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Abstract

Piezoelectric energy harvesters have been widely developed in last decade due to their simplicity and
practicality, but they suffer from low energy density. To increase the energy density,
ferroelectric/ferroelastic switching could be an effective alternative energy harvesting approach.
However, the nonlinearity and irreversibility of ferroelectric switching produces difficulty in
establishing a stable working cycle. In this work, novel, practical and stable energy harvesting cycles
using ferroelectric/ferroelastic switching are established and explored under quasi-static experimental
conditions. A prototype device with a simple ‘sandwich’ configuration is tested. The results show that
the cycle energy density can reach 11 mJ/cm? under tensile loading and 3.2 mJ/cm?®under compression,
demonstrating great potential for practical applications.
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1. Introduction

The increasing energy demands of mobile electronics, wearable devices, biomedical implants and
wireless sensing are challenging the capabilities of battery technology. The limited size, lifespan and
inflexibility of batteries cannot satisfy all the requirements of these always-on electronics. Some new
technologies, such as the fifth generation of wireless communications technologies (5G) and Internet
of things [1], also need efficient energy use for data transmission and actuation. Thus it becomes
attractive and promising to convert various ambient energy sources, such as solar, thermal, and
vibrational or kinetic energy, into electricity [2-6], with the advantages of generating renewable and
sustainable energy and reducing the costs of battery replacement or wired systems. Vibration energy is
relatively common in the built environment because it is a natural consequence of human motion, and
environmental fluid flows of water or air. There are three widely used conversion mechanisms already
found in service: piezoelectric, electromagnetic and electrostatic[7-9]. Among these, the piezoelectric
energy harvester (PEH) has the advantages of high output and simplicity. Thus there has been great
interest in improving the performance of PEHSs [3, 9, 10]. A comprehensive review of piezoelectric and
ferroelectric materials, advanced improvements of piezoelectric ceramics and composites and the
optimization approaches for complex piezoelectric energy harvesting systems have been presented in
previous work [11].

PEHSs usually take the form of bimorph or unimorph cantilevers, with top and bottom electrodes in
ds1 mode, or interdigitated electrodes (IDEs) in dss mode [12-16]. Challenges include controlling the
resonant frequencies, and improving the output power density. Research on resonance has focused on
structural modifications such as the use of circular diaphragms or zigzag beams, and thereby improving
the energy output [17-19]. Other researchers have worked on improved power density through material
choice, using two-dimensional materials and biomaterials [20-25]. Additionally, multi-degree-of-
freedom PEHSs [26-28] and two- or three-dimensional energy harvesters [29-31] have been investigated
in order to broaden the bandwidth and energy output. Magnetically assisted mono-stable nonlinear [32-
34] and bi-stable nonlinear mechanisms [35, 36] have also been introduced into PEH technology to
adapt to low frequency ambient vibrations. Similar capabilities were achieved using frequency up-
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conversion mechanisms [37-40], or combined piezoelectric and electromagnetic energy harvesters[41,
42].

Ferroelectric materials, which include many of the common piezoelectrics, have strong and reversible
permanent dipole moments and can be applied advantageously to energy harvesting [4, 6].
Ferroelectrics have been used to improve the output power in PEHs [12, 43-46], as well as pyroelectric
energy harvesters and even photovoltaics [47-51]. With the advance of nano-technology, ferroelectrics
are also used in emerging energy harvesting mechanisms employing triboelectricity. Wang et al. [52]
developed triboelectric nanogenerators based on the coupling of triboelectrification and electrostatic
effects. Ferroelectric layers are included to improve device stability [53].

Nonlinear ferroelectric/ferroelastic switching induced by electric field and stress offers the potential
for high power density in energy harvesting [54-58]. Several theoretical high-performance ferroelectric
energy harvesters have been developed in recent years including a working cycle [59] in which a
polycrystalline ferroelectric material is partially depolarized with stress, and then repolarized with
combined electromechanical loading and an external bias field. This energy harvesting system has the
advantage that it employs standard bulk ferroelectrics and has the potential to be realized in various
kinds of structural forms, though there is complexity in controlling the external bias voltage. Warkentin
et al. [54] further analysed and optimised this working cycle using a ferroelectric switching model.

