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Abstract: In the framework of piezoelectric energy harvesting, this work focused on the quantification
of the ultimate energy conversion capability of various ferroelectric ceramics and single crystals.
Energy conversion was achieved by the application of Ericsson cycles under high electric field and
mechanical stress. The main aim of this approach was to experimentally apply the electromechanical
Ericsson cycles on several key materials. This process was decomposed into four steps, which
consisted of applying and removing an electric field under constant stress and stress
application/removal under a constant electric field. In this work, ferroelectric ceramics—hard PZT
C203, medium PZT C6, soft PZT C9, and single crystal PMN-25PT and PZN-8PT— and paraelectric
ceramic PMN 15 were tested. The PMN-25PT and PZN-8PT ferroelectric single crystals exhibited
higher energy conversion potential than the ceramics in the ferroelectric and paraelectric phases.
However, the soft PZT C9 ceramic (107.6 mJ/cm?) was comparable to single crystal PMN-25PT
(118.7 mJ/cm?). Considering the cost and fabrication process, PZT C9 is an excellent candidate for
practical applications. A simple yet accurate experimental estimation of the energy density of the
materials based on the bipolar hysteresis curves under compressive stresses of 1 and 100 MPa was
also proposed. The estimated energy densities were similar to the real Ericsson cycles. The energy
storage capacity of these materials was also analyzed. The PMN 15 ceramic in the paraelectric phase
had the highest stored energy, and in the paraelectric phase, PMN 15 had a maximum stored electrical
energy of 87 mJ/cm? under a static stress value of 1 MPa, which was increased to 105 mJ/cm? under
a static stress value of 100 MPa. Ultimately, this study allowed for the evaluation of the maximal
energy conversion capabilities of several classes of electroactive materials, highlighting their potential
in terms of their target applications and operative environments (such as the maximal stress or electric
field).

Keywords: Ericsson cycle, energy density, energy storage, compressive stress, energy harvesting,

ferroelectric



1. Introduction

Ferroelectric materials are considered potential materials for numerous energy harvesting [1,2] and
energy / information storage [3-5] applications, such as vibrational microgenerators and non-volatile
random-access memory. These types of materials are typically pyroelectric and piezoelectric when
operating below their Curie temperature. Ferroelectric materials exhibit spontaneous polarization,
which can be reoriented or reversed by applying an appropriate and significant electric field in the
opposite direction. Based on this property, information could be stored as ferroelectric polarization for
non-volatile memory applications [6,7]. In addition to the paraelectric phase (cubic phase), numerous
potential ferroelectric phases exist depending on the shape and polarization of the unit cell, with
rhombohedral, orthorhombic, and tetragonal phases being the most common. When a ferroelectric

material is in the paraelectric phase above its Curie temperature, it loses its piezoelectric properties.

Energy harvesting consists of converting ambient energy sources into electrical energy, accumulating
and storing it for later use [8]. This process has emerged as a promising technique for supplying sensors
and sensor networks, limiting the use of natural resources while providing a reliable long-term energy
source, especially compared to batteries, which suffer from self-discharge issues. With improvements
in nano/microelectronics technology, electronic devices continue to decrease in size, resulting in
continuous reduction in power consumption for given operations. Thus, harvested energy may be
sufficient to partially or entirely replace batteries in the frameworks of wireless sensors and sensor
networks that operate discontinuously. Recently, flexible piezoelectric nanogenerators have shown
great potential for the next generation of wearable electronic-based devices for human health and
movement monitoring [9,10]. Energy harvesting can generate electricity from several sources,
including kinetic, thermal, solar, or electromagnetic energy [11-15]. Human activities such as walking
or opening a door are also considered an attractive energy source for mechanical energy harvesting
using dielectric or electromagnetic transduction methods [16,17]. For piezoelectric energy harvesting,
most of the proposed devices work as resonators harvesting energy from vibrations. The energy
density per cycle can range from 10 pJ/cm3 to 25 mJ/cm? [18] of the active material at most. However,
such a value is solely based on empirical analysis of achieved experimental devices. Until now, no
investigation has been conducted on the theoretical limit in terms of convertible and harvestable energy,
although such a study would: 1) allow a comparison of the performance of energy harvesters with
respect to the ultimate energy that can actually be harvested (i.e., in a similar way to the Carnot
efficiency for thermal devices) and 2) provide insights into the design of optimized harvesters to work
close to their theoretical limits in terms of output energy. In contrast, research efforts have been made
to investigate the pyroelectric energy conversion capabilities of ferroelectric materials through Olsen

or Ericsson cycles, with output energies far above those given by the linear pyroelectric coefficient



[19-25]. However, the maximum amount of energy that can be harvested through electromechanical

coupling using ferroelectric materials is still unknown; however, it is of primary importance [26].

