led to significant advances
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in understanding ferroelectricity, paving the way to the development of new ma-
terials with improved properties. There is a strong research effort to continue for
exploring novel perovskite compositions and structures, including lead-free alter-
natives, to address environmental concerns associated with some lead-based per-
ovskites [Kum+15; SL12]. In summary, the perovskite crystal structure is essential in
ferroelectricity because it provides the necessary non-centrosymmetric lattice struc-
ture for the emergence of spontaneous polarization. Moreover, it presents a high
versatility and tunability which further contribute to its significance in the field of
ferroelectric materials.

1.2 Modeling and theoretical aspects on ferroelectricity

In the preceeding section, various facets of ferroelectricity were introduced. Contin-
uing with this introduction, the upcoming section delves into fundamental aspects
of ferroelectricity and the modeling approaches employed for these materials. Par-
ticularly, the Landau-devonshire theory is introduced along with unique features of
particular ferroelectric relaxors. These concepts are essential as it is highly related to
the modeling and the experimental work conducted in this research project.

1.2.1 Spontaneous symmetry breaking and soft mode

Ferroelectricity has been largely theoretically investigated and different models have
been used to describe it. One major problem to model ferroelectric materials is to
consider their phase transitions. Landau phenomenological theory based on mean
field approximation (no long range correlations) has been largely employed and the
approximation works well for describing ferroelectric materials far from the transi-
tions. However, the theory inevitably becomes less accurate when approaching the
transition. Indeed, phase transitions are critical phenomena and it is complex to de-
scribe them due to the large fluctuations of physical quantities when getting closer to
the transition. However, with the development of renormalization group, it allowed
to give a theoretical framework to better describe phase transitions in condensed
matter [Vas04]. In this approach, when a spontaneous symmetry breaking occurs, a
"Goldstone" boson is emitted (Higgs boson in particle physic) [Pol75]. In the case of
ferroelectricity, this boson is a phonon and it is known as "Goldstone mode" which
correspond to a lattice vibrational mode [Val20]. A classical illustration of this spon-
taneous symmetry breaking is to consider a sombrero hat energy profile with a ball
in a central minimum energy point. Approaching the transition, the energy barrier
is very low and the material is in a metastable state as illustrated in Figure 1.8 (a)).
Finally, the ball fall in a more stable lower energy state which corresponds to a fer-
roelectric state with lower symmetry (Figure 1.8 (b)). There was few report in the
literature of measurements of this mode [Pro+20; Mar+18] but it remains very chal-
lenging to observe.

Another phonon mode which has been largely investigated in the literature is
called "the soft mode". Contrary to the Goldstone mode, the soft mode is easily
measured via optical spectroscopy (Raman, Brillouin) or inelastic neutron scattering
[Han+07; Shi+70]. Indeed, significant advancements in understanding the physics
of ferroelectricity were greatly facilitated by the examination of how polar phonons
change with temperature [Bov+04; GPS00]. This mode amplitude varies with tem-
perature, particularly when approaching the Curie temperature (1), this phonon
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FIGURE 1.8: Illustration of a spontaneous symmetry breaking. (a)
Paraelectric metastable state; (b) Ferroelectric stable state

mode becomes "soft". This means that the energy required to excite this mode de-
creases significantly, and it becomes the dominant vibrational mode. The sponta-
neous symmetry breaking that occurs at the FE-PA transition is inherent of a sec-
ond order transition. This has the consequence of diverging the dielectric permittiv-
ity at the FE-PA transition [Rab+07]. Thus, Lyddane-Sachs-Teller relation has been
largely employed [Tan69] because it links the ratio of the frequency of longitudinal
and transverse optical phonons to the ratio of the static dielectric permittivity and
high frequencies dielectric permittivity. This relation is derived from the Newton
equation of the lossless Lorentzian oscillator model and is expressed as:

g
(o)

2
L
2
T

= K (1.6)

Koo

g
o

where wip and wrp are respectively the frequencies of the longitudinal and trans-
verse optical phonons and x,; and k. are respectively the static dielectric permittiv-
ity and the dielectric permittivity at high frequencies. It can be noted that the di-
electric permittivity divergence appears clear with this relation as the polar phonon
(transverse optical) frequency tend to zero at the FE-PA transition. Despite having
been discovered and used for a long time in ferroelectrics, soft mode concept remains
largely investigated as it give fundamental informations on ferroelectric materials
and their transitions.

1.2.2 Landau-Devonshire theory

The Landau theory is a mean field theory introduced by Lev Landau to describe
firstly second order (continuous) phase transitions [Lan37]. Landau relied on two
assumptions to develop his theory. First, the free energy should respect the hamilto-
nian symmetry and finally, the free energy and its gradient should be an analytical
function of the order parameter (polarization in the case of ferroelectrics). Thus, he
expressed the free energy in series expansion of the order parameter in the form of:

F=A(T)n?> +B(T)y* + C(T)n® + ... (1.7)

where A(T), B(T) and C(T) are temperature dependants variable and 7 is the order
parameter. The Landau theory is strongly linked to the concept of soft mode as
the order parameter is directly connected to the phonon mode that vanishes at the
transition. Particularly, at the phase transition temperature, a specific lattice mode
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undergoes a "softening" of its restoring force, resulting in a significantly greater am-
plitude than all other modes in the vicinity of the phase transition temperature. Con-
sequently, the total energy, originally thought to be the sum of all lattice modes, can
now be approximated through a series expansion solely based on the amplitude of
this particular mode [Cao08b].

The Landau theory was first employed for ferroelectrics by Devonshire in 1949
[Dev49] to describe phase transitions of barium titanate. B,T;iO3 presents first order
transition which implied that the mode is not totally softened at the transition, thus,
the approximation of the development in a serie expansion of an unique mode is
not as rigorous as for second order transition [Cao08b]. However, in ferroelectrics
the Landau approach works surprisingly well even for first order transition and has
been strongly experimentally confirmed along the year. The success of the Landau-
Devonshire theory for describing ferroelectrics lies on the long range interactions so
the mean field approximation is pretty accurate in these materials [CLO7]. The free
energy proposed by Devonshire is expressed in tensorial notation as:

Foi = Fo+ aijPiPi+ i PiPi PPy + ki Pi Py P Py Py Py

1.8
Fijktmnop Pi Pi PPt P Pa Po Pp + .. (1.8)

where P; are components of the spontaneous polarization; a;j, ;jki, &ijkimn and &ijkimnop
are tensors representing the different orders of the dielectric stiffness and F is the
energy of the cubic phase (generally set to zero). This free energy must be invariant
to a parent phase which is chosen to be the m3m cubic symmetry [Cao08a; Li+12]. It
is possible to add other contributions to the free energy and here lies the success of
phenomenological approach. As long as these new terms respect the symmetry of
the free energy, new couplings can be added even if they are not directly linked to
the soft mode [Cao08b]. Indeed, as explained before, the soft mode and associated
polarization corresponds to a transverse optical mode. Yet, strain of the material can
be added to the free energy even if it corresponds to an acoustic mode because it
respects the free energy symmetry. In ferroelectrics the possible contributions to the
free energy are expressed as:

F= Flgd+Felus+Felec+Pgmd (1.9)

Fi4q is the classical Landau free energy introduced above. F,,, is associated with the
energy of an applied electric field and is given by:

Pelec = —Epb; (1-10)

where E; and P; are the different components of the electric field and the polarization.
Fe14s corresponds to the strain contributions to the free energy and is expressed as:

Foas = 3Cijua (€37 — €)) (ext — €}y) (1.11)

where Cjj is the elastic stiffness tensor and ¢;; and 68- are the total strain and
the spontaneous strain tensors. Fg,,y denotes the free energy contributions from the
domain walls and was first introduce by Ginzburg for superconductivity [GGL09]
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and is given by:

ot = 360 | (G2 + (5007 + (522 + (522 + (52)?
(1.12)

where Gi; is the gradient energy coefficient. In the rest of this work we will not
consider the gradient energy term (Domain walls) as ferroelectric materials are in-
vestigated here under large electric fields. In such conditions the crystal can be con-
sidered in a single domain state and this term can be neglected [CL07]. Also, instead
of considering free energy variations, free enthalpy variations will be considered in
the rest of this manuscript because we will have stress variations as an input rather
than strain ones. The total free enthalpy variations by performing a Legendre trans-
formation and by neglecting the gradient energy term is given in tensorial notation

by:

AG = ;PP + aijr PiPiPe P + ki Pi Py PP P P + &ijkimnop Pi P P Pt P P Po Py
— 38100k — Qijua0ijPePy — EiP;

(1.13)
where 0;; is the stress tensor and s;j; and Qjjy are respectively the compliance and
electrostrictive tensors. The stable crystal state of the material is found by minimiz-
ing the free enthalpy with respects to the polarization (%5 = 0). The interest of such
a theoretical approach is to take into account the temperature, the electric field and
the stress applied to the material while predicting the different phase transitions of
ferroelectric materials. An illustration of the free energy of ferroelectric materials
under different electric field with the associated stable state are presented in Figure

1.9.
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FIGURE 1.9: Free energy of a ferroelectric material for different
electric fields
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More details will be given in the next chapter on Landau-Devonshire theory applied
to multiphysic coupling and energy conversion especially in the framework of en-
ergy harvesting.

1.2.3 Highly piezoelectric perovskites

In the 2000’s, (1 — x)PMN — xPT and (1 — x)PZN — xPT single crystals gained a lot
of interest from the scientific community due to their remarkable features [P597a;
Kia+02]. One of their remarkable properties is to present particularly high piezo-
electric coefficients (d;;) around an order of magnitude over classical ferroelectric
materials. However, they exhibit these exceptional properties only for particular
compositions [Raj+07]. This range of composition is called morphotropic phase
boundaries (MPB) and it is a region where the material can easily transit from a fer-
roelectric phase to another one by external applied stress or electric field [Dav07;
WC17]. (1 —x)PMN — xPT and (1 — x)PZN — xPT phase diagrams have similar
shape. They both are in a rhombohedral state for low x concentration of PbTiOs3
and both present a tetragonal one for higher x concentration of PbTiOs. In the con-
centration range of 0.3 < x < 0.35 for PMN-PT and in the range of 0.08 < x0.12 for
PZN-PT, both are in the MPB and the associated ferroelectric phases are monoclinic
which is a phase in which the polarization is typically not along any of the principal
crystallographic axes. The phase diagrams of PMN-PT and PZN-PT are illustrated
in Figure 1.10
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FIGURE 1.10: Concentration—Temperature phase diagrams (a)
(1 —x)PMN — xPT; (b) (1 — x)PZN — xPT

Another particularity of these materials is that they are relaxors. Unlike tradi-
tional ferroelectric materials, which have well-defined phase transitions and sharp
polarization vs. temperature curves, ferroelectric relaxors display a more gradual
and diffuse transition, over a wide range of temperatures [Ye98].

A surprising result in the scientific community for such perovskites ferroelectric
relaxors was to find out that they exhibit their outstanding properties when crys-
tal orientation is not in the same direction than the spontaneous polarization. This
leads to the development in ferroelectric materials of the concept of domain engi-
neering which consists in tayloring concentration, crystal orientation or doping to
enhance the properties of the material [SC14; Sch+17]. The inherent structure of fer-
roelectrics in various domains leads to the outcome that when the crystal is poled
along a specific direction (macroscopic symmetry), the orientation of spontaneous
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Ferroelectric state | [001]; poled | [011]. poled | [111]. poled
Rhombohedral 4R 2R 1R
Orthorhombic 40 10 30
Tetragonal 1T 2T 3T

TABLE 1.1: Domain configuration names depending on crystal orien-
tations

polarization within the domains, at a microscopic level, may not exhibit the same
symmetry (microscopic symmetry) as that of the crystal lattice. A list of the different
domain configurations depending on the crystal orientation is provided in Table 1.1
and an associated illustration is given in Figure 1.11.

[001]. poled [011]; poled [111]; poled
(001) 4R (011) 2R o 1R
Rhombohedral
(100) (100) ;,'2
(010) (0-11) (1-10)
(001) 40 (011) (112)
f
Orthorhombic
(100) (100) (11-2
(0}
(010) (0-11) (1-10)
(001) T (012) (111)
A
Tetragonal !
(100) d (100) (11-2)
(0-11)

(010) (1-10)

FIGURE 1.11: Illustration of the ferroelectric state depending on the
crystal orientation

Depending on the crystal orientation, piezoelectric coefficients of the PMN-PT
and PZN-PT vary largely. As mentioned before the highest ds3 is found to be in
<001> oriented crystals. More surprisingly, in <111> oriented crystals the d33 value
is much smaller even if the crystal cut correspond to the polarization direction. In
the litterature, different works focused on characterization of the different piezoelec-
tric coefficients in such ferroelectric relaxors. For comparison, Table. 1.2 proposed
the different piezoelectric coefficients found in the literature depending on the ori-
entation for relaxors PMN-PT and PZN-PT and for the more "classical" ferroelectric
BaTiO3

In the case of PMN-xPT and PZN-xPT with composition close to the MPB, the
highest values of the d33 (stress and electric field applied along the 3 direction) were
found in [001], poled single crystal even if the crystal was in a rhombohedral state.
This behavior has been explained by rotation of the polarization vector induced by
the electric field [FCO00; Liu+23]. It is possible to explain this phenomena in the frame
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Piezoelectric PMN-30PT PZN-8PT BaTiO;
coefficients (Rhombohedral) (Rhombohedral) (Tetragonal)

<001> d3; -1250 pC/N [Sha+07] | -1600 pC/N [Sha+07] | -33.4 pC/N [Wad+05]
<001> d33 2350 pC/N [Sha+07] | 2700 pC/N[Sha+07] 90 pC/N [Zgo+94]
<011> d3; -2300 pC/N [Sha+07] | -1200 pC/N [MO03] -23.85 pC/N [LLO3]
<011> ds3 800 pC/N [LB21] N/A 219 pC/N [LLO3]
<111> d3; -90 pC/N [Dav06] -42 pC/N [Bar+00] -62 pC/N [LB21]
<111> ds3 125 pC/N [LB21] 70 pC/N [Dav06] 203pC/N [Wad+99]

TABLE 1.2: Piezoelectric coefficients for different materials and crys-
tal orientations at room temperature

of the Landau approach. Indeed, close to the MPB, the Gibbs free energy profile is
more flat and the correlation between this flattening and high piezoelectricity has
been reported in the literature [Wan+23; Dam05]. An illustration of the polarization
rotation mechanisms with associated Gibbs free energy for 4R engineered domains is
presented in Figure 1.12. The theoretical comprehension of the origin of such a high
piezolectricity in PMN-PT and PZN-PT in the MPB remains a hot research topic.
A lot of studies still focuses on understanding the physics and polarization mech-
anisms in such relaxors due to the attractive properties of these materials and the
different complex physical coupling inherent to these materials [Sun+22; Rol+22].

Poling direction
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FIGURE 1.12: Illustration of the enhanced piezoelectric properties of

Gibbs free energy

1.2.4 Polar nanoregions

ferrolectric relaxors. (a) Polarization rotation mechanisms; (b) Flat

One characteristic of ferroelectric relaxors like PMN-PT and PZN-PT is to present
Polar nanoregions. Polar nanoregions (PNRs) are small, nanoscale regions within
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1.2. Modeling and theoretical aspects on ferroelectricity 31

certain materials that exhibit local polarization. These regions are characterized by a
spontaneous electric polarization that arises from the arrangement of electric dipoles
in the material. PNRs are a phenomenon commonly observed in relaxor ferroelec-
tric materials. These PNRs appear only in a certain range of temperature. The Burns
temperature (Tg) is generally introduced and indicates the limit temperature above
which, the PNRs appear and their contributions to the properties of the material be-
ing very important [Li+17a; SC10; BD83].

Ferroelectric relaxors are renowned for their tunable dielectric properties, and
this tunability is intimately linked to the presence of polar nanoregions within these
materials [Ren+14; Xu+13]. The contribution to the polarization in ferroelectric re-
laxors is generally divided in two distinct contributions. The contribution inherent
to the non-centro symmetric lattice and the resulting polarization is generally called
"intrisinc contribution". Finally, the contribution to the polarization induced by do-
main walls or PNRs is qualified as "extrinsic contribution" [Tan+16]. Different ap-
proaches have been proposed to describe these PNRs in the frame of ferroelectric
relaxors. Some works proposed to employ phenomenological approach and defined
two distinct free energies [Li+17b]. Another possibility lied in considering the in-
trinsic contribution in the frame of the Landau-Devonshire theory and to consider
the extrinsic contributions with a Langevin term derived from statistical physics
[Wu+09; MMG21]. This approach has been used in the literature to estimate the
dielectric permittivity depending on the applied electric field. Here, the dielectric
permittivity is expressed in the form of:

K(E) = Kintr (E) + Kextr(E) (1.14)

The intrinsic permittivity ;. (E) is called the Johnson term and is derived from
Landau-Devonshire theory yielding;:

Kintr(E) = <(0)
intr(E) TITYRSETE (1.15)
where x( represents the vacuum dielectric permittivity, A serves as a coefficient that
characterizes the extent of non-harmonic contributions of polarization to the free
energy, and E denotes the applied electric field. On the other hand, the extrinsic
contribution term to the dielectric permittivity is expressed as follow:

Kextr(E) = PKLO"((:osh(Ex))_2 (1.16)
where x = %, P, is the polarization of a polar nanocluster, V is the volume of a
PNR, k; is the Boltzmann constant, and T is the temperature. The total dielectric
permittivity depending on applied electric field is expressed as:

E) = un + BX (cosh(Ex)) 2
K5 (1+(A(kor(0))?) E2) 3 (cosh(Ex)) (1.17)

Different typical values were taken from the literature for ferroelectric relaxors
[Liu+16] in order to plot permittivity in function of the electric field and the temper-
ature as illustrated in Figure 1.13. This plot illustrates that the contribution of PNRs
when a sufficient electric field is applied can be neglected as the crystal tend to be
in a single domain state [CLO7]. Moreover, when working in a temperature range
sufficiently far from the Burns temperature, their effects can be neglected. In the rest
of this work, the contributions of such PNRs will not be considered. Indeed, the
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FIGURE 1.13: Dielectric permittivity as a function of the electric field
for different temperature for KNag5Nbg 503 — SrTiO3 ceramics
[Liu+16]; (a) T=20°C; (b) T=140°C

electric field applied to the materials were in the order of 1kV /mm and the sample
were studied sufficiently far from the Burn temperature. However, it has be proven
that PNRs have an importance in ferroelectric relaxors properties. Thus, consider-
ing their impact could be the topic of future investigation in the frame of the work
reported in this study.

1.3 Energy harvesting

1.3.1 Generalities on energy harvesting

Harvesting energy from ambient sources presents a promising approach to pow-
ering wireless sensors and other low-power devices, particularly in challenging or
remote environments. This method offers notable advantages, including cost effec-

Mechanical Thermal Radiant Chemical Magnetic

10° A A A A A
] ] 1 I 1 1
— C 1 1 1 1 1
o
E  .f
> 10° o
s .r .............. » - et
o 1F
S 100 B . T % .
8 :
et o ] ] e e
10" . e :
N QO o
FESFSIFIF O &
ST & F S5 &0 S
NN > o~ S \Q"\k
g s 0 8 &€
QL W L P& N
S 589
S e
L& °
SN

FIGURE 1.14: Comparison between the different energy sources and
their energy densities [Ann+17]
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1.3. Energy harvesting 33

tiveness and the elimination of maintenance tasks like battery replacements, which
are often necessitated because of their self-discharge. Consequently, there has been
a substantial increase in research and development efforts focused on energy har-
vesting in recent decades. This surge is largely driven by the proliferation of the
"Internet of Things’ (IoT), which required interconnection of numerous low-power
devices capable of autonomously exchanging data. Various forms of environmental
energy, such as vibration, solar radiation, wind, and waste heat, can be scavenged
and converted into electrical energy. In the actual context of global warming and
the requirement for humanity to use cleaner energies, energy harvesting is a good
alternative solution. However, it suffers from low output power and research efforts
have been then focused on increasing the output energy [KKK18; RYK19; Dha+13].
A comparison illustrating the power density between various energy sources and
types of energy harvesting is presented in Figure 1.14. In energy harvesting, the en-
ergy source passes through a transducer that will convert this energy in electrical
one. An schematic illustration of this process is proposed in Figure 1.15.

Energy source Transducer Electrical energy
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FIGURE 1.15: Illustration of the processes in energy harvesting

In this work, the only transducers we will consider are based on ferrolectric ma-
terials. As explained in the previous sections, these materials are unique due to
their piezoelectric and pyroelectric properties as well as their polarization reversal
capabilities. Thus, this work will focus specifically on energy harvesting through
the use of piezoelectricity or pyroelectricity and unique properties of ferroelectricity.
Energy harvesting via the piezoelectric effect is, as we will explore, one of the most
extensively researched areas in terms of ambient energy harvesting. However, en-
ergy recovery through the pyroelectric effect is nonetheless a promising candidate
for energy harvesting.

1.3.2 Pyroelectric energy harvesting

Waste heat is a valuable energy source that is frequently underestimated and not
fully exploited. In the United States, for instance, approximately two-thirds of the
energy generated ends up being dissipated as unused heat [Liv13]. This wasted en-
ergy is prevalent in various sectors, from industrial settings like power plants and
oil refineries, to everyday sources like hot water systems and vehicle exhaust pipes.
Furthermore, emerging areas such as the heat emanating from data centers and solar
panels offer good opportunities for thermal energy recovery [McK13]. Another note-
worthy example includes the heat released by the human body or the temperature
gradient created by solar radiation, both of which have been used for pyroelectric
energy harvesting [Sul+18; Sod+07; Pan+19]. One disadvantage of pyroelectric en-
ergy harvesting is to present a low efficiency to convert the input energy. However,
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the energy source involved are higher compared to other methods such as vibra-
tions. Ultimately, this leads to a comparable energy density per cycle. During the
last decade, the interest of the scientists for energy harvesting with pyroelectric ma-
terials has grown, even if this increase has slightly slowed down during last years.
This tendency is illustrated in Figure 1.16 and shows that the part of research pub-
lications in pyroelectricity dedicated to energy harvesting represents a significant
amount.
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FIGURE 1.16: Evolution of the number of scientific papers on
pyroelectric energy harvesting. The data have been taken from “Web
of Science” database (https://www.webofknowledge.com)

As mentioned before and as for any energy sources, the major issue remains the
low output power. Nonetheless, there are numerous approaches available to im-
prove the effectiveness of pyroelectric energy harvesting and other energy harvest-
ing systems in general, including the development of inventive electrical circuits
[Guy+05; LG08]. Employing innovative electromechanical structure with diverse
geometries is another avenue to explore [AYH14]. Additionally, using the proper
material with optimal pyrolectric properties [SLG08] can enhance the converted en-
ergy. Finally, employing phase transitions of ferroelectric materials presents a viable
option for energy harvesting, although this approach remains relatively underex-
plored [Kho+09b; Hof+15], with limited dedicated studies in the field. For instance,
Lheritier, et al [Lhe+22] reported recently more than 10] harvested per cycle show-
ing the possible interest of pyroelectric materials and the possible implementation
in real devices.

1.3.3 Mechanical energy harvesting

In energy harvesting, among all the energy sources, mechanical energy sources have
been the most studied due to the abundance of this energy form in the nature. An-
other interesting feature of mechanical energy harvesting is to work with vibrat-
ing energy sources featuring resonant condition with optimized devices [BTWO06;
Mun+16]. Vibrating energy sources are numerous in the environment, for instance:
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1.3. Energy harvesting 35

¢ Machinery and Industrial Equipment: Vibrations generated by rotating ma-
chinery, engines, conveyor belts, and other industrial equipments;

¢ Transportation: Vibrations from cars, trucks and trains;

* Human Motion: Kinetic energy from human motion, such as walking, run-
ning, or body movements;

e Structural Vibrations: Buildings and infrastructure can experience vibrations
due to wind, traffic, or seismic activity.

] Vibration source \ Acceleration (m.5~?) \ Frequency (Hz) ‘
Car engine 12 200
Base of 3-axis machine tool 20 70
Blender casing 6.4 121
Clothes dryer 3.5 121
Person nervously tapping their heel 3 1
Car instrument panel 3 13
Door frame just after door closes 3 125
Small microwave oven 25 121
HVAC vents in office building 0.2-15 60
Windows next to a busy road 0.7 100
CD on notebook computer 0.6 75
Second story floor of busy office 0.2 100

TABLE 1.3: comparison of different vibration sources with their asso-
ciated accelerations and frequencies [RWR03]

Table 1.3 proposed a list of potential vibration sources with their associated acceler-
ations and vibrations. Extensive research has been undertaken to exploit this energy
source due to its abundance and high potential energy density, as highlighted in pre-
vious studies [Cle+21; Yan+22a]. Typically, three primary technologies (transduction
methods) are employed to transform mechanical vibrational energy into electrical
energy: piezoelectricity, electromagnetism, and electrostatic energy.

Electrostatic

Electrostatic energy harvesting consists of employing a capacitive structure with two
parallel plates separated by a small gap. When subjected to mechanical vibrations,
such as bending or movement, the gap between these plates fluctuates, leading to

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



36 Chapter 1. Introduction

variations in the capacitance. Consequently, when biased by an electrical source,
charge separation occurs, with electrons accumulating on one plate and leaving a
deficit on the other. This charge imbalance creates an electric potential difference,
which, when connected to an external circuit, generates an electrical current [Har11].
The mechanism and an illustration of an electrostatic energy harvester is proposed in
Figure 1.17. Electrostatic energy harvesters are particularly advantageous in applica-
tions with low-frequency, high-displacement mechanical vibrations, offering dura-
bility, low maintenance requirements, and suitability for micro-scale and wearable
technologies. Nonetheless, they may exhibit lower efficiency compared to other en-
ergy harvesting methods for high-frequency vibrations. Indeed, these types of trans-
ducers generally have the capacity to provide power on the order of hundreds of
milliwatts (mW). Moreover, electrostatic transducers required a polarization source
to initially charge the capacitor. Nevertheless, electrostatic energy remains an active
field of research and researchers make strong efforts to use the broad bandwidth and
to combine it with high output power like the recent work of Zhang, et al [Zha+18].

L I3
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a)

FIGURE 1.17: (a) Electrostatic transduction method for energy
harvesting [Zha+18]; (b) 3D schematic of the electrostatic energy
harvester [Zha+18]

Electromagnetic

Electromagnetic transducers use generally a coil placed within a magnetic field.
When subjected to mechanical vibrations or movements, the coil experiences changes
in magnetic flux, which induces an electromotive force and generates an electrical
current. A schematic description of the electromagnetic transduction is proposed in
Figure 1.18 (a). The most famous application of this method is the flashlight which is
depicted in Figure 1.18 (b). In this design, shaking the flashlight causes the magnet
to move through a solenoid coil. This motion induces an electric current within the
coil, which, in turn, powers the illumination of a light-emitting diode (LED). Elec-
tromagnetic energy harvesters are particularly suitable for applications with mod-
erate to high-frequency vibrations, making them valuable in different scenarios and
also for small-scale applications. However, it poses challenges when integrating
with MEMS (Micro Electro-Mechanical Systems) due to its relatively large size and
the requirement of large displacements of the magnet to obtain significant energy
[BO09]. Furthermore, these systems usually produce low-voltage outputs, around
ten to hundreds of millivolts (mV), which makes designing the energy extraction
unit for powering sensor nodes more complex [Lom?20].
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FIGURE 1.18: (a) Electromagnetic transduction method [AC98];
(b) Flashlight powered by an electromagnetic generator
(https:/ /www.arborsci.com)
Piezoelectric

Piezoelectric transducers, consists in using the direct piezoelectric effect which gen-
erate an electric charge when subjected to mechanical stress or deformation. Piezo-
electric harvesters are made of piezoelectric elements strategically placed within a
system that experiences mechanical movement or vibrations. As these materials de-
form or vibrate, they produce electrical potential differences across their surfaces,
generating a usable electric current. There are two distinct ways of using piezo-
electric materials. The first one involves directly attaching the piezoelectric material

Oscillator +
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Electromechanical
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Electromechanical
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// S S

Direct conversion microgenerators Inertial microgenerators

FIGURE 1.19: (a) A direct conversion microgenerator [Hug18]; (b)
An inertial conversion microgenerator [Hug18]

to a host structure (direct conversion microgenerators) which results to a direct cou-
pling. In the second approach, the piezoelectric element is connected to the structure
through a secondary structure, creating an indirect coupling (inertial microgenera-
tors) [Lal08]. This latter type of coupling allows for an independent design of the
host structure and easier maintenance of the microgenerator, thus enabling an op-
timization of the system’s response. Direct and indirect coupling will be more effi-
cient in different situations. Indirect coupling is more adapted for fixed frequency
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application while direct coupling will be more adapted for broadband frequency ap-
plications [Hug18]. Piezoelectric energy harvesters are promising for their efficiency,
compactness, and adaptability to a wide range of applications electronics. An illus-
tration of microgenerators based on direct and inertial conversion are respectively
depicted in Figure 1.19 (a) and (b).

