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Experimental and theoretical investigation
of temperature-dependent electrical fatigue studies
on 1-3 type piezocomposites
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1-3 type piezocomposites are very attractive materials for transducers and biomedical
application, due to its high electromechanical coupling effects. Reliability study on
1-3 piezocomposites subjected to cyclic loading condition in transducer application
is one of the primary concern. Hence, this study focuses on 1-3 piezocomposites for
various PZT5A1 fiber volume fraction subjected to electrical fatigue loading up-to
10% cycles and at various elevated temperature. Initially experiments are performed
on 1-3 piezocomposites, in order to understand the degradation phenomena due
to various range in amplitude of electric fields (unipolar & bipolar), frequency of
applied electric field and for various ambient temperature. Performing experiments
for high cycle fatigue and for different fiber volume fraction of PZT5A1 is a time
consuming process. Hence, a simplified macroscopic uni-axial model based on
physical mechanisms of domain switching and continuum damage mechanics has
been developed to predict the non-linear fatigue behaviour of 1-3 piezocomposites for
temperature dependent electrical fatigue loading conditions. In this model, damage
effects namely domain pinning, frozen domains and micro cracks, are considered as
a damage variable (w). Remnant variables and material properties are considered as a
function of internal damage variable and the growth of the damage is derived empir-
ically based on the experimental observation to predict the macroscopic changes in
the properties. The measured material properties and dielectric hysteresis (electric
displacement vs. electric field) as well as butterfly curves (longitudinal strain vs.
electric field) are compared with the simulated results. It is observed that variation
in amplitude of bipolar electric field and temperature has a strong influence on the
response of 1-3 piezocomposites. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4944582]

Il. INTRODUCTION
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Piezoelectric materials are a class of smart materials, which play a major role in design of
sensors and actuators. Though, we have numerous choice of piezoelectric materials, lead zirconate
titanate (PZT) is preferred for transducer applications due to its high electromechanical coupling
and response at higher frequencies(MHz).! Piezoelectric materials exhibit linear response for low
external fields. However, it exhibits non-linear behavior for higher electric field and/or stresses.
Non-linearity in PZT is caused mainly due to reorientation of domains in micro-structure, which
is referred as domain switching.> Though, many literature reports about the non-linear behavior
of PZT, its reliability in industries is the most concerned problem. The reliability of PZT trans-
ducers is influenced by four major mechanisms of damage such as aging, fatigue, micro-cracks and
dielectric breakdown. Among these, fatigue due to cyclic loading seems to be more fatal.®> Since
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in most of the applications, piezoelectric materials are not only subjected to intermittent varying
high or low external loads, it will also be subjected to continuous external fields during operation.
Generally, fatigue in piezoelectric materials leads to reduction of switchable polarization and the
degradation of electromechanical coupling factors.* Fatigue tests conducted on PZT showed that
the material undergoes significant degradation even at ambient temperature, and the degradation
depends on the magnitude and rate of applied electric field.>~” The increase in number of cycles
of the applied electric field, not only leads to macroscopic cracking and dielectric breakdown, but
it also degrades the macroscopic material properties.® Observed degradation in material properties
and switchable polarization are caused due to microscopic changes namely domain pinning, dielec-
tric layers near the electrode and frozen domains (non-switchable domains), etc.””'? Besides the
experimental studies, a number of theoretical models have been developed to study the degradation
caused in materials due to fatigue loading condition. These models are based on macro-micro
mechanical approach, wherein the observed degradation are modeled by considering the micro-
scopic change as the internal variable.!® Technological advancements in the sensors and actuators
show that, piezocomposites are more efficient than bulk PZT in biomedical, underwater and energy
harvesting application due to its superior properties.'* A variety of piezocomposite materials can
be made by combining piezoceramic elements with a passive polymer (epoxy) or active polymer.
The optimum configuration which gives the higher electromechanical coupling factor are selected
by studying various topology. One popular type configuration is 1-3 piezocomposite, which con-
tains piezoelectric rods of one dimension embedded in a polymer matrix of three dimensions
and aligned along the thickness direction.'> Nowadays, bulk piezoelectric materials are replaced
with 1-3 type piezocomposites, since the bulk PZT are stiff and the lack of flexibility can cause
premature failure in their applications. The tailor made properties in piezocomposites enable us
to use them in bio-medical transducers, underwater applications, micro positioning systems and
vibration suppression,'® wherein these materials are subjected to high loading conditions,!” Though
1-3 piezocomposites are already used in many industrial applications, it is necessary to understand
its reliability.'® The reliability study in 1-3 piezocomposites is more complex since the interac-
tion of passive polymer and active PZT comes into account.'® In the literature, studies about 1-3
piezocomposites are focused on the variation of material properties as function of volume fraction
of PZT fiber and to identify the effective material properties and influence of fiber orientation
using analytical approach.?->> Non-linear behavior of 1-3 piezocomposites are studied by subject-
ing it to various loading conditions above the coercive electric field, which shows that the fiber
volume fraction dependency in the switching polarization, and remnant values.?? Various applica-
tions studies were also carried out to find out the performance when compared to the bulk PZT.>2¢
Electrical fatigue loading on 1-3 piezocomposites for high bipolar electric field shows the strong
dependence on the degradation of material properties for various volume fraction of PZT fiber. The
damages are more for decreasing fiber volume fraction which results in deterioration of material
performance.?’

