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Abstract

This work focuses on energy harvesting of ferroelectric relaxors PMN-25PT
and PZN-8PT single crystals with high uniaxial stress and electric field. Er-
icsson cycle, which consists of applying and releasing electric field and stress
at different steps of the cycle, has been used. A large energy density for PZN-
8PT high as 410 mJ/cm? was obtained. Different working temperatures were
tested by experiment and modeled via Landau-Devonshire theory. Optimal
working temperatures were identified for high level energy conversion and
were successfully predicted by simulation. It appeared that the optimum
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working temperature was different from that optimizing the ds3. Polariza-
tion mechanisms induced by these extreme conditions for energy harvesting
are explained in the frame of experimental and modeling results. The results
obtained at high stress levels tend to indicate that operating along the polar-
ization direction yields the best results, which contradicts conclusions drawn
in the case of domain engineered crystals.

Keywords: Ferroelectric, phase transition, single crystal, modeling, energy
harvesting

1. Introduction

Energy harvesting is a field in huge growth over the past twenty years.
The ability to power devices without battery, which suffer from self-discharge
and yield delicate replacement in harsh conditions, has attracted the scientific
community. Moreover, the upcoming ecologic transition requires sustainable
energy production and energy harvesting can contribute to this challenge.
Different sources of energy can be considered for energy harvesting. For
instance, wind, solar radiations or vibrations are among the most used. In
the field of mechanical energy harvesting, the majority of research works con-
sider resonant devices operating with vibrating mechanical sources |1, 2, 3, 4].
However, there is a lot of random sudden mechanical energy inputs that can
be harvested in everyday life (switches, step, tire on road, door opening,
etc) [5, 6, 7]. In this context, ferroelectric materials, which are a class of
piezoelectric materials, are very promising for such applications due to their
remarkable properties. A particularity of these materials is to have a rem-
nant polarization at zero electric field. Another interesting feature is the
possibility for these materials to present phase transitions with the variation
of temperature, electric field and stress. It is possible to improve energy
harvesting by using these phase transitions as the properties of the mate-
rial are non-linear in the vicinity of these transitions [8, 9]. Ferroelectric
relaxors like (1 — x)PMN — xPT and (1 — x)PZN — xPT have been largely
investigated [10, 11, 12| due to their outstanding piezoelectric properties,
particularly with compositions close to the morphotropic boundary condi-
tions (MPB). In this composition range, these materials easily change their
ferroelectric phase via variation of stress and electric field [13, 14]. In this
context, this study aims at identifying ideal thermodynamic conditions for



energy harvesting and the contribution of phase transitions to such applica-
tive target in such ferroelectric relaxors. A strong research effort has been
made using thermodynamic cycles to increase the output power. The Er-
icsson cycle, generally called Olsen cycle for pyroelectric energy harvesting,
has been investigated due to its high energy conversion abilities [15, 16, 17].
In mechanical energy harvesting, this cycle consists of two isotress processes
and two isoelectric processes. This work investigates energy harvesting with
Ericsson cycle in PMN-25PT and PZN-8PT with <001> orientation under
high electric field and uniaxial stress. There is a lack of studies that evalu-
ates their energy conversion abilities with such conditions and the intrinsic
mechanisms of polarization involved in such excitations. Thus, this work
aims at understanding and identifying ideal polarization mechanisms for en-
ergy harvesting in such conditions. In a first step, this study presents a
description of the experimental testbench and of the Ericsson cycle. Then
a theoretical model based on the Landau-Devonshire theory is proposed to
evaluate the energy density with Ericsson cycle. After that, experimental
characterization of PMN-25PT and PZN-8PT <001> oriented single crystal
is made under various conditions of stress and electric field when varying
the operating temperature. The experimental results are also compared with
simulation and are discussed with the different polarization mechanisms in-
volved in the process. Finally optimal working temperatures for mechanical
energy harvesting are identified and explained in the frame of experimental
and theoretical results.