In the rest of this manuscript, only piezoelectric transducers will be considered.
More specifically, it will only be assured by ferroelectric materials. However, it was
important to note that other transduction methods exist for energy harvesting and
that it is also possible to combine these transducers to improve the output power
[Lom20].

1.3.4 Structures for energy harvesting

Different structures with different geometries have been used in the frame of piezo-
electric energy harvesting. These structures aim at improving the output power by
different means. This section will be dedicated on presenting briefly some existing
geometries that have been used in the literature.

Stack structure

One of the simplest structures in the research of energy harvesting from piezoelectric
materials is the stack structure, it is illustrated in Figure 1.20. This geometry simply
consists of multiple stacked piezoelectric structure containing more than two layers
of wafer structure. This structure is capable of improving the current and voltage,
and the working status is almost every time in 33-mode (stress and electric field
applied in the same direction). It can be noted that the gain of energy of such trans-
ducers is not optimal due to the electromechanical coupling between the different
layers. However, the simplicity of such structure and specifically for direct con-
version microgenerators give a lot of advantages to the stack structure in a lot of
situations [FGS08]. More details on this structure will be given in Chapter 4 where
this structure was employed in one of our implemented devices.

a) b)

FIGURE 1.20: (a) A schematic illustration of a piezoelectric stack
[Xu+18b]; (b) A photo of a piezoelectric stack
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Cantilever beam

A lot of works in energy harvesting employed a structure called “cantilever beam”
[Fri+12; MJCO09; Joh+06]. As illustrated in Figure 1.21. Piezoelectric cantilever beam
is composed of a beam generally in steel or in aluminium. One or two piezoelectric
layers (unimorph or bimorph) are fixed on the beam with a conductive adhesive.
A block ("tipmass") is set at the end of the cantilever, which can increase the can-
tilever beam amplitude and adjust the frequency to increase the output power. The
geometric configuration of cantilever structures is also a significant factor in enhanc-
ing the efficiency of energy harvesters. Rectangular-shaped cantilevers are widely
employed in MEMS-based piezoelectric energy harvesting systems due to their ease
of integration and their effectiveness in capturing energy from surrounding vibra-
tions. However, different geometries exist (triangular, trapezoidal, etc) and have
found their utility in other situations [GWO08]. Due to its intrisic qualities, cantilever
beam was used to develop another device in this work. More specifications on this
structure will then be provided in Chapter 4.

a) b)

_ . , Tip mass
Piezoelectric ceramics §

Cantilever beam

FIGURE 1.21: (a) A schematic illustration of a cantilever beam
[Xu+18b]; (b) A photo of a cantilever beam (cf. Chapter 4)

Plucked method

One of the different piezoelectric energy harvester design, is called the plucked
method. This energy harvester generator works for low frequency range (few Hz).
It consists in a mass linked with a vibrating platform and secondary vibrating units
composed of additional piezoelectric elements and vibrating beams fixed on one
side. Ideally, when the initial impact effects on the platform, the mass attached on
the mechanical energy transfer unit starts to vibrate in low frequency. The low vibra-
tion energy is then transferred to a much higher natural frequency vibration in the
piezoelectric elements as the mass passes over and excites the piezoelectric beams
[AKK21]. It can be noted that the excitation can be magnetically induced instead of
employing mechanical impacts. An illustration of such method is given in Figure
1.22 (a).

Cymbal structure

Another promising design is called the cymbal structure. This geometry was devel-
oped in 90’s by the Pennsylvania state university to enhance the output power by his
geometric form [DUN97]. This electric generator is composed by a thin piezoelectric
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disk with metal end cap on either side, as shown in Figure 1.22 (b). The different fac-
tor such as cymbal diameter, top diameter, and thickness of the end steel cap and the
thickness of the piezoelectric material will determined the efficiency of the energy
harvester.
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FIGURE 1.22: (a) The plucked method [LS14]; (b) An inertial
conversion microgenerator using cymbal structure [SK21]

1.3.5 Non-resonant mechanical energy harvesting

As we have seen, in mechanical energy harvesting, the predominant focus in re-
search lies on resonant devices that work with vibrating mechanical sources, as doc-
umented in various studies [BTW06; Mun+16; Cle+21; Yan+22a]. The typical out-
put power of these microgenerators falls within the yW to mW range. In resonant
energy harvesting, when the material is subjected to an imposed input force, the
ultimate output power is limited by the product between the electromechanical cou-
pling k? and the quality factor Q;,. Indeed when k?*Q,, >> 7, no better performance
can be obtained, as it becomes independent of the piezoelectric material properties
[Ste06; Lef+09]. As a result, in most mechanical energy harvesting systems, stud-
ies utilize the transducers within their linear range and tend to avoid the effects of
non-linearities. However, this work aims to demonstrate the great potential of these
non-linear transducer regimes for non-resonant mechanical energy harvesting. Non-
resonant systems have received relatively less attention by the scientific community
compared to resonant ones. The main challenge in this approach is to efficiently cap-
ture maximum energy from diverse mechanical sources. It is worth noting that there
exists a large amount of sporadic mechanical energy inputs in our daily lives such
as switches, footsteps, tire-road interactions and door openings [AAMF19; SVP16;
Xu+18a]. All this energy sources have in common to be low frequency processes
(<10Hz). Indeed, non-resonant energy harvesting approach is not really suitable for
higher frequency.

There are a lot of demonstration made by companies on the feasibility of such
an approach in the real environment. In order to scavenge foot step energy, in 2008,
Sound Power Corp proposed a real harvester integrated in the floor of the Tokyo
subway. Another application was the Sustainable Dance Floor in Rotterdam which
developed a dance floor of a night club that harvested the energy induced by the
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steps of the dancers. Moreover, Enocean (ECO 200) proposes a fully functional
energy converter for linear motion for possible applications such as miniaturized
switches. An illustration of the experiment in Tokyo with the associated mechanism
explanations is given in Figure 1.23.

tlecirc storage device

Electnc power supply J

Demonstration experiment at Tokyo Station Mechan'sm of the power generaung floer

FIGURE 1.23: Illustration of the Tokyo subway implementation
[VK15]

Apart from foot steps energy scavenging, the scientific community focused on
the potential energy from the force induced by the tire on road on asphalt pave-
ment. Xiong carried out a field experiment utilizing piezoelectric prototypes with
the aim of harvesting energy from road surfaces and reports an output power of
3.1mW [Xiol4]. Roshani et al, employed piezoelectric disks of Lead zirconate ti-
tanate (PZT), spatially arranged them to optimize the output energy [Ros+16]. They
also considered in their study the role of force and frequency on the output energy.

1.3.6 Thermodynamic cycles

Energy harvesting from low frequency or infrequent sources still suffer from the low
energy involved. In this context, employing a thermodynamic cycle is a good solu-
tion due to the high energy conversion of such method. Employing thermodynamic
cycle is a technique which have been largely employed in pyroelectric energy har-
vesting [OBB85; MKP12; Lhe+22]. However, the utilization of thermodynamic cycles
in mechanical energy harvesting has been quite limited. Nevertheless, these types
of cycles are a good alternative for energy harvesting from low-frequency sources
(<10Hz) and especially for non-resonant mechanical energy harvesting applications.

Pyroelectric cycles

Pyroelectric energy harvesting typically employs closed thermodynamic cycles to
maximize energy output. Various cycles have been utilized for pyroelectric en-
ergy harvesting [OBB85]. Notably, there is the Stirling cycle, which comprises two
isothermal and two constant electric induction processes. Another promising cycle
is the Olsen cycle which involves two isothermal and two constant electric field pro-
cesses. The latter has been more investigated and has shown better prospective for
energy harvesting [GPS08a; Lhe+22]. This cycle consists of starting with a lower
temperature denoted as T; and an initial electric field marked as E;. An electric field
is gradually applied until it reaches a final value, Ef (following the 1-2 path shown
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in Figure 1.27 (a)). Subsequently, the temperature is raised to a higher level, T}, (fol-
lowing the 2-3 path). Then, the electric field is reduced back to its initial level, E;
(3-4 path). Finally, the temperature is lowered back to its initial value, T; (closing the
cycle with the 4-1 path). Previous research studies have underscored the feasibility
and potential future applications of pyroelectric energy harvesting through Olsen
cycles [Han+19; Pan+18]. Olsen cycle involves thermodynamic cycles within the
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FIGURE 1.24: Illustration of an Olsen cycle (a) P-E cycle; (b) S-T cycle

polarization-electric field space and the entropy-temperature space as represented
in Figure 1.27. In pyroelectric materials, the high relative dielectric permittivity
kr >> 1 allows us to consider the polarization P as the conjugate variable of the
electric field E. The harvested energy is given by the enclosed area of the cycle in
Fig. 1.27. The harvested energy is generally expressed as:

Wy, = § EdP (1.18)
The Olsen cycle is a closed cycle and in such case, the following relationship holds:
Wy, = ¢ EdP = § PdE (1.19)

For more convenience, the harvested energy will be only considered in the rest of
this work as: Wy, = ¢ PdE. It can be observed that all the energy mentioned here
primarily takes the form of electrical (W,) and thermal energy (Q). The infinitesimal
electrical work and heat transfer are given respectively by:

6W, = EdP (1.20)

0Q = TdS (1.21)

From the first principle of thermodynamic, it is possible to derive the equation from
the energy conservation equation:

AU =0 (1.22)

which implies

Qnot + Qcotd + Win + Wour =0 (1.23)
where Q4 is the heat given to the cold source (< 0), Qy; is the heat quantity re-
ceived from the hot source (> 0), W, is the electrical work given to the system and

Wout is the electrical work associated to the energy gained by the material. The har-
vested energy depending on the electrical work can be easily deduces from Figure
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1.27(a) and is given by:
Wi = Wour — W; (1.24)

Consequently, from the above relation and from Figure 1.27(b)

Wi, = Quot + Qcold (1.25)

It can be seen that when the amount of heat removed from the hot source exceeds
the heat released to the cold source, the difference in thermal energy corresponds to
the energy that is transformed into electrical energy.

Figure 1.25 illustrates the different configurations of the polarization domains
along the different steps of the cycle. The crystal starts from a random initial state
which depends on its history. When applying the electric field (1-2 process), the po-
larization domains start to align within the electric field direction. This have for con-
sequences that the polarization increase and at the contrary, the entropy decreases
as the order in the material is higher. When increasing the temperature (2-3), the en-
tropy will increase and conversely, the polarization will decrease due to the dipole
disorder increment. Releasing the electric field (3-4) will have the effect to increase
even more the entropy and decrease the polarization. The last cooling process will
increase the polarization to close the cycle and the entropy will come back to its ini-
tial state. It is interesting to note that the two isothermal can be associated to the
electrocaloric effect and the two isoelectric field processes to the pyrolectric effect.
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FIGURE 1.25: Evolution of the polarization during an Olsen cycle

Mechanical cycles

As detailed before, vibrational mechanical energy harvesting suffers of low output
power. However, this inconveniences is solved by working at higher frequencies
and in resonant conditions [BTW06; Mun-+16]. On the other hand, non-resonant me-
chanical energy harvesting does not have such possibility. Hopefully, by working
in lower frequency;, it is then possible to employ thermodynamic cycles and exploit
the non-linearities of the materials induced by the high applied stress and electric
field compared to high frequency systems. When it comes to scavenge mechanical
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energy through a single force application, the goal is to maximize the conversion of
the mechanical energy into electrical energy. To accomplish this objective effectively,
utilizing a closed thermodynamic cycle is a good approach, given their high poten-
tial for energy conversion. The Ericsson cycle, which consists of two isoelectric and
two isostress processes, is the equivalent of the Olsen cycle for mechanical energy
harvesting and it has shown promising energy densities in PZT [PCV14a; PCV14b].
Instead of heating and cooling down, mechanical stress is applied to the material.
One of the major difference with temperature is that the stress is a tensorial field.
Depending on the stress direction and nature (uniaxial, biaxial, hydrostatic) the re-
sponse of the ferrolectric material will be completely different. We will assume here
that a compressive uniaxial stress (step, tire on road) is applied in the same direc-
tion than the electric field (33 mode). Like for pyroelectric energy harvesting and
Olsen cycle, the harvested energy is given by the area of the polarization-electric
field closed cycle Figure 1.26 (a). This time, the cycle is described in the polarization-
electric field and in the strain-stress spaces. The associated energies with the cycle
are in the form of electrical work (W,) and mechanical work (W,,). 6W, and éW,, are
respectively given by:

O0W, = EdP (1.26)

SW,, = ode (1.27)

It is again possible to derive from the energy conservation equation and from Figure
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FIGURE 1.26: Illustration of an Ericsson cycle (a) P-E cycle; (b) e — o
cycle

1.26(a) and (b) the harvested energy depending on the mechanical and the electrical

works:
Wy, = W), — WH (1.28)

and
Wi = Wout — Wi (1.29)

Here the two isolectric processes can be associated with the direct piezoelectric effect
and the two isostress processes to the converse piezoelectric effect. One major ad-
vantage of using mechanical cycles instead of thermal one is the possibility to induce
large stress variation much more rapidly than large temperature variation. Indeed, it
is easier to implement for a real device large uniaxial stress variation than large tem-
perature variation. Thus the potential depolarization is higher which means that the
potential area of the cycle is larger and so the output energy. Like for Olsen cycle
and pyroelectric energy harvesting and illustrated in Figure 1.25, the crystal starts
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from a random initial state depending on previous excitations. When the electric
field is applied (1-2 process), the domains of polarization aligns within the electric
field direction. This has the consequence of increasing the strain of the material and
the polarization. Conversely, when the stress is applied (step 2-3), strain and po-
larization will decrease. Releasing the electric field (step 3-4) will further decrease
the strain and the polarization. Finally, when the stress is released, it will increases
polarization, completing the cycle, and returning the strain to its initial state.

In both non-resonant mechanical and pyroelectric energy harvesting using ther-
modynamic cycle, the goal is to have the largest cycle area to obtain the largest en-
ergy output possible. To achieve this, it is possible in both cases to apply a large
electric field. Furthermore, it will be better in pyroelectric energy harvesting to have
large temperature variation. Whereas, in mechanical energy harvesting, a large uni-
axial stress will be better.

1.4 Context and objectives of the Ph.D

1.4.1 FIESTA Project

It is important to note that this present work was made in the frame of the collabo-
rative FIESTA (Ferroelectric-ferroelectric transitions Induced by External STress for
Applications in sensing and energy harvesting) project funded by the ANR (Agence
Nationale de la Recherche), grant ANR-20-CE05-0026. This section will be dedicated
to present the FIESTA project and its objectives as it was a guideline for this work.

The proliferation of wireless interconnected devices, particularly within the con-
text of the Internet of Things (IoT), is demonstrating remarkable potential within
the realm of communication in societies, including applications in smart cities and
digital society. Projections suggest that over 75 billion connected devices will be
in operation worldwide by 2025 [Dev], with an estimated economic value ranging
from 4 trillion to 11 trillion of dollars [lot]. These opportunities encompass global
communication, sensing, and monitoring, which can enhance structural, product,
and personal safety in areas such as buildings and transportation. Additionally,
they can facilitate data collection across diverse environments, ultimately leading
to improved quality of life and sustainable development. However, advancements
in these domains, in addition to ethical considerations, are giving rise to numerous
technical challenges, particularly at the device level.

In this context, FIESTA aims at enhancing small-scale energy harvesting and
tunable acoustic filters by employing ferroelectric phase transitions. To reach this
objective, FIESTA employs a transdisciplinary approach and conducts original sci-
entific research related to societal challenges. The project encompasses all associ-
ated domains, from material science to practical applications, including mechani-
cal and electrical aspects. FIESTA is primarily focused on turning what is conven-
tionally considered a limitation (phase transitions in ferroelectrics) into an advan-
tage, enabling the creation of bandgap filters and highly efficient microgenerators
(a decade increase in performance [Ann+17]). The project objectives involve inves-
tigating these phase transitions and combining them with mechanical and electrical
considerations to achieve globally optimized systems. The interfaces between each
discipline are crucial in ensuring significant scientific advancements. In particular,
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the integration of intrinsic material nonlinearities with those induced by the electri-
cal interface through the mechanical structure, leading to multiscale nonlinearities,
is an innovative aspect of FIESTA. Another objective is to employ lead-free material
which are actually mainly used in energy harvesting.
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FIGURE 1.27: (a) Evolution of the number of connected devices with
time [Dev]; (b) Energy harvesting comparison with FIESTA
ambitions [Ann+17]

In the frame of this project, the work presented in this thesis was dedicated firstly
to the modeling and characterization of ferroelectric materials. Another objective of
this work was to proposed and developed an electromechanical structure imple-
mented in a real device with the associate electrical interface. In parallel, the col-
laborators of this project worked on the elaboration of lead-free materials and the
development of innovative electrical circuit dedicated to such applications.

1.4.2 Objectives of the thesis

As observed in the previous sections, energy harvesting has experienced substan-
tial growth over the past two decades. The capability to power devices without
relying on batteries, which encounter issues like self-discharge and challenging re-
placements in harsh conditions, has captured the attention of the scientific commu-
nity. Furthermore, the impending ecological transition necessitates sustainable en-
ergy production, and energy harvesting can play a significant role in addressing
this challenge. In the realm of mechanical energy harvesting, it has been shown
that the majority of research focuses on resonant devices operating with vibrating
mechanical sources and are limited to linear modes. However, there are numerous
instances of sudden and random mechanical energy inputs in everyday life (such
as switches, steps, tire-road interactions, door openings). In this chapter, we saw
also that ferroelectric materials, a type of piezoelectric material, show great promise
for such applications due to their remarkable properties. One distinctive feature of
these materials is their ability to retain polarization even at zero electric field. An-
other intriguing aspect is their capacity to undergo phase transitions with changes
in temperature, electric field, and stress.

In this context, the main goal of this thesis is to enhance energy harvesting by

employing the non linearities of polarization induced by these phase transitions. To
reach this objective, this work was divided in three part with their own objectives:
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¢ Identify the ideal thermodynamic conditions via modeling approach. To reach
this objective, Landau-Devonshire theory is employed to model the phase tran-
sitions of ferroelectric materials depending on temperature, electric field, and
stress. This allows predicting the optimal conditions for energy harvesting by
employing thermodynamic cycle in both pyroelectric and mechanical energy
harvesting.

* Experimentally identify the optimal thermodynamic conditions and associated
phase transitions and confirmed by modeling results. For pyroelectric energy
harvesting, a comparison of the results in the literature of the electrocaloric
effect is made. For mechanical energy harvesting, a dedicated test-bench was
developed for applying high uniaxial stress and high electric field to the mate-
rials and at the same time monitoring its temperature.

¢ Develop an electromechanical structure with the associated electrical interface
able to reach the targeted stress and electric field. This objective is realised
by development of a smart tile and a cantilever beam for switch applications.
In both devices the stress applied was amplified to reach ~ 100MPa and an
electric field of 1.5kV /mm was applied. An electrical interface (Bennet dou-
bler) is proposed for electrical interface and as a realistic solution for energy
harvesting by employing Ericsson cycle.

1.4.3 Outline of the thesis

This thesis is dedicated to make profit of non-linearities of phase transitions to im-
prove energy harvesting. In order to reach this objective, this thesis is divided in dif-
ferent parts, where each one deals with a different aspects of the problematic. First,
Chapter 2 is dedicated to the modeling of ferroelectric single crystals for energy har-
vesting by employing Landau-Devonshire theory. Simulation of thermodynamic cy-
cles is proposed for pyroelectric and mechanical energy harvesting. Different prop-
erties are investigated such as crystal orientation, optimal operating temperature
and ideal FE-FE transitions. Then, Chapter 3 proposes an experimental characteri-
zation of ferroelectrics. The materials are tested under high stress, high electric field
and different temperature. Different materials such as ceramics and single crystals
with different orientations are experimentally tested. A comparison of their perfor-
mances is made and their characterizations were performed to confirm modeling
results of Chapter 2. After that, Chapter 4 proposed the development of devices
operating with high electric field and high stress levels to reach the non-linearities
identified in Chapter 2 and Chapter 3. The implementation is made for two devices,
each one working with different piezoelectric mode (33 and 31 mode). An electrical
interface is also proposed and demonstrates the possibility of a fully functional de-
vice. Finally, the Chapter 5 is dedicated to the perspectives and the conclusions of
this work.
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Chapter 2

Modeling for Pyroelectric and
mechanical energy harvesting

In the precedent chapter, an overview of ferroelectric materials, their modeling and on the
state of the art of pyroelectric and mechanical energy harvesting has been made. This work
wants to utilize ferroelectric phase transitions for improving energy harvesting. This chapter
is dedicated to link the modeling of ferroelectric materials with energy harvesting. To achieve
this, an innovative way to employ Landau-Devonshire theory is proposed for modeling ther-
modynamic cycles.

In the first part of this chapter, the modeling is dedicated to simulate Olsen cycle for pyro-
electric energy harvesting only. The modeling will investigate the optimal phase transitions
of ferroelectric materials depending on crystal orientations. Electrocaloric effect in single
crystals with different orientations is simulated and compared with results in the literature
to confirm the modeling approach.

In the second part, the phenomenological approach will be used for mechanical energy
harvesting. Ericsson cycles are simulated along with other ferroelectric properties with
Landau-Devonshire theory for <001> oriented crystals. It is important to note that this
part of the modeling of mechanical energy harvesting is strongly linked with Chapter. 3.
Indeed some of the modeling results will be presented and conmparec with the experimental
results in the next chapter.

Finally, the model will be extended to all the different crystal orientations. Different
properties will be calculated such as piezoelectric coefficients and the harvested energy for
different orientations. The difference between “low levels” and "high levels” energy harvest-
ing will be discussed in the frame of the obtained results.
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50 Chapter 2. Modeling for Pyroelectric and mechanical energy harvesting

2.1 Pyroelectric energy harvesting

The work presented in this section is inspired by the published article in Journal of
Applied Physics [Tax+22]. The pursuit of sustainable energy sources has led signif-
icant interest in the field of pyroelectric energy harvesting. Pyroelectric materials
possess a unique ability to generate electrical energy from temperature fluctuations,
offering a promising avenue for renewable energy generation. Enhanced energy
harvesting efficiency can be achieved through a precise understanding of the ther-
modynamic conditions within the target device. In this context, this section proposes
to model ferrolectrics for pyroelectric energy scavenging and to identify their ideal
phase transitions for energy harvesting applications.

2.1.1 Modeling of Olsen cycle

Previous experimental research efforts have looked for improving energy scaveng-
ing by employing phase transitions [GPS08b; GPS08c; Hof+15; Lhe+22]. However,
few studies proposed to theoretically investigate the advantages of employing phase
transitions for energy harvesting [SH20; Zhu+17]. Yet, none of these studies have
investigated the potential of taking advantage of FE-FE phase transitions and the
impact of crystal orientation. It can be observed that all these studies making profit
of phase transitions of ferroelectric materials employed Olsen cycle. As detailed in
Chapter. 1 Olsen cycle consists of applying and releasing electric field and tempera-
ture at different steps of the cycle. Past studies have highlighted the viability and po-
tential future uses of pyroelectric energy harvesting through the utilization of Olsen
cycles [Han+19; Pan+18]. Specifically, Hanrahan et al [Han+19], have successfully
implemented Olsen cycles using a laser-based pyroelectric harvester, employing a
square temperature variation and a triangular electric field evolution. For prelimi-
nary comparison and model evaluation in the simulations, this temporal evolution
profile was employed. An illustration of a simulated Olsen cycle with the associated
temporal evolution of the temperature and the electric field is given in Figure 2.1.
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FIGURE 2.1: (a) Modeling of an Olsen cycle [Tax+22]; (b) Temporal
evolution of the temperature and of the electric field [Tax+22]

It is worth highlighting that the selection of functions in an actual experiment has
a direct influence on the resulting energy output due to time dependencies [Bha+14].
Nonetheless, the specific manner in which temperature and electric field evolve was
not a critical factor in our modeling, as long as thermodynamic state changes oc-
curred in a sequential fashion. Within our approach, when applying a positive elec-
tric field, we exclusively considered the positive polarization solution derived from

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



2.1. Pyroelectric energy harvesting 51

the free energy. It is important to emphasize that the Landau-Devonshire theory
operates independently of time, and all thermodynamic transitions are inherently
reversible according to the model’s assumptions. Furthermore, the model did not
account for hysteresis effects or the frequency-dependent behavior of the material.
The simulation was designed to represent a single Olsen cycle within a single fer-
roelectric domain, regardless of its size. Future research could assess how different
waveforms and frequencies affect polarization and energy harvesting density. Ad-
ditionally, an alternative approach suggested by Smith et al [SH20] involves intro-
ducing an electrical charge-discharge losses term into the output energy. Another
possibility is to use a time-dependent Ginzburg-Landau (TDGL) model. Neverthe-
less, the approach is sufficient for the purpose of this work and remains largely un-
explored for pyroelectric energy harvesting.

To ensure the practicality and relevance of the modeling approach, different ma-
terials were simulated with temperature variations and electric field easily achiev-
able in real-world applications. The difference between the hot temperature (T},)
and the low temperature (1) was set to 10K (T}, — T;) as it can be achieved within a
reasonable time frame, as shown in previous studies [Sha+21]. The electric field vari-
ation spans from an initial value of 0kV /mm to a final value of 2kV /mm. Within the
context of a thermodynamic approach to energy harvesting, a thermodynamic path
is modeled representing the ideal energy harvesting cycle, employing the Landau-
Devonshire theory. For each combination of temperature and electric field values,
the spontaneous polarization is determined, enabling the construction of the Olsen
cycle in the P-E space as illustrated in Figure 2.1(a). The harvested energy corre-
sponds to the hatched area within the P(E) cycle, and is expressed as detailed in
Chapter 1 as:

Wy, = § P(E)dE (2.1)

The different theoretical aspects to model Olsen cycles for pyroelectric energy
harvesting has been presented. The next step is to present the methodology to obtain
the stable crystal state and the associated polarization solutions depending on the
temperature, the applied electric field and the crystal orientation.

2.1.2 Model

The Landau-Devonshire theory has been extensively explored in the context of ferro-
electrics [She+10; Ma+17; LCCO05a], but has received relatively limited investigation
for energy harvesting applications. In the previous chapter, the Landau theory theo-
retical background and concept has been introduced. This chapter will be dedicated
to its direct application to examine thermodynamic cycles and ferroelectric phase
diagrams using ferroelectric materials with different crystal orientations.