The present work focuses on establishing and optimising a quasi-static ferroelectric/ferroelastic cycle
that converts mechanical to electrical energy. Novel and practical energy harvesting cycles are explored
in which the state of the ferroelectric is prepared by an initial step of partial poling to produce a pre-
poled condition. States with 30% - 100% of the full remanent polarization are produced in a soft,
lanthanum doped lead zirconate titanate (PLZT) wafer. The pre-poled wafer is then adhered to a
substrate before completing the poling process; this produces a state of residual stress that enhances
ferroelastic switching at low levels of externally applied stress. Electromechanical energy harvesting
cycles driven by stress are then presented. Two distinct kinds of energy harvesting cycles are identified.
In the first, bending of the substrate is used to induce tension in the ferroelectric wafer, causing partial
depolarization; relaxation of the mechanical load enables switching back to a near fully polarized state.
In the second type of cycle, bending loads are used to produce compression in the wafer, increasing the
polarization from a partially polarized starting state. Then, upon relaxing the mechanical loads, the
wafer returns to the partially polarized state. An opposing electric field is used during energy harvesting
to simulate an electrical load, and the effect of this on device performance is explored. The quasi-static
tests reveal a functioning energy harvesting cycle with great potential for the development of high
energy density devices.

2. Concept and design

Ferroelectric/ferroelastic switching can induce changes of electric displacement of the order of
0.1 C/m?, while the piezoelectric effect typically accounts for changes only of order 102 C/m2
Therefore, ferroelectric switching could generate greater charge and energy flows, at the cost of non-
linearity, and with the challenge of creating a stable, stress driven, energy harvesting cycle. Specifically,
a depolarized ferroelectric cannot normally be repolarized with stress alone; electric field is required
for the poling process. Thus, a combination of stress and electric field is normally needed to achieve
stable cycles.

Some theoretical designs of ferroelectric energy harvesters [54, 55] solved the problem of cycle
stability by using a bias electrical field, which breaks the symmetry of the unpoled state, and allows the
action of stresses to drive a repolarization process that is effectively “directed” by the bias field.
However, the use of a bias field is a design complication which may be disadvantageous in some
contexts, because it requires additional electronic components to apply and control the bias field at the
appropriate time in the stress cycle. Instead, making use of the interactions of grains in polycrystalline
ferroelectrics, internal bias fields can direct the repolarization process. One approach is to partially
depolarize the ferroelectric element while applying mechanical constraint, leaving residual stress and
internal electric fields that can assist repolarization. In this case, a ferroelectric/ferroelastic switching
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cycle can be produced using a mechanical load cycle without the need for an externally applied bias
field during repolarization.

D,

z aee -
— Cycle — Step (iii)  Step (iv)
@ —— Prepare —— (iii)Cycle switches ‘on’ (iv)Partially )
with harvesting electric depolarized by ~ Step (vi) Step (ii)
_ _ — — __  field = _____ __ _ tensilestress
k
V W W V Step (v) Step (i)
4 —) g
+ + E E (@) E,
SX
(i)Partially (ii)Adhere and - — — — = = Step (iv) )
Poled Complete poling ¢ | Step (iii) 4
ferroelectrics W V - Step (v)
] — Step (')/
. St i
z .y (vi)Relax stress to (v)Cycle switches Jz’/ ep (vi)
/_’ initial state ‘off” without
X electric field 0 ey
| Step (i)
— Cycle —, step (vii) ]0:
(b) —— Prepare ———  (iv)Cycle switches ‘on’ (v)Partially Step (vi)
with harvesting electric repolarized by ,-—//7 )
_ _ I _ _ _  field compressive stress ‘E:j Step (i) Step (ii)
— ] Step (V) step (iv) .
N V| | AL | NS | = |- step (i)
<4 —) —) 4 0 E,
+ + E E s,
(i)Partially (iiyAdhere on (iii)Partially /gteD (iii)
Poled substrate and depolarize by —— —
ferroelectrics complete poling stress v N V — Step (ii) step ()
iv
Step (vii) 0 p
. . ep (v Step (i) e,
N (vi) Cycle switches p
(V||)Rglax stress “off’ without Step (vi)
to partially electric field
polarized state — A/Step (v)

Figure 1. Preparation and ferroelectric energy harvesting cycles (a) Using cyclic tensile loading with a substrate (b) Using cyclic compressive
loading with a substrate. Black arrows indicate the polarization distribution. Red arrows indicate mechanical loading.