Ericsson cycles include two iso-fields and two iso-stresses loadings, which were used in this study to
estimate the energy conversion performance of ferroelectric materials. Previous studies have
demonstrated that coupling an electric field and mechanical excitation through Ericsson cycles yielded
a significant increase in harvested energy [27,28]. This study investigated the energy conversion
performance of various ferroelectric ceramics and single crystals that underwent ferroelectric and
paraelectric phases through Ericsson cycles. We also developed a simple and accurate semi-empirical
estimation of energy density based on bipolar hysteresis curves (P-E loops) under compressive stresses
of 1 and 100 MPa. The ferroelectric phase of lead zirconate titanate (PZT) ceramics (hard PZT C203,
medium PZT CB6, soft PZT C9), single crystal lead magnesium niobate-lead titanate (PMN-25PT),
single crystal lead zinc niobate-lead titanate (PZN-8PT), and the paraelectric phase of ceramic PMN
15 were characterized. The objective of this study was to estimate the ultimate energy conversion
capability of ferroelectric materials under intermediate and high levels of stresses and electric fields.
Finally, as a complementary investigation, these materials were also assessed for electrical energy

storage applications.
2. Experimental methods
2.1. Materials and testbench

Disk-shaped electrostrictive PMN 15 ceramics (10 mm in diameter and 1 mm thick, with silver
electrodes) were purchased from TRS Technologies, State College, PA, USA. PMN 15 exhibited a
maximal dielectric constant at 15°C and was in the paraelectric phase at room temperature. Hard,
medium, and soft piezoelectric lead zirconate titanate (Pb(ZnTi)Os) (PZT) ceramics C203, C6, and C9
were purchased from Fuji Ceramics Corporation, Fujinomiya, Japan. In addition, single crystal [001]—
oriented lead-magnesium niobate-lead titanate PMN-25PT was purchased from Otsuka Corporation,
Japan, and [001]-poled single crystal lead zinc niobate-lead titanate PZN-8PT was purchased from
Microfine Materials Technologies, Singapore. All samples had the same thickness of 1 mm. Table 1
shows the properties of these samples. PZT C203, C6, C9, and PMN-25PT with a section of 6 x 6 mm?
and PZN-8PT (2.5 x 2.5 mm?) were cut by a dicing machine (DISCO, DAD3240). Photographs of the
samples are shown in Figure 1c. Then, the cut samples were poled in a silicone oil bath using the field
cooling technique [29]. The treated samples were heated to the desired temperature (200, 180, 130, 90,
and 150°C for PZT C203, C6, C9, PMN-25PT, and PZN-8PT, respectively), where an electric field of
3 kV/mm was applied for 30 min and maintained while cooling down. When the sample temperature
reached room temperature, the electric field was powered off, and the sample was removed. The
Ericsson cycles and bipolar cycle measurements could also act as a poling process, which would be

sufficient for most of the tested materials. However, for hard PZT, it was necessary to pole it



beforehand, as the material could not be poled at room temperature. For the other materials, if the
electric field was not very high compared to the coercive field, we could have partially maintained a
depolarized state during the cycle, which would be detrimental to the piezoelectric activity. As a result,
we chose to prepare the fully poled samples as a reference status before applying the electric field and

mechanical stress

Figure 1a shows a schematic diagram of the measurement system, where a Tektronix® AFG1022
arbitrary function generator and Trek® 10/10B-HS high voltage amplifier were used to apply the
electric field. A Shimadzu® AGS-X series traction machine was used to apply compressive stress to
the sample, as shown in Figure 1b. The current through the sample was monitored using a low-noise
current amplifier (Stanford research®, Sunnyvale, CA, United States of America), and a Digilent®
data acquisition system (Pullman, WA United States of America) was used to monitor and record the
applied voltage and electrical current. An overload protection circuit was used to protect the measuring

system, and the sample under test was immersed in silicone oil to avoid electric arcing during

measurement.
Materials C203 | C6 C9 PMN-25PT PZN-8PT PMN 15
[30][31] [32][33]
Coupling factor 71 76 69 91-94.9 94 60
ki3 x 1072
Dielectric constant 1450 2130 | 6640 5400-5493 7700 ~ 24000
efs/e0