Chapter. 1 established that within the framework of the Landau-Devonshire the-
ory, the free energy is formulated as a function of an order parameter and must
exhibit symmetry with respect to a parent phase. Additionally, all other terms intro-
duced into the free energy, typically referred to as second-order parameters, must
also possess symmetry consistent with the parent phase, which, in this case, is the
m3m (cubic) symmetry [Cao08a; Li+12]. The different contributions to the total free
energy F are given by:

F= Flgd + Felas + Felec + Fgmd (2.2)
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52 Chapter 2. Modeling for Pyroelectric and mechanical energy harvesting

where, as detailed in Chapter. 1, F,;s and F,,y represent, respectively, the compo-
nents contributing to the free energy arising from external stress and the diverse
possible domain orientations within ferroelectric materials. On the other hand F¢4
and F,,. are respectively associated with the classical Landau-Devonsire free energy
and the free energy resulting from an applied electric field. In the scope of this sec-
tion, Fjss and Fg,,g will be neglected, as the crystal for pyroelectric energy harvest-
ing is in stress free conditions, and when subjected to a sufficiently strong electric
field, a single crystal can be regarded as existing in a single-domain state [CLO7].
Consequently, our consideration is focused solely on Fig; and Fje.. By performing
a Legendre transformation, the total free enthalpy is expressed with respect to the
cubic symmetry as:

AG = (xl(Plz + P22 + P32) + Dé11(P14 + P24 + P34)
+a12(P12Py? + P1P5* + P2 P5?) + w13 Py 2 Pr* Ps?
+€K111(P16 + P26 + P36) + lX112(P12(P24 + P34)
+P2(P1* + P3*) + P3%(Py* + Pot))
+a1111 (P18 + P28 + P38) (2.3)
+a110 (PPt + PAPst + PPt
+a1123(P1*Py2 P32 + P2 Py* P32 + P12 P, P3*)
01112 (P18 (P2% + P3?) + PS(Py2 + Ps?)
+P3%(Py2 + Py%)) — E;P; — EoP, — E3Ps

It is sound to remind that E; and P; are the components of the spontaneous polariza-
tion in the cubic basis; a;j, a;jk1, @ijkimn and &jjkmnop are tensors which represent the
different orders of the dielectric stiffness. In Landau-Devonshire theory, generally,
only «; is temperature dependant even if some works proposed also a dependence
of the higher order coefficients [Kim+18; LCC05b]. Here, only a7 will be consid-
ered temperature dependent and has a different expression depending on the stud-
ied material [Wan+10a; Qiu+15]. The different expressions for barium titanate and
PMN-30PT respectively are given by:

a1 = Aq * [coth(F) — coth(%)} (24)

and
N = Az * (T — TC) (25)

where A; and A; are a constant dependant on the materials, while T, represents the
Curie temperature and T; denotes the saturation temperature. The variation of a;;
with respect to T allows for the description of quantum effects that become impor-
tant when T falls below T; [Sal+07]. Determining this parameter for ferroelectric per-
ovskites can poses a significant challenge so &1 is much more frequently expressed
asa; =Cx (T —T).

By minimizing the free energy with respect to polarization, the stable ferroelec-
tric state with its associated polarization can be established depending on applied
temperature and electric field. In this study, three distinct ferroelectric phases were
considered (rhombohedral, orthorhombic and tetragonal) for each material. An il-
lustration of these ferroelectric states and their associated polarization configura-
tions are presented in Table 2.1 and were visually depicted in Figure 1.7.

The approach involved the modeling of thermodynamic cycles, with a focus on
selecting different low-temperature values to initiate these cycles. By varying the
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State Polarization | Number of | Symmetry
components | configurations

Cubic (0,0,0) 1 m3m
Tetragonal (0,0,P) 6 4mm
Orthorhombic (%, % 0) 12 mm?2
Rhombohedral (%, %, %) 8 3ml

TABLE 2.1: Properties of the different ferroelectric phases

Parameter BaTiO3 PZN-4.5PT PMN-30PT Units
[Wan+10a; He04] [Ham13; AFI88a] | [Qiu+15; SPG07]

T, 160 0 0 K

T, 390 423.75 390.1 K

aq 5% 10° % T, 1.9 % 10° 6.22 % 10* V.m.C!
x [coth(%) —COth(%)] x(T —Te) x (T —Te)

an —1.154 % 108 —1.35% 107 —1 %108 V.m®.C3

a1 6.530 x 108 8.05 % 107 2%108 V.m®.C~3

{111 —2.106 * 10° 2.75 % 108 2.5 % 10° V.m®.C™>

X112 4.091 x 10° 4.125 % 108 —3.5%10° V.m®.C™>

X103 —6.688 x 10° —2.14 % 10° —9%10° V.m?.C™>

X1111 7.590 % 1010 0 1% 1010 V.m!3.Cc~7

1122 —2.221 % 1010 0 8.6« 1010 V.m3.c77

X112 —2.193 % 1010 0 1 %1010 V.m3.c~7

Q1123 2.416 % 100 0 6.8 % 1010 V.m3.Cc7

o 6.02 8.31 8 g.cm™3

Cp 406 200 350 Jkg LK1

TABLE 2.2: List of Landau coefficients and physical properties
[Tax+22]

initial temperature T}, the goal is to identify the optimal range of temperature to en-
hance energy harvesting by using phase transitions. The selected ferrolectric materi-
als are BaTiO3z, PZN-4.5PT, and PMN-30PT, as they are among the most extensively
researched ferroelectric materials, with numerous sets of Landau coefficients avail-
able in the existing literature. In Table 2.2, a list of the parameters taken from the
literature is given for all the studied ferroelectric materials.

Depending on the crystal orientation, different ferroelectric phase transitions can
be of interest. In this part, only the <001>, <011>, and <111> crystallographic ori-
entations will be considered. In every cases, the electric field is applied along the
crystal cut direction, as illustrated in Figure 2.2.
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FIGURE 2.2: Illustration of the crystal in the different orientations
with the associates projection vector and basis [Tax+22]. (a) <001>
Orientation; (b) <011> orientation; (c) <111> orientation

It is worth noting that a symmetry transformation of the free energy is not required
for <011> and <111> crystal orientations. In practical terms, polarization is mea-
sured by observing the change in current flowing through electrodes positioned on
the faces aligned with the electric field direction. Consequently, the measured po-
larization represents a projection of the polarization vector along the electric field
direction. Therefore, only the polarization vector has to be transformed via a matrix
rotation [Zha+22; Guo+21]. The polarization P’ is defined in the laboratory reference
frame (x',1/,z’), whereas the polarization P is defined in the cubic coordinate system
(x,v,z). This transformation results in the following relationship:

P/ = AP, (2.6)
0 0
A5 =10 1 0
0 01
1 0 0
1 =

A§011>: 0 \? \? 2.7)
0 7% v

1 —1

vz o0
A<t _ L 1 =2
g oy
NV

The electric field is assumed to be aligned with the z” axis. Consequently, it is pos-
sible to establish the unit vectors z(;(;l, 2511/ and z’l_;l, which allows keeping on using
the free energy in cubic symmetry. The expression for polarization along the crystal
z’ axis for various orientations can be defined as follows:

Py001> — Bl (2.8)

P> — Pl (2.9)

P> — Pal (2.10)
with respectively z&)l =(0,0,1), zg;l = (0, %, \ﬁ) and zﬁl = (%, %, %)
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2.1.3 Electrocaloric effect

In the previous part, the theoretical approach to simulate pyroelectric energy har-
vesting has been detailed. However, modeling Olsen cycle for different materials
and crystal orientations still need to be confirmed. Validation of the approach via
the electrocaloric effect is proposed here. Indeed, a lot of recent studies focused
on first principle calculations and experimentally measured the electrocaloric effect
(ECE) in different crystal orientations in BaTiO; and PMN-30PT [Chu+13; Mar+17;
JH+15; Li+20a].

As it was briefly mentioned in the previous chapter, the electrocaloric effect can
be regarded as the converse effect of pyrolectricity. More specifically, it corresponds
to the temperature change and heat flow associated to the application of an electric
field to the material as the entropy of the system is lowered. The electrocaloric effect
(ECE) has received more attention in the last decade. The needing of micro-cooling
devices at a small scale in important field such as electronic has attracted a lot of
people to study ferroelectrics. One of the major attention paid on ECE studies is to
achieve the largest ECE effect [Mis+06; Ye+14]. It was shown that the ECE activ-
ity was linked with phase transitions of ferroelectric materials [Zha+20]. Previous
results obtained in the literature have shown that the ECE activity was more impor-
tant close to the Curie temperature at the ferroelectric-paraelectric (FE-PA) transition
[RC12]. This results are well understood due to the large variation of entropy and of
the polarization at the Curie temperature. In the way to predict ECE of ferroelectric
materials, different theoretical approach have been employed. The first principle cal-
culations and Landau-Devonshire theory (the one considered here) are the mainly
ones.

Is is possible to directly calculate the temperature variation associated to the ECE
from the Landau free enthalpy [Wan+22b; Pir+11]. Indeed, the entropy S is given by
the derivative of the Gibbs free energy AG with respect to the temperature T.

S =1(%8), (2.11)

where p is the density of the material. Since only «; is temperature dependant in the
Gibbs free energy, inserting equation 2.3 in 2.11 it yields:

[<3]

S = (51): P (2.12)

o=

It is then possible to express the variation of entropy as follows:

AS = {(57):(PX(E) = P*(0)) (2:13)

The associated temperature variation related to the ECE is then obtained as follows:

ATgcg = %(%)E(Pz(lq) — P*(0)) (2.14)

where C, is the specific heat capacity.
However, in this section, the goal is to validate the approach of modeling Olsen
cycle via Landau-Devonshire theory for different crystallographic orientations. For-

tunately, it is possible to derive the electrocaloric effect based on the energy har-
vested [SPGO7]. This chosen approach serves as a mean of validation of the energy
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obtained through the simulated Olsen cycle and is detailed below. Assuming the
Maxwell relation:

JoP dS
(7) = 52)r (215
allows expressing the heat flow of the electrocaloric effect, denoted as Qgcg, as fol-
lows:
Ef
Qece =Th [, paE (2.16)

where, p is the pyroelectric coefficient and Tj, the hot temperature. The converted
energy could be expressed in terms of the pyroelectric coefficient as:

Ef
W, = —(T,, — Tl)/E pdE 2.17)

i

where T; is the cold temperature. By substituting equation (2.17) into equation (2.16),
the harvested energy can be expressed as:

Wy, = _ﬂcarnotQECE (2-18)

where, 1carnot = T"T_ T represents Carnot’s efficiency. Finally, the temperature differ-

ence resulting from the electrocaloric effect is given by:

Wy,

AT =
ECE ﬂcarnotpcp

(2.19)

It can be noted that this equivalence between the harvested energy and the elec-
trocaloric effect is dependent of the temperature variation Tj, — T;. A 10K difference
was set as precised before. It is a range of temperature within it becomes possible to
linearize the pyroelectric coefficient and express the converted energy W, as a func-
tion of the heat flow Qrcp [SPG07]. While this approximation offers a reasonable
trend for the electrocaloric effect, it does not provide an accurate absolute value for
the temperature variation of the electrocaloric effect due to its reliance on the chosen
temperature variation T, — T;. Nevertheless, this approach allows to validate the
Landau Devonshire methodology for modeling energy harvesting across different
crystallographic orientations. In the context of this work, the most important as-
pect lies on the good predictions of the trend and the relative temperature variation
obtained through the phenomenological approach, which correspond well with ex-
perimental results.

The simulation results for BaTiO; were compared with different studies. Par-
ticularly, Marathe et al. [Mar+17] utilized first-principle calculations to model the
electrocaloric effect and conducted experimental measurements on barium titanate
on different crystallographic orientations. The results, presented in Figure 2.3 agreed
with both the experimental data and the results from first-principle calculations. No-
tably, a negative temperature variation in the <001> crystallographic direction of
barium titanate was observed, occurring at the O-T transition at 270K, as depicted in
Figure. 2.3(a). This "abnormal" electrocaloric effect is characteristic of specifics FE-
FE transitions in particular crystal orientations and it seems that there are no studies
that report this feature with Landau-Devonshire theory. This phenomena can only
occurs when the polarization increases with the temperature (g—IT3 > 0). Indeed, the
projection of the polarization in the tetragonal phase is higher in <001> oriented
crystal compared to the orthorhombic one. Then it gives the adequate conditions for
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the appearance of a negative ECE. Additionally, the <001> cut orientation induced
a more pronounced temperature variation in barium titanate at the FE-PA transition
compared to other orientations. This behavior agreed with both experimental obser-
vations and first-principle modeling. Furthermore, the results provide a pretty good
estimation of the temperature variation of the electrocaloric effect [Mar+17; Li+20b].

@ (b)
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FIGURE 2.3: Electrocaloric effect for BaTiOj3 in function of the
temperature for different applied electric fields [Tax+22]. (a) <001>
orientation; (b) <011> orientation; (c) <111> orientation; (d)
comparison between the three orientations.

The modeling results derived for PMN-30PT are consistent with experimental
ones obtained from different crystal orientations [Li+20a; LG+12; Per+10]. Specifi-
cally, in the case of <001> cut crystals, a negative temperature variation is still evi-
dent, but this time it corresponds to the R-T transition, which occurs around 360K
for PMN-30PT, as illustrated in Figure 2.4(a). This negative electrocaloric effect, sim-
ilar to the O-T transition observed in barium titanate, can be attributed to the rise
in polarization with temperature during specific FE-FE transitions in specific crystal
orientations. In contrast to BaTiOs it is the <111> orientation for PMN-30PT that
displays more favorable temperature variations at the FE-PA transition. This ob-
servation has been previously documented in scientific literature [Li+20a; BWQ15],
providing experimental confirmation for the phenomenological approach, particu-
larly within the context of a limited temperature variation range. Significantly, this
approach offers predictions about whether specific FE-FE transitions will manifest
negative or positive peaks in particular crystal orientations during phase transitions
in ferroelectric materials. Consequently, these findings offer an explanation for the
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negative electrocaloric effect attributed to crystal orientation within the framework
of the Landau-Devonshire theory.
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FIGURE 2.4: Electrocaloric effect for PMN-30PT in function of the
temperature for different applied electric fields [Tax+22] (a) <001>
orientation; (b) <011> orientation; (c) <111> orientation; (d)
comparison between the three orientations.

Both materials exhibit electrocaloric temperature variations that evolve in a mono-
tonic fashion as the electric field increases, with peaks shifting in response to the
applied electric field. The direction of this temperature shift, whether positive or
negative, depends on both the crystal orientation and the direction of the applied
electric field. In Figure 2.3(a) and Figure 2.4(a), it can be observed that the negative
electrocaloric peaks associated with FE-FE transitions shift in a negative direction
with temperature for the <001> orientation of BaTiO3; and PMN-30PT. These tran-
sitions correspond to the O-T and the R-T transitions. On the contrary, positive
electrocaloric peaks are associated with a positive temperature shift as the electric
field increases for all FE-FE transitions of <011> and <111> crystal orientations, as
demonstrated in Figure 2.3(d) and Figure 2.4(d). Additionally, all orientations ex-
hibit a positive shift for electrocaloric peaks associated with the FE-PA transition.
This behavior arises from the fact that the electric field energetically favors the fer-
roelectric phase over the paraelectric phase as it contributes to asymmetry. Another
noteworthy feature of both materials is that the maximum peak width is broader
when the electric field is larger. This phenomenon is particularly evident in Figure
2.4(a) for the R-T transition at 370K. It is essential to note that this result comes from
the equivalence drawn between the harvested energy and the electrocaloric effect
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and does not hold real significance for the electrocaloric effect itself. This under-
scores the limitation of the approximation presented in Equation 3.18, as an arbitrary
temperature variation of 10K is used to model the Olsen cycle.

214 Energy harvesting

In the preceding part, the validity of the approach for modeling Olsen cycle has
been confirmed through a comparison between the ECE (Electrocaloric Effect) re-
sults from existing literature and the simulation results. This section is now ded-
icated to employ the Landau-Devonshire theory for modeling Olsen cycle for en-
ergy harvesting. The targeted materials will still be PMN-30PT and BaTiO3; with
< 001 >,< 011 > and < 111 > orientations. The approach involves modeling har-
vested energy as a function of the low temperature, denoted as T;. The temperature
difference AT = T, — T; = 10K will be set as a constant, along with fixed electric
field values of E; = 0kV /cm and E; = 2kV /mm (as illustrated in Figure 2.5(a),(d),
and (g) and Figure 2.6(a),(d), and (g)). These settings allow us to determine the most
effective temperature range for optimizing the output energy of pyroelectric materi-
als through phase transitions. Different numerical values are assigned to represent
various energy levels, and these numerical values correspond to specific thermo-
dynamic cycles that are visually represented in T — E phase diagrams (as shown
in Figure 2.5(b),(e), and (h) and Figure 2.6(b),(e), and (h)). Furthermore, these as-
sociated cycles are graphically presented in the P — E space (as depicted in Figure
2.5(c),(f), and (i) and Figure 2.6(c),(f), and (i)).

In the <001> orientation of PMN-30PT, as depicted in Figure 2.5(a),(b), and (c),
a negative energy peak occurrs at T; = 346K for cycle n°1. This negative peak is
related to the R-T transition, which takes place during the temperature variation at
a constant electric field of E = 2kV /mm. When the electric field is reduced, the
material returns to its initial rhombohedral state. These distinct phase transitions
collectively result in an anticlockwise cycle in the high electric field region, leading
to energy loss or minimal scavenged energy for practical applications.

For the <011> crystallographic orientation of PMN-30PT, as shown in Figure
2.5(d), (e), and (f), Cycle No. 1 also exhibits a negative peak occurring at a tem-
perature of T; = 360K. This observed negative peak is a consequence of the R-O
transition. It is important to note that this transition takes place during the heating
phase within the isoelectric process, resulting in an increase in polarization due to
the favorable orientation of the orthorhombic state. Like for PMN-30PT with the
<001> orientation, an anticlockwise cycle persists for high electric field. However,
the energy loss experienced in this region is effectively balanced by a gained energy
in the low electric field range, driven by successive O-R and R-T transitions.

The <111> cut direction, as illustrated in Figure 2.5(g), (h), and (i), present a
positive energy peak occurring at a slightly lower temperature of T; = 366K in com-
parison to the R-T temperature transition at E; = 0kV /mm. Cycle No. 1 in this
orientation exhibits a fully clockwise direction, differing from the other orientations.
The harvested energy in this case results from the occurrence of the R-T transition at
the high temperature T, when the electric field is released. This transition induces a
rapid decrease in polarization, which in turn increases the area enclosed by the cy-
cle, leading to an efficient energy harvesting. As the material cools down, the <111>
PMN-30PT returns to its rhombohedral structure.
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FIGURE 2.5: Harvested energy as a function of the working temper-

ature T; for PMN-30PT [Tax+22]. (a) <001> orientation; (d) <011>

orientation; (g) <111> orientation. Temperature-Electric field phase

diagram versus polarization for PMN-30PT. (b) <001> orientation; (e)

<011> orientation; (h) <111> orientation. A plot of the associated P(E)

cycles for PMN-30PT. (c) <001> orientation; (f) <011> orientation; (i)
<111> orientation.

Considering the various orientations of PMN-30PT, Cycle No. 2 stands out as
the most promising concerning energy gain, primarily because it takes advantage
of the T-C transition, which leads to a more substantial variation in polarization at
the Curie temperature. Across all orientations, initiating the cycle with T; in close
proximity to the Curie temperature T; consistently results in an expanded thermo-
dynamic cycle area. Notably, the <111> orientation outperforms others in terms of
harvested energy. This superiority can be attributed to the T-C transition, which oc-
curs at a higher electric field value for the <111> orientation. Interestingly, despite
the <001> orientation having the highest polarization value for the tetragonal phase,
it surprisingly yields the lowest energy output. This discrepancy arises from a sig-
nificant shift in the Curie temperature T, under the influence of the electric field,
maintaining a ferroelectric state at high temperatures and low electric field condi-
tions.

BaTiOj3 displays distinctive characteristics in different orientations. In the <001>
orientation, as shown in Figure 2.6(a), (b), and (c), both the R-O and O-T transitions
manifest negative energy peaks at temperatures of T; = 195K and T} = 269K, re-
spectively. Peak No. 2, associated with Cycle No. 2, is bigger than Peak No. 1. This
behavior can be attributed to the substantial increase in polarization during the O-T
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FIGURE 2.6: Harvested energy as a function of the working tempera-
ture T; for BaTiO3 [Tax+22]. (a) <001> orientation; (d) <011> orienta-
tion; (g) <111> orientation. Temperature-Electric field phase diagram
versus polarization for BaTiO3. (b) <001> orientation; (e) <011> ori-
entation; (h) <111> orientation. A plot of the associated P(E) cycles
for BaTiOs. (c) <001> orientation; (f) <011> orientation; (i) <111> ori-

entation.

x10°

transition compared to the R-O transition. Both transitions occur during the heating
phase of the isoelectric process, and they both follow a counterclockwise rotation

cycle.

For the <011> orientation, as shown in Figure 2.6(d), (e), and (f), Peak No. 1 and
Cycle No. 1 at T; = 195K present a similar pattern to the <001> orientation. On
the other hand, Cycle No. 2 at T} = 282K proves to be more favorable for energy
harvesting. In this case, the O-T transition corresponds to a decrease in polarization.
Furthermore, the optimal choice of low temperature, T}, lies just before the O-T tran-
sition in the absence of an electric field.

For <111> oriented BaTiO3, all FE-FE transitions are favorable and exhibit posi-
tive energy peaks. Both Cycle No. 1 and Cycle No. 2 have lower temperature values,
respectively of, T; = 209K and 279K. They are located just before the FE-FE transi-
tion at zero electric field. The energy density of Cycle No. 2 outperforms Cycle No.

1 due to the larger polarization variation induced by the O-T transition.

The area around the Curie temperature remains particularly attractive for pyro-
electric energy energy scavenging in BaTiOj single crystals. The cycle n°3 for crystal
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62 Chapter 2. Modeling for Pyroelectric and mechanical energy harvesting

cuts along <001> and <111> yields an energy density of 190m]/cm®. Meanwhile,
for the <011> orientation, this value is nearly 220m]/ cm?. Like for PMN-30PT, re-
gardless of orientation, the energy peak of Cycle n°3 occurs at a low temperature
T; preceding the Curie temperature (T;). In <001> oriented crystals, a more signifi-
cant polarization variation is observed. However, the Curie temperature shifts more
in response to an applied electric field unlike other orientations. This means that
the shifting of T. with respect to the electric field (aa%) is more pronounced for crys-
tals oriented along the <001> direction. Consequently, the FE-PA transition does
not occur during the heating process with a temperature variation of 10K at high
electric field. This transition takes place solely when the electric field is low. In con-
trast, for crystal oriented along <011> and <111> directions, the FE-PA transition
is possible during the heating process. However, it induces a smaller variation in
polarization. Therefore, the overall area of the cycle, and consequently the energy
harvested, represents a balance between the advantages of crystal orientation and
of the Curie temperature shifting with electric field. The most favorable scenario
will be a ferroelectric crystal oriented in the <001> direction with a minimal Curie
temperature shift. Moreover, it can be noted that when the Curie temperature of a
FE-FE transition shifts positively in response to an electric field, it results in a posi-
tive energy density, which is favorable to energy harvesting. Conversely, when this
shift is negative, it leads to a negative energy density and an unfavorable tempera-
ture range for pyroelectric energy harvesting. Figure 2.7 provides an overview of the
ideal phase transitions for the purpose of pyroelectric energy harvesting depending
on their crystal orientations.

cross in the cycle
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FIGURE 2.7: Illustration of the different phase transitions possible
for different crystal orientations [Tax+22].

In order to give a comparison between the model and experimental datas, a
graph illustrating the harvested energy as a function of temperature variation is
presented in Figure 2.8. For this comparison, T; has a constant value of 373K. The
experiment was conducted by Khodayari et al [Kho+09a] using PZN-4.5PT crystals
oriented along <011> with an electric field applied in the same direction. To obtain
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2.2. Mechanical energy harvesting 63

the Landau coefficients of PZN-4.5PT, a linear mixing law, utilizing coefficients from
both PZN and PT as referenced in [AFI88a] was employed.

Model

EAN
o
o

* Khodayari & al

w
o
o

Harvested energy (mJ/cm3)
N
o
o

1 1 1 1 1 1

0 10 20 30 40 50 60
Temperature variations (K) AT=Th-TI

FIGURE 2.8: A plot of the harvested energy in function of the
temperature variation Tj, — T; for an Olsen cycle with E; = 0kV /mm
and E¢ = 2kV /mm for a <011> oriented single crystal of PZN-4.5PT
and an electric field applied in the [110] direction [Tax+22; Kho+09a].

One can observe that the model predictions for energy density closely align with
the measured values. The overall curve trend is also consistent. Notably, a rapid
increase in energy is evidenced for a temperature variation of AT = 60K in both
curves, attributable to the FE-PA transition. Nevertheless, it is important to acknowl-
edge that the fit is not flawless, and discrepancies arise that can be attributed to the
presence of Polar Nano Regions (PNRs), particularly in the high-temperature range
near the Burns temperature. These PNRs introduce additional contributions to the
intrinsic polarization, as discussed in 1. Furthermore, the assumption of a single-
domain crystal has been made, although real experiments involve multiple domains
and present domain wall motions, which can alter the polarization response. How-
ever, a sufficiently high electric field has been applied, so that the hypothesis remains
reasonably valid. Lastly, it is worth noting that the simulation does not account for
electrical losses in the different Olsen cycle steps.

2.2 Mechanical energy harvesting

Mechanical energy harvesting is a sound solution to power devices without batter-
ies. In non-resonnant mechanical energy harvesting, Ericsson cycle, equivalent to
the Olsen cycle for pyroelectric energy harvesting, is a good alternative to increase
energy efficiency of such an approach. Moreover, higher stress and electric field can
be applied to the material and it is then possible to make profit of non-linearities of
the polarization and enhance even more the harvested energy. The previous section
dealt with the modeling to find optimal conditions for pyroelectric energy harvest-
ing depending on various conditions such as the orientation of the crystal. This

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



64 Chapter 2. Modeling for Pyroelectric and mechanical energy harvesting

section will be devoted to the same purpose but for mechanical energy harvesting.
It can be noted that this section will be connected with the next chapter as exper-
imental characterizations were oriented to confirm the simulations. Moreover, it
is important to note that this section is partly inspired by the published article in
Acta Materialia [Tax+23]. In chapter 3, experimental results of Ericsson cycle on
PMN-25PT and PZN-8PT <001> oriented samples will be provides along with the
modeling results of these materials. This section will then as a first step introduce
the approach for modeling Ericsson cycle in <001> oriented samples for comparison
with the experimental campaign of next chapter. Finally, the modeling approach will
be extended to all the orientations to generalize the approach.

2.2.1 Modeling of Ericsson cycle

In the previous chapter, it has been shown that mechanical energy harvesting from a
single force application requires converting the largest part of the mechanical energy
input into electrical one. Like for pyroelectric energy harvesting, closed thermody-
namic cycles are a good alternative to this end, regardless of the practical implemen-
tation which will be the subject of Chapter 4. Here, Ericsson cycles are employed
and consists of two isoelectric and two isostress processes (as detailed in chapter
1). Previous works have employed such cycles and reported especially high en-
ergy densities [PCV14a; PCV14b]. However, Ericsson cycle for mechanical energy
harvesting has been much less explored compared to the Olsen cycle for pyroelec-
tric energy harvesting. Concerning the modeling of such cycles, no research studies
have been proposed so far to the best of our knowledge. Like for pyroelectric energy
harvesting, a square variation of the stress and a triangular electric field functions
were employed. This temporal evolution profile for the stress and the electric field
are also quite realistic for possible devices as it will be shown in the next chapters.
An illustration of an Ericsson cycle is given in Figure 2.9(a) along with the time evo-
lution of the stress and the electric field in the simulations. As it was mentioned
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FIGURE 2.9: (a) lllustration of an Ericsson cycle [Tax+23]; (b)
Temporal evolution of the stress and of the electric field

for Olsen cycles, in a real experiment, the temporal evolutions will have a direct
influence on the output energies. [Bha+14]. However, in the Landau-Devonshire
approach, no time dependency is considered. Thus, the time evolution profile is not
important as long as the stress and the electric are applied successively and as the
system is operating in quasi-static conditions. Like in the previous section, few as-
sumptions were made. For instance, a single Ericsson cycle was simulated, a single
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2.2. Mechanical energy harvesting 65

ferroelectric domain was modeled and the frequency dependencies were not consid-
ered.