Two kinds of ferroelectric energy harvesting cycles based on the concept of internal bias fields are
presented in fig.1. These use cyclic uniform tensile or compressive loads applied along the x-axis to
control the z-axis polarization. The cycle shown in fig. 1(a) uses tensile stress. The ferroelectric element
is first partially poled along z-axis, then adhered to a stiff substrate before the poling is completed.
When a cyclic tensile load is applied along the x-axis, there is a resulting cyclic polarization change
along the z-axis. Since the ferroelectric element is mechanically coupled to the substrate, strain along
the x-axis induced by increasing polarization is resisted by the substrate, resulting in tensile residual
stress in the ferroelectric. Cracking of the ferroelectric element can be avoided by controlling the degree
of partial poling at step (i). An alternative way to exploit internal fields can be seen in fig. 1(b), which
uses a compressive load cycle. In the preparation stage, the ferroelectric ceramic is first partially poled
before it is bonded on the substrate, it is then fully polarized, which produces a state of tensile residual
stress along the x-axis. In a final preparation step, a single tensile loading cycle is used to partially
depolarize the ceramic. This depolarization reduces the residual tensile stress. Afterwards, a
compressive cyclic load can be applied to the ferroelectric ceramic layer to drive the cyclic change in
polarization. The compressive external load has the effect of reducing the residual tensile stress in the
ferroelectric element and putting the material into compression along the x-axis, which will result in an
increase in polarization. Relaxing the compressive stress in the ferroelectric element restores the
partially depolarized state. Displacement of charge is associated with the change in polarization,
providing the ability to do work against an electrical load (e.g. providing power to a load, such as
charging a battery). The corresponding change of electric displacement versus electric field, and stress
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versus strain are sketched in fig. 1, where red arrows indicate the cyclic hysteresis loop with positive
mechanical work input and electrical work output. The method of fig. 1(b), using compressive stress,
may be preferable in reducing fatigue damage to the ferroelectric element.

For practical applications, bending loads applied to the substrate can be used to produce the cyclic
mechanical loading of the ferroelectric element. It is then desirable to generate as uniform a stress on
the ferroelectric material and as great a charge displacement as possible. This leads to the choice of a
low thickness ferroelectric wafer with large electrode area. A further practical advantage of the low-
thickness layer is that this limits the applied and generated voltages. In general, the energy generated
per cycle is proportional to the volume of the ferroelectric element. Thus it is not necessarily
advantageous to use thin films as this would constrain the energy produced per unit area of the device.
In this work, a wafer (~ 300um thick) of bulk ferroelectric ceramic is used, with a Imm thick substrate.
Uniformity of the load conditions along the x-axis is achieved by applying four-point bending on the
substrate, producing uniform bending moment.

3. Fabrication and test arrangements

The ferroelectric 8/65/35 PLZT was chosen as the active layer for energy harvesting due to its low
coercive field and stress. The material has a 110°C Curie temperature, 68 GPa Young’s modulus, and
coercive field of 0.36 MV/m, with 0.25C/m? remanent polarization at room temperature and typical
grain size of about 1um [60]. The fine grain size contributes to increased fracture toughness, which is
expected to be advantageous when tensile loads are used. 8/65/35 PLZT is a relaxor ferroelectric that,
in the unpoled state, displays nano-polar regions. During poling, these regions grow to form domains
and the poled or partially poled material exhibits ferroelectric behaviour, similar to a rhombohedral
ferroelectric. The material response to stress displays ferroelastic switching due to reorientation of
domains[60]. In the present work, the energy harvesting device exploits both ferroelastic and
ferroelectric switching. The layered structure of the energy harvester is shown in fig. 2(a,b), where the
active ferroelectric layer is adhered to a 1mm thick tool-steel beam using conductive adhesive. Initially,
PLZT wafers were cut from the bulk ceramic to dimensions of 38 x 4 x 0.33mm. The wafers were
electroded and partially poled, off the substrate, to 30%, 50%, 75% and 100% of the full remanent
polarization of PLZT. Electrodes were removed, and the wafers were bonded to a 68 x 4 x 1mm
substrate, after which an upper electrode was reinstated on the free surface of the wafer. A ground
voltage wire was connected to the conductive substrate. The upper electrode was wired to the external
circuit.