Piezoelectric coefficient | 325 427 718 1540-2060 2890 700
ds3 X 10 ~12(C/N) Peak value

Table 1: Properties of PZT C203, C6, C9, PMN-25PT, PZN-8PT, and PMN 15, as obtained from the suppliers
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Figure 1: (a) Schematic diagram of the measurement system to obtain the Ericsson cycles and bipolar P-E loops, (b)
photograph of the sample under compressive stress using a Shimadzu electromechanical test frame, and (c)
photographs of the tested samples.
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Figure 2: (a) Waveforms of the applied electric field and compressive stress for the Ericsson cycles (1 MPa and 100
MPa, which were applied on PMN-25PT for illustration); (b) Ericsson cycle of PMIN-25PT for illustration. In processes
1-2, the electric field was increased from 0 to 1.5 kV/mm under constant compressive stress of 1 MPa. In processes
2-3, the compressive stress was increased from 1 to 100 MPa under a constant 1.5 kV/mm electric field. In processes
3—4, the electric field was decreased from 1.5 to 0 kV/mm under a constant 100 MPa compressive stress. In processes
4-1, compressive stress was released from 100 MPa to 1 MPa under a constant 0 kV/mm electric field.

2.2. Ericsson cycle application and analysis methods

Ericsson cycles are used to convert thermal or mechanical energy into electrical energy with
ferroelectric materials [22-25]. Figure 2a shows the electric field and compressive stress waveforms
during the Ericsson cycle, where compressive stresses of 1 and 100 MPa were applied to the PMN-
25PT sample. A low-stress value of 1 MPa was chosen to ensure good electrical contact, and the
applied electric field was swept from 0 to 1.5 kV/mm for all samples. Polarization was calculated by
integrating the current in time. Figure 2b shows a PMN-25PT Ericsson cycle as a representative
example. Between steps 1 and 2, the electric field increased from 0 to a high electric field (1.5 kV/mm)

for 1 second under a constant low compressive stress level of 1 MPa.

The polarization was increased following the electric field variations. Electrical energy was transferred
from the voltage amplifier to the sample, whose polarization changed from P; to P, (equivalent to
capacitor charging). From steps 2 to 3, the compressive stress increased from 1 to 100 MPa for 6 s
under a constant electric field of 1.5 kV/mm. The applied compressive stress induced the reduction of
polarization from P2 to P3, which could be used to harvest electrical energy [34—37]. This polarization
drop originated from the switching phenomenon of the ferroelectric domains during mechanical
depolarization and the phase transitions induced by mechanical stress. From step 3 to step 4, the
applied electric field decreased from 1.5 kV/mm to O for 1 second under constant compressive stress
of 100 MPa. The polarization decreased following the reorientation of the ferroelectric domains,
resulting in a small amount of discharging current. From steps 4 to 1, the compressive stress was
released to the original value of 1 MPa to complete the Ericsson cycle. All Ericsson cycles were

performed at room temperature (20°C). The area of the Ericsson cycle (1-2-3-4) was equivalent to the



converted mechanical energy density of the sample under test. Similar to the Olsen cycle [38,39], this
area could be calculated by Eq. 1 [22-25]:

W=«¢—=¢—0, (Eq. 1)

where P, E, and A denote the polarization, electric field, and sample area, respectively. All tests
consisted of three consecutive cycles to avoid polarization irreversibility issues, and only data from

the last cycle was monitored.
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Figure 3: Bipolar P-E loops under lower and higher compressive stresses, with the estimated Ericsson cycle P1-Pr-C-D-
P1 using descending-descending curves of bipolar P-E loops (Estimation 1). Our semi-empirical estimated Ericsson cycle
P1-g(E)-C-D-P1 was based on the first-order reversal curves.

2.3. Bipolar P-E loops-based estimated Ericsson cycles

In Uruan et al. and Patel et al. [22,23], the Ericsson cycle energy densities were estimated using the
two descending curves of the bipolar P-E loops under low and high stresses, respectively (P1-P,-C-D-
P1 cycle in Figure 3). However, this technique was imprecise due to the irreversibility of the
polarization decrease under such high stress (hysteresis issue). In this work, an alternative semi-
empirical estimation technique was considered, in which the ascending curve of the P-E loop under
low-stress f(E) shifted upward to become g(E), which was equivalent to a first-order reversal curve
[40]. Hence, the estimated Ericsson cycle became the Pi-g(E)-C-D-P1 cycle, where g(E) was

calculated from f(E) according to the following relation:

P, —P P, —P.
9E) = [(B)-2p + P = Py (EQ.2)

The bipolar P-E loops of all samples were obtained by applying a sinusoidal voltage of 1 Hz and an
electric field of £1.5 kV/mm.