The modeling of the Ericsson cycle was made to predict experimental results of
Chapter 3. Thus stress variations and applied electric field were chosen to be same
than the achievable ones in the experimental test-bench. Moreover, such a range
of stress and electric field are consistent with those that can be considered for real
applicative devices. The stress was set to vary from 0 to 100MPa and the electric field
from 0 to 1500kV/m. The spontaneous polarization is determined for every set of
stress and electric field values, allowing the construction of the Ericsson cycle within
the P-E space for each combination. It is important to note that the applied stress is
a compressive unixial one. Moreover, the stress is applied in the same direction of
the electric field (33-mode).

2.2.2 Model for <001> orientation

In order to study ferroelectric materials under stress, different studies proposed to
employ Landau-Devonshire theory [Wan+10b; Bai+19; LWL16]. However, no report
in the literature is found to model Ericsson cycle for mechanical energy harvesting
via phenomenological approach. Compared to pyroelectric energy harvesting, the
elastic contribution to the total free energy has to be added. The total free energy is
expressed in the form of:

F= Plgd + Felec + Felas (2.20)

where, as it was mentioned before F,s, Figq and Fj.. represent respectively, the elas-
tic contribution to the free energy, the classical Landau-Devonsire free energy and
the free energy resulting from an applied electric field. The free enthalpy is again
the appropriate thermodynamic potential as the electric field and the stress are the
variables for the Ericsson cycle. The free enthalpy is expressed again by performing
a Legendre transformation as follows.

1
AG = Figg — EiP; — 5SijkICij0kt — Qijk10ii Pk Py (2.21)

where 0;; represents the stress tensor, while s;j; and Qjj correspond to the compli-
ance and electrostrictive tensors, respectively. Considering the cubic symmetry, the
free enthalpy can be expressed as follows:

AG = m (P12 + P22 + P32) + a1 <P14 + P24 + P34>
+a12(Py2Po? 4 P1P5% + P2 Ps?) + a1p3 P12 Py? Ps?
Fa111 (P18 + P28 + Ps0) + aq12 (P2 (P + P3*)
+P2(P1* + P3*) + P3%(Py* + Pot) 4w (P B + DB
+P38) + a1 (P APt + P15t + Py Pst)
+a1112 (P18 (P2% + P32) + P,0(Py2 + P5?)
+P30(Py? + P?)) + aq123( P1* P2 P3? + P2 Py* P32
—|—P12P22P34) — %811 (0'12 + 0'22 + 0'%)

—512(0102 + 0103 + 0203) — 2544 (02 + 02 + 07)
—Q11(0'1P12 + (szzz + 0'3P§) — Q12[0'1 (PZZ + Pg)
+02(P} + P5) + 03(PF + P3)] — Qua(0uPaPs + 05 Py P3
+U6P1P2) — E1P1 — E2P2 — E3P3

(2.22)

In this part, the electric field and the stress are considered to be applied in the [001],
direction. It has for consequence that a lot of terms of the free enthalpy vanish (E; =
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State Polarization | Number of | Symmetry | Poled domain
components | configuration structure
Cubic <001> (0,0,0) 1 m3m
Tetragonal <001> (0,0,P) 6 4mm 1T
: P P
Orthorhombic <001> (ﬁ’ el 0) 12 mm?2 40
P P P
Rhombohedral <001> (%, N %) 8 3ml 4R

TABLE 2.3: Properties of the different ferroelectric phases [Tax+23]

E; =0and oy = 02 = 0 and 04 = 05 = 0 = 0), and the expression is then reduced
to:

AG = a1(P?+ P% 4 P3?) + a1 (P1* + Pt + P3%)
+0€12(P12P22 + P1P32 + P22P32) + 06123P12P22P32

+a111 (P + P® + P3°) + aqpn [P12(P24 + P3%)

+P22(P14 -+ P34) + P32(P14 + P7_4):| +a1111 (P]S + P7_8
+P3®) 4+ a110 (PPt + P1APs* 4 Pt Pst)
+a1112 [P16(P22 + P32) + P,°(Py? + P5?)

(2.23)

+P36(P12 + Pzz):| +D€1123(P14P22P32 + P12P24P32
+P2Py?Pst) — 351103 — Q03P — Qua03(P + P3) — E3Ps

By minimizing the free enthalpy, it is then possible to get the corresponding po-
larization for each thermodynamic state. The electric field and stress along with their
application directions, can lead to various phase configurations and even enable the
creation of distinct engineered crystal structures. These characteristics for <001> ori-
ented crystals are summarized in Table 2.3.

During the experiments, the polarization is determined by measuring the changes
in the current passing through the samples. These crystals are oriented along the
<001> direction, which means that the measured polarization corresponds to a pro-
jection along the z-axis (P3). In the modeling process, the considered ferroelctric
states were the tetragonal (T), orthorhombic (O), and rhombohedral (R) states, which
are depicted in Figure 2.10 (a).

The monoclinic and triclinicic phases will not be taken into account due to the
limitation to the sixth-order of the free energy for PZN-8PT [VCO01]. When both elec-
tric field and stress are applied simultaneously, it becomes challenging to predict
which crystal state the material will adopt. This is because the electric field tends to
favor alignment along its direction of application, as shown in Figure 2.10 (b), while
uniaxial stress tends to promote states perpendicular to its direction of application,
as depicted in Figure 2.10 (c).

Therefore, modeling is employed here for its capability to forecast the crystal
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FIGURE 2.10: The different possible orientations of polarization for
tetragonal, orthorhombic and rhombohedral (left to right) single
crystals. (a) Possible configurations without applied electric field and
stress; (b) Possible configurations when an electric field is applied;
(c) Possible configurations when an uniaxial stress is applied. Red
arrows represent the electric field and black ones the stress

state at each step of the Ericsson cycle. All the coefficients used in this modeling
are outlined in Table 2.4. The phenomenological coefficients for PMN-25PT were
sourced from [Qiu+15], while the coefficients for PZN-8PT were derived from a mix-
ing law [HB20], expressed as a]“N T = xxalT 4+ (1 — x) * alZN, as detailed in
[AFI88b]. The phase diagram of (1 — x)PZN — xPT calculated with such an ap-
proach is depicted in Figure 2.11. It can be noted that these coefficients can also be
experimentally determined by fitting them to the dielectric constants or the bipolar

hysteresis loop, as described in [Lu+21; Zha+17].

It should be noted that certain approximations are made in the simulations. Like
for pyroelectric energy harvesting, a single-domain crystal is assumed, which may
not hold true in a real experiment. Nevertheless, as detailed before, this approxima-
tion is reasonably accurate under a sufficiently high electric field [CLO7]. Addition-
ally, hysteresis of the material is not taken into account, and the linear response of
polarization to stress is significantly underestimated. For instance, simulations pre-
dict a piezoelectric coefficient of approximately da3 ~ 102pC/N while in PMN-25PT
and PZN-8PT, it is around d33 ~ 10°pC/ N [Yos05; DDS06b]. Nonetheless, this mod-
eling approach is well-suited for qualitatively predicting the optimal ferroelectric
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Parameter | PMN-25PT [Qiu+15] | PZN-8PT [AFI88b] Units
T 366.9 432.8 K
o 7.5%10° 255%10° | V.m.C™!
x(T—T,) x(T —T¢)
11 —1x108 —3.75%10” | V.m®>.C—3
a1 1%108 1.8%107 | V.m®.C—3
®111 1.1 % 10° 1.79%10% | V.m®.C™5
X112 —3.5%10° 3.63x10% | V.m?.C™°
X123 —4.8%10° —457%108 | V.m®.C™5
X1111 11010 0| V.mB.Cc7
X1122 11010 0| V.m3.Cc77
X1112 9.8 x 1010 0| V.mB.Cc77
X1123 5.9 1010 0| V.mB.C77
On 0.055 0.098 m*.C~2
Qn —0.024 —0.035 m*.C~2
Qu4 0.021 0.034 m*.C~2
s11 52 x 10712 21.33%10712 | N 2m*
S12 —18.9% 10712 —2.68%10712 | N—2m*
S44 14 %1012 9.24 %1012 N—2Zm*

TABLE 2.4: List of Landau coefficients and physical properties
[Tax+23]

phase under specific working conditions and is primarily geared towards evaluat-
ing the non-linear response of the materials at high electric field and stress (where
linear coefficients are meaningless).
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FIGURE 2.11: Simulated phase diagram of (1 — x)PZN — xPT
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2.3. Orientation in mechanical energy harvesting 69

The modeling results dedicated to PMN-25 and PZN-8PT <001> oriented crystals
will be presented along with associated experimental results in Chapter 3, for the
sake of clarity of the next chapter along with an easier comparison between model
and experiments and to emphasize in the present chapter the underlying concepts.

2.3 Orientation in mechanical energy harvesting

2.3.1 Model

In the previous part, the approach for simulating an Ericsson cycle and ferroelectric
crystals under uniaxial stress with a <001> cut direction has been presented. This
part will be dedicated to generalize the approach for all the orientations of ferro-
electric single crystals. To achieve this, two distinct basis have been used. The first
one is the basis of the material (x,y,z) and the second one is the laboratory frame
(x/,y,2'). In the latter, the electric field and the unixial stress are applied along the
(001) direction. An illustration of both basis are presented in Figure 2.12. With the
same justification of precedent simulations, the measured polarization is the projec-
tion of the inner polarization along the z’ axis of the laboratory frame. To operate
this basis change, two rotation matrices were considered.

o

(001) 2’

A

(100) x

(010)y’

>

> (100) X’

o

FIGURE 2.12: Illustration of the two basis and of the direction of the
electric field and stress in these basis

The first matrix defines the rotation of an angle ¢ around the z axis and is given by:

cos(¢p) —sin(¢) 0
R.(¢) = | sin(¢p) cos(¢) 0 (2.24)
0 0 1
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70 Chapter 2. Modeling for Pyroelectric and mechanical energy harvesting

The second one, defines the rotation of an angle 6 around the x axis and it is ex-
pressed as:
1 0 0
Ry(6) = | 0 cos(0) —sin(6) (2.25)
0 sin(f) cos(0)

The total rotation matrix for the basis change is then given by:

cos(¢p) —sin(¢p)cos(0)  sin(¢p)sin(0)
A =Rz (¢)Ry(0) = | sin(¢p) cos(¢p)cos(6) —cos(¢p)sin(0) (2.26)
0 sin(0) cos(0)

It is important to note that the rotation matrix A will also be in some cases written in
tensorial notation as A;; = cos(e;, ¢;). Here e; and ¢; are respectively the components
of the unit vectors of the material basis and of the laboratory frame.

The originality of this approach is to consider other crystal orientations by chang-
ing only the basis of the applied electric field and of the applied stress to the materi-
als frame. In the material frame the electric field is expressed as:

Ei = )LijE} or E= AF' (227)
The stress in this basis is then given by:
vij = /\ik)\jlo'lil or o — Ad'AT (228)

As explained previously, in the laboratory frame, the electric field and the uniaxial
stress are applied in the z direction, which implies:

0 00 O
EE=|0|ando’'=(0 0 O (2.29)
E, 00 o

After that, the free enthalpy in the material basis is given in tensorial notation as:

AG = ;PP + ajji PiPiPePr + ijitin PiPi PP P P + @ijkimnop PiP P Pi Py P Po Py
—3sii0ii00 — Qi PePr — EiP;

(2.30)

Thus, by minimizing for each orientations the free energy with respect to the

polarization in the material frame (aaA—PG = 0), the polarization vector in the material

basis can be calculated. The measured polarization is then given in the laboratory
frame as:

PP=A'P (2.31)

The measured polarization is then expressed as:

P,="P.l (2.32)

It can be noted again that in a real experiment, the measured polarization corre-
sponds to the projection along the applied electric field direction. Thus, only the z’
component of polarization is considered in the modeling. The model was first tested
on barium titanate as this material has been largely investigated experimentally and
theoretically. Furthermore, it undergoes successive phase transitions (R-O, O-T and
T-C) with temperature. The component of polarization P; depending on the angle 6
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and ¢ at different temperature are presented in a 3D plot in Figure 2.13(a), (b) and
(c). It appeared that for each selected temperature, BaTiO3 presents a different crys-
tal phase symmetry. The results obtained emphasize that the measured polarization
in the laboratory frame will be higher with a cut direction along the spontaneous
direction as shown in Figure 2.13(d). For instance, at 320K, the crystal presents a
tetragonal symmetry, thus, the measured polarization in the laboratory frame will

adopt this symmetry
T=150K (Rhombohedral) T=220K (Orthorhombic)
0.4
0.2
0
-0.2
04 04
0.2 -0.2 0
: 04 -04 “P(0.0) C/m? o o2 04 -04
P, (6.6) CIm? 3 I P,(6,6) Cim?
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FIGURE 2.13: 3D plot of the polarization P4 in different orientations
of BaTiOj3 (a) At 150K; (b) At 220K; (c) At 320K; (d) P} in particular
crystal orientaions in function of the temperature

2.3.2 Piezoelectric coefficicient

In the previous part, the approach to describe the materials with different crystal ori-
entations in the frame of the Landau-Devonshire theory has been introduced. This
part will be devoted to the calculation of different physical quantities, and partic-
ularly to the piezoelectric coefficients which are usually used in energy harvesting
to compare the different efficiencies of piezoelectric materials. First, the dielectric
susceptibility has to be derived from the free enthalpy. All the quantities were cal-
culated in the material basis (x,y,z) and rotated afterwards in the laboratory frame.
The dielectric stiffness is given by:

. 2
&ij = J88 (2.33)
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and the susceptibility is obtained with

xij = €o(&ij) ! (2.34)

Subsequently, the piezoelectric coefficients can be determined by the equation:
2
8ijk = —a%,.%gk (2.35)

The Voigt notation was abandoned to facilitate the tensor calculation and rotation be-
tween the basis. The off diagonal stress tensor terms follow then these relations:oy =
2073, 05 = 2073 and 0g = 207>. Thereafter, to calculate all these tensors in the material
basis, the piezoelectric and the susceptibility tensors were rotated in the laboratory
frame:

Xij = MicAjixu (2.36)

and
gl/‘]'k = )\im}\jn/\kogmno (2.37)

The d; ji tensor in the laboratory frame is then given by:

ik = XimSmjk (2.38)

Initially, the modeling was performed on barium titanate and compared with differ-
ent results obtained in the literature. The coefficients used for barium titanate were
the same as referenced in Table 2.2. Figure 2.14(a), (b) and (c) provide the calculated
piezoelectric coefficient d}, in the laboratory frame for different orientations. Similar
shape for the different orientation of the ds3 of BaTiO3 have been previously reported
and well agreed with the simulation [DBS02; Dav+07]. It could be observed that the
maximum of the piezoelectric coefficients are not along the spontaneous polariza-
tion direction. This behavior for barium titanate and other ferroelectric materials
is explained as a direct consequence of the close presence of a phase transition and
of the crystal anisotropy, reflecting the crystal lattice behavior [DBS02]. This char-
acteristics explained the use of domain engineered crystals to make profit of this
enhanced properties in particular orientations with particular lattice symmetries. In
Figure 2.14(d), the ds3, d31 and dy5 piezoelectric coefficients of <001> oriented BaTiOs
are plotted as function of the temperature. The results were compared to the one ob-
tained by Acosta et al [Aco+17]. The results again are in agreements and different
aspects can be notified. Firstly, the different piezoelectric coefficients present dif-
ferent peaks corresponding to the different phase transitions (FE-FE, FE-FA). The
highest ds3, d3; and dy5 values for a crystal cut along the [001], direction are obtained
close to the R-O transition. It can be observed that the piezoelectric coefficients vary
largely whether the temperature is close or not to a transition. Moreover, it can be
noted that the d3; exhibits a very low value in the orthorhombic phase and does not
displays a peak at the O-T transition.

The modeling results for orientation dependence have been confirmed through
the piezoelectric coefficients assessments. In the following part, the simulation ap-
proach is proposed to establish a comparison between the orientation influence on
high level energy harvesting by employing Ericsson cycle and low level energy har-
vesting via piezoelectric coefficients calculation for PMN-30PT single crystals.
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FIGURE 2.14: 3D plot of the d33 in different orientations of BaTiO; (a)
At 150K; (b) At 220K; (c) At 320K; (d) Different piezoelectric
coefficients in function of the temperature

2.3.3 Low level vs High level energy harvesting

In the previous part, the modeling of piezoelectric coefficients has been conducted
and it showed the large anisotropy of piezoelectric coefficients depending on the
crystal orientations. In the frame of energy harvesting, people generally want to
employ materials with the largest piezoelectric coefficients. Indeed, the output volt-
age is linearly dependant of the piezoelectric coefficients. However, when applying
large uniaxial stress, non linearities occurs and the piezolectric coefficient symme-
try should not be necessarily respected. The modeling was performed on PMN-
30PT single crystals. This choice was motivated by the commercial availability of
PMN-30PT single crystals samples with <001>, <011> and <111> orientations. Ex-
perimental characterization of these samples is still ongoing but some preliminary
results will be elaborated upon in Chapter 3.

For the modeling, Ericsson cycle were simulated with a similar approach used
for <001> oriented crystals. With the same justifications than the previous part, the
stress was adjusted to range from 0 to 100 MPa, while the electric field was controlled
within the range of 0 to 1500 kV/m. The distinction in this modeling approach was
based on the utilization of varying angles 6 and ¢ for the application of both electric
field and stress. The direction of application of the compressive uniaxial stress and
of the electric field was still along the [001], in the laboratory frame. The measured
polarization is as exposed before obtained through the projection along the z direc-
tion of the laboratory basis. The Landau coefficients employed for PMN-30PT were
identical to the one employed in the section dedicated to pyroelctric energy harvest-
ing (cf. Table 2.2). The simulation were performed for two different temperatures of

1
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20°C and 100°C. At 20°C, PMN-30PT presents a rhombohedral symmetry while at
100°C it has a tetragonal crystal symmetry. These two crystal phases are illustrated
respectively in Figure 2.15 (a) and (b).

In Figure 2.15 (c) and (d), the ds3 piezoelectric coefficients at respectively 20°C
and 100°C of PMN-30PT for different orientations are provided. Various distinct
characteristics can be observed, including the fact that 4R domain engineered crys-
tals display the highest piezoelectricity. Indeed, the maximum of the piezoelectric
coefficients are along the six tetragonal directions within the rhombohedral symme-
try. This reflects that operating along the spontaneous polarization is not profitable
for energy harvesting in such a configuration. This particularity was already noticed
in the previous chapter as large heterogeneity between ds3 piezoelectric coefficients
was reported for different crystal orientations (cf. Table 1.2).

On the other hand, Figure 2.15(e) and (f) gives the harvested energy at respec-
tively 20°C and 100°C calculated from the enclosed area of the Ericsson cycle for
different angles 6 and ¢. A largely different symmetry is exhibited by the harvested
energy. Indeed, the scavenged energy is much more homogeneous depending on the
crystal orientation. Working along the spontaneous polarization here seems to pro-
vide the best output energy. This is explained by larger polarization variation by ap-
plying high uniaxial stress along the spontaneous polarization direction. However,
it required applying sufficiently high unixial stress to force the material to adopt an
in-plane ferroelectric state.

The modeling results indicates that very different symmetry are displayed be-
tween the piezoelectric coefficients and the harvested energy. This emphasizes the
large differences existing between energy harvesting under low levels and high level
of stress and electric field. These differences are explained by the non-linearities and
phase configuration change induced by high stress and electric field. Taking advan-
tage of such non-linearities for non-resonant mechanical energy harvesting can be
a very profitable solution. Thus, understanding the polarization mechanisms when
performing Ericsson cycle and identifying the response of ferroelectric materials un-
der high applied stress and electric field for energy harvesting is essential.

24 Summary

This chapter was dedicated to set a theoretical framework in the context of energy
harvesting under extreme conditions through thermodynamic cycles. To this end,
the Landau-Devonshire theory was considerd. The first section focused on pyroelec-
tric energy harvesting via Olsen cycles and investigated the optimal FE-FE transi-
tions depending on three different crystal orientations. To confirm the modeling ap-
proach, calculation of the electrocaloric effect has been made and successfully com-
pared to previous results in the literature. Another noteworthy side aspect for ECE
was to elucidate the negative electrocaloric peaks by establishing a connection be-
tween the harvested energy and the electrocaloric effect. It appeared for energy har-
vesting that depending on the crystal orientations, different FE-FE transitions will
be favorable for energy harvesting, whereas other transitions will not be profitable
and corresponds to the ones displaying a negative ECE. In all the modeling results,
the FE-PA transition maximizes the output energy, which is not surprising consider-
ing the large polarization variation occuring at the Curie temperature. Nonetheless,
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taking advantage of FE-FE transitions could serve as a viable alternative to enhance
energy harvesting with materials presenting a too high Curie temperature (around
100°C).

Then, the next section of this chapter focused on the modeling of Ericsson cy-
cles for mechanical energy harvesting. The modeling approach for Ericsson cycles
was first introduced. The theoretical context and all the assumptions made to simu-
late PMIN-25PT and PZN-8PT single crystals with <001> orientation has been intro-
duced. All the simulation results on these materials will be provided along with the
experimental results performed on these materials in Chapter 3 for a more qualita-
tive discussion and conclusion.

Finally, the modeling was extended to all the different crystallographic orienta-
tions. To achieve this, two coordinate systems were introduced and the different cal-
culations were detailed to express different physical properties and particularly the
piezoelectric coefficient. A comparison between high level energy harvesting via Er-
icsson cycle and low level one through piezoelectric coefficient was made. It appears
that the symmetries are very different in both cases. Particularly, under high electric
field and uniaxial stress, the energy harvested is much more homogeneous. This
emphasizes the particularity of energy harvesting in non-resonant condition with
extreme conditions which contradicts approach using 4R domain engineered crys-
tals in such conditions. Indeed, using non-linearities and phase transitions induce
unique behavior and it can be more profitable to operate along the spontaneous po-
larization direction. These results will be discussed in more detail in the next chapter
as some experimental results tend to corroborate such conclusions.
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Chapter 3

Experimental characterization

In this chapter, the objectives are to provide an experimental characterization of ferroelectric
materials under large uniaxial stress, large applied electric field and various temperatures
and to compare associated results with outputs of the theoretical framework presented in
Chapter 2. Their abilities to convert mechanical energy to electrical one is evaluated in the
context of non-resonant energy harvesting as well.

In the first section, the chapter will be dedicated to the presentation of the experimental
methods and the experimental test-bench employed for the characterization. Different details
will be given on the materials employed along with the measurement setup.

Following this part, a section dedicated on evaluating the energy conversion abilities of
various ferroelectric materials including ceramics and single crystals is proposed. Ericsson
cycles are employed and the materials are compared at different stress levels. Moreover the
ultimate energy conversion abilities of different electroactive materials are evaluated and dis-
cussed.

Then, only single crystals of PMIN-25PT and PZN-8PT cut along the [001]. direction
are experimentally assessed. Large stress and high electric field are tested on the materials.
The results are compared with theoretical predictions using the modeling approach devel-
oped in Chapter 2. Ericsson cycles estimated by the descending curves of bipolar hysteresis
loops are also tested and the energy converted is assessed but this time at different operating
temperature. Again, the results are discussed in the frame of the simulation results

Finallly, a small part will be dedicated to the experimental characterization under high
uniaxial stress and high electric field of <111> oriented PMIN-30PT. However, it is important
to note that experimental measurements are still ongoing and this part of the study is not
complete yet. The results will be again discussed in the frame of the modeling results obtained
in Chapter 2.
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3.1 Experimental methods

The previous chapter dealt with the modeling of ferroelectric materials under ex-
treme conditions for possible practical applications. Another main objectives of this
work is to experimentally characterize different ferrolectric materials and their en-
ergy conversion abilities and confront the results with the simulation predictions.
A test-bench able to reach high stress levels, high electric field and different tem-
peratures was designed. In this framework, this section is devoted to present this
experimental test-bench along with other practical details.

3.1.1 Samples

The properties of ferroelectric materials vary significantly depending on which spe-
cific material is under consideration. Thus, different ferroelectric ceramics and sin-
gles crystals have been investigated. The different samples along with their associ-
ated properties given by the suppliers or found in the literature are all highlighted

in Table 3.1.
Materials C203 | Cé6 C9 | PMN-25PT <001> | PZN-8PT PMN-15
[Pot+11; MTIO5] | <001> | [Pan+00; Ren+02]
Coupling factor 0.71 | 0.76 | 0.69 0.91-0.95 0.94 0.6
k33
Dielectric constant 1450 | 2130 | 6640 5450 7700 24,000
K1y X €

Piezoelectric coefficient | 325 427 | 718 1540-2060 2890 700 Peak

ds3(pC/N) value

TABLE 3.1: Properties of the different ferroelectric materials at room
temperature [Tun+22]

It is worth observing that the PMN 15 electrostrictive ceramic displays an excep-
tionally high dielectric constant. This distinct characteristic can be attributed to the
ferroelectric-to-paraelectric (FE-PA) transition that occurs at approximately 15°C.
Consequently, the measured value corresponds to a peak since the measurement
was conducted at room temperature. The PMN 15 ceramics were purchased from
TRS Technologioes, State College, PA, USA. These ceramics presents a disk shape
with a diameter of 10mm and a thickness of 1mm with silver electrodes deposited
upon the surfaces. Pb[ZrTi;_«]O3 (PZT) C203, C6 and C9, which are also qualified
respectively of hard, medium and soft ceramics, were purchased from Fuji Ceramics
Corporation, Fujinomiya, Japan. All the samples displayed a 6 x 6mm? surface and
a thickness of 1mm. PMN-25PT and PZN-8PT (001)-oriented single crystals were re-
spectively obtained from Otsuka Corporation, Japan, and Microfine Materials Tech-
nologies, Singapore. Both samples were polarized along the [001], direction and had
a thickness of 1 mm. Their surface dimensions were 6 x 6mm? for PMN-25PT and
2.5 x 2.5mm? for PZN-8PT. An illustration of all the samples is given in Figure 3.1.
The samples were cut by using a dicing machine DISCO DAD3240. After cutting,
The samples were electrically poled by immersing them in a silicone oil bath and em-
ploying the field cooling method [Kou+08]. These samples were gradually heated
to their specific target temperatures (200°C, 180°C, 130°C, 90°C, and 150°C for PZT
C203, C6, C9, PMN-25PT, and PZN-8PT, respectively). An electric field of 3 kV/mm
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was applied for 30 minutes while cooling down the samples. When the room tem-
perature was reached, the electric field and then the samples were removed. How-
ever, it is important to note that this poling method was not necessary for all the
samples. Indeed, the coercive fields of the tested materials were sufficiently low.
Thus, an Ericsson cycles or a bipolar cycle measurements at room temperature could
also act as a poling process. Nevertheless, this process was necessary for PZT C203
ceramics which present a high coercive field (more than 1kV/mm). Moreover, for
some materials the ratio Electric field /Coercive field is not sufficiently high at room
temperature. Then, the material could be in a partially depolarized state, which
would degrade the piezoelectric properties of the material.

| U 1
C203 C6 C9 PZN-8PT PMN-25PT PMN-15

FIGURE 3.1: Image of all the tested samples [Tun+22]

It is worth noting that some crystals present segregation during particular crystal
growth methods. Consequently, the precise composition of the material is uncertain.
This is the case for PMN-25PT which is generally synthesized by the Bridgman crys-
tal growth method which can induce segregation [Yin+99]. It is however possible to
check the composition by performing a dielectric permittivity vs. temperature char-
acterization. Thus, the composition of PMN-25PT was checked by associating the
peaks of the dielectric constant to the R-T and the T-C transitions as shown in Fig-
ure 3.2. These measurements were not conducted for PZN-8PT because the crystal
growth method (flux-grown crystals [Kob+97]) does not induce segregation during
the elaboration process.