The four-point bending was applied using a Deben microtester, with the arrangements shown in fig.
2(c), and a 5Smm spacing between each pair of ceramic loading pins. Mechanical loading F/2 is applied
by each pin to the substrate. We use the convention that F > 0 results in tensile loading of the PLZT
layer, while F < 0 results in compression. Variation of the total force amplitude, F, was explored during
testing as this could change the energy harvesting performance. To test various force amplitudes, a
triangular waveform of mechanical loading was applied as shown in fig. 2(d). Charge measurements
were implemented using a high capacitance electrometer inserted in the ground side of the circuit, while
voltages on the upper electrode of the ferroelectric were computer controlled through a high voltage
amplifier, see fig 2(e,f). The applied electric field can be written as AEo, where Ey is the coercive field
and A is a factor to represent various electrical loads. For both energy harvesting methods, the energy
harvesting cycle was tested by applying the following pattern of loading: i) Apply voltage to the upper
electrode with the lower electrode grounded to produce electric field AEo, switching the cycle ‘on’. This
electric field provides the load against which the energy harvester works, referred to here as the
“harvesting electric field”. ii) With the harvesting electric field held constant, apply a mechanical
loading force increasing to F/2 at each pin. This force drives in-plane tension or compression of the
ferroelectric wafer. iii) With the loading pins held fixed (i.e. at approximately constant loading), reduce
the applied electric field to zero. This switches the energy harvesting part of the cycle ‘off’. iv) Reduce
the mechanical load to zero. Leakage current tests were carried out to check for leakage across the
ferroelectric element. Leakage was found to increase with the electric field, and was dependent on the



179  quality of the applied electrodes; the leakage values were small enough to have negligible effect on the
180  measurement of electric displacement changes.
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189 4. Results and discussion

190 4.1 Preliminary tests at zero electrical load

191 Initial tests were conducted without electrical load (A = 0) to investigate the behavior of fully or
192 partially pre-poled specimens under quasi-static mechanical loading. The electric displacement versus
193  mechanical load curves are shown in fig. 3 (tension) and fig. 4 (compression). The corresponding
194  mechanical force versus loading pin displacement is also presented. Note that the 100% pre-poled
195  specimens do not have residual tensile stress, having been fully poled off the substrate, while the 75%,
196  50% and 30% pre-poled specimens are expected to have increasing values of residual tensile stress, as
197  poling was completed on the substrate in these cases. The peak absolute value F was varied in the range
198  from 10N to 50N. From fig. 3 and fig. 4, it can be seen that greater electric displacement changes occur
199  inthe samples with less pre-poling.
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Figs. 3(a,b) show the behavior of 100% pre-poled specimens under tensile stress at zero electrical
load. Mechanical loading partially depolarizes the PLZT layer while unloading allows the polarization
to switch back, as seen in fig. 3(a). Non-linearity of the response becomes pronounced once the force
magnitude reaches 30N, suggesting the stretching of PLZT layer triggers ferroelastic switching. Upon
unloading, the partially depolarized wafer is compressed by interaction with the substrate causing the
polarization to switch back towards the initial state. Some electric displacement change due to the
piezoelectric effect is also observed but there is additional ferroelastic/ferreoelctric switching due to the
applied stress.

In the 30%-75% partially pre-poled specimens, residual tensile stress can assist switching and hence
enhance polarization changes in the PLZT wafer. When the 75% pre-poled samples were tested in
tension, this resulted in increased changes in electric displacement, see fig. 3(c). However, upon
unloading the force, the fully polarized material state is not restored: some of the material has not
switched back. A bias electric field would be needed to restore the initial polarization value. In fig.
3(c), pin loads as low as 10N induce non-linearity and switching, due to the assistance of residual tensile
stress. The results for 50% pre-poled and 30% pre-poled wafers are given in fig. 3 (e-h). These show
similar features to the results for the 75% pre-poled sample, with the residual tensile stress assisting
depolarization. There are visible jumps in displacement and electric displacement at peak force in fig.
3, especially at high load amplitudes; this can be attributed to the effect of friction between the ceramic
loading pins and the steel substrate causing hysteresis where the direction of motion reverses. From all
the results in fig. 3 it is evident that working cycles with cyclic mechanical load producing non-linear
changes in electric displacement can be achieved using tensile stress.