2.4. Energy storage

In addition to the energy conversion assessment, the potential applications of these ferroelectric and
paraelectric materials as electrostatic capacitors were considered. The energy storage capacity could
be estimated by the surface integral of the bipolar P-E loops [24,41,42]:

U= ﬁmax’ii , (Eq. 3)

where P; and Pmax denote the remnant and maximum polarization values, respectively.

3. Results

Energy conversion performance was first investigated (from 1 to 100 MPa compressive stress, electric
fields of 0 to 1.5 kV/mm) using Ericsson cycles for PZT C203, C6, C9, PMN-25PT, PZN-8PT, and
PMN 15 under significant compressive stress variations (Figure 4). This was followed by intermediate
compressive stress variations (from 1 to 30 MPa compressive stress, electric fields of 0 and 1.5
kV/mm) (Figure 5). Comparisons of the converted energy densities for the high and intermediate
mechanical variations are shown in Figures 6a and 6b. For the high variations (Figure 6a), and
considering the ferroelectric phase ceramics, the energy density was smaller for hard PZT C203, larger
for medium PZT C6, and much larger for soft PZT C9. The ferroelectric phase single crystals (PMN-
25PT, PZN-8PT) exhibited excellent energy density, especially PZN-8PT, which had tremendous
values. Regarding the paraelectric phase material, the energy density of PMN 15 was smaller than the
ferroelectric phase materials. The application of mechanical compressive stresses under a constant
electric field of 1.5kV/mm induced polarization decreases as low as AP = P, — P; of 49.7, 66.0,
70.2, 83.5, 208, and 36.6 mC/m? for ferroelectric phase ceramics of hard PZT C203, medium PZT CB6,
soft PZT C9, single crystal PMN-25PT and PZN-8PT, and paraelectric phase PMN 15, respectively.
This polarization decrease was the smallest for the paraelectric phase PMN 15, smaller for hard PZT
C203, larger for medium PZT C6, much larger for soft PZT C9, and the greatest for the PMN-25PT,
PZN-8PT single crystal. The reduction in polarization at an electric field of 1.5 k\V/mm, by increasing
the compressive stress from 1 to 100 MPa, could be roughly estimated by an equivalent effective

piezoelectric coefficient das ef (at 1.5 kV/mm):
AP = d33_€ff " ATg, (Eq 4-)

where ATz is the applied stress difference in the 3-direction (z-direction). This value was smaller for
hard PZT, larger for soft PZT, and the largest for the single crystal ferroelectric materials, resulting in
different influences of compressive stresses on polarization reduction. The ferroelectric materials in
the paraelectric phase lost their piezoelectric properties; thus, the energy density of the PMN 15 was

the smallest. The same tendency was observed at the intermediate level (Figure 6b). The energy



densities of PMN-25PT and PZN-8PT single crystals were much higher than the other materials. For
high-level variations, the energy density of the PZT ceramic C9 was comparable to the PMN-25PT
single crystal. In the framework of a realistic energy harvester, considering the cost and complexity of
fabrication process, PZT C9 (or similar soft PZT materials) appeared to be a plausible candidate for

future applications.
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Figure 4: The Ericsson cycles of PZT C203, C6, C9, PMIN-25PT, PZN-8PT, and PMN 15 at high levels of compressive stress
of 1 and 100 MPa, with 0 and 1.5 kV/mm electric fields.

To finalize the analysis, much lower stresses and electric field levels were also considered. When
limiting the electric field to 100 VV/mm and the mechanical stress to 1 MPa, we could assume that the

material would remain in its linear region, both in terms of the electric and mechanical responses.



In this case, the Ericsson cycle energy density was simplified as:
W=d33'T'E, (Eq5)

where ds3 (C/N) denotes the piezoelectric coefficient, T (Pa) the stress, and E (V/m) the electric field.
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Figure 5: The Ericsson cycles of PZT C203, C6, C9, PMN-25PT, PZN-8PT, and PMN 15 at intermediate level of
compressive stress of 1 and 30 MPa, and 0 and 1.5 kV/mm electric fields.