2. Experimental methods

2.1. Materials and experimental testbench

PMN-25PT and PZN-8PT <001>-oriented single crystals were respec-
tively purchased from Otsuka corporation, Japan and Microfine Materials
technologies, Singapore. Both samples were poled along the [001]. direction
and have a thickness of Imm. Samples were cut by a dicing machine DISCO
DAD3240. Surface was 6 x 6mm? for PMN-25PT and of 2.5 x 2.5mm? for
PZN-8PT. A Shimadzu® AGS-X series compression test machine was used
to apply the desired force on the samples. A Tektronix® AFG1022 arbi-
trary function generator and Trek® 10/10B-HS high voltage amplifier were
used to apply the electric field. The current was monitored by using a low-
noise current amplifier (Stanford research®, Sunnyvale, CA, United States of
America). Samples for measurements were put in a silicon oil bath to apply
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the electric field and regulate the temperature. The temperature was mon-
itored with a Shimadzu® TCE-N300A thermostatic chamber. Illustrations
of the experimental test-bench and the samples are given in Fig. 1 (a),(b)
and (c).

PZN-8PT PMN-25PT

(@) —

Thermostatic
chamber

-

Figure 1: (a) Schematic of the experimental setup; (b) Photogragh of PMN-25PT and
PZN-8PT single crystals; (¢) Photograph of the experimental setup inside the Shimadzu
thermostatic chamber.

2.2. Ericsson cycle

Mechanical energy harvesting with a single force application requires con-
verting as much as possible of mechanical energy input into electrical one.
To achieve this, employing a closed thermodynamic cycle is a good solution
due to the high potential of energy conversion [18, 19]. We used Ericsson
cycle which consists of starting at zero stress and zero electric field. An elec-
tric field is then applied until a final value E; is reached (1-2 path in Fig.
2(a)). Then, an uniaxial stress is applied along the electric field direction
(2-3 path). Afterwards, the electric field is decreased to zero at high stress
level (3-4 path). Finally, the stress is released to close the cycle (4-1 path).
Harvested energy is given by the clockwise contour integration of the cycle
in the P-E space (Polarization-Electric field) as illustrated in Fig. 2(a). It



can be noted that polarization can be considered as the conjugated variable
of the electric field due to the high relative permittivity €, >> 1 in ferro-
electrics materials. The directions of the applied stress and electric field were
chosen to be along the [001]. directions. Illustration of possible polarization
mechanism of ferroelectric single crystals during the different steps of an Er-
icsson cycle is presented in Fig. 2(b). The aim of this study is to determine
what are the optimal polarization mechanisms and phase transitions in fer-
roelectric materials for energy harvesting in these conditions and under high
excitation levels.

(a)

0.25
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Figure 2: The different possible orientations of the polarization for a ferroelectric crystal.
(a) Hlustration of the Ericsson cycle; (b) Ilustration of polarization mechanisms at the
different steps of an Ericsson cycle.

3. Phenomenological approach

In order to study phase transitions of ferroelectric materials, the Landau-
Devonshire theory has been largely employed during the last decades for
ferroelectrics 20, 21, 22|. Few studies proposed to use it for energy har-
vesting purpose and modeled thermodynamic cycles for pyroelectric energy
harvesting [23, 24]. However, none of them proposed to use such an approach
for mechanical energy harvesting and make profit of its predictive abilities.
To better understand and confirm the experimental results, the Landau phe-
nomenological theory was employed. The free energy is developed as a func-
tion of an order parameter which is the polarization for ferroelectrics. By
adopting the Einstein summation convention, the classical free energy intro-



duced by Devonshire [25] is expressed as:

Egd = O-/ij-Pif)j + O-/ijklPinPkPl + aijklmnf)inPkBPmPn (1>
+aijklmnopIDinPkIDlePnPoPp + ...

where P; are components of the spontaneous polarization; o;, qjki, Qijkimn
and a;jkimnop are tensors representing the different orders of the dielectric
stiffness. One significant advantage of this approach is the possibility to
take into account the temperature, the electric field and the stress applied to
the ferroelectric material. The free enthalpy correspond to the appropriate
thermodynamic potential to describe these kinds of systems and is given in
tensorial notation by:

1
AG = Figq — E;P; — 5 SiikiOiOk — Qijrioij PPy (2)

where E; are the electric field components, o;; is the stress tensor and s;;
and ;i are respectively the compliance and electrostrictive tensors. This
free energy must be invariant by symmetry of a parent phase [26, 27| and with
respect to the m3m symmetry. By adopting the Voigt notation its expression
yields:

AG = (P + P+ P?) + an (P + P + P3?)
+a12(Pi2P* + Py Ps® + Py?P3?) + 93 P12 Py? P32
+a111(P% + P + P5%) + aq1o [Plz(P24 + P3)
+P? (Pt + P3t) + P2(Pt + P;*)} oy (P + P®
+P5®%) + oq1a2( P Pt + PPyt 4 Py Pyt
+aq112 |:P16(P22 + P3?) + PO(P? + P?)
+P3%(P% + P22)} +an123( P Py? Ps® + P * Py' Py?
+P2Py?Py*) — 1s11(0f + 03 + 03)