Next, compare the results of fig. 3 with similar tests in which the loading of the PLZT is compressive,
presented in fig. 4. By contrast with the tensile loading results, the compression tests of fig. 4(a) have
relatively small polarization changes; this may be expected because the material is already in a near
saturated state of polarization and transverse compression cannot drive the polarization much further.
However, in the 75%-30% pre-poled states, fig. 4(c-h), significant polarization changes are seen, and
closed cycles of force versus electric displacement can be achieved in some cases. Initial loading at
small amplitudes (10-20N) ratchets up the electric displacement a little, but subsequent loading to 30-
50N produces closed cycles. The results assist the selection of a working cycle to optimize the closed-
circuit electric displacement change, enabling a compromise to be struck between stability or closure
of the cycle and the magnitude of the polarization change achieved in each cycle. Good cycle stability
with significant polarization switching can be achieved in the case of 30% pre-poling with 50N cyclic
load.

4.2 Energy harvesting using tensile stress

We now consider cyclic tensile loading of the energy harvester, while imposing an electric field that
simulates an external electrical load. For brevity, results for a 30% pre-poled sample are shown. The
electrical load is switched ‘on’ during the energy harvesting part of the cycle and then switched ‘off’
while the mechanical load is relaxed to restore the initial state. Measurement of the working cycles was
carried out for tensile loading cases with a harvesting electric field AF, where E, is the coercive field
of PLZT. An example of an energy harvesting cycle is shown in fig. 5, in which the electrical loading
was set to A = 1.0 and the amplitude of the applied force was varied in the range 10N to 50N.

Each cycle starts at the point marked ‘O’. The relationship between electric displacement and the
force applied on pins is shown for the tensile loading case in fig. 5(a). The cycle proceeds clockwise
from point ‘O’; vertical segments of the force-electric displacement response indicate rapid changes of
electric displacement due to switching the electric field ‘on” or ‘off’. The curved segments correspond
to the application or removal of the mechanical loading. The same cycles are plotted as voltage versus
charge on the electrode in fig. 5(b); here straight horizontal segments indicate mechanical loading or
unloading at constant voltage, while the curved portions of the cycle show change in electric
displacement induced by switching the electric field ‘on” or ‘off’.
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Figure 5. An example of energy harvesting cycle using tensile stress harvesting electric field of magnitude 1.0E, for 30% pre-poled material.
(a) Electric displacement versus force. (b) Voltage versus charge on electrode. (c) Force versus pins displacement.

In fig. 5(a), the magnitude of the electric displacement change is greater than 0.03C/m?. This
magnitude is significantly less than that in the closed-circuit case at zero electrical load of fig. 3: the
electrical load resists ferroelectric/ferroelastic switching somewhat. However, the electric displacement
changes are still much greater than those typically achieved in PEHSs. The enclosed area in each loop of
fig. 5(b) represents the electrical energy output per cycle. The corresponding mechanical energy input
can be estimated using the enclosed area of the force versus displacement curves in fig. 5(c).

The key parameters controlling the energy output of the cycle are the force amplitude and the
electrical load. Several factors affect the choice of these parameters. Increasing the force amplitude
drives increased switching to produce more energy output. However, high force may damage the
ferroelectric wafer, especially in the tensile mode of operation. During operation, cracks were observed
to form in the ferroelectric wafer in the 30% and 50% pre-poled specimens when F > 40N and 4 > 0.8 in
some cases. Lines of dark contrast were seen through the back-lit translucent material when cracks
formed. Furthermore, setting the force amplitude too high can result in an unstable cycle that rapidly
degrades, reducing the energy output. Another key parameter is the harvesting electric field, simulating
an electrical load. In practical applications the field amplitude will be determined by the nature of the
external circuit; this can be controlled to a degree by choosing the load components that condition the
electrical output of the harvester for downstream use. Increasing A can result in increased electric work,
but can also reduce the extent of mechanically induced switching: an optimum should be found if work
output is to be maximized. Additionally, when A exceeds unity, the field strength becomes great enough
to cause extensive ferroelectric switching that can overwrite the engineered material state of the energy
harvester.