3.1.2 Test-bench

As mentioned before, the experimental test-bench was designed for applying high
uniaxial compressive stress and high electric field, while monitoring the tempera-
ture of the sample. The application of the high uniaxial stress on the samples was
achieved using a Shimadzu® AGS-X series compression test machine. With this ma-
chine, the force has to be specified by the user. The uniaxial compressive stress o3
applied to the materials is then deduced with the simple following relation:

(3.1)

wnlT

03 =

where F is the applied force with the machine and S is the surface of the sample.
To apply the electric field, a Tektronix® AFG1022 arbitrary function generator and a
Trek® 10/10B-HS high voltage amplifier were employed. The electric field applied
to the material E3 is then given by:

Es=7Y (3.2)
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FIGURE 3.2: Dielectric permittivity as a function of the temperature
of PMN-25PT

where V' is the applied voltage to the faces of the sample and e is the thickness of
the sample. The sample were sandwiched between two ceramic plates with gold
sputtered electrodes on their surfaces. Samples were immersed in a silicon oil bath
to apply the electric field and avoid electrical breakdown. A schematic illustration
along with a photo of the experimental test-bench is given in Figure 3.3 (a) and (b).

a) i b)

Thermostatic
chamber

-

FIGURE 3.3: (a) Schematic illustration of the test-bench [Tax+23]; (b)
Photo of the test-bench [Tax+23]

The current through the samples was monitored by using a low-noise current
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amplifier (Stanford research®, Sunnyvale, CA, United States of America). As de-
tailed in the previous chapters, the polarization P; can be deduced from the total
current flowing through the samples via the following relations:

Q= [I(t)dt (3.3)

=4 (3.4)

where [ is the measured current and Q is the charge integrate from the current. The
silicon oil bath also allowed regulating the temperature of the sample which was
monitored using a Shimadzu® TCE-N300A thermostatic chamber. The temperature
was measured using a thermocouple immersed inside the silicon oil bath. Finally,
all the signals were recorded using a Data Acquisition System (Dewesoft Krypton
8LV, Slovenia). A schematic illustration of the test-bench along with the acquisition
system is given in Figure 3.4.

Compressive stress
Sample

/ — VW11

1 1

- Silicone oil | \ 4 I

1 |

1 |

Protection circuit
Voltage Current
monitor Data acquisition monitor

(DAQ)

FIGURE 3.4: Schematic diagram of the measurement system
[Tun+22]

3.1.3 Ericsson cycles and bipolar hysteresis loops

Electromechanical conversion abilities of the considered ferroelectric materials were
evaluated by different means. The harvested energy can be derived from two bipo-
lar hysteresis curves. With this method the first bipolar loop is made at zero stress
level and the second one is made under uniaxial stress. The converted energy is
then estimated by the enclosed area formed by the two remnant polarization and
the two saturation polarization as shown in Figure 3.5(a). The other possibility is to
make the real Ericsson cycle and perform the successive steps of the Ericsson cycle
(cf. Chapter 1 and 2) as illustrated in Figure 3.5(b). It is worth noting that there
are some distinctions in the evaluation of harvested energy when comparing the
bipolar descending curves with real Ericsson cycles. In the latter, hysteresis losses
occur as a result of the sample repolarization during the 1-2 process (electric field
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FIGURE 3.5: (a) Estimation of the Ericsson cycle from the bipolar
hysteresis loops; (b) Real Ericsson cycle

application). Both methods have their own advantages, for instance, real Ericsson
cycles have the advantage to be more representative of the potential area in a real
implementation. However, it suffers from DC current losses which can be impor-
tant during the stress applications. On the other hand, Ericsson cycles estimated
from the bipolar hysteresis curves has the advantages to limit the DC current losses.
Furthermore, the Ericsson cycles modeled with Landau-Devonshire corresponds to
these descending curves of bipolar loops. It is then more convenient, to understand
properly the polarization mechanisms and the phase transitions involved, to employ
the bipolar hysteresis curves. Nevertheless, the drawback is an overestimation the
energy possibly harvested in real devices. In this chapter, these two methods will
be employed for calculating the harvested energy. If the characterization is devoted
to understand the inherent mechanisms and compared with the model predictions,
then, the bipolar curves will be used. Conversely, actual Ericsson cycles will be used
to compare materials and assess the feasibility of real-world implementation.

For bipolar hysteresis curves, the voltage function had a sinusoidal shape with
a frequency of 0.5 or 1Hz. It appears that the response of the materials did not
change in such a frequency range. Moreover, this work does not aims at investi-
gating frequency dependencies. The electric field was set to vary from —1500kV /m
to 1500kV /m and different uniaxial compressive stresses were tested. The voltage
function and the associated current for two bipolar hysteresis curves performed at 0
and 100MPa is given in Figure 3.6(a) and (b).

Concerning real Ericsson cycle, a trapezoidal waveform was employed for the
applied voltage and the applied force. The electric field varied from 0kV /m to
1500kV /m. Only compressive stresses of 30 and 100MPa were tested for real Erics-
son cycles. The waveform of the applied voltage and force for a real Ericsson cycle
with successive steps along with the corresponding current is presented in Figure
3.6(c) and (d).

It can be noted, that a restriction on the electric field strength was imposed to
prevent dielectric breakdown, despite the successful application of higher electric
tields to single crystals in prior studies [PS97b]. A safety limit of 1500 kV /m was set
for practical and achievable values, considering potential engineering applications
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FIGURE 3.6: (a) Voltage function for bipolar hysteresis loop; (b)
Associated current; (c) Voltage and stress function for real Ericsson
cycle; (d) Associated current

in the future. Moreover, the stress was limited to 100MPa for similar reason. Indeed,
again the limitation was set to avoid breaking of the samples and for possible fu-
ture engineering devices. It can be noted again that it is possible to applied higher
uniaxial stress to ferroelectric materials [PCV14a].

3.2 Material comparisons

The previous section dealt with the presentation of the experimental test-bench and
the experimental conditions. This experimental setup was developed to assess en-
ergy conversion under extreme conditions of ferroelectric materials and to exploit
the non-linearities induced by such high levels. In this upcoming part, the exper-
imental results of real Ericsson cycles and their resulting energy densities will be
presented for various materials and different uniaxial stress levels. One of the main
objectives of this study is to assess the ultimate energy conversion of ferroelectric
materials for energy harvesting applications. The test bench and subsequent com-
parison between various materials in section 3.2 was part of the FIESTA collaborative
project and done mostly by Dr Nguyen Thanh Tung, postdoctoral researcher work-
ing at ELyTMaX. In the frame of the thesis, the analysis of the tendencies have been
further deepened thanks to the model introduced in Chapter 2, as shown in sections
3.3 and 3.4. For the sake of completeness and to give to the reader an overview of
the ferroelectric materials properties, section 3.2 will describe the main results from
the comparison between materials, and taken from [Tun+22].
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3.2.1 Results

Energy conversion performance by employing real Ericsson cycle was first investi-
gated at an intermediate stress level of 30MPa. These cycles for PZT C203, C6, C9,
PMN-25PT, PZN-8PT, and PMN15 are presented in Figure 3.7. It can be noted that
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FIGURE 3.7: Real Ericsson cycles under intermediate levels of stress
for different materials [Tun+22]. (a) PZT C203; (b) PZT C6; (c) PZT
C9; (d) PMN-25PT; (e) PZN-8PT; (f) PMN 15

a low compressive stress of 1MPa was applied during the electric field application
and the releasing of the stress (1-2 and 4-1 processes). This was to ensure the elec-
trical contact between the ceramic plates and the sample surfaces. Different energy
densities are reported for the different materials. The hard, medium and soft PZT
ceramics (C203, C6 and C9 respectively) present energy densities around 10m] /cm?.
However, it can be observed that their energy densities increase slightly from the
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3.2. Material comparisons 85

harder to the softer ceramic. This emphasizes their d33 hierarchies as it was reported
in Table 3.1. Concerning PMN-25PT and PZN-8PT <001>-oriented crystals, they
display much higher energy densities of respectively 35.8m]/cm® and 54m]/cm®.
PMN15 presents a very low energy gain of only 5.74m] /cm> explained by the para-
electric state of this material at room temperature.
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FIGURE 3.8: Real Ericsson cycles under high levels of stress for
different materials [Tun+22]. (a) PZT C203; (b) PZT C6; (c) PZT C9;
(d) PMN-25PT; (e) PZN-8PT; (f) PMN 15

After that, higher stress level of 100MPa was tested on the materials and the re-
sults are presented in Figure 3.8. The energy density was lower for the hard PZT
C203, higher for the medium PZT C6, and significantly higher for the soft PZT
C9 (60,6, 80.8 and 107.6m]/cm3). For the ferroelectric single crystals, PMN-25PT
presents almost a similar output energy than PZT-C9 which was unexpected results
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considering their ds3 differences. However, PZN-8PT exhibits an exceptional energy
density of 235.5m]/ cm® which highlights unique polarization mechanisms. In the
case of the paraelectric phase material, the energy density of PMN 15 was lower than
that of the ferroelectric phase materials with an energy density of only 50.7m] / cm3.

Moreover, tests were made with significantly reduced levels of mechanical stress
and electric field. By constraining the electric field to 100 V/mm and the mechanical
stress to 1 MPa, it is acceptable to consider only the linear response with stress and
electric field of the material. With such assumptions, it is possible to express the
energy density as follows:

W), = d3303E3 (3.5)

Then, it was possible to obtain a quite accurate value of the ds3 of the tested ma-
terials (cf. Table 3.1). A comparison between the energy densities obtained with
Ericsson cycle at 30MPa and 100MPa, and from the d33 measurements for all the
tested materials, is proposed respectively in Figure 3.9(a), (b) and (c). The energy
densities for these samples at lower levels exhibited the same trend as observed at
intermediate levels. However, energy densities, of Ericsson cycles at 100MPa dis-
play a slightly different trend. Indeed, it seems that all the different materials except
PZN-8PT converge on similar energy densities. This change of trend is explained by
non-linearities induced by the high uniaxial stress and will be discussed in the next

part of this chapter.
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FIGURE 3.9: Different materials with their associated energy
densities under different levels (a) high levels; (b) Intermediate
levels; (c) Low levels.
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3.2.2 Discussion

Energy harvesting involving low excitation levels of piezoelectric materials is typi-
cally evaluated by considering the linear properties of the materials. Indeed the out-
put energy density is solely dependant on the d33 as it was reported in Figure 3.9(c).
In the case of Ericsson cycles used for electromechanical energy conversion, the out-
put energy will be the results of more complex phenomena when sufficient electric
field and stress are applied. In the results reported here, the ranking of the materials
followed their d33 values at low and even intermediate levels (Figure 3.9(b) and (c)).
However, at higher electric field and mechanical stress levels, the output energies
converged due to polarization saturation, which primarily depended on the dipole
moment and dipole density. For instance, in low-level energy harvesting, the energy
ratio between PZT C9 and PMN-25PT was determined by their ds3 ratio, which was
approximately 2.2 times larger for PMN-25PT. However, for energy cycles involving
100 MPa and 1.5 kV/mm, this ratio decreased to around 1.1. However, PZN-8PT
displays a unique behavior and did not follow this trend. This, particularity is ex-
plained by phase transition induced by the applied stress in the 2 — 3 process. At
room temperature, PZN-8PT <001>-oriented crystal presents a rhombohedral sym-
metry corresponding to a 4R domain engineered crystal. When the electric field is
applied in the 2 — 3 process, the crystal is poled and reach its saturation polariza-
tion. The uniaxial stress applied in the 2 — 3 process will induce an in plane phase
configuration which can be either tetragonal or orthorhombic. This phase transition
will results in a large polarization variation and so a wider area of the cycle which
corresponds to higher energy density. A schematic illustration of the polarization
mechanisms along the cycle exhibited by PZN-8PT is given in Figure 3.10.

Ei=0 kV/mm — Ef =1 5kV/mm E[001]
o; = OMPa
1 > 2
1 Ei=0kV/mm 2 Ef =1.5kV/mm
or = 100MPa 0; = 0MPa o; = 0MPa or = 100MPa
4 l 3 l
Er =1,5 kV/mm E; =0kV/mm
/ o = 100MPa 74 ‘5[001]
IV 4«3

I 4[001] I 41001]

FIGURE 3.10: Polarization mechanisms during an Ericsson cycle
under high levels for PZN-8PT
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The spontaneous polarization among ferroelectric materials, typically ranges from
0.15 to 0.4 C/m? [Dam98; Won+08]. However, it becomes apparent that if the electric
tield were sufficiently high to fully saturate the material and the mechanical stress
were large enough to completely depolarize it, the resulting converted energy would
be fairly similar across all materials. However, in this work, both the electric field
and mechanical stress were not sufficient to reach these ideal conditions. This leads
to a ranking of materials in terms of converted energy, varying by a factor of four,
from the lowest to the highest. This ranking was particularly pronounced with the
phase transitions induced by the mechanical stress. It is simple to estimate that with
an applied electric field value of 1.5 kV/mm and a saturation polarization of 0.4
C/m?, the maximum attainable energy density would be 600m]/cm®. However, the
experimental results ranged from 50 m]/ cmd to 236 m]/cm3 at 100MPa. The latter
represents nonetheless 40% of the ultimate energy density.

As detailed in the previous section, the limitation of the electric field was moti-
vated by safety reasons and by possible future realistic devices. However it can be
noted that the output energy was linked with the chosen electric field in the Ericsson
cycle. Indeed, doubling the electric field would approximately double the energy
density. The constraint on the electric field was intrinsically tied to the dielectric
strengths of the materials. The dielectric strength is correlated with the likelihood of
encountering defects in ceramics and single crystals. For bulk ceramics, typical val-
ues range from 5 kV/mm to 15 kV/mm [Hae99; GM59; Yan+04] which can be even
higher for single crystals [PS97b]. Then the electric field limit of 1.5 kV/mm could
potentially be increased up to 3 to 10 times higher for particular materials. However
this could lead to a significant reduction in fatigue life [HLOO05] which is something
to avoid for real applications. Particularly, with devices designed that aim at replace
the use of batteries.

When it comes to the limit in terms of mechanical stress, the concurrent applica-
tion of an electric field and stress has the potential to induce premature fatigue, even
with stress levels as low as 100 MPa [MK94]. Furthermore, increasing the stress will
not be efficient when passing a certain threshold corresponding to the required stress
for depolarizing the sample. This threshold was already reached with stress as low
as 100MPa for PZN-8PT.

As a result, in this study, the electric field was restricted to 1.5 kV/mm, and the
stress was set at 100 MPa. Conducting more comprehensive analyses will be re-
quired to investigate the upper limits of various materials. Nevertheless, the signif-
icant disparities in energy density among the tested materials highlight the impor-
tance of material selection for specific applications and the interest of polarization
non-linearities for energy harvesting.

3.3 <001> oriented crystals investigation

The previous section investigated the electromechanical energy conversion poten-
tial of various ferroelectric materials. The non-linearities induced by applied stress
have shown to be very attractive for energy harvesting. PMN-25PT and particularly
PZN-8PT cut along their [001], direction displayed the most outstanding properties
in terms of energy density. This section propose to investigate more these highly
piezoelectric perovskites single crystals. The modeling approach for mechanical
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3.3. <001> oriented crystals investigation 89

energy harvesting presented in Chapter 2 along with experimental measurements
is performed to understand the ideal inherent polarization mechanisms for energy
harvesting application via Ericsson cycles. It can be noted that this work is inspired
by the article published in Acta Materialia [Tax+23].

3.3.1 Polarization under stress

PMN-25PT and PZN-8PT were initially subjected to various static stress levels (rang-
ing from 0 to 100 MPa). Bipolar loops were measured at room temperature with
electric fields spanning from -1500 kV/m to 1500 kV/m, all at a frequency of 1 Hz.
Results are depicted in Figure 3.11(a) and (b). With the same justifications as in the
previous section, the electric field was again limited to 1500kV /m. The input voltage
consisted of a sinusoidal signal with three cycles as it was illustrated in Figure 3.6(a).
It is worth observing that the first bipolar hysteresis loop does not consistently coin-
cide at 0 V/mm. This phenomenon arises from the repolarization process occurring
at the start of the first cycle, given that the initial polarization state depends on the
material’s history. For data analysis, only cycles 2 and 3 were considered due to their
independence from this repolarization process.
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FIGURE 3.11: Bipolar hysteresis loops under different uniaxial stress
[Tax+23]; (a) PMN-25PT (b) PZN-8PT. Remnant and saturation
polarization under different uniaxial stress [Tax+23]; (c) PMN-25PT;
(d) PZN-8PT.
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90 Chapter 3. Experimental characterization

The associated remnant and saturation polarization as functions of uniaxial stress
are presented in Figure 3.11(c) and (d). In both PMN-25PT and PZN-8PT, the coer-
cive field (E.) decreases with increasing applied stress. This phenomenon is well-
documented and has been observed previously [Xue+15; WZL08]. The variation in
polarization of both materials with applied stress exhibits distinct behaviors. Specifi-
cally, PMN-25PT demonstrates a linear response of remnant and saturation polariza-
tions with applied stress, which implied a constant d33 response to stress. However,
for PZN-8PT, the polarization response under and without an applied electric field is
highly nonlinear for uniaxial stress in the 0-40 MPa range and becomes quasi-linear
in the 40-100 MPa range. The significant non-linearity within the 0-40 MPa range
indicates that d33 is not constant with stress. Defining d33 as a piezolectric coefficient
here is complicated because the large polarization variations originate from in-plane
polarization switching.

3.3.2 Polarization vs temperature

The crystals were also investigated at different temperature from 20°C to 140°C.
Bipolar hysteresis loops were performed under stress free conditions with identi-
cal electric field limits at different temperature as shown in Figure 3.12 (a) and (b).
The remnant and saturation polarizations depending on all the tested temperatures
are represented in Figure 3.12(c) and (d). It can be observed for PMN-25PT that the
coercive field declines with increasing temperature, which is typically associated
with an increase of piezoelectric properties [Yan+22b]. This phenomenon is well
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FIGURE 3.12: Bipolar hysteresis loops under different temperatures;
(a) PMIN-25PT (b) PZN-8PT. Remnant and saturation polarization
under different temperatures; (c) PMN-25PT; (d) PZN-8PT.
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explained by the reduction of the energy barrier at elevated temperatures, allow-
ing domains to reorient with a lower electric field. However, PZN-8PT displayed
a distinct behavior, with E. remaining constant from 20 to 140°C. Additionally, it is
worth noting that dielectric losses increased at higher temperatures. The remnant
and saturation polarization evolve differently with temperature in both crystals. For
PMN-25PT, both P, and Ps decrease from 20°C to respectively 80°C and 70°C where
a polarization increase is then observed. This is explained by the R-T transition and
its associated polarization augmentation in <001> oriented crystals. The polariza-
tion under electric field (Ps) transits more easily due to the application of the electric
field in the [001], direction (T phase direction) and was already reported [Li+20a].
After that, the remnant polarization exhibited a sharp decrease at the FE-PA tran-
sition, occurring at approximately 110°C. However the crystal under electric field
remained ferrolectric and presents a slight decrease from 80°C to 140°C.

Concerning PZN-8PT, P, and Ps have the same trend at all temperatures. From
20°C to 50°C, the polarizations remain constants. After that, the R-T transition occurs
resulting in a polarization increase. Finally, both polarizations decrease slowly until
140°C without transiting from the ferroelectric to the paraelectric as T, =160°C in
PZN-8PT.

3.3.3 Polarization under different thermodynamic conditions

To have a deeper understanding of the materials response and identify the most ef-
fective polarization mechanisms for energy harvesting, experimental results for the
polarization component P; are presented in relation to the applied electric field E3
and uniaxial stress o3 for the <001> PMN-25PT single crystal at various tempera-
tures. These results are depicted in Figure 3.13 (a), (c), and (e), while their corre-
sponding simulated phase diagrams using Landau-Devonshire theory are shown in
Figure 3.13 (b), (d), and (f).

At room temperature, experimental results (Figure 3.13 (a)) reveal a flat polariza-
tion surface, indicating a fully linear response of the material to the applied stress
and electric field. PMN-25PT at this temperature exhibits a rhombohedral (R) phase,
consistent with the theoretical model predictions. However, the simulation suggests
an in-plane switching of polarization perpendicular to E3, denoted as T_L, under
high stress and low electric field. However, this behavior was not observed experi-
mentally as a higher uniaxial stress was required to induce such a transition.

At 50°C, the material still maintains its rhombohedral phase. The modeling pre-
dicts a phase transition from rhombohedral to an in-plane phase, either tetragonal
or orthorhombic. This transformation is observed in Figure 3.13 (c), with a non-
linear response of polarization within the region defined by electric fields from 0 to
500 kV/m and stresses from 50 to 100 MPa, corresponding to low electric field and
high stress conditions. This result corresponds with prior reports in the literature for
(1 —x)PMN — xPT [WZL08; MLL04; MLLO05].

As the temperature increases from 20°C to 50°C, both experimental and simu-
lated results indicate a decrease in spontaneous polarization due to rising entropy,
inducing disorder. However, from 50°C to 80°C, both measurements and calcula-
tions show an increase in spontaneous polarization. This suggests the emergence of
a tetragonal phase in place of the rhombohedral phase. In particular, the z-projection
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FIGURE 3.13: Plot of the component of polarization P3 depending of
uniaxial stress 03 and electric field E3 for PMN-25PT [Tax+23]. (a)
Experiment at 20°C; (b) Modeling at 20°C; (c) Experiment at 50°C;
(d) Modeling at 50°C; (e) Experiment at 80°C; (f) Modeling at 80°C.
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FIGURE 3.14: Plot of the component of polarization P3 depending of
uniaxial stress 03 and electric field E3 for PZN-8PT [Tax+23]. (a)
Experiment at 20°C; (b) Modeling at 20°C; (c) Experiment at 50°C;
(d) Modeling at 50°C; (e) Experiment at 80°C; (f) Modeling at 80°C.
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of polarization is measured and calculated in the cubic basis, given that the crystal is
oriented along <001>. Therefore, the polarization projection is higher for the tetrag-
onal phase since its spontaneous polarization aligns with the [001], direction ([111],
for the rhombohedral phase).

The measured polarization at 80°C exhibits a significant increase in the 0 to 500
kV/m range compared to the 500 to 1500 kV/m range in Figure 3.13 (e). This im-
plies a rhombohedral-to-tetragonal transition with the electric field, a phenomenon
previously observed and predicted [MLLO05; Li+20a; Kim+22]. This R-T transition is
further confirmed by the Landau-Devonshire theory, where it emerges under the ap-
plication of the electric field at low stress and is denoted as T/ / (polarization aligns
with the electric field) in Figure 3.13 (f). Under high stress and low electric field, both
experimental and simulated results still present a 90° switching of polarization. The
region where the polarization is in-plane appears to expand from 50°C to 80°C in
the experimental data. This temperature-dependent shift in the polarization adopt-
ing a phase perpendicular to the applied electric field direction is also predicted by
the calculations. Consequently, PMN-25PT undergoes a transition with increasing
temperature, evolving from a pure linear regime of polarization response to stress
and electric field to a more complex behavior with the emergence of the T// phase
and in-plane phases (T_L).

Similar investigations were conducted on PZN-8PT single crystal at different
temperatures under high uniaxial stress 03 and electric field E3, as illustrated in Fig-
ure 3.15. It displayed a different response in terms of the polarization projection P;
compared to PMN-25PT. At 20°C, a strong non-linear response of polarization was
observed under low stress, ranging from 0 to 50 MPa, and even under high applied
electric fields, as shown in Figure 3.15(a). From 50 to 100 MPa, polarization exhibited
a linear variation with electric field and stress. This linear behavior can be attributed
to a transverse dielectric response of the material in the [001]. direction, as the spon-
taneous polarization switched to a 90° ferroelectric state. Theoretical calculations
presented in Figure 3.15(b) predicted a rhombohedral-to-tetragonal (R-T) transition
with an in-plane orientation of the polarization under high stress and agreed well
with the experimental results.

Interestingly, there was no significant change in the response of PZN-8PT with
temperature. Experimental curves remained quite similar between 20°C and 50°C
(Figure 3.15 (a) and (c)). However, literature [DDS06a] and experiment results sug-
gest that the material is in a tetragonal state at 50°C, as indicated by the slightly
higher remnant polarization at 0 MPa compared to that at 20°C, which is typical of
R-T transitions in <001> oriented crystals. The modeling results, on the other hand,
indicated that the crystal remained in a rhombohedral state, as the R-T transition
was predicted to occur at 60°C with the Landau coefficients used.

Similarly to PMIN-25PT, the simulation suggested an easing of in-plane domain
switching with increasing temperature (Figure 3.15 (d)). When examining the char-
acterization results at 80°C, it was evident that the response of PZN-8PT with stress
and electric field remained largely unchanged with temperature. Experimental curves
for PZN-8PT at different temperatures were nearly identical (Figure 3.15 (a), (c), and
(e)). The spontaneous polarization at 80°C exhibited a slight decrease compared to
50°C, attributable to increased disorder. The model suggested that the material was
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in a tetragonal state and switched out to a perpendicular tetragonal state with low
applied stress, regardless of the applied electric field.

3.3.4 Operating temperature for energy harvesting

The investigation initially focused on the polarization dependence with uniaxial
stress, electric field, and temperature, which plays a crucial role in determining the
energy harvesting capabilities. Subsequently, the energy conversion of PMN-25PT
and PZN-8PT single crystals was assessed using Ericsson cycles. The assessment of
energy harvesting capabilities was carried out by analyzing the descending curves of
bipolar loops at 0 and 100 MPa, as previously discussed. It is worth noting that there
are discrepancies between the evaluation of harvested energy using the descending
curves of bipolar loops and real Ericsson cycles. However, it is important to clarify
that the modeled Ericsson cycles based on Landau-Devonshire theory correspond
with these descending curves of bipolar loops. Therefore, the term "Ericsson cycle"
will refer to the cycle enclosed within the descending curves of bipolar loops.

This evaluation was performed at different operating temperatures while main-
taining consistent Ericsson cycle conditions, including stress ranging from 0 to 100
MPa and an electric field spanning from 0 to 1500 kV/m. The bipolar hysteresis
curves at 0 and 100 MPa, along with their associated Ericsson cycles, are presented
for both PMN-25PT and PZN-8PT at various temperatures in Figure 3.15. Then,
corresponding energy density is provided depending on the operating temperature
of the cycle based on experimental and simulated results using Landau-Devonshire
approach (Figure 3.16).

The energy density of PMN-25PT (Figure 3.16 (a) and (b)) exhibits an ascend-
ing trend from room temperature to 80°C, which corresponds to the rhombohedral-
tetragonal (R-T) transition temperature. Within this temperature range, the energy
density increases from 210 mJ/ cm? to 260 mJ/cm3. This elevation in energy density
for PMN-25PT can be attributed to the easier switching of 90° domains with stress
as the temperature rises, as observed in Figure 3.13. These in-plane switches of po-
larization result in a more significant variation in polarization with increasing stress,
thereby expanding the cycle area (and the harvested energy). Modeling predicts a
more substantial increase in harvested energy at 60°C due to the appearance of the
tetragonal phase when a sufficient electric field is applied. This increase is barely
visible in the experimental curve, with a slightly more pronounced rise in energy
around 70°C. The maximum energy density is observed at 80°C in both the exper-
imental data and the modeling, coinciding with the transition to a fully tetragonal
phase in the material. In the tetragonal phase, the remnant polarization is maxi-
mized for <001>-oriented crystals, leading to the greatest possible polarization vari-
ation during in-plane switching and, consequently, the highest energy density at the
R-T transition. Afterwards, the energy density remains nearly constant experimen-
tally from 80°C to 100°C and from 80°C to 115°C in the modeling. This behavior
results from the compensation of two phenomena. Firstly, the drop in spontaneous
polarization, driven by increased entropy, results in reduced polarization variations,
leading to a decrease in harvested energy. However, the facilitation of in-plane polar-
ization states under stress with rising temperature mitigates this effect, resulting in a
nearly constant evolution of energy density within this temperature range. In the fi-
nal temperature range, from 110°C to 140°C, there is a significant decrease in energy
density, declining from 250 mJ/cm? to 110 mJ/cm?>. This decrease is attributed to the
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FIGURE 3.15: Bipolar loops of PMN-25PT and PZN-8PT with their
associated Ericcson cycle at different temperature [Tax+23]. (a)
PMN-25PT at 20°C; (b) PZN-8PT at 20°C; (c) PMN-25PT at 60°C; (d)
PZN-8PT at 60°C; (e) PMN-25PT at 100°C; (f) PZN-8PT at 100°C ; (g)
PMN-25PT at 140°C; (h) PZN-8PT at 140°C.
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FIGURE 3.16: Plot of the energy density depending of the
temperature of work of the cycle [Tax+23]. (a) Experiment for
PMN-25PT; (b) Modeling for PMN-25PT; (c) Experiment for
PZN-8PT; (d) Modeling for PZN-8PT.

reduction in polarization as the material crosses the ferroelectric-paraelectric transi-
tion of PMN-25PT. A Curie temperature of 110°C has been measured and reported
previously [Zha+05; Per+13]. The modeling predicts a similar trend for PMN-25PT
but for slightly higher temperatures.