—512(0109 + 0103 + 0203) — %344(02 + 0% + 0})
—Qui(01Pf + 02 PF + 03P5) — Q12 [01(P22 + P3)
+02(PE+ P) + 03(P? + P3)|~Qui(0aPoPy + 03 P Py
tocPLPy) — BN\ Py — Eo Py — E3Ps

As we applied the electric field and the stress along the [001]. direction (E; =
Ey =0and 0y = 09 = 0 and 04 = 05 = 06 = 0), the expression is reduced
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to:

AG = O{l(P12—|-P22+P32)—|—Oé11(P14—|—P24—|—P34)
+0412(P12P22 + P P3% + P22P32) + 193 P2 Py Py

i (P + PO+ P°) + ang [P12(P24 + Ps*)

PP+ Byt) + PR+ P tann (RS + P
‘|—P38) + 061122(P14P24 + P14P34 + P24P34)
+aq112 [P16(P22 + P3%) + RS (P? + P3?)
+P3%(P% + Pf)} +aq123( P " Py Ps® + P2 Py Py?
+P12P22P34) - %smf§ - 6211031[)32 - Q1203(P12 + P22) — E3P3
(4)
By minimizing the free enthalpy with respect to polarization, it is thus
possible to obtain for each thermodynamic state its associated polarization.
Depending on electric field and stress and their directions of application, dif-
ferent phase configurations are possible and are highlighted in Table 1.

In the experiments, the polarization is obtained through the variation
of the current flowing to the samples. The crystals are <001> oriented,
thus, the measured polarization is a projection along the z axis (P3). In
the modeling, only the tetragonal (T), orthorhombic (O) and rhombohedral
(R) states were considered and are illustrated in Fig.3 (a). The monoclinic
phases are not considered here as PZN-8PT was limited to the sixth order
expansion [28]. When the electric field and stress are applied at the same

State Polarization | Number of | Symmetry | Domain
components | configuration structure
Cubic <001> (0,0,0) 1 m3m
Tetragonal <001> (0,0, P) 6 4mm 1T
Orthorhombic <001> (\%, \%, 0) 12 mm?2 40
Rhombohedral <001> (\%, \%, \%) 8 3ml 4R

Table 1: Properties of the different ferroelectric phases




time, it is difficult to predict which state will adopt the crystal as the electric
field tends to favor a direction along its direction of application as shown in
Fig. 3 (b), while uniaxial stress tends to favor perpendicular states to its
direction of application as represented in Fig. 3 (c¢). Thus, the modeling is
used here for its ability to predict the state of the crystal for each step of
the Ericsson cycle. The phenomenological coefficients for PMN-25 PT were
taken from [29] and the coefficients for PZN-8PT were derived from a mixing
law [30] of the coefficients of [31]. It can be noted that some approximations
are made in the simulations. We considered a single domain crystal which
is not the case in a real experiment. However, under a sufficient electric
field this approximation is quite accurate [32]. Hysteresis of the material is
not considered and linear response with stress of the polarization is largely
underestimated. Indeed, simulations predicts a piezoelectric coefficient of
ds3 ~ 10*pC /N while dz3 ~ 103pC/N in PMN-25PT and PZN-8PT [33, 34].
Nevertheless, the modeling is more dedicated to qualitatively predict which
ferroelectric phase is optimal in given working conditions.

4. Results and discussion

PMN-25PT and PZN-8PT were first experimentally investigated at differ-
ent stress levels (0 to 100 MPa). Bipolar loops (electric field from -1500kV /m
to 1500kV/m at a frequency of 3Hz) for different values of stress were mea-
sured at room temperature and are given in Fig. 4(a) and (b). It can be
noted that we limited the electric field value to avoid dielectric breakdown,
even if larger electric field has been successfully applied to a single crystal
in previous works [35]. However, we set the limit of 1500 kV /m for safety
reasons and for achievable values for possible future engineering purpose.
The associated remnant and saturation polarization depending on uniaxial
stress are depicted in Fig. 4(c) and (d). For both PMN-25PT and PZN-
8PT, the coercive field (E.) decreases with applied stress. This phenomena
is well known and was already observed [36, 37]. The polarization variation
of both materials with applied stress was found to exhibit a different behav-
ior. Indeed, PMN-25PT presents a quasi full linear response of remnant and
saturation polarizations with applied stress. This indicates a quasi-constant
ds3 response with applied stress. However for PZN-8PT, the response of
polarization under and without electric field is highly non-linear with an uni-
axial stress from 0 to 40MPa and quasi linear from 40 to 100MPa. The high
non-linearity in the 0-40 MPa range implied that the ds3 is non-constant
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Figure 3: The different possible orientations of polarization for tetragonal, orthorhombic
and rhombohedral (left to right) single crystal. (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.

with stress. The use of a d33 here is then complex as the large polarization
variations are due to in-plane switching of polarization.