The piezoelectric coefficients of PZT C203, C6, C9, PMN-25PT, PZN-8PT, and PMN 15 are shown
in Table 1. The piezoelectric coefficient of PMN 15 was deduced to be around 50 (pC/N), and the
energy densities in this case are given in Figure 6c¢. The energy densities of these samples at low levels

manifested the same tendency as those observed at high and intermediate levels.



Predicting these values from the bipolar P-E loops may also be of significant interest, to quickly assess
the energy conversion and harvesting performance. Hence, an Ericsson cycle energy density
estimation was conducted for PZT C6 from the descending curves [22,23] and compared to the
experimental Ericsson cycles.
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Figure 6: Energy densities of samples (a) at high (1 and 100 MPa, 0 and 1.5 kV/mm), (b) intermediate (1 and 30 MPa,
0 and 1.5 kV/mm), and (c) low (1 MPa and 100 V/mm) levels.

Figure 7a and 7b show the descending curves based on the estimated Ericsson cycles at intermediate
level (under compressive stresses of 1 and 30 MPa) and high level (under compressive stresses of 1
and 100 MPa), respectively. The energy densities were calculated and compared to those obtained
from the actual experimental Ericsson cycles, as shown in Figure 7c. For the tested samples, the energy
densities obtained by the descending curves based on the estimated Ericsson cycles (Estimation 1)
were inaccurate and much larger than those obtained by the actual Ericsson cycles. This difference
was attributed to the hysteretic nature of the sample response. An alternative semi-empirical estimation
technique based on the first-order reversal curve was proposed to address this issue. Figure 8 shows
the estimated Ericsson cycles for PZT C6, C9, PMN-25PT, PZN-8PT, and PMN 15, under high

variations of 1 to 100 MPa compressive stresses, using this approach.
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cycles and descending-descending curves based on the estimated Ericsson cycles (Estimation 1) of PZT Cé6.

The energy densities were calculated and compared to those obtained by the experimental Ericsson
cycles, as shown in Figure 8f. These results indicated that the energy densities of the samples obtained
using this method were much closer to those obtained by the real measured cycles for PZT C6 and C9,
and slightly larger for PMN-25PT, PZN-8PT, and PMN15. Figure 9 depicts the estimated Ericsson
cycles for PZT C6, C9, PMN-25PT, PZN-8PT, and PMN 15 under intermediate variations of 1 to 30
MPa of compressive stress. The energy densities were calculated and compared to those obtained from
the actual experimental Ericsson cycles at an intermediate level, as shown in Figure 9f. The results
indicated that the energy densities obtained by the estimated Ericsson cycles were 2 to 3 times larger
than those obtained experimentally, and the estimation appeared to be accurate for the 100 MPa case,
but somewhat inaccurate for the 30 MPa case. The reason for the discrepancy at 30 MPa was due to

two opposite effects on the polarization change in processes 2—3 (Figure 2).

- The first effect consisted of the influence of DC losses, which caused the electric charges to
continuously increase during the Ericsson cycle. Consequently, this minimized the
polarization drop induced by the mechanical stress in the actual Ericsson cycle, which was

not considered by the estimation.
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- The second effect was the influence of increasing compressive stress, which caused a
polarization drop under a high electric field. For 100 MPa, the polarization drop became much
larger than the polarization variations due to DC losses. As a result, although the estimation
only considered polarization hysteresis, and the estimated values were quite close to the

values obtained from the real Ericsson cycles for all tested materials.
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stress values of 1 and 100 MPa.

Of note, we expect that testing the Ericsson cycles at a much higher electric field would make both

estimations similar to the actual Ericsson cycle. More precisely, if the electric field amplitude was
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much larger than the coercive field, the hysteresis loss and associated irreversible polarization

variation impacts would be negligible compared to the total energy density.
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For PMN-25PT and PMN 15, the DC loss effect was stronger, resulting in estimated values that were
slightly higher than the experimental values. At an intermediate level, the effect of DC losses was
significant compared to the effect of 30 MPa of compressive stress, resulting in energy densities
obtained from real Ericsson cycles that were smaller than those obtained from the estimated densities.
The energy conversion performance of hard PZT C203 was not estimated under current experimental

conditions (1.5 kV/mm electric field), because the bipolar hysteresis curves of hard PZT C203 were
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unsymmetrical; therefore, this would require a larger electric field or higher stress, which was beyond

