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The phenomenon of polarization fatigue in ferroelectric materials is defined and the effect of this phenomenon on harvested energy
using these materials has been studied. In order to illustrate this effect, the harvested energy using PZN-4.5PT single crystal was
compared in two cases of fatigued and nonfatigued samples.The results have been calculated between two temperatures of 100 and
130∘C using Ericsson thermodynamic cycle.

1. Introduction

Ferroelectrics have been the particular popular materials of
research for several decades due to their excellent proper-
ties which offer potential for development of many mod-
ern technological devices, such as microactuators, sensors,
and transducers [1–6]. But further studies are necessary to
improve the long-time reliability of these devices. A limiting
problem to extensive use of ferroelectrics is the suppression
of switchable polarization, after certain number of AC drive
cycles [5–8]. This is called the polarization fatigue and popu-
larly observed by polarization-electric field (P-E) hysteresis
loop measurements. Fatigue in the ferroelectric capacitor
corresponds to a decrease of the switchable polarization
as a result of bipolar electric field cycling and has been
phenomenologically described by many authors [6, 9–12].
Indeed, polarization in a ferroelectric material is a function
of the applied electric field cycle’s numbers. Electric field
cycling continuously reversing the polarity of the dipoles
induces certain changes in a ferroelectric and alters the
P-E hysteresis loop. The experimental results on the elec-
trothermal and fatigue characterization of the lead-zirconate-
titanate ceramic, PbZr0.53Ti0.47O3 (PZT-5H), for actuator
applications have been presented in [13]. Also, fatigue effects
due to unipolar cycling of a bulk lead-zirconate-titanate were
demonstrated in [14]. Furthermore, polarization and strain
hysteresis (P-E and S-E) measurements have been performed

simultaneously during fatigue tests under AC fields with a
triangular wave form [15].

In the present work, the PZN-4.5PT single crystal that
has remarkable pyroelectric properties has been used. Pyro-
electric effect converts thermal energy into the electrical
current or voltage [16]. This thermal energy can come from
many different sources such as ambient temperature, human
body temperature, solar energy, and other temperatures of
environment. This material possesses several phase changes
in the vast range of temperature variations [17]. When the
phase change occurred, the sudden increase in current and
consequently in polarization is observed. Khodayari et al.
[17] show that the phase change increases the harvested
energy. Also, it was shown that the results of modeled
Ericsson cycle have compatibility with the experimental
Ericsson cycle. They measured the value of 216.5mJ/cm3
under phase transition using PZN-4.5PT material on the
application of Ericsson thermodynamic cycle at 100 and
160∘C. This energy has been calculated on the application
of 2 KV/mm electric field. Guyomar et al. [18] studied the
possibilities of harvesting energy fromPVDF (polyvinylidene
fluoride) film using pyroelectric effect. Materials with high
pyroelectric activity or those exhibiting a transition can be
used for energy harvesting by converting thermal energy
into electrical energy. In this paper, the effect of polarization
fatigue on the harvested energywill be studied usingmodeled
thermodynamic Ericsson cycle.
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2. Pyroelectric Thermodynamic Conversion

The constitutive equations to describe pyroelectric material
are [19]

𝑑𝐷 = 𝜀𝑑𝐸 + 𝑝𝑑𝑇,

𝑑Γ = 𝑝𝑑𝐸 +
𝜌𝑐

𝑇
0

𝑑𝑇,

𝑝 = (
𝑑𝐷

𝑑𝑇
) , 𝑐 = (

𝑑𝑈

𝑑𝑇
) ,

(1)

where𝐷,𝐸,𝑇, Γ,𝜌,𝑝,𝑈, 𝜀, and 𝑐 are the electric displacement,
electric field, temperature, entropy, mass density, pyroelectric
coefficient, internal energy, dielectric coefficient, and thermal
capacity, respectively. In order to harvest energy the Ericsson
thermodynamic cycle has been used which consists of two
constant electric fields and two isothermal processes. Har-
vested energy is equal to the enclosed area in the polarization-
electric field curve as the following equation [20]:

𝑊harvested = ∮𝐸𝑑𝑃. (2)

The energy taken from the high temperature reservoir is as
the following:

𝑄hot = 𝑐 (𝑇2 − 𝑇1) + ∫
𝐸𝑀

0

𝑝𝑇
2
𝑑𝐸, (3)

where 𝑇
2
and 𝑇

1
are the temperatures at high and low

reservoir, respectively, and 𝐸
𝑀
is the maximum electric field

amplitude. The efficiency is calculated as the following:

𝜂 =
𝑊harvested
𝑄hot
. (4)

The electrocaloric effect is very small in the majority of
ferroelectric materials, in comparison with thermal capacity
multiplied with temperature variations [21], leading to the
assumption which is

𝑐 (𝑇
2
− 𝑇
1
) ≻≻ ∫

𝐸𝑀

0

𝑝𝑇
2
𝑑𝐸. (5)

Therefore, the efficiency can be written as the following:

𝜂 =
𝑊harvested
𝑐 (𝑇
2
− 𝑇
1
)
. (6)

3. Results

Ozgul and his colleagues [22] present a schematic of the
polarization decay in a ferroelectric material as a function
of the number of applied electric field cycles. Also, they
show that the remnant polarization decreases steadily with
increase of the number of cycles. This phenomenon is the
polarization fatigue process in the ferroelectric materials.
The polarization hysteresis exhibits very slight decreases in
the remnant polarization and continuously shifts to lower
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Figure 1: Comparison of dynamic hysteresis loops (polarization-
electric field) before (pointed line) and after the fatigue occurrence
(continuous line, 600th cycle).

polarization values. These shifts of hysteresis loops display
an exponential dependence on the number of measurement
cycles. Also, they show that the polarization fatigue is not very
perceptible for applied small electric fields, but it began to
decrease after about 100 cycles for high electric fields and the
fatigue process occurred [22].