Energy harvesting abilities were evaluted by the descending curves of
bipolar loops at 0 and 100 MPa. It can be noted that small differences exist
between the evaluation of the harvested energy with the descending curves
of bipolar loops and real Ericsson cycles. In the latter, hysteresis losses occur
due to repolarization of the sample in the 1-2 process (electric field applica-
tion). Despite these differences, we opted for the evaluation of the harvested
energy via bipolar loops due to experimental setup limitation and theoreti-
cal considerations. Indeed, current losses occur during Ericsson cycle due to
the time of application of the stress. Moreover, the modeled Ericsson cycle
with Landau-Devonshire corresponds to these descending curves of bipolar
loops. The "Ericsson cycle" term will now refers to the cycle enclosed in the
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Figure 4: (a) Double hysteresis loops of PMN-25PT under different uniaxial stress; (b)

Double hysteresis loops of PZN-8PT under different uniaxial stress; (¢) Remnant and

saturation polarization of PMN-25PT under different uniaxial stress; (d) Remnant and
saturation polarization of PZN-8PT under different uniaxial stress.

descending curves of bipolar loops.

Associated hysteresis curves at 0 and 100MPa are presented for both
PMN-25PT and PZN-8PT at different temperatures with their associated
Ericsson cycle in Fig. 5. For PMN-25PT (Fig. 5 (a),(c),(e) and (g)), the
coercive field decreased with temperature which is generally linked with an
increase of piezoelectric properties [38]. It is well understood as the energy
barrier decreased with temperature. Thus, lower electric field will permit
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Figure 5: Bipolar loops of PMN-25PT and PZN-8PT with their associated Ericcson
cycle at different temperature. (a) PMN-25PT at 20°C; (b) PZN-8PT at 20°C; (c)
PMN-25PT at 60°C; (d) PZN-8PT at 60°C; (¢) 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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the domains to realign. However, PZN-8PT has a different behavior as FE.
remains constant from 20 to 140°C as shown in Fig. 5 (a),(d),(f) and (h).
It is also possible to observe that dielectric losses increased with temperature.

In order to better understand materials response and identify the best
polarization mechanisms for energy harvesting, experimental results of po-
larization components P; depending on the applied electric field F5 and uni-
axial stress o3 of <001> PMN-25PT single crystal at different temperature
are presented in Fig. 6 (a), (¢) and (e). Their associated simulated phase
diagrams with Landau-Devonshire theory are depicted in Fig. 6 (b), (d) and
(f). At room temperature, the experimental results (Fig. 6 (a)) gave a flat
surface of polarization corresponding to a full linear response of the material
with stress and electric field. PMN-25PT at this temperature is rhombohe-
dral (R), which was also predicted by the theoretical model. However, the
simulation predicts an in-plane switching of polarization perpendicular to Fs
denoted by T L under high stress and low electric field but it was not observed
experimentally. At 50°C, the material is stilled rhombohedral. Modeling indi-
cates a phase transition from rhombohedral to an in-plane phase (tetragonal
or orthorhombic). It can be observed in Fig. 6 (c) such a transformation
with a non-linear response of polarization in the region delimited from 0 to
500kV/m and from 50 to 100MPa (low electric field, high stress), as it was
already reported in the literature for (1 —x)PMN — xPT (37, 39, 40]. The
spontaneous polarization from 20°C to 50°C drops down in both modeling
and characterization as the entropy rises and induces disorder. However,
from 50°C to 80°C the spontaneous polarization was both measured and cal-
culated to increase. This indicated the appearance of a tetragonal phase
instead of the rhombohedral one. Indeed, we measured and calculated the
z projection of polarization in the cubic basis as the crystal is <001> ori-
ented. Thus, the polarization projection is higher for the tetragonal phase
as its spontaneous polarization is along the [001]. direction ([111]. for rhom-
bohedral). The measured polarization largely increases from 0 to 500kV /m
compared to the 500 to 1500kV/m range in Fig. 6 (e). This points out a
rhombohedral-tetragonal transition with the electric field which was already
observed and predicted [40, 41, 42|. This R-T transition is also confirmed
by the phenomenological approach to appear under the application of the
electric field at low stress and is denoted by T// (polarization aligns with
electric field) in Fig. 6 (f). Under high stress and low electric field, exper-
iment and modeling still present 90° switching of polarization. The region
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where the polarization is in-plane seems to grow from 50°C to 80°C in the
experiment. This easing with temperature for the polarization to adopt a
phase perpendicular to the applied electric field direction is also assessed by
calculations. PMN-25PT changes with the increasing temperature from a
pure linear regime of polarization with the applied stress and electric field
to a more complex behavior with appearance of the T// phase and in-plane
phases (TL).