the scope of this study.
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Following this analysis, we further studied the potential applications of these ferroelectric materials in
the field of electrical energy storage, and the stored energy in the samples was estimated, as shown in
Figure 10, while the combined data are shown in Figure 10f. The results indicated that the static
mechanical compressive stress could enhance the stored energy for all samples, except PZN-8PT at
30 MPa. In the case of 100 MPa, the gain in energy storage ranged from +20% to +100%, depending
on the materials, and the mechanical stress tended to decrease the remnant polarization. If the
saturation polarization was still of a high value, the energy density increased as it was roughly
proportional to the difference between the saturation polarization and the remnant one. The highest
gain was observed for PZT C9 (+100%), with its behavior under 100 MPa favoring a significant
difference between remnant and saturation polarization. Unlike electromechanical energy conversion,
where the paraelectric phase PMN 15 exhibited the lowest performance, the paraelectric material
showed the highest level of energy storage. Because the stored energy was estimated by the surface
integral of the bipolar P-E loops with polarization values from remnant to saturation polarization, the
paraelectric phase PMN 15 had the smallest remnant polarization compared to the other materials;
therefore, the stored energy of PMN 15 was the largest.

4. Discussion
4.1. Energy conversion ability

For applications of piezoelectric materials featuring low excitation level, such as sensors, energy
harvesting, or to some extent power transducers, performance can usually be assessed by considering
the materials' linear properties. For example, in resonant energy harvesting systems, the
electromechanical coupling factor k? of the system along with the mechanical quality factor Qn, of the
resonator will play important roles [43,44]. However, in other analyses, the products of piezoelectric
constants d and g were more relevant, depending on the mechanical excitation of the material [45]. In
Ericsson cycles used for electromechanical energy conversion, with a fully controlled electric field
and mechanical stress, the converted energy density, i.e., the area enclosed by points 1 to 4 in Figure
2b, was only dependent on the effective das e coefficient, as given in Eg. 5. Of note, the ranking of
the materials followed their ds3 values for low levels and even for intermediate levels. However, at the
higher electric field and mechanical stress levels, the output energies converged due to polarization
saturation, which was mainly dependent on the dipole moment and dipole density. For example, for
low-level energy harvesting, the energy ratio of PZT C9 and PMN-25PT was given by the ratio of das,
which was approximately 2.2 times larger for PMN-25PT. For energy cycles of 100 MPa and 1.5
kV/mm, this ratio dropped to roughly 1.1.
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PZN-8PT requires additional analysis, as it did not follow this trend. This material exhibited multiple
phase transitions under the conditions of mechanical stress, electric field, and temperature [46,47].
From the experimental results obtained in this study, it appeared that the effective das efr Value
remained very high, even under 1.5 kV/mm. Hence, the polarization decrease was significant due to
the mechanical stress. This likely occurred because of the phase transition induced by the stress,

although further investigations will be necessary to verify this assumption.

The overall convergence of all materials was further analyzed by considering the weak scattering of
the spontaneous polarization among the ferroelectric materials, ranging from 0.15 to 0.4 C/m? for
typical materials [48,49]. If the electric field was high enough to entirely saturate the material, and if
the mechanical stress was sufficient to completely depolarize the material, then the converted energy
would be similar for all tested materials. In this work, both the electric field and mechanical stress
were far from these ideal conditions, resulting in a ranking between the materials by a factor of four,
in terms of the converted energy from the lowest to the highest, especially in the vicinity of the phase

transitions induced by both the electric field and mechanical stress.

Considering an electric field value of 1.5 kV/mm and saturation polarization of 0.4 C/mz, the ultimate
energy density would be 600 mJ/cm?. The experimental results obtained in this study ranged from 50

mJ/cm? to 236 mJ/cm?, with the latter representing 40% of the ultimate energy density.

Furthermore, the output energy was dependent on the chosen electric field of the Ericsson cycle.
Applying an electric field that was two times larger would approximately double the output energy.
By contrast, depolarization induced by the mechanical stress would not be proportional to the stress
level, and would quickly saturate when most of the polarization was already lost. Regarding the limit
of the electric field, it was directly related to the dielectric strengths of the materials. In the case of
bulk ferroelectric materials, applications working close to the limit can be related to power transducers
and electrocaloric materials [50]. The dielectric strength can be related to the probability of finding
defects in ceramics and single crystals and will be lower for bulk materials than thick and thin films.
For bulk ceramics, the values range from 5 kV/mm to 15 kV/mm [51-53], while higher values have
been successfully tested for single crystals [54]. In the case of thick films (typically those deposited to
form multilayer capacitors), to maintain a safe level of the electric field, piezoelectric layers will
usually be limited to 3 kV/mm [55], although some attempts on multi-layered capacitors have allowed
tests up to 15 kV/mm [56]. Considering the previous limits, a limit value of 1.5 k\V/mm could possibly
be increased up to 3 to 10 times higher for some compounds, although the fatigue life might
significantly decrease [57]. Regarding the mechanical stress limit, a combined application of an
electric field and stress could possibly lead to premature fatigue with stress as low as 100 MPa [58].
Consequently, in this study, the electric field was limited to 1.5 kV/mm and the stress was 100 MPa.