Regarding PZN-8PT (Figure 3.16 (c) and (d)), it is important to note that its en-
ergy density is approximately twice than that of PMN-25PT, as it was reported in
the previous section. PZN-8PT exhibits a distinct trend with changing temperature
compared to PMN-25PT. Experimental results indicate a nearly constant energy har-
vested of approximately 375 mJ/cm? from 20°C to 40°C. Afterward, energy density
increases from 40°C until 55°C, where it reaches a peak of 410 mJ/cm®. This upward
trend is also observed in simulations and, like PMIN-25PT, it originates from the R-
T transition under an electric field, which increases the spontaneous polarization.
However, in simulations, for the 20-40°C temperature range, a decrease in harvested
energy is reported due to the reduction of polarization in the rhombohedral phase
as the operating temperature rises. Strangely, this decrease was not observed in ex-
perimental results, where the energy density remained nearly constant. The exact
reasons for this discrepancy are still unclear. Similar to PMN-25PT, energy conver-
sion is maximized at the R-T transition due to the same underlying reasons. Notably,
the maximum energy density of 410 mJ/cm? is exceptionally high. It appears that
no previous work has reported such a high energy conversion with these levels of
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electric field and uniaxial stress. However, the work of [PCV14a; PCV14b] can be
noted, where the authors achieved higher energy conversion (~ 500m] /cm®) with
the Ericsson cycle but at much higher stress levels (approximately 400 MPa) and
electric field levels (approximately 2000 to 6000 kV/m). After 55°C, both the model
and experiments showed a declining trend in energy density until 140°C. This de-
cline is again explained by the reduction of spontaneous polarization as disorder
and entropy increase with temperature. It is worth noting that the experimental
curve exhibits a faster rate of decay compared to the theoretical one. This difference
could be attributed to the more pronounced dielectric losses at higher temperatures
for PZN-8PT, as observed in Figure 3.15 (a),(d),(f), and (h).

Both materials exhibit different polarization mechanisms involved in the various
steps of the Ericsson cycle. These mechanisms evolve with temperature and account
for the distinct trends in the cycle’s performance and their energy density values.
For PMN-25PT, an illustration of the evolution of polarization during the different
Ericsson cycle processes is provided in Figure 3.17(a) and (b) at 20°C and 60°C, re-
spectively.

At 20°C, the crystal remains rhombohedral throughout all the steps. The ma-
terial response is purely linear with applied stress and electric field, resulting in a
lack of substantial non-linearities. Consequently, the output energy does not exhibit
outstanding performance. At 60°C, PMN-25PT displays a much more complex be-
havior. The crystal starts in a rhombohedral state and transits to a tetragonal phase
with the application of an electric field. Applying uniaxial stress at high electric
field still does not induce in-plane switching of polarization. However, this switch-
ing becomes possible at lower electric field levels, leading to increased polarization
variation and, consequently, higher harvested energy.

PMN-25PT T=20°C

b)

PMN-25PT T=60°C

~ ol R < L. N o
2 CINA 2
| |
[ ][ [ ]
W L
3 A 3

FIGURE 3.17: Schematic illustration of the polarization mechanisms
during an Ericsson cycle for PMN-25PT; (a) At 20°C; (b) At 60°C.

Regarding PZN-8PT, this crystal exhibits different behavior compared to PMN-
25PT. The illustration for PZN-8PT at 20°C and 60°C is respectively provided in
Figure 3.18(a) and (b). At 20°C, the crystal remains rhombohedral during the 1-2
process. However, when uniaxial stress is applied, the material adopts an in-plane
phase even at high electric field. The non-linearities induced by these 90° switching
explain the especially high output energy in PZN-8PT <001> oriented single crys-
tals. At a temperature of 60°C, PZN-8PT is fully tetragonal, as the R-T transition
occurs around 50°C. The in-plane switching occurs again at high electric field, and
the energy density is still especially high at this temperature, where dielectric losses
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are low.
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FIGURE 3.18: Schematic illustration of the polarization mechanisms
during an Ericsson cycle for PZN-8PT; (a) At 20°C; (b) At 60°C.

The different results suggest that optimal operating temperature occurs when
the crystal transits to a fully tetragonal state. This observation may hold true for all
<001> oriented ferroelectric crystals when subjected to sufficient uniaxial compres-
sive stress, enabling in-plane switching. These 90° switchings induce more signifi-
cant polarization variations along the spontaneous polarization direction. An inter-
esting aspect of these ferroelectric relaxors is the potential to tailor the ferroelectric-
to-ferroelectric (FE-FE) temperature transition by adjusting the mixing proportions.
This, aspect could be employed for future engineering applications and enhance the
harvested energy.

34 <111> PMN-30PT

In this section, few results on the experimental characterization of PMN-30PT with
a cut along the [111], direction will be presented. However, this work is still in
progress, and additional data will be necessary to properly finish this study. As
it was previously mentioned, the d33 piezoelectric coefficient of 4R <001> oriented
crystals is largely superior to the one of 1R <111> oriented crystals. The results of
the previous section showed that the optimal operating temperature for Ericsson
was not necessarily equivalent to the one optimizing the dsz3. Moreover, in chap-
ter 2, the simulated piezoelectric coefficients present a large anisotropy depending
on the orientation. However, when Ericsson cycles were simulated, the harvested
energy was much more homogeneous depending on the crystal orientation. This
section will then presents the energy characterization of <111> oriented crystal for
mechanical energy harvesting. The results will be compared to those obtained from
PMN-25PT <001> oriented crystals and the simulation results of Chapter 2.

PMN-30PT <111>-oriented crystals were purchased from MSE Supplies. The
surface of the sample was originally of 10 x 10mm?. Samples were cut with a dicing
machine DISCO DAD3240 and feature a surface of 5 x 5mm?. The sample thick-
ness was 0.5mm so the applied voltage was divided by two compared to the pre-
vious samples which displayed a 1mm thickness. Gold sputtered electrodes were
deposited on the surfaces and samples were poled via bipolar hysteresis curve. The
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FIGURE 3.19: (a) lllustration of a 1R domain engineered crystal; (b)
Photo of a sample of PMN-30PT <111>-oriented crystals.

experimental test-bench and methods were similar to the previous experimental in-
vestigations presented in the past section. An illustration of the 1R engineered do-
main along with a photo of the PMN-28PT sample are given in Figure 3.19 (a) and (b)

This experiment has been solely conducted at room temperature. Bipolar hys-
teresis curves ranging from —1500kV /m to 1500kV /m at different level of stress
were first evaluated as shown in Figure 3.20 (a). PMN-30PT with a <111> orientation
displays a larger spontaneous polarization at 20°C compared to <001>-oriented crys-
tals. Indeed, at 20°C the crystal exhibits a rhombohedral symmetry with a sponta-
neous polarization along the [111]. direction. Consequently, the polarization projec-
tion is higher in 1R crystals. This difference of remnant polarization between <001>
and <111> oriented crystals is given by a factor v/3 which corresponds to the projec-
tion of the polarization vector. It can also be noted that the coercive field is larger for
<111> PMN-30PT (Ec ~ 500kV /m) compared to <001> PMN-25PT (Ec ~ 200kV /m)
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FIGURE 3.20: (a) Bipolar hysteresis loops under different uniaxial
stress for PMN-30PT <111>-oriented crystal; (b) Remnant and
saturation polarization under different uniaxial stress for PMN-30PT
<111>-oriented crystal.

The remnant and the saturation polarizations under different uniaxal compres-
sive stress are plotted in Figure 3.20(b). Like for PMN-25PT with a <001> orientation,
P, and P; vary relatively linearly with applied stress. It can be observed that both
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polarizations exhibit a slightly non-linear variation around 60 and 80MPa which can
be explained by a transition between a rhombohedral to a monoclinic phase. Such
transition will induces a soft polarization variation as the polarization will not be
in an in-plane state. However it is complicated to ensure of the occurrence of this
transition and further experiments should be necessary to affirm it.

The energy densities via Ericsson cycles were then evaluated for <111> PMN-
30PT. Again the Ericsson cycles were assumed to correspond to the descending
curves of the bipolar hysteresis loops. This choice was motivated by the previous
experimental campaign on <001>-oriented crystal and by the correspondence be-
tween the modeling approach via Landau-Devonshire theory and such descending
curves. An illustration at room temperature of an estimated Ercisson cycle between
0 and 1500kV /m and 0 and 100MPa is given in Figure 3.21(a). In Figure 3.21(b), the
harvested energy is given depending on different levels of applied stress for <001>
PMN-25PT and <111> PMN-30PT. The two curves follow similar trend and almost
identical values of energy density are obtained for all the different level of stress. It
can be noted that at 10MPa, almost no output energy is obtained for <111>-oriented
crystals compared to the <001> orientation. However, except from this point, the
output energy values remain practically similar for higher stress levels. The fact that
<111> and <001> orientations exhibit similar energy densities is quite surprising as
the ds3 for both orientations is very different. Indeed, the d33 for <001> oriented
PMN-25PT is around ten times superior compared to the <111> orientation as it was
reported in Table 1.2 and 3.1. However, it is worth remarking that the composi-
tion of PT were not exactly the same between the <001> orientation and the <111>
ones. This can leads to some differences when comparing both materials responses.
Nonetheless, the compositions are sufficiently close to establish a first comparison
in terms of energy outputs.
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FIGURE 3.21: (a) Bipolar hysteresis loops of PMN-30PT
<111>-oriented crystal with an associated Ericcson cycle at 100MPa;
(b) Energy density as a function of applied stress for <001>
PMN-25PT and <111> PMN-30PT.

The experimental and modeling results for the harvested energy at room tem-
perature for Ericsson cycle with applied electric field ranging from 0 to 1500kV /m
and stress from 0 to 100MPa are given for <001> PMN-25PT and <111> PMN-30PT
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in Figure 3.22(a). It can be seen that the modeling results for <001> PMN-25PT and
<111> PMN-30PT are almost identical. The <111> orientation displays a slightly
higher energy density of 145m]/cm® compared to the <001> orientation which ex-
hibits an energy density of 130m]/cm?>. These differences are explained because the
modeling predicts in-plane switching for low electric and high applied stress as it
was shown in Figure. 3.13(b). Thus, larger polarization is induced in <111> oriented
crystals and then larger harvested energy. The experimental results for both orienta-
tions display also similar energy outputs as it was reported in Figure 3.20. However,
the converted energies for the <001> and the <111> orientation are higher compared
to the modeling results with respectively an energy of 176m]/cm3 and 183m] /cm?.
These differences can be explained by the low piezoelectric coefficients predicted by
the phenomenological approach compared to the measured ones. These differences
of piezoelectric coefficients between modeling and experiment can be observed in
Figure 3.22 and was previously mentioned in this chapter.
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FIGURE 3.22: (a) histogram of the modeling and the experimental

results of the energy harvested for an Ericsson cycle at 100MPa for

<001> PMN-25PT and <111> PMN-30PT; (b) histogram of the mod-

eling and experimental results of the d33 piezoelectric coeffificient for
<001> PMN-25PT and <111> PMN-30PT

In Figure 3.22(b), the piezoelectric coefficients, specifically the ds3, is presented. These
coefficients have been determined using the Landau-Devonshire theory and have
also been experimentally measured for crystals oriented along <001> and <111>
directions. As previously discussed, there is a significant contrast in the absolute
values of the modeled and experimental results for the ds3 coefficient. Neverthe-
less, the relative variation in d33 between the <001> and <111> crystal orientations is
more consistent when comparing the simulation predictions with the experimental
findings. These outcomes underscore the material differences in symmetry and re-
sponse when considering high-level energy harvesting using Ericsson cycle versus
low-level energy harvesting.

3.5 Summary

The primary focus of this chapter was to present the characterization results on fer-
roelectric materials when subjected to high electric field, high uniaxial stress, and
varying temperatures and to compare these results with modeling predictions. Ini-
tially, we introduced the ferroelectric materials under investigation, along with a
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brief overview of some of their key properties. Subsequently, an overview of the
experimental test setup was provided , highlighting the various techniques and pro-
cedures employed to carry out Ericsson cycle on these materials.

Then, the study focused on assessing the electromechanical energy conversion
efficiency of different ferroelectric materials, such as hard PZT C203 ceramic, medium
PZT C6 ceramic, soft PZT C9 ceramic, PMN 15 paraelectric ceramic as well as PMN-
25PT and PZN-8PT single crystals. The characterizations were conducted at room
temperature by performing real Ericsson cycle with successive steps under two dis-
tinct levels of compressive stress —intermediate (30 MPa) and high (100 MPa) —along
with an electric field of 1500 kV/m. PZN-8PT <001>-oriented crystals demonstrated
the highest potential for energy conversion, achieving an energy density of 235.6
m] /cm?® explained by non-linearties induced by the high compressive stress. Never-
theless, when exposed to high electric field and stress conditions, the energy conver-
sion performance of PZT C9 ceramic was similar to PMN-25PT single crystal which
displayed an energy density of 118.7 m]/cm3. This, result showed that under high
levels, the energy density of the materials converges, emphasizing the differences
between low level and high level energy harvesting.

After that, the work targeted solely PZN-8PT and PMN-25PT <001>-oriented
crystals. This choice was driven by the desire to gain a deeper comprehension of
how to leverage phase transitions and the associated polarization mechanisms in the
context of high-level energy harvesting. Moreover, this investigation allowed apply-
ing the model developed in Chapter 2 on such crystals for a better comprehension
on the material responses. The model was confronted to the experimental results
on different levels of stress, electric field and temperature. Both experimental and
theoretical results agreed well. Specifically, in-plane switching of polarization was
reported in PZN-8PT at all considered temperatures and even under high electric
field when subjected to compressive stress. For PMN-25PT, this in-plane switching
occured but in more specific conditions (high temperature and low electric field),
which was also predicted by the simulations. The ideal operating temperature for
Ericsson cycle was determined for both crystals. The results pointed out the fact
that the optimal performance is attained at the temperature at which the crystal be-
comes fully tetragonal. This observation has the potential to be extrapolated to all
<001> oriented ferroelectric crystals under conditions of significant stress, allowing
for in-plane switching. In fact, a more substantial variation in polarization is achiev-
able with increased uniaxial stress along the direction of spontaneous polarization.
Thus, the results under high stress conditions suggest that operating in alignment
with the polarization direction produces the highest energy densities, which contra-
dicts the conclusions drawn in domain-engineered crystals.

The experimental investigation focused also on <111>-oriented PMN-30PT which
displays a rhombohedral structure with a polarization along the [111]. direction at
20°C. As it was reported, the value of the d33 piezoelectric coefficients of the <001>
orientation is almost 10 times superior to the <111> orientation in PMN-30PT at
room temperature. However, the experiments and the simulations of Ericsson cy-
cles under high stress and electric field showed that they exhibited similar energy
levels. These results reinforce the unique features of high levels mechanical energy
harvesting compared to low levels ones. However, further experiments should be
performed at different temperature and under different applied uniaxial stress to
confirm these results.
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104 Chapter 3. Experimental characterization

Considering, all the different results of this chapter, making profit of non-linearities
induced by in-plane switching is very beneficial for mechanical energy harvesting.
Moreover, it seems that if a sufficient uniaxial stress is applied to the material and
it allows the polarization to switch in-plane even under the application of an elec-
tric field. Then, all the energy density of the materials should converge and no big
differences in terms of energy density should be observed between the materials.
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Chapter 4

Device implementation

The previous chapters enlightened the potential of exploiting non-linear behaviors induced
by stress and electric field in ferroelectric materials, particularly within the context of non-
resonant mechanical energy harvesting. In such scenarios, the mechanical design of an en-
erqy harvesting device needs to be tailored to the mechanical source, ensuring that the me-
chanical stress is sufficiently high to maximize energy conversion.

This chapter aims at implementing real applicative devices with the conditions of stress
and electric field previously considered in the modeling (Chapter 2) and the characteriza-
tion of ferreolectric materials (Chapter 3). The main objective is to made profit of the non-
linearities largely discussed in this manuscript for demonstrating their potential for energy
harvesting.

In the first section, the work will focus on the presentation of a fully developed functional
smart tile. This device operates in 33-mode as in the previous experimental test-bench and
modeling. The elaboration of such a device will be first presented, then the experimental
methods will be provided. After that, the characterization results will be given. Finally, an
electrical interface is proposed with the associated characterization results.

In the second section, the development of an additional device based on a cantilever beam
is given for potential applications such as switches. This device has for particularity to oper-
ate in 31-mode compared to the previous one. The work will primarily focus on the test-bench
presentation and the fabrication methods of the cantilever. Then, analytical and finite element
modeling will be introduced to establish the effective tensile stress in the material based on
the beam displacement. Finally, the different characterization results will be presented.
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4.1 Smart tile

The development of a device was a logical extension of this research. Various chal-
lenges must be addressed to achieve a fully functional device, including ensuring
an adequate supply of active materials and implementing a suitable electrical in-
terface for extracting the energy. Here, a smart tile based on a force amplification
mechanism is employed with the explicit aim of operating in the nonlinear regime.
The objective is then to unlock the potential for ultra-high energy conversion den-
sity. This section draws inspiration, in part, from the article previously published in
Smart Materials and Structures [Seb+23].

4.1.1 Design and fabrication

The mechanical system was designed with the aim of transforming an initial input
force into the necessary mechanical stress applied to several piezoelectric ceramic
plates. PZT stacks were then selected for maximizing the total amount of active ma-
terial while still being compatible with forces in the range of hundreds of Newtons.
To attain stress levels around ~ 100MPa (which are necessary to induce significant
depolarization under stress), the cross-sectional area was maintained to less than 1
cm?, and a force amplification mechanism was developed. A piezoelectric stack was
chosen for this purpose because it offers several advantages. It comprises numerous
piezoelectric plates electrically connected in parallel and mechanically connected in
series. As previously noted by Ling et al. [Lin+22], this configuration also enables
the effective utilization of the 33-mode instead of operating in 31-mode, which dis-
plays a piezoelectric coefficient less important (d33 is 2 to 3 times the d3;). The input
mechanical force was enhanced thanks to a lever amplification system, which is rep-
resented on a schematic illustration in Figure 4.1. This device was composed of 3
piezoelectric stacks electrically connected in parallel and mechanically in series.

Fy

FIGURE 4.1: Schematic of the mechanical amplification system
[Seb+23].

The dimensions of the different parts of the tile were chosen to target the desired
stress with a input force equivalent to a human stepping on the device. It is possible
to express the equivalent force applied to the piezoelectric stacks depending on the
input force as follows:

b= ph = 4k (4.1)
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where F; and F, are respectively the input force and the force applied to the piezo-
electric stacks. a,b and 6 denote respectively different distances and the angle formed
between the lever and the bases as shown in Figure 4.1. It can be noted that 6 vary
when stepping on the device. Nevertheless, it was approximated to remain constant
throughout the process due to its extremely low variations. Finally B represents the
mechanical amplification ratio.

All the different mechanical parts were purchased from Misumi or were 3D
printed in ABS with a FlashForge Dreamer printer. For transmitting the stress be-
tween the different piezoelectric elements, linear shafts were employed with a length
of 30mm and a diameter of 12mm. These linear shafts were put inside linear ball
bearings featuring a length of 28mm and an inner and outer diameters of respec-
tively 12mm and 19mm. Finally, the linear shafts were inserted in circular holes of
20mm within blocks made of steel with dimensions of 54 x 25 x 30mm®. All these
different parts are illustrated in Figure 4.2 (a).

After that, the 3 different blocks were fixed on a steel plate of 80 x 300mm? with
a thickness of 6mm as shown in Figure 4.2(b). Another steel block without holes
was added and fixed on the extremity of the plate to stop the PZT stacks when the
force was applied, inducing uniaxial stress in the PZT stacks. Finally, 3D printed
ABS piezoelectric supports were inserted between the steel blocks to align the stacks
with the linear shafts.

a)

Steel plate Piezoelectric supports

FIGURE 4.2: Fabrication steps of the device

The lever was assembled with the different components as depicted in Figure
4.3(a). The lever is composed of two steel links which determine the lengths 2 and
b of equation 4.1 and illustrated in 4.1. With the selected links a and b were respec-
tively of 90mm and 40mm. the two steel links were bound by different steel rods
with a diameter of 10mm inserted in the associated holes of the steel links. Finally
rotating guides allow the lever to rotate in order to applied the force on the linear
shaft via a horizontal contact roll (Figure 4.3(a)).

Then, the lever was fixed on the steel plate as shown in Figure 4.3(b). 4 vertical

linear shafts with a length of 84mm and a diameter of 10mm were screwed on the
base steel plate and a mounting plate was added to rigidify the structure as shown
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108 Chapter 4. Device implementation

in Figure 4.3(c). The 4 vertical linear shafts were then inserted in 4 linear ball bear-
ings that were fixed to an ABS plate on which one can step on as illustrated in Figure
4.5(a) and (b). This device was a proof of concept and different components can be

.

=9

Rotating gJides

Piezoeléctric stacks

FIGURE 4.4: (a) Photograph of device, with piezoelectric stacks me-

chanically assembled in series. The force is applied vertically on

the top white plate, which is converted into a larger horizontal force

squeezing the piezoelectric stacks [Seb+23]; Photograph of the device
when stepping on it [Seb+23].

modified to enhance the portability and reduce the volume of the device. Addition-
ally, the components can be adapted to achieve the desired stress for other uses like
for road pavements. With the dimension selected and illustrated in Figure 4.5(a)
(b = 90mm,a = 40mm and 6 = 25°), it yields to a mechanical force amplification
factor B ~ 7. Considering a human of 70kg stepping on the device, the total force F,
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applied to the three PZT stacks is then around 4900N. The stack surface was around
27mm? which result in an applied uniaxial stress in the range of 100-200MPa.

4.1.2 Experimental methods

The piezoelectric stack actuator chosen for this study was the B58004M4030A020
model manufactured by TDK in Munich, Germany. For more information on the
ferroelectric response under stress of a similar piezoelectric stack, the reader can
refer to the details provided in [Est+17]. This actuator comprised approximately 430
layers of soft PZT, each with a thickness of 70pm, and these layers are interconnected
with electrodes. The overall length of the actuator measured 30mm, with a surface
of 5.2 x 5.2mm?.

a) b)
1.4+0.4 8 max.
S L E
. Contact pad 5.2:0.1
o (silicone free)
Working surface G : ¢
silicone free o | i
< |
d T
w0 /
5.5+0.4
Contact pads
%
[=3
@
Working surface Polarity marking (+)
silicone free

CPT0050-D-E

FIGURE 4.5: (a) Piezoelectric stack illustration taken from "Digikey"
(https:/ /www.digikey.com); (b) Photo of the piezoelectric stack.

Before implementing the PZT stack in the device, characterization of the piezo-
electric materials in their ferroelectric state without any applied stress and under
compressive stress was performed. This assessment was carried out using a similar
setup as presented in Chapter 3. The samples were first tested on the compression
testing machine (Shimadzu AGS-X, Japan), which applied a predetermined static
force to the piezoelectric material. The sample electrodes were connected to a high-
voltage amplifier (AIE Inc., Trek 10/10BHS, USA), and controlled by a function gen-
erator (Tektronix AFG1022, USA). The current was monitored using a current ampli-
fier (Stanford Research®, USA), connected in series with an input resistance of 10).
The polarization was again determined by integrating the current over time. All
the signals were captured and recorded using a Data Acquisition System (Dewesoft
Krypton 8LV, Slovenia). Bipolar hysteresis curves at different stress levels and real
Ericsson cycles were performed in similar way than the protocole described in Chap-
ter 3. However, higher applied electric field could be reached based on the voltage
range advertised by the company. The highest applied voltage was of 180V which
corresponds to an electric field around 2.6kV /mm. An electric field of 1.5kV /mm
corresponding to a voltage of 105V was also tested to compare with the previous
material characterizations.
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As exposed in the previous part, the prototype was constructed using tailor-
made mechanical components. Ericsson cycles, were realised with similar condi-
tions as described previously with the materials within the structure. Uniaxial stress
was applied thanks to the compression machine but also by stepping on the tile for
testing the device in real conditions. An illustration of the voltage evolution with the
associated current are depicted in Figure 4.6(a) when performing an Ericsson cycle
while stepping on the device. The prototype also incorporated a displacement sen-
sor (Panasonic HG-C1100-P, Kadoma, Japan) to keep track of the displacement of the
contact frame. This allowed the measurement of the mechanical work performed by
the external mechanical source. The displacement for the same Ericsson cycle and
its different processes is shown in Figure 4.6(b). Interestingly, the displacement in-
duced by the applied voltage (converse piezoelectric effect) can be observed clearly,
denoting the high electromechanical coupling. This also reflects the especially high
electric field applied to the material as a significant displacement was measured.

a) gomg\down 16° b) 10
200 : , : 8 4
180 — \ 16
160 \ / / {a 20
140 \\" \ 2 - £,/ v |
Z 120 el [y M\ o e 0 £ E
S 100 [ ”f"’ﬂ 12 § E.2
S 80 14 5 3
~ 60 " 6 < G-4Displacement
40 \ 1-8 ©  linduced by the
20 stepping on the devige, 6 [ applied voltage
0 L ; -12 8 ‘ ‘ ‘
0 5 10 15 20 25 0 5 10 15 20
Time (s) Time (s)

FIGURE 4.6: (a) Voltage and current as a function of time when
performing an Ericsson cycle by stepping on the device; (b)
Displacement as a function of time when performing an Ericsson
cycle by stepping on the device.

4.1.3 Characterization results

The PZT stacks were initially subjected to characterization tests under static stress
and bipolar voltage excitation. Figure 4.7(a) illustrates the polarization as a func-
tion of the electric field at static stress levels of 1IMPa and 100MPa. A noticeable
alteration in the hysteresis cycle shape, consistent with previous findings [Unr+19;
PCV14c], was observed. Based on the bipolar cycles, a method for estimating real
Ericsson cycles as in [Tun+22] was employed. A maximum energy conversion den-
sity of 210m]/cm® was thus estimated (indicated by the blue dashed line in Figure
4.7). In a subsequent experiment, the real Ericsson cycles were applied to the piezo-
electric stack actuator, using similar waveforms for the stress and the electric field
as in Figure 3.6(c). The stress levels were sufficiently high to induce irreversible po-
larization changes, and the Ericsson cycles were systematically executed three times
successively. The third cycle was then employed to calculate the energy density
conversion, defined by the enclosed area within the polarization cycle. The Erics-
son cycles were performed according to three different scenarios, for different sets
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FIGURE 4.7: (a) Bipolar cycles at 1 MPa and 100 MPa on a
piezoelectric stack, with the estimated Ericsson cycle area in blue
dotted line [Seb+23]; (b) Ericsson unipolar cycles on a piezoelectric
stack [Seb+23].

of mechanical stress and electric field magnitudes. The resulting polarization ver-
sus electric field are displayed in Figure 4.7(b). All the resulting energy densities
reported in Table 4.1 are consistent with the results of the previous chapter. Indeed,
similar values were obtained for soft PZT under similar stress and electric field con-
ditions as test N°1 and N°2.