PZN-8PT single crystal has been also investigated at different tempera-
ture under high uniaxial stress o3 and electric field E5 (Fig. 7). It shows
different response for the polarization projection P53 compared to PMN-25PT.
Indeed, in Fig. 7(a) at 20°C, a strong non-linear response of the polarization
occurred under low stress from 0 to 50MPa and also under high applied elec-
tric field. From 50 to 100MPa, polarization varied linearly with the electric
field and stress. This linear behavior is explained by a transverse dielectric
response of the material in the [001]. direction as the spontaneous polariza-
tion is switched out in a 90° ferroelectric state. Theoretical calculation in
Fig. 7 predicted a R-T transition and agreed well with the perpendicular
orientation of the spontaneous polarization under high stress. There is no
significant difference of response for PZN-8PT with temperature. Indeed,
experimental curves are quite similar between 20°C and 50°C (Fig. 7 (a) and
(c)). Nevertheless, literature [43| and experience suggest that the material is
in tetragonal state at 50°C as the remnant polarization at OMPa is slightly
higher compared to the one at 20°C which is typical of R-T transitions in
<001> oriented crystal. The crystal remained in rhombohedral state in the
modeling as the R-T transition is predicted to occur at 60°C with the Lan-
dau coefficients we have used. Like for PMN-25T, simulation gives an easing
of in-plane domain switching with temperature increase (Fig. 7 (d)). The
characterization results at 80°C confirmed that the PZN-8PT response with
stress and electric field does not vary much with the temperature. Indeed,
experimental curves of PZN-8PT at different temperatures are almost identi-
cal (Fig. 7 (a), (c) and (e)). Spontaneous polarization at 80°C drops slightly
compared to 50°C as disorder increases. Modeling suggests that the material
is in tetragonal state and switches out to a perpendicular tetragonal state
with low applied stress whatever the applied electric field.

Polarization dependence with uniaxial stress, electric field and tempera-
ture was first investigated. Energy harvesting abilities strongly depend of it.
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The next step was to evaluate energy conversion of PMN-25PT and PZN-
8PT single crystals with Ericsson cycles. Different operating temperatures
were tested while keeping identical Ericsson cycle conditions (stress from 0 to
100MPa and electric field from 0 to 1500kV/m). Experimental and simulated
results via phenomenological approach is presented in Fig. 8.

PMN-25PT (Fig. 8 (a) and (b)) energy density has an increasing trend
from room temperature to 80°C which corresponds to the rhombohedral-
tetragonal (R-T) transition temperature. Energy density varies in this range
of temperature from 210mJ/cm? to 260mJ/cm?. This raise of energy den-
sity for PMN-25PT is explained by the easing of 90° domain switching with
stress when temperature increases as observed in Fig. 6. These in-planes
switching of polarization induce larger polarization variation with stress in-
creasing the cycle area (energy harvested). The modeling predicted a larger
increase of harvested energy at 60°C due to the appearance of the tetrago-
nal phase when sufficient electric field is applied. It is barely visible on the
experimental curve even if it possible to observe a slightly larger rise of en-
ergy around 70°C. A maximum of energy density was observed at 80°C for
both experiment and modeling associated to a transition towards complete
tetragonal phase of the material. The remnant polarization is maximum for
<001> oriented crystals in tetragonal phase. Thus, the possible polarization
variation is maximized when in-plane switching occurs and so is the energy
density at the R-T transition. Afterwards, energy density remained almost
constant experimentally from 80°C to 100°C and from 80°C to 115°C for
modeling. This behavior originates from compensation of two phenomena.
First, spontaneous polarization drops off due to entropy increase and induces
lesser polarization variations, thus the harvested energy decreases. However,
in-plane states of polarization are still facilitated under stress when temper-
ature increases. This leads to a near constant evolution of energy density
in this temperature range. Finally, energy density decreased largely from
110° to 140°C. It decreased from 250mJ/cm? to 110mJ/cm?. This behavior
is explained by the drop off of polarization when crossing the ferroelectric-
paraelectric transition of PMN-25PT. Indeed, a Curie temperature of 110°C
was measured and has already been reported [44, 45]. The modeling pre-
dicted the same trend for PMN-25PT but with a slight shift towards higher
temperatures.