However, further detailed analysis will be necessary to explore the upper limits of the different
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materials. Nonetheless, the orders of magnitude should not be significantly modified as a margin of
improvement, for both limits might remain weak for bulk materials when considering high cycle
capability. Furthermore, the selected limits are in line with targeted application of left-behind devices

operating without any maintenance.

Interestingly, the order of magnitude in terms of energy density for all materials was in the same range
as pyroelectric energy harvesting under significant temperature variations, reaching a few hundred
mJ/cm3/cycle [59]. Generally speaking, this convergence was attributed to the trade-off between the
input energy (higher in thermal input and lower for mechanical excitation) and the conversion abilities

(higher electromechanical coupling coefficient compared to electrothermal).

However, the use of Ericsson cycles on piezoelectric materials would not provide particular
advantages in all applications of mechanical to electrical energy conversion. In the case of energy
harvesting from vibration using resonant systems, provided that the electromechanical coupling k2 and
mechanical quality factor Qm were sufficiently high (k2Qmn>>1), energy harvesting would result in a
strong damping effect. In such a case, the standard energy harvesting processes could convert as much
energy as possible with known strategies. By contrast, in the case of weakly coupled problems, or for
a non-resonant mechanical source, the best strategy would be to maximize the energy conversion per
cycle. A similar situation was already encountered in the case of pyroelectric energy harvesting. Due
to low electrothermal coupling, the energy conversion strategy had little impact on the input thermal
energy; thus, the Ericsson cycles —also known as Olsen cycles in several works — brought much larger
energy conversion density compared to the use of the solely linear pyroelectric coefficient [60][61].
Not only could Ericsson cycles be employed, but several thermodynamic cycles could also be
envisaged, such as Stirling or Brayton cycles, each providing specific advantages about its feasibility
and energy density [62]. Looking back to the electromechanical energy conversion, it is possible that
a case study could consist of energy conversion from a single mechanical source displacement at a

given force, like those encountered on roads [26][63], pathways, or sea waves [64].

4.2. Practical implementation of Ericsson cycles

Even if we exposed and discussed the energy conversion abilities of the ferroelectric or dielectric
materials, the actual implementation of the associated electrical interface was outside the scope of this
study. Some preliminary considerations could still be drawn regarding the practical realization of these
cycles. More precisely, practical implementation of long-term energy harvesting strategies cannot

include external battery unless the scheme encompasses recharging.

In this view, a potential solution would involve circuits with a bidirectional energy flow, including

controlled switches for electrically charging and discharging the active element (transducer).
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According to the previously exposed constraints regarding energy self-consistency, a pre-charged
battery or capacitor, with a value much larger than the maximum transducer capacitance, could also
harvest energy when discharging the transducer. For example, a possible implementation would
consist of DC/DC switched converters (Figure 11). Specifically, the application of an electric field in
the transducer could be performed using a buck converter that was activated as the stress was applied,
while the energy recovery phase (electric field release) could be achieved using a boost converter.
Additionally, a diode could be placed in an anti-parallel configuration with the transducer, to prevent
inverse conduction. As a first approximation, the transducer was modeled as a variable capacitor
whose capacitance was related to the mechanical excitation, and Figure 12 depicts the obtained
simulation implementation and results. Thus, the obtained cycles were consistent with those
experimentally achieved in previous investigations. However, a storage capacitor much larger than the
maximum transducer capacitance was required to maintain a constant voltage during the charging

phase. Otherwise, the applied voltage would change during the process.

Furthermore, according to the energy cycle (Figure 12c), the clamped voltage increased with time.
This was explained by the harvesting process, where the additional energy that was transferred to the
storage stage, made of the capacitor, actually increased the voltage of the capacitor. This type of
voltage increase was eventually limited by the losses within the circuit or simply by the energy
consumed by the load (e.g., sensor), and this type of a voltage-constrained approach could also be

implemented without an inductor, but at the cost of more complex switching topology and control [65].