Test Electric Mechanical | Converted energy | Energy converted
field (kV/mm) | stress (MPa) | density (m]/cm®) | by the stack (m])

N°1 15 30 13.9 11.3

N°2 15 100 74.5 60.4

N°3 2.6 100 163 132

TABLE 4.1: Different tests and their corresponding energies

After that, the PZT stacks were characterized within the mechanical structure.
Ericsson cycles were tested under different input forces, spanning from 100N to
700N, and applied voltage from 0 to 180V. The charge-voltage (Q-V) cycles were
similar to the polarization versus electric field cycles previously characterised on
the single stack. Consistently with the high-level systemic approach of this Chapter,
the Q-V space is used here to obtain directly the converted energy from the enclosed
area instead of the converted energy density obtained from P-E cycles. Figure 4.8
displays the Ericsson cycles for each tested force. It can be observed that at 100N as
shown in Figure 4.8(a), the energy absorbed by the voltage amplifier is negative, re-
vealing an energy transfer from the amplifier to the piezoeletric stacks. This means
that the voltage application costs more energy than the energy gain from the me-
chanical force input. The cycles under higher forces all exhibit positive energies and
reach an output energy as high as 828m]/cycle for 700N (Figure 4.8(g)).

Figure 4.9 depicts the converted output energy and the stored mechanical energy

depending on the applied forces. The mechanical energy was considered as it is the
reservoir from which the converted electrical energy is partially derived. Across
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FIGURE 4.8: Ericsson cycles performed on the tile; (a) 100N; (b)
200N; (c) 300N; (d) 400N; (e) 500N; (f) 600N; (g) 700N
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all tested force scenarios, it became apparent that the maximum stored mechanical
energy substantially surpassed the amount converted to electrical energy. This dif-
ference originates from the higher mechanical stiffness of the piezoelectric stacks in
contrast to the lever system. Consequently, the lever system stored a greater amount
of energy compared to the PZT stacks. Since only the latter could be converted into
electrical energy, ultimately, just a few percents of the maximum stored mechanical
energy could be harnessed. The choice to place the 3 stacks in a series configura-
tion was chosen for optimizing the ratio of convertible energy to the total stored
mechanical energy. Indeed, this allows a greater proportion of mechanical energy
to be stored within the piezoelectric transducers in comparison to the lever system
due to the reduction of the mechanical stiffness of the piezoelectric stack with such
a configuration.

Both the mechanical energy and the converted energy display a significant in-
crease in the 100 to 500N range. From 500 to 700N, this regime change to a slight
increase of both energies. The results show that this device is interesting with input
forces as low as 300N which is a small input force for a human step. This design en-
abled the achievement of a substantially high mechanical stress, reaching up to 170
MPa, and consequently leading to a especially high output energy. This emphasizes
the interest of such systems for non-resonant mechanical energy harvesting.
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FIGURE 4.9: Stored mechanical energy (red curve) and converted
energy (blue curve) as a function of the input force

In a subsequent experiment, force application involving physical stepping on the
upper plateau of the device is illustrated in Figure 4.5(b). External voltage control, as
employed in other Ericsson cycle experiments, was utilized. It is important to note
that the precise timeline of force application was not regulated and displayed a more
rapid rise compared to the controlled compression testing equipment. This however
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did not significantly impaired the operation of the system. Figure 4.6(a) and (b) il-
lustrate respectively the resulting current-time profile, and displacement-time for a
force of 700 N. The current profile exhibited three distinct peaks: a positive peak
during voltage increase, corresponding to the charging of the electrical capacitance
of the piezoelectric ceramic; a negative peak upon applying force, indicating depo-
larization due to the mechanical stress and electromechanical conversion through
piezoelectric effect; and a negative peak during voltage decrease, relating the dis-
charge of the piezoelectric capacitance. With a force of 700 N, the experimentally
measured converted energy reached a value as high as 776m] per step, whereas a 500
N force resulted in an energy of 578m]. These two Ericsson cycles realised with the
stepping on the device are presented in Figure 4.10. It can be noted that the output
energy with the real steps are slightly lower compared to the test with the compres-
sion machine at equivalent force. These differences of energies are explained by the
current saturation when stepping on the device. This saturation can be observed in
tigure 4.10(a) and (b) and reduces the polarization variation in the 2-3 process.
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FIGURE 4.10: Ericsson cycles with a true step; (a) 500N; (b) 700N.

4.1.4 Electrical interface

All the prior results focused on Ericsson cycles, which, in practical implementation,
could be difficult to achieve due to their dependence on a fully controllable voltage
source. Such an approach indeed consumes excessive energy when operating inde-
pendently, thereby compromising the overall energy balance of the device. In this
work, the objective was to create a fully operational and realistic prototype which
can function independently. The key consideration in selecting the most suitable
interface lied on establishing a viable fully passive system while enabling the uti-
lization of extensive energy cycles in the Q-V space. Specifically, although Ericsson
cycles exhibited the greatest area for a given maximum voltage (or electric field), a
significant drawback in their realistic application is the substantial depolarization
they induced. Consequently, it is necessary to limit the cycle to maintain remnant
polarization, resulting in a pseudo-rectangular cycle as shown in figure 4.11(b).
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FIGURE 4.11: (a) Bennet doubler electrical circuit; (b) Bennet doubler
associated Q-V cycle.

Considering these aspects, the chosen interface was an electrical adaptation of
the Bennet doubler [QD11], which incorporated three diodes 1N4004 and two stor-
age capacitors of 1000uF (depicted in Figure 4.11(a)). The Bennet doubler, through
the sequential operation of diodes operating with only one DC source (denoted stor-
age capacitance thereafter), allows the use of a single source that is besides refilled by
an energy greater than the provided one. This ensures the feasibility and practicality
of the microgenerator. Specifically, the charging process involves a parallel config-
uration of the voltage source and the buffer and storage capacitances as illustrated
in Figure 4.12(a). On the other hand the discharge harvesting process consists of a
series connection of the buffer capacitance and the storage capacitance as showns in
Figure 4.12(b). This arrangement results in the ferroelectric material being exposed
to a voltage that is successively one and twice the value of the voltage of the storage

capacitance.
a) b) .
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FIGURE 4.12: (a) Equivalent electrical circuit during the charging
process; (b) Equivalent electrical circuit during the discharging
process

In this work, an innovative application of the Bennet doubler is therefore in-
troduced. While traditional applications of this circuit are for electrostatic devices,
based solely on capacitance variation of the transducer, this study incorporated piezo-
electric elements into the circuit, enabling the generation of charges. This passive
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transduction system eliminated the need for a voltage source and allowed for the
operation of a self-starting and energetically self-contained system. In this setup, the
conventional voltage source is replaced by a 1000uF storage capacitor, resulting in
a fully passive circuit. This led to the spontaneous appearance of energy cycles that
charged the storage capacitor, thus leading to an increase in voltage and a larger area
within the cycle [QD11]. Numerous enhancements could potentially be employed
to finaly tune the device and achieve a charge versus voltage behavior that aligns
closely with the real Ericsson cycle, then maximizing the enclosed area [Lef+14].
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FIGURE 4.13: (a) Piezoelectric voltage as a function time [Seb+23];
(b) Associated stored energy as a function of time [Seb+23]

In the experiment, when a force was applied to the PZT stacks from an initial
voltage Vi1, the circuit remained open until the voltage reached Vip = 2V)1. This
was followed by a discharge at a constant voltage. Upon releasing the force, the
voltage decreased at a constant charge until it reached the lower voltage V1. Then,
the charge increased slightly beyond the initial value. Repeating these cycles gradu-
ally increased the starting voltage V},; and the area enclosed within the cycle (Figure
4.13).

The interface was set up with the piezoelectric stacks connected in parallel, and a
series of 50 steps force applications at 700N were applied, starting from a completely
discharged state. As a result of the piezoelectricity of the active elements, the initial
voltage increased when the force was applied, initiating a series of gradual charges
of the buffer and storage capacitors. From this measurement, the electrical power
was integrated over time to calculate the electrical work W), of the PZT stacks, which
is expressed as:

W, (t0) = [1° V,(H)I(t)dt. (4.2)

where V), is the measured voltage across the PZT stacks and [ is the measured out-
going current. It is also possible to obtain the total stored electrical energy in the
capacitors W; as:

Ws(t) = 3(C1+ C) Va(t)2. (4.3)

where C; and C; are the value of the two capacitors and V; is the voltage source. The
voltage signals over time are displayed in Figure 4.13(a). The minimum piezoelec-
tric voltage value over one cycle followed the storage capacitor ones and reached
twice the value when the force was applied. The stored energy in the materials and
in the storage capacitor is illustrated in Figure 4.13(b). A nearly quadratic increase
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of energy with time was observed, suggesting that a higher starting voltage V1 was
preferable for increasing the output energy. However, the dielectric strength of the
piezoelectric elements set a limit of 180 V, as recommended by the manufacturer.
Thus, the cycles were terminated when the voltage reached this limit. Consequently,
in the last cycle, the storage capacitors were charged at 90 V, and the voltage of the
PZT stacks ranged then between 90 V and 180 V. In such a scenario, the energy per
cycle reached 320 m]J per cycle, which is approximately 40% of the ultimate convert-
ible energy obtained using real Ericsson cycle.
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FIGURE 4.14: Charge vs voltage using Ericsson cycle (red line) and
Bennet doubler (blue line) at 700N.

Interestingly, the Bennet doubler cycles shapes (Figure 4.14) outfitted those of the
Ericsson cycles. Initially, it was expected that the top-left and bottom-right angles of
the Bennet doubler cycles would align with the Q-V curves observed during Eric-
sson cycle measurements. However, this was not the case as it can be observed in
the experimental results in Figure 4.11. This behavior is interpreted in terms of irre-
versible depolarization induced by the appied stress. When performing an Ericsson
cycle, the charging curve started from zero, and the initial part of the curve corre-
sponded to the repolarization process, from a partially depolarized state. However,
the Bennet doubler did not yield a return at a zero voltage value, resulting in a lower
depoling. Therefore, the equivalent charging branch corresponds to a different first-
order reversal curve, characterized by a higher polarization value. Consequently,
the Bennet doubler cycles were higher than expected, reaching about 40% of the real
Ericsson cycle.

4.1.5 Comparison with the state of the art

The different results obtained with this device are valuable for non-resonnant en-
ergy harvesting and it is interesting to compare the obtained energy values with
prior studies. Firstly, Qian et al. [QXZ19] introduced a frame amplification system
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for harvesting energy from footsteps. They achieved an output power of 11mW at
1Hz, employing a 500N force that led to a peak-to-peak displacement of 4mm. Simi-
larly, Chen et al. [CSS20] proposed an amplification system designed for traffic roads.
By applying an initial step force of 1333N, which induced a 2.5 mm deflection, they
were able to obtain an output energy of 121m] per cycle, representing around 6% of
the mechanical energy input.

In this work, the force amplification was combined with Ericsson cycles, which
were subsequently facilitated using a Bennet doubler electrical interface. This inno-
vative approach allowed us to harness the benefits of non-linear dielectric behavior.
While it may not match the energy density of Ericsson cycles, the Bennet doubler
provides nonetheless an impressive value of 320 m] per cycle (equivalent to 320 mW
at 1 Hz), nearly 40% of the output achieved via Ericsson cycle. This was accom-
plished with a force input of 700N and a displacement of 12mm. When compared to
the results presented in [QXZ19] and [CSS20], our device demonstrated significantly
higher output energy and improved efficiency. This superiority can be primarily at-
tributed to the non-linearities induced by the high electric field and high stress lev-

els.
References Frequency (Hz) | Piezoelectric | Output energy
volume (m3) per cycle
Choi et al. [Cho+06] 13970 212 x 1071 72p]
Jeon et al. [Jeo+05] 13900 212 x 10714 72p]
Muralt et al. [Mur+09] 855 6.4 x 10713 1.6n]J
Shen et al. [She+09] 183.8 1.32 x 10712 1.7nJ
Fang et al. [Fan+06] 608 1.96 x 10712 3.6n]
Shen et al. [She+08] 461.15 1.28 x 10712 4.7n]
Lee et al. [Lee+09] 255.9 3.75 x 10~ 1 8.2n]
Moromoto ef al. [Mor+10] 126 2.14 x 10710 42n]
Song et al. [Son+16] 10 3.47 x 10°° 18u]
Elfrink et al. [E1f+09] 572 4,04 x 10712 110n]
Ericka et al. [Eri+05] 2580 2.82 x 1078 700n]
Minazara et al. [Min+06] 1710 2.82 x 1078 990n]
Chen et al. [Che+13] 113 2.40 x 1077 1u]
Guyomar ef al. [GSK11] 277 1.00 x 1078 14u]
Wang et al. [Wan+12] 150 9.82 x 1078 163u]
Qian et al. [QXZ19] 1 1.27 x 1075 11m]J
Wang et al. [Wan+22a] 10 7.63 x 1070 51m]
Chen et al. [CS520] 1 1.58 x 10~ 120m]J
This work 1 2.43 x 107° 320m]

TABLE 4.2: Examples of energy harvesting prototypes, with their
piezoelectric elements volume, and the output energy per cycle
[Seb+23].

To provide a more comprehensive perspective, a comparative analysis of vari-
ous works related to piezoelectric energy harvesting, encompassing both dynamic
and static regimes, is provided in Table 4.2. It is essential to note that the prototypes
significantly vary in terms of their geometries, operating conditions, working fre-
quencies, and mechanical energy inputs. Nevertheless, this comparative approach
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helps evaluating the overall potential for energy harvesting, considering both the
input mechanical energy and the part that is converted and harvested as electrical
energy. While each data point may need a specific investigation for a detailed anal-
ysis, the main objective is to discern a general trend. In Figure 4.15, a plot of the
output energy per cycle against the volume of the piezoelectric elements along with
the overall trend is given. A similar plot based this time on the output energy against
the volume of the employed devices is given in Figure 4.16. The distinct data points
represent a spectrum of input mechanical energies and frequencies, rendering direct
point-to-point comparisons complicated. Nonetheless, a general pattern emerges,
which provides an indication of the attainable output energy depending on the vol-
umes of the piezoelectric material and of the device.
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FIGURE 4.15: General trend of the output energy of piezoelectric
energy harvesting devices, as a function of the volume of the
piezoelectric elements [Seb+23].

It is noteworthy that nano and micro devices with a piezoelectric volumes less than
10~ 11m3 exhibited relatively higher energy density, surpassing the general trend.
However, it is important to mention that these devices may not consistently sup-
ply sufficient energy for direct utilization in powering sensors or similar applica-
tions. For instance, devices falling within the millimeter to centimeter size range
with piezo volumes ranging from 10! to 10~8m? typically exhibit performance be-
low the expected trend. In contrast, macroscopic devices (piezo volumes exceeding
10~8m3) incorporating force amplification and stacked piezoelectrics piezo, outper-
form the expected trend due to their higher input mechanical energy density. In
this work, the Bennet doubler allowed to harness nonlinear electrical behavior com-
bined with force amplification. This integration yielded significantly higher output
energy, reaching levels up to two orders of magnitude greater than the established
trends. Furthermore, considering that Ericsson cycles achieved an output energy
two to three times higher than the Bennet doubler interface, there exists potential for
further enhancements with innovative electrical circuits.
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FIGURE 4.16: General trend of the output energy of piezoelectric
energy harvesting systems, as a function of the volume of the
devices.

4.2 Device based on a cantilever

In the previous section, a device operating in 33-mode was proposed as a solution
for non-resonant energy harvesting. Employed high stress and high electric field al-
lowed to reach outstanding energies per cycle compared to the state of the art. The
proposed application targeted input forces in the hundred of Newtons such as hu-
man steps. In this section, the objective is to develop again a device working at high
levels conditions. However, the goal was to operate in 31-mode for energy sources
in the order of the tens of Newton such as forces induced by finger when activating
a switch and to operate at a smaller scale compared to the tile. Moreover, imple-
menting some of the materials characterized in Chapter 3 such as single crystals to
reach ultra high energy density is one of the objectives of this section. Despite hav-
ing generally a d33 ~2 or 3 times the d3;, the objective with the device presented in
this section was to reach similar energy density compared to the 33-mode thanks to
in-plane domain switching induced by tensile stress.
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4.2.1 Device fabrication and methods

The mechanical device had for objectives to reach high stress levels and high electric
field to perform Ericsson cycles in 31-mode but this time with smaller force inputs
and smaller dimensions. A cantilever beam-based design was chosen as it allows
operating in 31-mode while reach high tensile stress with a small input force and
integration potential. The dimensions of the system were carefully selected as the
induced stress in the material strongly depends on it. Analytical calculations and
finite elements modeling were employed to this end and will be presented later in
this section. In this part the fabrication processes along with the experimental meth-
ods are provided.

1 E

o=t il o -~ g

FIGURE 4.17: Schematic illustration of an idealized Ericsson cycle
with a cantilever beam.

In the previous Chapters, the potential of in-plane switching induced by applied
stress has been highlighted. The development of this cantilever was then motivated
in order to control the polarization with both compressive and tensile stresses during
the different Ericsson cycle processes. Indeed, previous studies considered mechan-
ically poled ferroelectric materials thanks to compressive stress on the lateral direc-
tion [Kan+23; KCH22]. This mechanical poling increases the polarization, which
is of great interest as larger polarization variations are possible through in-plane
switching with tensile stress [MLL04]. The idealized 4 steps of the Ericsson cycle in
31-mode are illustrated in Figure 4.17. With such cycles, the material is electrically
and mechanically poled (1-2 process) with a positive force applied at the tip of the
beam. After that the materials is depolarized thanks to a negative force, which in-
duces a tensile stress (2-3 process). Then, the material is further depolarized with the
release of the electric field (3-4 process) with the negative force still applied. Finally
the cycle is closed by coming back to the initially poled state.

Applying a large stress and electric field with such a small device can be chal-
lenging and one system geometry was finally selected as illustrated in Figure 4.18.
The different elaboration methods will now be provided to build the cantilever. The
choice of the beam material was very important and should have a sufficient yield
stress to stay in the elastic limit when the force was applied, as large deflection are
required to reach tens to hundreds of MPa. The dimensions were also crucial as the
induced stress strongly depends on them. Different beam materials and geometries
were tested and will be discussed later. The final device was made of carbon steel
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FIGURE 4.18: Schematic illustration of the desired device.

with a dimension of 3mm x 10mm x 100mm. A photo of the selected beam is pro-
vided in Figure 4.19.

10mm

FIGURE 4.19: Photographs of the beam steel.

A specific glue was essential to strongly bond the materials to the beam. In order
to resist at stresses superior to 100MPa, a mix of A (epoxy main agent) and B (amine
curing agent) constituent of adhesive EP-340 from Kyowa was selected as shown in
Figure 4.20(a). A mixture of 4:1 of agents A and B was prepared (Figure 4.20(b)) and
were put in a vacuum chamber to remove bubbles that can affect the bonding. After
that, a thin layer of adhesive was deposited on the beam and the ferroelectric mate-
rials were deposited on it as shown in Figure 4.21(a). After the sample deposition,
the glue was dried for 24 hours at room temperature. Then, an electrical wire was
bonded on the top surface of the samples thanks to a silver conductive paste. The
silver paste was dried for one hour at 100°C as illustrated in Figure 4.21(b).

The cantilever was clamped between two pieces of steel (fixed end in Figure 4.18)
thanks to two bolts. A polycarbonate tube with a diameter of 15mm and a length of
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a)

FIGURE 4.20: Photographs of the epoxy glue and the associated
mixture.

FIGURE 4.21: Different steps for the bonding of the materials on the
beam.

20mm was fixed thanks to a Shin-Etsu RTV KE-45T silicon joint to build the silicon
oil bath. Moreover, The volume between the two fixed ends was filled with the same
silicon joint to avoid leakage. The full electromechanical cantilever with a zoom on
the silicon oil bath is depicted in Figure 4.22(a). The cantilever was then fixed on the
test-bench and electrically connected as illustrated in Figure 4.22(b).

Different materials were bonded on the cantilever substrate and it was decided to
used similar ones that have been characterized in Chapter 3 in 33-mode. Thus, PZT
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C6 (medium), PZT C9 (soft) ceramics (6 x 6 x 1mm?®) and PZN-8PT <001> oriented
crystals (5 x 5 x 1mm?) were purchased again from Fuji Ceramics Corporation, Fu-
jinomiya, Japan and Microfine Materials Technologies, Singapore, respectively. All
the materials had the same properties as described in the previous chapter. It can be
noted that for PZN-8PT single crystals, the lateral orientations were important to be
distinguished in 31-mode compared to 33-mode as the d3; piezoelectric coefficient
depends on it. PZN-8PT with lateral crystal directions of <100> and <010> as well
as <110> and <1-10> were then tested.

FIGURE 4.22: Photographs of the full electromechanical cantilever
beams mounted on the test-bench

The test-bench was similar to the characterization of Chapter 3. Again a Tek-
tronix® AFG1022 arbitrary function generator, a Trek® 10/10B-HS high voltage am-
plifier and a low-noise current amplifier (Stanford research®, Sunnyvale, CA, United
States of America) was employed. A linear actuator RSD112 purchased from Misumi
was used to monitor the deflection of the beam with a possible applied force ranging
from 0 to 100N. Finally, a laser Panasonic HG-C1100-P sensor was employed to mea-
sure the displacement of the actuator. A photo of the global experimental test-bench
for the cantilever based device is provided in figure 4.23.

To evaluate the energy conversion of this device, different characterization tests
were performed. As in Chapter 3, real Ericsson cycles at different stress levels were
performed. The applied electric field ranged again from 0 to 1500kV/m and the de-
flection varied from +4 to -4mm. The equivalent tensile stress was determined from
analytical and finite elements simulations and will be presented in the next part. The
temporal profile of the voltage, the force and the displacement for a real Ericsson cy-
cle at 1500kV/m and with a beam deflection of 4mm is given in Figure 4.24.
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FIGURE 4.23: Photo of the test-bench

Bipolar hysteresis loops were also performed with an applied electric field rang-
ing from -1500 to 1500kV /mm and with fixed deflections from -4 to 4mm. The volt-
age waveform for the bipolar hysteresis loops were similar to Chapter 3 displaying
a sinusoidal profile with a frequency of 1Hz.

4.2.2 Modeling for stress evaluation

Assessing the tensile and the compressive stresses in the ferreoelectric material de-
pending on the beam deflection is essential to have a good comparison with the
previous results of this study. The stress evaluation was ensured analytically via
Euler-Bernoulli beam theory and with finite elements simulations.

Analytical stress evaluation

Euler-Bernoulli beam theory, commonly known as engineer beam theory or clas-
sical beam theory, is a simplified framework that originates from linear elasticity
theory. It is employed to estimate how beams carry loads and deflect. This theory is
particularly suitable for cases where beams encounter lateral loads, and the result-
ing deflections are of a modest scale. Some conditions have to be respected to use
the Euler-Bernoulli beam theory [NZ17] and the following prerequisites should be
observed to ensure the highest accuracy of the final analytical modeling:

¢ The beam length to thickness ratio is greater than 10 [HM+10].
* The ratio between the beam length and its width is greater than 2 [Vil+13].
* The piezoelectric material length is much greater than its thickness [KSS516].

All these assumptions are respected with our device. However, the third hypoth-
esis is perhaps not fully satisfied as the ratios between the piezoelectric lengths and
their thickness are only 5 or 6 depending on the considered samples.
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FIGURE 4.24: (a) Force and voltage as a function of time for an
Ericsson cycle with a beam deflection of 4mm,; (b) Associated
measured displacement.

In static condition, it is possible to express the deflection of beam w as:

Py - M) (4.4)

dx2 Ybl(x)

where M is the bending moment, I is the moment of inertia and Y}, is the Young
modulus of the beam. It is possible to express the bending moment as:

M(x) = FL(1 — %) (4.5)

The calculation of the moment of inertia I(x) requires finding the neutral line y,, of
the beam for a < x < a+ L, (it is in the middle of the beam elsewhere). An illus-
tration of beam with the piezoelectric material and the different quantities is shown
in Figure 4.25. The new neutral line in the active zone (part with the piezoelectric
element) y,, is given by:

Y,
_ Y Aifiyi yolne"‘ypgpln?Z
Ym = TAf =

(4.6)

Y,
p
elp-i-eplpy—b

where A; is the area of the i" material and f; is a transformation factor based on
the ratio of the Young modulus of the piezoelectric material and the beam. All the
other quantities are distances represented in Figure 4.25(a) and (b). Finally the new
neutral line is given by:

2 e Y,
< tle+Le, L
D @)

E-‘y-epTh

It is then possible to express the product of the moment of inertia with the Young
modulus in the different regions:

o El(x) = 3e,l,Ypy3 fora <x <a+L,

o El(x) = Ze,l,Y;(5)% elsewhere

Thése accessible a I'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0017/these.pdf © [G. Taxil], [2024], INSA Lyon, tous droits réservés



4.2. Device based on a cantilever 127

FIGURE 4.25: Schematic illustration of the beam and the
piezoelectric material with different associated dimensions.

The beam deflection can be obtained by performing a double integration and by in-
serting equation (4.5) and the moment of inertia depending on the x value in equa-

tion (4.4), which yields.
w(x)=[[ 12?1((?) dxdx (4.8)
However, the calculation aimed at determining the stress and it which is expressed
as:
o= —be% (4.9)

and yields after insertion in equation (4.8):

o=~y —yu)n (4.10)

where n = %’ in the piezoelectric material and n = 1 in the beam. Table 4.3 gives
all the different dimensions and properties of the device and then employed in the

modeling.

Parameter Value Description

a 2mm Distance between the fixed part and the piezo
l 10mm Width of the beam
Iy 5 or 6mm Width of the piezo (PZN-8PT or PZT C9)
e 3mm Thickness of the beam
ep Imm Thickness of the piezo
L 900mm Length of the beam
Ly 5 or 6mm Length of the piezo (PZN-8PT or PZT C9)
Yo 1.5mm Neutral line of the beam
Yp 3.5mm Neutral line of the piezo
Yy 200GPa Young modulus of the beam
Yy 20 [Ami+07] or 50GPa [TFT02] | Young modulus of the piezo (PZN-8PT or PZT C9)

TABLE 4.3: Properties and dimensions of the piezoelectric materials
and the steel beam.
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The measured force in the experiment was used to determine the stress and its
heterogeneity in the material. The results of the calculated stress for PZT ceramics
with an input force of 63N (corresponding to the measured one on the beam for a
deflection of 4mm) is given in Figure 4.26.
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FIGURE 4.26: (a) Calculated stresses as a function of x (longitudinal

direction) and y (thickness direction) for a beam deflection of 4mm;

(b) Calculated stress in the beam and in the material as a function of
y for a beam deflection of 4mm at x=15mm.

The simulations showed that the stress is not homogeneous in the beam and
in the material. The average tensile stress in the piezoelectric material was around
80MPa. This deflection was the maximum reached in the experiment as most of the
samples broke beyond this stress. Indeed, the calculated stress was already superior
to tensile strength measurements for PZT reported in the literature [TOY93]. Before
using a 3mm thickness of the beam, a Imm one was employed, which revealed af-
ter simulations that the stress heterogeneity was too important in the material and
induced cracking. One can note that at the distance x where the piezoelectric mate-
rial is located, the stress profile changes as the neutral line is shifted upward (Figure
4.26(a)) as detailed in the calculations. Interestingly, a jump of stress can be observed
in Figure 4.26(b) and its amplitude depends of the Young modulus ratio of the two
materials.

Finite elements modeling

Finite elements simulations were also performed to have a better confirmation of
the calculated stress in the ferrolectric material depending on the applied force or
deflection. COMSOL Multiphysics was employed with similar conditions and di-
mensions than the experiments and analytical simulations. The different modules
of COMSOL employed were "Solid Mechanics", "Electrostatics" and "Multiphysics"
for the piezoelectric coupling. The chosen boundary conditions were representative
of the experiment. Indeed, the part embedded in the fixed part was set as "Fixed
constraint” and at the other extremity of the beam, an "Edge load" similar to the ones
measured experimentally was set.
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FIGURE 4.27: (a) Finite elements simulation of the Von Mises stress

distribution in the global device for a beam deflection of 4mm; (b)

Finite elements simulation of the Von Mises stress distribution in a

slice in the xy plane of the piezoelectric material for a deflection of
4mm.