Regarding PZN-8PT (Fig. 8 (c) and (d)), it can be noted that its en-
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ergy density is approximately twice of that of PMN-25PT. Nevertheless, it
presents a different trend with working temperature. Experimental results in-
dicate a constant energy harvested of approximately 375mJ/cm?® from 20°C
to 40°C. Afterwards, energy density increases from 40°C until 55°C where
it reaches a maximum of 410mJ/cm3. This rising trend appeared also in
simulations and as for PMN-25PT, it originated from the R-T transition un-
der electric field which increases the spontaneous polarization. Concerning
the simulations for the 20-40°C temperature range, a decrease of harvested
energy can be observed. This comes from the lowering of the polarization
of the rhombohedral phase as operating temperature increases. However,
it was not observed experimentally where the energy remained nearly con-
stant, although the reasons for this are still unclear. Like PMN-25PT, en-
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ergy conversion is maximum at the R-T transition, for similar reasons. It is
interesting to note that the maximum of energy density of 410mJ/cm? is es-
pecially high. To the best knowledge of the authors, no work reported so far
such a high energy conversion with these levels of electric field and uniaxial
stress. Nevertheless, we can mention the work of Patel et al. [19, 46|, who
obtained higher energy conversion with Ericsson cycle but with much higher
stress (=400MPa) and electric field (/2000 to 6000 kV /m). After 55°C, both
model and experiments gave a decreasing energy until 140°C. This is again
explained by the decrease of spontaneous polarization as disorder and entropy
increase with temperature. It can be noticed that the rate of decay of the
experimental curve is larger than the theoretical one. It could be explained
by the dielectric losses that are more pronounced at higher temperature for
PZN-8PT as it was observed in Fig. 5 (a),(d),(f) and (h).

5. Conclusion

In this study we characterized and modeled PMN-25PT and PZN-8PT
<001>-oriented single crystal with Ericsson cycle in the framework of me-
chanical energy harvesting. An especially high energy density of 410mJ/cm?
was obtained. An innovative approach to model thermodynamic cycles for
mechanical energy harvesting was proposed based on the Landau-Devonshire
theory. The characterization of these crystals under high uniaxial stress and
electric field was also reported. Ideal working temperature for electrome-
chanical Ericsson cycle was identified for both crystals. The different re-
sults indicated that optimal operation is achieved at the temperature where
the crystal became fully tetragonal. This result could be generalized for
all <001> oriented ferroelectric crystals at sufficient stress where in-plane
switching is possible. Indeed, larger polarization variation with high uniaxial
stress is possible along the spontaneous polarization direction. An inter-
esting feature of these ferroelectric relaxors is the possibility to tailor the
FE-FE temperature transition by adjusting their mixing proportions for fu-
ture engineering devices. Future studies could investigate <011> and <111>
oriented crystal in order to see if optimal ferroelectric phases are respectively
orthorhombic and rhombohedral at high stress levels. Rhombohedral single
crystals are known to exhibit the highest ds3 when polarized along [001]..
direction, which is associated with the concept of domain engineering. For
high level energy harvesting, our results suggest on the contrary that the
direction of the spontaneous polarization would be preferable. However, dif-
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ferent aspects were not considered in this study. It is known that PMN-25PT
and PZN-8PT polar nano-regions appear at high temperature and give other
contributions to the polarization [47, 48, 49]. We also did not take into ac-
count the dielectric losses of the materials. In the modeling, only a single
domain was considered. Moreover the linear piezoelectric coefficients pre-
dicted by the Landau-Devonshire theory is an order of magnitude lower than
the measured ones for highly piezoelectric perovskites. Yet, the model proved
to be accurate in terms of energy density conversion predictions. Moreover,
predictions of in-plane switching under electric field and stress were in good
agreements with experiments. To conclude, this work could give guidelines
for future energy harvesting studies, materials and devices working at high
stress levels.
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