However, the previously exposed scheme required active switches, for instance those composed of
transistors, driven by signals that were synchronized to mechanical excitation. Although the generation
of these control signals and their synchronization required minimal energy, their implementation could
potentially yield some complexity that may compromise the energy balance, as the harvested energy
may not be sufficient.

Active |_Z_|

transducer

— Energy
storage

Figure 11: Implementation of the Ericsson cycle using DC/DC switched converters.
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Figure 12: Simulation of the electrical interface based on the switched converters: (a) schematic, (b) time-domain
waveform of the transducer capacitance C(t), (c) V, and Vs, the transducer and energy storage terminals, (d) V¢ and
Vo, the switch commands for charging and discharging circuits, and (e) energy cycle Q vs Vp, where Q denotes the
transducer capacitance charge.

Another approach that did not directly involve Ericsson cycles consisted of self-synchronous
converters as the Bennett doubler, where an overlap between mechanical excitation and electrical
changes appeared [66]. This type of approach showed a significant advantage, i.e., once pre-charged,
it provided a virtuous energy cycle loop in a purely passive way, without requiring any switch control;
therefore, it provided significant energy savings. A simulation example is shown in Figure 13, which
was still based on a variable capacitor. Hence, while not precisely an Ericsson cycle due to non-zero
voltage discharge and overlap between mechanical excitation and electric field, the obtained results
still shared strong similarities with the previously presented principles. Hence, we inferred that the
relative material performance would be similar. Finally, we noted that such a self-synchronous
structure could be enhanced by including multi-stage feedback loops that can handle limited

capacitance variations [67].
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Figure 13: Simulation of the electrical interface using self-synchronous converter: (a) schematic, (b) time-domain
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as in diode D2), (d) voltages of the transducer V, and of the storage capacitance Vs, (e) energy cycle (transient), (f)
energy cycle (steady-state), where Q denotes the charge.

5. Conclusions

In this work, the electromechanical energy conversion performance of various ferroelectric (hard PZT
C203 ceramic, medium PZT C6 ceramic, soft PZT C9 ceramic, and PMN-25PT and PZN-8PT single
crystal) and paraelectric (PMN 15 ceramic) materials was investigated using Ericsson cycles under
intermediate and high compressive stress levels (30 MPa and 100 MPa) with an electric field of 1.5
kV/mm and at room temperature (20°C). The ferroelectric PZN-8PT single crystal exhibited the
highest potential for energy conversion among the assessed materials, with an energy density reaching
235.6 mJ/cm?®. However, under high electric field and stress levels, the energy conversion performance

of the PZT C9 ceramic was found to be comparable to the PMN-25PT single crystal, with an energy
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density of 118.7 mJ/cm?3. PZT C9 was found to be an excellent candidate for practical applications due
to its well-established commercial fabrication routes, yielding an affordable transducer. Measurement
of the Ericsson cycle remained a time-consuming process, as it required complete control of the
electric field and stress with time, along with their synchronization. Thus, a simple and accurate semi-
empirical estimation technique was proposed to evaluate the energy conversion performance of the
ferroelectric materials via the compressive stress-induced bipolar hysteresis curves. This was found to
be much more precise, compared to solely relying on the descending hysteresis P-E curves.
Estimations using this approach were accurate for PZT C6, C9, and PZN-8PT and slightly larger for
PMN 15 and PMN-25PT compared to the experimental results. The acquisition of bipolar hysteresis
curves was easier than the Ericsson cycles; thus, this method permitted the fast screening of
ferroelectric materials. The results obtained in this study were dependent on the electric field amplitude
used during the Ericsson cycle measurements. Consequently, a higher dielectric strength for a given
material might allow for a larger electric field and output energy. Nevertheless, utilizing a safe
operating condition (which is necessary for ensuring reliable operation of the device in the long term)
in the kV/mm range for bulk ferroelectrics led to energy in the hundreds of mJ/cm3. Increasing the
electric field amplitude by a factor of 10 (highest dielectric strength on bulk ferroelectrics) would lead

to an energy density in the J/cm? range at the highest.

Lastly, we further studied the potentials of these materials for electrical energy storage applications.
The maximum obtained stored energy was found to be 104.7 mJ/cm? for the paraelectric PMN 15
ceramic at a high level of 100 MPa compressive stress. In contrast to electromechanical energy
conversion, in which paraelectric PMN 15 exhibited the lowest performance compared to the other
ferroelectric materials, in terms of energy storage, PMN 15 had the highest amount of stored energy.
This study paves the way for future applications of these materials for energy harvesting and energy

storage.
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