In the present work, the bipolar cyclic electric field is
applied to the PZN-4.5PT single crystal with dimensions of
8×4×1mm3 and 8000 kg/m3 density at 130∘C. Two electrodes
of the sample are electrically connected to the power supply
and immersed in a bath of silicon oil in order to avoid
arcing. This test was performed under application of bipolar
triangular voltage waveform switching cycles with amplitude
of 2 kV/mm. The cycling field was steadily increased from
zero to the maximum field value within 0.25 s; thereafter it
was reduced to zero again within 0.25 s. Based on the Ozgul
results [22], this field is high and fatigue should occur.There-
fore, polarization starts to decrease quickly, approximately
after 100 cycles. Figure 1 presents the polarization hysteresis
loop versus the electric field for the considered sample, when
the sample is not fatigued and then after 600 cycles when
the fatigue occurred. The existence of fatigue is confirmed
by the shift of polarization hysteresis loop to the lower
polarization values as observed. The remnant polarization
variations between two cases are about 10 percent.

A pyroelectric converter directly transforms heat energy
into electrical energy. Along with the pyroelectric conversion
a basic thermodynamic cycle (from the electrical energy
producing point of view) will be helpful. The production
of the electrical energy may be described in terms of the
polarization-electric field behavior of a ferroelectric material.
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Figure 2: Polarization-electric field characteristics of PZT-4.5PT at
two different temperatures of 100 and 130∘C.

Figure 2 illustrates P-E (polarization versus applied electric
field) behavior of a ferroelectric material which may be
utilized for pyroelectric conversion. The area of each cyclic
process on P-E diagram represents an electrical work (2).
The direction of the path on the cycle (clockwise or coun-
terclockwise) determines whether the electrical energy is
produced or dissipated. Electrical energy production cycle
may be realized by appropriate phase changes in temperature
and applied electric field. Figure 2 is an overlay of the
polarization-electric field characteristics of a ferroelectric
(PZT-4.5PT) at two different temperatures. It also shows how
the clockwise cycling may be achieved when operating is
between two temperatures. Starting at point A at low electric
field and low temperature (100∘C) then at this temperature,
the ferroelectric (FE) is recharged by increasing the externally
applied electric filed until point B.Then it is heated at constant
electric field until a high temperature (130∘C) (path BC). At
this temperature, it is discharged by reducing applied electric
field (path CD). Then it is cooled at low electric field (path
DA). Therefore, the electrical cycle may be performed in a
clockwise manner in which the produced electrical energy
per cycle is equal to

𝑊harvested = ∮𝐸𝑑𝑃 = Hatching area (ABCD) . (7)

The cycle is an electrical analogue of the Ericsson thermody-
namic cycle.

In this paper, the aim is the effect of polarization
fatigue on the harvested energy. Is the fatigue reducing the
value of harvested energy? To respond to this question, the
Ericsson thermodynamic cycle was modeled with measured
polarization at 100 and 130∘C for the cases in which fatigue
occurred and did not occur. The experimental results have
been presented in Figure 3. This cycle is an effective thermo-
dynamic cycle and practically feasible [23–26]. It consists of
two isothermal and two constant electric field processes. As
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Figure 3: Normalized unipolar polarization Ericsson cycle for 2
samples of PZT-4.5PT, fatigued (after 600 cycles) and nonfatigued
(after 30 cycles) between 100 and 130∘C.

shown in Figure 3, Ericsson cycle starts at a temperature 𝑇
1
,

with the application of an increasing electric field until 𝐸
𝑀

(𝐸
𝑀
= 2 kV/mm) which increases the polarization to the

value of 𝑃
1
(path AB). Temperature is then increased to 𝑇

2

under constant electric field 𝐸
𝑀
(path BC) and consequently

polarization decreases to 𝑃
2
. Then the applied electric field is

decreased to 0 which causes a decrease of polarization to 𝑃
3

(path CD). Finally, the temperature is decreased to its initial
value at zero electric field (path DA). For more information
about modeling of the Ericsson thermodynamic cycle please
refer to [17].

The enclosed areas by Ericsson cycles (harvested energy)
in two cases of fatigued and nonfatigued are approximately
equal and their difference is less than 5%, although there
is a remarkable difference in their curves of polarization-
electric field (Figure 1). The harvested energies in the cases
of nonfatigued and fatigued are equal to 20.53mj/g and
19.59mj/g, respectively. Furthermore, the phase change is
not observed in the case of fatigued sample. These results
indicate that dielectric behavior of ferroelectric materials is
undergoing fatigue but their pyroelectric properties is not
fatigued.

4. Conclusions

The polarization fatigue was observed by polarization-
electric field (P-E) hysteresis loop measurements. Fatigue in
the ferroelectric capacitor corresponds to a decrease of the
switchable polarization as a result of bipolar electric field
cycling. Indeed, polarization in a ferroelectric material is a
function of applied electric field cycle’s number. Also, the
effect of polarization fatigue on the value of harvested energy
was studied under applied cyclic switching using modeled
thermodynamic Ericsson cycle. According to the results,
the polarization fatigue is not very perceptible for applied
small electric fields. It is shown that the electrical energy
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production can be described in terms of polarization-electric
field behavior of a ferroelectric material. Although there is
a remarkable difference between polarization-electric field
curves in two cases of fatigued and nonfatigued samples,
enclosed areas by Ericsson thermodynamic cycles (the value
of harvested energy) in two cases are slightly different.
Therefore, the polarization fatigue does not have a serious
effect on the value of harvested energy.
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