The Von Mises stress was then calculated with these initial conditions and the
stress distribution in the beam and in the piezoelectric material is given in Figure
4.27(a). The analytical and finite elements simulations agreed well for the stress
distribution in the beam reaching both ~ 400MPa close to the fixed part for an in-
put force of 63N. Concerning the stress distribution in the material, a slice in the xy
plane with the associated values of the Von Mises stresses were simulated as shown
in Figure 4.27(b). It can be noted that at the edges of the materials, finite elements
calculations predict large stress heterogeneity due to boundaries effect compared to
analytical calculations. However, if neglecting the boundary effect, the stress distri-
bution was very similar to the stress predictions presented in Figure 4.26. Indeed,
the average stress in this slice of material was found to be of 90MPa while it was of
80MPa for the Euler-Bernoulli beam theory.

4.2.3 Experimental results and discussion

Bipolar hysteresis loops were first tested on the ferroelectric materials with negative
and positive deflections applied to the beam. This allowed to firstly characterize
the response of the materials with compression and tensile stresses as well as ap-
plied electric field. It is important to note that a positive deflection corresponds here
to a tensile stress, which should induce a depolarization. Conversely, a negative
deflection is associated to a compressive stress which tends to increase the polariza-
tion [MLL04]. PZT-C9 were firstly investigated and the associated bipolar hysteresis
curves are given in Figure 4.28.

In Figure 4.28(a) the applied deflection to the beam of 4mm was assessed in terms

of tensile stress (= 80MPa) thanks to the analytical and finite element simulations
presented previously. The bipolar hysteresis curve for PZT C9 at 0Omm was similar
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FIGURE 4.28: (a) Bipolar hysteresis curves of PZT C9 under tensile
stress; (b) Bipolar hysteresis curves of PZT C9 under compressive
stress

to the one obtained in Chapter 3. It can be observed that the coercive field remains
constant with the applied tensile stress, which is different compared to the results in
33-mode where a decrease of the coercive field with the applied stress was observed.
The induced depolarization with stress was not as high as expected. Indeed, it can
be found in the literature that the piezoelectric coefficient d3; of soft PZT is around
~ 300pC/N. With levels of stress around 90MPa, the induced linear variation of
polarization in 31-mode is given in a first approximation by AP; = d3;011, which
give here a polarization variation around ~ 0.03C/ m?%. However, the experimental
results gave a polarization variation lesser than 0.007C/m?. Unfortunately, applied
higher stress levels was not possible due to the materials breaking with higher de-
flections.

The bipolar hysteresis curve measurements under a compressive stress is illus-
trated in Figure 4.28(b). A large depolarization can be observed with a deflection
of only -3mm (=~ 50MPa). However, this depolarization originates from the degra-
dation of the material. It was observed experimentally that the materials broke and
were degraded more easily under compressive in plane stress. Moreover, by apply-
ing a compressive stress, an increase of polarization was expected and desired for
energy harvesting applications. Consequently, it was chosen to not pursue the in-
vestigation under compressive stress (negative deflection) as the response was not
interesting for energy harvesting applications and due to the limitation of available
materials.

Bipolar curves were also performed on PZN-8PT with orientations of respec-
tively [100]L,, [010]/, and [001]e, as shown in Figure 4.29. In this experiment, a first
bipolar hysteresis loop was measured at 0Omm (blue curve), then a similar hysteresis
curve with this time a deflection of 2mm (tensile stress) was recorded (purple curve).
Subsequently, a second measurement was made at 0Omm after the stress application
(red curve).

The first curve at Omm displayed identical remnant and saturation polarization
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FIGURE 4.29: Bipolar hysteresis curves of PZN-8PT ([100] and [010]
lateral crystal directions) under tensile stress

to the ones measured in 33-mode. However, the coercive field exhibits higher val-
ues compared to the results obtained in Chapter 3 as E; ~ 1kV /mm here while it
was previously measured around ~ 0.5kV /mm. With a beam deflection of 2mm
associated to a calculated stress of 40MPa, the performed bipolar hysteresis curve
presents a depolarization of ~ 0.05C/m?. This depolarization was consistent with
a d3; =~ —1000pC/N, which is close to the reported ones [Sha+07]. However, it is
not clear if the material response with tensile stress was due to pure intrinsic piezo-
electric response or due to the degradation of the material. Indeed, the second test
performed at Omm just after the measurement with the 2mm deflection displayed a
even more depolarized state, which certainly indicates a cracking or degradation of
the materials. This behavior was also observed on the other tested materials and as
the numbers of ferroelectric ceramics and single crystals was limited, it was decided
to stop bipolar hysteresis curve measurements and to performed the real Ericsson
cycles.

Real Ericsson cycles with an electric field ranging from 0 to 1500kV/mm and for
different beam deflections were performed on PZN-8PT single crystals with again
[100]L,, [010]l, and [100]e, crystal directions. The cycles with their associated en-
ergy densities for beam deflections of 2 and 4mm are respectively given in Figure
4.30(a) and (b).

For a deflection of 2mm (Figure 4.30(a)), a negative energy density of —26m]/ cm’
was obtained. This negative energy is associated with an anti-clockwise cycle rota-
tion and means that the electrical energy required to apply the electric field is supe-
rior to the one restituted by the material which originates from the depolarization
process. By increasing the deflection to 4mm (Figure 4.30(b)), the lost energy de-
creased and was reported to be —14m]/cm®. This reduction of lost energy with
larger deflection is due to higher piezoelectric response thanks to higher applied
stress. Then, the electrical work provided by the ferroelectric material increases and
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FIGURE 4.30: Bipolar Real Ericsson cycles on PZN-8PT ([100] and
[010] lateral crystal directions) under different beam deflections. (a)
2mm; (b) 4mm.

almost reach the electrical work given to the system. However, this work is devoted
to energy harvesting and instead, lost energy was obtained here, even at stress lev-
els around 90MPa. A negative energy output was not expected ant it emphasizes
the unique material responses in 31-mode and particularly, when the materials are
bonded to a beam and subjected to high tensile stress and high electric field. It can
be noted that all the materials displayed similar negative Ericsson cycles. Thus, it
was decided to stop performing Ericsson cycles and try to test the materials response
differently.

The third investigation aimed at having a better comprehension of such low
piezoelectric response by measuring the electrical response for different oscillating
beam deflections. The deflections were set to vary from 0 to 4mm and the oscil-
lations were repeated several times to check if the piezoelectric response was low-
ered by repeated cycles. The corresponding force was measured and is presented in
Figure 4.31(a). The associated variation of polarization was also measured and no
degradation of the piezoelectricity was detected by repeating the cycles as shown
in Figure 4.31(b). As it can be expected, the force and the polarization variation in-
creased when the beam deflections were larger.

PZT C9 (soft) ceramics as well as PZN-8PT with lateral directions of respectively
[100]L,, [010]l, and [110]L,, [1-10]!, and with electrodes in both crystal deposited
in the [001]e, directions were tested. For the different materials, the variation of
polarization is plotted in Figure 4.32(a) as a function of the beam deflection. It can
be observed that polarization variations evolve linearly for all the tested materials.
However, the variations of polarization were not equivalent between the materials,
which emphasizes their difference in terms of d3; piezoelectric coefficients. Particu-
larly, PZN-8PT samples with lateral crystal directions of [110]L, and [1-10]/, exhibit
a better response compared to PZT ceramic and the other lateral orientation of PZN-
8PT single crystal.

The piezoelectric coefficients dz; were fitted from the experimental results to
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FIGURE 4.31: (a) Oscillating forces as a function of time for different
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FIGURE 4.32: (a) Polarization variations as a function of the beam
deflections (b) Polarization variations as a function of the associated
calculated tensile stresses.

have a better comparison with literature results and understanding of the materials
response. The tensile stresses were then calculated via finite elements and analytical
modeling from the measured forces. It is important to note that the calculated stress
for the same beam deflections are different depending on the materials due to the
difference in their Young modulus. It was then possible to estimate the d3; piezo-
electric coefficients for each materials by doing a linear fitting of the polarization
variation with respect to the calculated tensile stress. The estimated d3; for PZT C9
was ~ —79pC/N, which is almost 3 times less than the coefficients reported in the
literature [KC98; Li+02]. In parallel, the d3; piezoelectric coefficient of PZT C9 was
determined without bonding the sample by analyzing the electrical impedance of
the resonator at various frequencies as detailed in [IEEE]. The obtained d3; aligned
with values found in existing literature, affirming that the observed low d3; value
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did not stem from deteriorated samples. For PZN-8PT single crystals with [100]L,,
and [010]/, lateral crystal directions, a d3; of only —210pC/N was measured, which
is very surprising as it was reported to be around —1000pC/ N in previous studies
[SENO03; Sha+07]. For lateral orientations [110]L, and [1-10]/, in PZN-8PT single
crystals, the ds; piezoelectric coefficient was estimated to be of ~ —547pC/N. It is
difficult to find previous studies that report the d3; of PZN-8PT with these particular
crystal orientations. The difference of performance between the two crystal cuts of
PZN-8PT remains unclear. However, a higher piezoelectric activity with [110]L, and
[1-10]l, lateral crystal direction is the main hypothesis to explain such differences.

Concerning the low value of the piezoelectric coefficients obtained when com-
paring with the literature, different reasons have been potentially identified. Firstly,
the stress distribution is not homogeneous in the material and only a fraction of
the volume of material participate to the piezoelectric activity. Indeed, as it was
observed in Figure 4.27(b), some part at the edges of the material are under low
tensile stress. Another possibility lies in the epoxy glue which potentially does not
transmits very well the induced strain of the steel beam to the piezoelectric mate-
rial. Indeed, COMSOL simulations have indicated that the transmitted stress to the
material significantly varied based on the thickness of the epoxy glue as shown in
Figure 4.33. This outcome underscores the crucial nature of the bonding process,
as the response of the material undergoes significant changes with variations in the
thickness of the deposited glue. Additionally, if the glue experiences plastic defor-
mation under substantial stress, it can also lead to a highly degraded response.
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FIGURE 4.33: Finite elements simulation of the Von Mises stress
distribution for a beam deflection of 4mm with different thicknesses
of epoxy glue. (a) 5 ym; (b) 20 um; (c) 50 ym; (d) 100 pm.
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With simple linear elasticity calculation, it appeared also that if the Poisson ratio
of the steel is superior to the Poisson ratio of the piezoelectric material, it will tend
to reduce the tensile stress in the piezoelectric material as a compressive stress along
direction 2 will appear. However, this aspect is difficult to assess due to the discrep-
ancies of the elastic compliance coefficient si, found in the literature. Moreover, it is
difficult to find this coefficient for particular crystal cuts of PZN-8PT in the literature.

All these considerations could be the bases of future works to better understand
the response of ferroelectric materials when they are bonded on a substrate and sub-
jected to high tensile stress and high electric field. It will be also interesting for future
works to develop a design for high levels energy harvesting working in 31-mode but
without bonding the material. Indeed, the results obtained in this work indicated so
far that operating in 31-mode with a cantilever under high level of stress and electric
field is not suitable for energy harvesting.

4.3 Summary

As a last step towards the use of ferroelectric material under extreme conditions for
energy harvesting. This chapter focused primarily on presenting a smart tile de-
vice operating in 33-mode working with high electric field and high levels of stress
thanks to a lever amplification system. A large volume of piezoelectric materials was
successfully implemented in the device to enhance the output energy. Some fabri-
cation steps of such a smart tile with the associated dimensions of the key pieces
was presented. A description of the materials (PZT stacks) employed for this device
along with the experimental methods for the characterization of the materials out-
side or within the device was also provided.

After that, this section was devoted to present the characterization results per-
formed on the device. Ericsson cycles under various input forces were first tested
on the device and the output energy at 700N was as high as 800m] per cycle. Erics-
son cycles with true steps of 500N and 700N were also realised on the tile and gave
similar output energy to the ones obtained with the compression machine. Then,
as synchronization of the different steps of the Ericsson cycle can be complicated
for real applications, a fully passive electrical interface based on the Bennet Doubler
was proposed. This simple electrical circuit composed of capacitors and diodes al-
lowed to operate in the Q-V space with a voltage ranging from one time to two times
the voltage source. Surprisingly the Bennet doubler cycle shapes outfitted those of
the Ericsson cycles as some of the hysteresis of the materials can be avoided when
the materials is depolarized under high voltage. The converted energy per cycle
with the Bennet doubler was around 40% of the one obtained with the Ericsson cy-
cles, which is still an important amount of energy. The output energy per cycle was
finally compared to the state of the art. It appeared that our results stand out to pre-
vious work, particularly when comparing the energy per cycle with respect to the
piezoelectric volume where our work was over two decades compared to the gen-
eral trend.

In the second section and with in minds the investigation of the integrability of
the concept, a cantilever based device working again under high electric field and
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high stress levels was presented. However, this device had the particularity to op-
erate in 31-mode, which was not yet explored in this work. This device had the
advantage of being able to implement the different materials and particularly sin-
gle crystals which have been characterized previously in 33-mode. The elaboration
processes of the cantilever beams was again provided with the key steps and param-
eters. The different experimental methods have been given along with the presen-
tation of the experimental test-bench. Then, an analytical model based on the Euler
Bernoulli beam theory was proposed to establish the stress in the ferroelectric ma-
terials depending on the applied force. In parallel, finite element simulations were
performed to better confirm the predicted stresses.

Then, the experimental characterization of beams featuring PZT C9 ceramics and
PZN-8PT single crystals with different lateral crystal directions was presented. Bipo-
lar hysteresis curves under different beam deflections were investigated. It appeared
that the induced polarization variation were very low. Moreover, degradation of the
materials was observed, particularly with negative deflection (compression). It was
then decided to abandon the application of compressive stresses to increase the po-
larization and to stop experiments with bipolar hysteresis loops.

Subsequently, real Ericsson cycles were tested to check the energy densities re-
lated to conversion abilities of the materials. The results were not successful as nega-
tive energy output was obtained. This indicated that 31-mode with cantilever beam
is not suitable for energy harvesting under high levels as the required stress for ma-
terials depolarization is beyond their tensile strengths. In a final experiment, the d3;
coefficients of the materials were characterized and it appeared that the estimated
coefficients were largely inferior than the reported ones in the literature. The fun-
damental mechanisms of such behavior is still unclear and different possibility have
been mentioned. The negative energy outputs exhibited by Ericsson cycles is surely
linked to this low piezoelectric response and the unique physics of bonded materials
under such extreme conditions.

The different devices presented in this Chapter emphasized that the 33-mode
with the smart tile works exceptionally well when performing Ericsson cycles under
high levels of stress and electric field. On the contrary, the 31-mode with the can-
tilever based device displays very poor potential for energy harvesting in such con-
ditions. However, further investigations are required to fully exclude the 31-mode
and one particular investigation would consider the fact to avoid using a passive
substrate.
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Chapter 5

Conclusion and perspectives

5.1 Thesis summary

This work focused on non resonnant mechanical energy harvesting. As detailed,
this approach is a good solution for random intermittent (e.g., pulsed) mechanical
energy sources such as steps and tire on roads. This method is of particular interest
with the actual requirements to have clean electrical generation and in the context
of interconnected devices. The major issue with this approach is the low output
energy. Therefore, scavenge the most energy as possibe per cycle is essential for
realistic applications. This work, by considering different aspects such as the mate-
rial properties, the electromechanical structure and the electrical interface aimed at
enhancing the energy conversion capabilities of ferroelectric materials. Particularly,
an innovative approach was to make profit of the non-linearities of polarization in-
duced by applying high electric field and high stress to the ferroelectric materials,
which was the main objective of this work.

This work encompassed diverse aspects, ranging from the fundamental charac-
teristics of ferroelectric materials to the design of energy harvesting devices. The
first chapter was then dedicated to introduce the various concepts involved in this
work. Ferroelectric materials with their unique properties have been first devised.
Then, the theoretical background for describing ferroelectricity and its phase tran-
sitions was presented. It was particularly important in the frame of this work as
the Landau-Devonshire theory has been employed to model the material responses.
The work also delved into presenting the unique features of ferrolectric relaxors
(1 —x)PMN — xPT and (1 — x)PZN — xPT, particularly close to their Morphotropic
Phase Boundaries (MPB) where they exhibit outstanding properties. After that,
Chapter 1 focused on the introduction of energy harvesting and its different scopes
of applications. Specific attention was dedicated to the state of the art in mechanical
energy harvesting and particularly to non resonant microgenerators as this thesis
aimed at improve these systems. The different techniques existing to optimize such
an approach were explored and particularly thermodynamic cycles, which allowed
extracting larger energy in low frequency applications. After introducing all the nec-
essary theoretical background of this thesis, the ANR FIESTA research project was
presented highlighting that this work was conducted within the framework of this
collaborative project. In this context, the introduction ended by presenting the dif-
ferent objectives and the outline of this work.

Understanding and predicting the nonlinearities of polarization with phase tran-
sitions was essential for this work. With such an objective, Chapter 2 focused largely
on modeling thermodynamic cycles via Landau-Devonshire theory. The investiga-
tion was firstly dedicated to pyroelectric energy conversion. The novelty of this
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work was to employ phenomenological theory to model Olsen cycles in different
crystal orientations. To validate the approach, an equivalence between the elec-
trocaloric effect (ECE) and the harvested energy was made. The obtained results
were compared to existing experimental results of the ECE in particular crystal ori-
entations as a lot of works can be found in the literature. Simulation results agreed
well and particularly, a negative ECE was observed for <001> oriented crystals at
the R-T transition for PMN-30PT and at the O-T transition for barium titanate. This
work, to the best knowledge of the author, is the first to explain such a behavior us-
ing a phenomenological approach. For pyroelectric energy harvesting, it appeared
that various ferroelectric-ferroelectric (FE-FE) transitions yield different outcomes
based on crystal orientations. Some transitions proved to be favorable for energy
harvesting, while others, indicated by a negative ECE, are less profitable. Notably,
across all modeled scenarios, the ferroelectric-paraelectric (FE-PA) transition consis-
tently maximizes output energy. This result is unsurprising, given the substantial
polarization variation occurring at the Curie temperature. Nevertheless, leveraging
FE-FE transitions could present a viable alternative for enhancing energy harvesting
in materials characterized by excessively high Curie temperatures (approximately
100°C). Modeling of Ericsson cycles for mechanical energy harvesting was then pre-
sented. The modeling approach for the cycles was initially introduced, outlining
the theoretical framework and assumptions employed in simulating PMN-25PT and
PZN-8PT single crystals with <001> orientation for comparison with the experimen-
tal reults of Chapter 3. Moreover, the modeling scope was expanded to encompass
various crystallographic orientations. This extension involved introducing two co-
ordinate systems and providing detailed explanations of the calculations used to
express various physical properties, with a specific focus on the piezoelectric coeffi-
cients. A comparative analysis was conducted between high-level energy harvesting
using the Ericsson cycle and low-level harvesting through the piezoelectric coeffi-
cient. Notably, the symmetries exhibited significant differences in both cases. Par-
ticularly under high electric field and uniaxial stress, the harvested energy demon-
strated a more homogeneous distribution. This highlights the distinctive nature of
energy harvesting under non-resonant conditions and extreme circumstances, chal-
lenging the conventional approach of using 4R domain-engineered crystals in such
scenarios. The utilization of nonlinearities and phase transitions introduces unique
behaviors, suggesting that operating along the spontaneous polarization direction
could be more advantageous.

Then, Chapter 3 presented the characterization results of ferroelectric materials
under conditions of high electric field and high uniaxial stress, and varying temper-
atures. Initially, the work focused to assessing the electromechanical energy conver-
sion efficiency of different ferroelectric materials, including hard PZT C203 ceramic,
medium PZT C6 ceramic, soft PZT C9 ceramic, PMN 15 paraelectric ceramic, as
well as PMN-25PT and PZN-8PT single crystals. Characterizations were performed
at room temperature by executing real Ericsson cycles with successive steps under
two distinct levels of compressive stress-intermediate (30 MPa) and high (100 MPa)-
accompanied by an electric field of 1500 kV/m. Notably, PZN-8PT <001>-oriented
crystals exhibited the highest potential for energy conversion, achieving an energy
density of 235.6 m]/cm?® attributed to nonlinearities induced by the high compres-
sive stress. However, under high electric field and stress conditions, the energy con-
version performance of PZT C9 ceramic was comparable to that of PMN-25PT single
crystal, displaying an energy density of 118.7 m]/ cm3. This result underscores the
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convergence of material energy density under high levels, and highlighted differ-
ences between low-level and high-level energy harvesting. The subsequent phase of
the work focused solely on PZN-8PT and PMN-25PT <001>-oriented crystals. This
deliberate choice aimed to deepen understanding of how to leverage phase tran-
sitions and associated polarization mechanisms in the context of high-level energy
harvesting. Furthermore, this investigation facilitated the application of the model
developed in Chapter 2 to gain better insights into material responses. Experimental
and theoretical results aligned well, with in-plane switching of polarization reported
in PZN-8PT at all considered temperatures, even under high electric field when sub-
jected to compressive stress. For PMN-25PT, such in-plane switching occurred un-
der specific conditions (high temperature and low electric field), in line with predic-
tions from simulations. The optimal operating temperature for the Ericsson cycle
was determined for both crystals, emphasizing peak performance when the crys-
tal becomes fully tetragonal. This observation holds potential for extrapolation to
all <001> oriented ferroelectric crystals under conditions of significant stress, allow-
ing in-plane switching. Under high stress conditions, operating in alignment with
the polarization direction was found to produce the highest energy densities, con-
tradicting conclusions drawn from domain-engineered crystals. The experimental
investigation was also extended to <111>-oriented PMN-30PT, exhibiting a rhombo-
hedral structure with polarization along the [111]c direction at 20°C. Despite the al-
most tenfold superiority of the d33 piezoelectric coefficients of the <001> orientation
compared to the <111> orientation in PMN-30PT at room temperature, experiments
and simulations of Ericsson cycles under high stress and electric field revealed sim-
ilar energy levels. These results emphasized again the distinctive characteristics of
high-level mechanical energy harvesting compared to low-level scenarios, though
further experiments at different temperatures and under varying uniaxial stress are
needed to confirm these findings.

To finalize the demonstration of the interest of ferroelectric materials under ex-
treme conditions for energy harvesting, the last chapter was then dedicated to im-
plement these materials in real devices. Primarily, it focused on introducing a smart
tile device operating in 33-mode under high electric field and substantial levels of
stress, facilitated by a lever amplification system. A significant volume of piezo-
electric materials was successfully integrated into the device to enhance the output
energy. The fabrication steps of this smart tile, including the dimensions of key
components, were presented. Following this, the section delved into presenting the
characterization results obtained from the device. Ericsson cycles under various in-
put forces were conducted, revealing an impressive output energy of up to 800mJ per
cycle at 700N. Ericsson cycles with true steps of 500N and 700N were also performed
on the tile, yielding similar output energy to those obtained with the compression
machine. Recognizing the potential complexity of synchronizing different steps in
real applications, a fully passive electrical interface based on the Bennet Doubler
was proposed. This simple electrical circuit, comprising capacitors and diodes, al-
lowed operation in the Q-V space with a voltage ranging from one to two times the
voltage source value. Surprisingly, the Bennet doubler cycle shapes outperformed
those of the Ericsson cycles thanks to lower hysteresis losses. With approximately
40% of the converted energy per cycle compared to the Ericsson cycles, the Ben-
net doubler exhibits a significant amount of scavenged energy. The output energy
per cycle was then compared to the state of the art, revealing that the results sur-
passed previous works, especially when considering energy per cycle relative to the
piezoelectric volume. In the subsequent section, with in mind the developement of
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a more integrated device, a cantilever-based device designed to operate under high
electric field and stress levels was introduced. This device operated in 31-mode,
an aspect not previously explored in this work. One notable advantage of this de-
vice was its capability to incorporate various materials, particularly single crystals
characterized earlier in 33-mode. The fabrication processes of the cantilever beams
were elucidated, highlighting key steps and parameters. Comprehensive details on
experimental methods were provided, and an analytical model based on the Euler-
Bernoulli beam theory was introduced to determine stress in ferroelectric materials
based on the applied force. Additionally, finite element simulations were conducted
to validate the predicted stresses. The experimental characterization of beams fea-
turing PZT C9 ceramics and PZN-8PT single crystals with different lateral crystal
directions was then presented. Bipolar hysteresis curves under various beam de-
flections were investigated, revealing minimal induced polarization variations and
material degradation, especially under negative deflection (compression). Real Eric-
sson cycles were conducted to assess the energy densities associated with the mate-
rials conversion capabilities. However, the results were not successful, indicating a
negative energy output. This suggested that 31-mode with a cantilever beam is un-
suitable for energy harvesting under high levels, as the required stress for material
depolarization exceeds their tensile strengths. In a final experiment, the d3; coeffi-
cients of the materials were characterized, revealing values much lower than those
reported in the literature. The underlying mechanisms of this behavior still remain
unclear, with various possibilities mentioned. The negative energy outputs observed
in Ericsson cycles are undoubtedly linked to this low piezoelectric response and the
unique physics of bonded materials under extreme conditions.

To conclude, by considering the modeling, the characterization and the imple-
mentation of ferroelectric materials, this work enlightened their unique potential of
ultra-high energy conversion when they are subjected to sufficient levels of stress
and electric field. The nonlinearities of polarization induced by these conditions,
conventionnaly considered as counter-productive, have been demonstrated as an
effective solution for devices operating in non-resonant conditions. However, future
works could aimed at improving different aspects of this thesis.

5.2 Perspectives

This thesis considered different ways to improve the converted energy of ferroelec-
tric materials in non-resonnant conditions. Certain aspects examined in this work
could undergo further exploration, while potential avenues not addressed in this re-
search could serve as the foundation for future investigations. A non-exhaustive list
of these possibilities will be provided for possibly continue this work:

¢ Concerning the modeling of ferroelectric materials for energy harvesting, fur-
ther investigations could add a Ginzburg term to the free energy to take into
account extrinsic contributions. Indeed, only a single ferrorelectric domain
was examined in the simulations and adding domains and their interactions
can modify the material response.

¢ Enhancing the applied stress and the electric field for the Ericsson cycles in 33-
mode could allow observing the convergence of the energy densities between
all the materials and will permit to increase even more the harvested energy
per cycle reported in this work.
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* Developing a new electrical interface could be another possibility. Indeed,
despite having the advantage to be a fully passive circuit, the Bennet Dou-
bler allowed to scavenge only 40% of the Ericsson cycle. Then, future studies
could develop a new electrical circuit, possibly derived from the Bennet dou-
bler, such as cascaded Bennet circuits to adjust the voltage ratio and then fit
more the Ericsson cycle in the Q-V space.

 Utilizing Ericsson cycles with tensile stress and compressive stresscould be
another avenue. It has been shown that it is possible to mechanically pole fer-
roelectric materials. Therefore, future studies could made profit of alternating
positive and negative stress to the materials to avoid some of the hysteresis in
the 1-2 process (application of the electric at the constant low stress level) of
the Ericsson cycle. This could further enhance the energy converted per cycle.

¢ Designing a device that could efficiently work in 31-mode. Indeed, the can-
tilever beam-based device developed in this work was not efficient for energy
harvesting under high levels with Ericsson cycles. However, the 31-mode is
not to exclude if a new device design permits avoiding the bonding of the ma-
terial. Further investigations could focus then on developing such a device.
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potentiel significatif pour étre utilisés dans la récupération d'énergie mécanique en tant que transducteur en raison de leurs
propriétés exceptionnelles. Une caractéristique notable de ces matériaux est leur capacité a afficher des transitions de phase
induites par des variations de température, de champ électrique et de contrainte. L'exploitation de ces transitions de phases peut
s’avérer prometteur pour améliorer la récupération d'énergie, étant donné que les matériaux présentent des propriétés non
linéaires a proximité de ces transitions. Ainsi, ce travail propose grace a la modélisation, la caractérisation et 'implémentation de
ces matériaux ferroélectriques dans des dispositifs de récupération d’énergie, d’utiliser ces non-linéarités induites par la contrainte
et par le champ électrique pour améliorer la conversion d’énergie mécanique.
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