To investigate further, the energy output per cycle, and electric displacement change under tensile
stress, are shown versus the mechanical loading F and electrical load factor A in fig. 6. These results
are for 30%-100% pre-poled specimens and summarize a series of tests in which A and F were varied
in the ranges 0.2 <A <1 and 10 <F <50N. The energy output typically increases with force amplitude
and the applied field strength, as may be expected, but there are some exceptions where increasing the
field strength too far blocks switching and results in reduced energy output. The energy output per cycle
reaches a maximum of 295 pJ for the 100% pre-poled specimen with A= 1.0 and F = 50N. Comparing
this with the 30% pre-poled specimen in fig. 6(g) indicates that the energy output can increase to over
405 by exploiting the partially poled state. Although increasing the harvesting electric field generally
increases energy output, fig. 6(b) shows that it can reduce the electric displacement change.
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Figure 6. Energy output and electric displacement performance of the energy harvesters in tensile loading with various operating conditions:
(a,c,e,g) Energy output per cycle versus peak force and harvesting electric field magnitude, (b,d,f,h) Corresponding magnitude of electric
displacement change in each cycle. Pre-poling states as follows: (a,b) 100%, (c,d) 75% (e,f) 50% (g,h) 30%.

The peak electric displacement change reduces from 0.037C/m? with 1= 0.2 to 0.019 C/m? when
A =1.0 for 100% pre-poled specimen. Steady increases in the maximum energy output per cycle and
electric displacement change at the peak mechanical force are seen as the degree of pre-poling is
reduced. However, to avoid cracking, the peak mechanical load was reduced to 45N when A > 0.6 for
50% pre-poled specimen and when A > 0.4 for 30% pre-poled specimen. Based on this investigation the
30% pre-poled samples gave the greatest energy output per cycle, at 410 pJ and avoided cracking of
the ferroelectric element during the final poling process. Samples pre-poled by less than 30% of the full
remanent polarization typically cracked when fully poled on the substrate, indicating that in these cases
the residual stresses developed in the final poling process could exceed the tensile strength of the
ceramic.

4.3 Energy harvesting using compressive stress

The energy harvesting performance under cyclic mechanical compressive loading, with the applied
electric field reversed (1 < 0), is studied in this section. The working cycle is similar to the cycles under
tensile stress: the electric field is switched ‘on’ during the energy harvesting part and switched ‘off’
when the force is relaxed to restore the initial material state. The peak applied force was varied in the
range -10N to -50N.

Fig. 7(a-c) shows typical working cycles, these being obtained using compressive loading with 4 = -
0.3 for the 30% pre-poled specimen. Starting at the point marked ‘O’ the cycle proceeds clockwise in
fig 7(a). The magnitude of the electric displacement change in this working mode with a peak force of
-50N is about 0.025 C/m?2. This is less than that of the tensile cycle, but still a significant improvement
relative to typical PEHs. Comparing with the cases at zero electric load in fig. 4, the resistance to
switching caused by the electrical load is evident. An open shape of hysteresis curve in fig. 7(c) indicates
a greater mechanical energy input in this case, and the enclosed area of charge versus voltage in fig.7(b)
representing electrical energy output per cycle, increases accordingly.

(a) (b) (c)
0.26
= 025 0= -10N 0| | 0 O
= ~—0--20N -0 ol
E o2 — - -30N -0 Sk -
£ - 0- 40N -0 = = /
g 0.23 0- -50N -0 2, 20 , 3 )
& 2 010N £ 30} S AT oo
2 o o 2 i 0--20N -0 | = _/"KJ - _'10.\1_0
o : 0-<30N -0 40 s 0. 30N.0
3 o021 0- 40N -0 Y - -30N-
g v . S 0- -40N-0
o -40 0--50N -0] 4 Ss0F 0. -5ON-0 ]
0.20 : —

500 -40 <300 220
Force (N)

=10

2L3

"I-l ZIS 2Ifa

EKH

Charge on electrode (pC)

29

-0.20

-0.15 -0.10

-0.05

0.00

Pins displacement (mm)

Figure 7. An example of energy harvesting cycle using compressive load stress with harvesting field -0.3E, for 30% pre-poled samples. (a)
Electric displacement versus force. (b) VVoltage versus charge on the electrode. (c) Force versus pins displacement.

The selection of force and electric field amplitude for maximum energy output in compression is next
considered. The energy output per cycle and corresponding electric displacement change are shown
versus force and electric field amplitude in fig. 8. In fig. 8(a), it is found that the energy output for the
100% pre-poled specimen increases monotonically with the rise of applied field strength, and the energy
output per cycle reaches a maximum of 57 WJ in the range tested. As expected, high values of the
harvesting electric field reduce the electric displacement change, see fig. 8(b), despite the energy output
continuing to increase with electric field. In the fully polarized state very limited switching is possible;
the observed electric displacement changes combine polarization switching and the piezoelectric effect.
Greater electric displacement change and energy output can be observed in fig 8(c-h) with a maximum
energy output per cycle of 115 pJ in the 30% pre-poled samples. As the degree of pre-poling is reduced,
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the maximum energy output per cycle rises due to the increased freedom for polarization switching. A
345  significant advantage of the compressive working mode is that the risk of cracking in the electroceramic
346  during the energy harvesting cycle is greatly reduced: no cracking was observed in the range of
347  parameters tested.
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The energy output per cycle is an important performance metric for energy harvesting. However,
when comparing different systems, volume scaling should be factored in. The ferroelectric/ferroelastic
energy harvesters presented here achieved energy densities of 11 mJ/cm3and 3.2 mJ/cm? in tension and
compression respectively. The system was operated in quasi-static conditions (<0.02 Hz); however,
stable operation at frequencies up to 20Hz has been tested and appears viable. Other high-power
piezoelectric [61-65] and triboelectric [53, 66-70] energy harvesters exhibit a wide range of cycle
energy densities, from 0.005mJ/cm? up to about 10 mJ/cm?3. Thus the proposed system operates towards
the top end of this range.

Another key factor for evaluating the working cycles is the energy conversion efficiency, which may
vary from a few percent to more than 90%. To estimate the overall conversion efficiency, the input
mechanical energy was computed from the enclosed area of the force versus loading pin displacement
loops. Since the input energy calculated in this way includes frictional losses at the loading pins, as well
as material and electrical losses in the energy harvester itself, the estimate gives an approximate measure,
but can illustrate the typical efficiencies achieved. The resulting efficiencies are given for a range of
operating parameters in Table 1. Since the same operating parameters were used with several different
states of pre-poling, the table shows the range of efficiencies achieved in each operating state. In general
it can be seen that an increase of amplitude of mechanical loading results in increased
ferroelectric/ferroelastic switching, and thereby induces a drop in efficiency. In the few cases with 90%
or more efficiency, the piezoelectric effect is dominant; these correspond to cases wherein the small
amplitude of mechanical loading does not depolarise the electroceramic, when inhibited by the applied
electric field. Furthermore, the mechanical work input needed for the compression mode is greater than
that for the tension mode. Thus the efficiencies acquired in the compression working mode are typically

lower than those of the tension mode. Further investigation of the conversion efficiency is a topic for
future research.

Loading type Load amplitude Electric field Measured
Tensile 10N 0.2 18-52%
Tensile 50N 0.2 10-25%
Tensile 10N 0.8 70-98%
Tensile 50N 0.8 30-67%
Compressive 10N 0.1 5-10%
Compressive 50N 0.1 2-3%
Compressive 10N 0.4 21-37%
Compressive 50N 0.4 4-6%

Table 1. Approximate efficiency of energy harvesting cycles at various amplitudes of mechanical and
electrical loading.

13



383

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401

402

403
404
405

406

407
408
409

5. Conclusion

The behaviour of ferroelectric wafers in partially poled states with residual stress was tested with a view
to developing ferroelectric/ferroelastic energy harvesting cycles. The testing was quasi-static, and
electric field was applied to simulate the impedance provided by an external electrical load. The
experiments verify that the biased states of residual stress produced by the partial pre-poling process
enable ferroelectric/ferroelastic switching to occur during the working cycle, and can guide the
repolarization process under mechanical loading without the use of an external bias electric field to
complete the energy harvesting cycle. The resulting devices have a simple structure and show much
greater energy output per unit volume of active material than typical piezoelectrics. By varying the
polarization state of the ferroelectric wafer, and the electrical and mechanical load amplitudes, a range
of behaviour was explored. In general, reducing the extent of off-substrate pre-poling increased the
energy output. However, this is also expected to increase the residual stresses and led to cracking in
some cases. A 30% pre-poled sample gave a good balance of high energy output whilst avoiding
degradation by cracking. While tensile loading gave the greatest energy output per cycle, compressive
load cycles also yielded high energy density, with the advantage of greater robustness. The results
demonstrate the basic working principle of a novel and practical ferroelectric/ferroelastic working cycle
for mechanical to electrical energy conversion.
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