In the literature, even-though few research work are reported about the fatigue studies of PZT,
the authors are not aware of detailed work in determining the performance behaviour of 1-3 piezo-
composites subjected to electrical fatigue loading and at elevated temperature. Hence, it is mandate
to study the performance of 1-3 piezocomposites, for repeated cyclic electric field up-to 10° cy-
cles for different ambient temperatures. In this work, initial fatigue experiments are performed for
various loading amplitude (unipolar, bipolar and bipolar at below E.. ), to understand the maximum
deterioration effects. Fig. 1 shows that measured data on the performance behavior of 1-3 piezocom-
posites. It is observed that there is a significant reduction in performance subjected to higher bipolar
electric field. Based on the initial experiments, this work is extended to perform electrical fatigue
experiments for various fiber volume fractions of PZT5A1(vy) and is also focused to understand
the deterioration effects under elevated thermal loading condition. Performing experiments for large
number of loading cycles and different fiber volume faction will be costly affair and time consum-
ing process. Hence an attempt has been made to develop an analytical model wherein damage
parameter is introduced as a cumulative effect (micro-crack, domain pinning, frozen domains, etc).
Simulated results based on the model for 1-3 piezocomposites with different volume fractions are
compared with the measured data.
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FIG. 1. Experimental results showing the Electrical fatigue results for 65% PZTS5ALI fiber exposed to 50°C Isothermal
temperature (a) Unipolar 0 to 2kV /mm (b) Bipolar at + 750 V /mm (c) Bipolar at + 2 kV /mm.

Il. EXPERIMENTAL DESCRIPTION OF TEMPERATURE DEPENDENT
ELECTRICAL FATIGUE

Fatigue Experiments are performed on 1-3 piezocomposites & bulk piezoceramics samples
subjected to cyclic electric field at elevated temperatures. Commercially available poled 1-3 piezo-
composites (smart material corporation, Germany) and bulk piezoceramics (Ceramtec, Germany)
are used for measurements. In 1-3 piezocomposites, three different volume fraction of PZT5A1
fiber constituents namely; 80% (800 um fiber diameter), 65% (250 um fiber diameter) and 35%
(105 um fiber diameter) are used.

Cyclic Loading: Preliminary tests has been carried on these samples to understand its performance
degradation, subjected to different amplitude of electrical loading (750 V, 0 to 2 kV,+2 kV) and
various loading rates (0.1 — 100 Hz); see Fig. 1. Based on this study, it is decided to perform fatigue
experiments under bipolar electric field with an amplitude of +2 kV/mm at frequency of 50 Hz.
The loading conditions are chosen based on the dielectric breakdown of the material and maximum
loading condition. All the samples are cycled up-to 10° cycles and subjected to various operating
temperatures (Room Temperature(x 27°C), 50°C, 75°C and 100°C). Measurements are restricted
up-to 100°C, since the average glass transaction temperature of epoxy polymer is around 125°C.
Experimental setup: A triangular waveform at 50 Hz frequency is generated by using function
generator (Tektronix AFG3022B). The generated signal is amplified by high voltage amplifier
(TREK PD05034) to +2 kV. The amplified voltage is supplied to the upper electrode of the spec-
imen and the bottom electrode is connected to brass, which in-turn connected in series with a
known reference capacitor (C, = 10uF) and the ground for charge measurement based on the modi-
fied Sawyer-Tower circuit. The voltage drop across(V) the capacitor is measured using high input
impedance electrometer (Keithley 6517B) which is used to calculate the dielectric displacement
(D). The longitudinal strain induced by electric field is measured using a laser-vibrometer (Polytec
NLV-2500) with a resolution of 0.015 nm. All input and measured data are recorded with DAQ card
(NI 9215) using LabVIEW. To isolate the external vibrations, the entire setup is placed over the
vibration isolation table (Holmarc) while performing experiments. The specimen holder is designed
specially to perform experiments under temperature dependent electrical fatigue loading. In order
to provide uniform heating, ring type heater is used in the holder. Silicon oil of 32 kV dielectric
strength is used to avoid arcing at elevated electric field and temperature. A closed control loop
with PID controller (Shimax MACS5D) and K type thermocouple (placed on top of the heater) is
used to control/maintain the temperature on the heating element. A non-contact type IR thermal
sensor (ThermoMETER-CT-M3, micro-epsilon) is used to measure the temperature variation on the
sample. The specimens are heated to the required temperature and the dwell period is maintained to
attain the thermal equilibrium. All the measurements are carried out along the thickness direction.
The above experimental procedure is done initially at room temperature for one set of specimens
and then the procedure is repeated for 50°C, 75°C and 100°C.

Measurements of material properties: The D-Meter (Concord Ceramics, India) is used to mea-
sure piezoelectric coefficients (d33), which works on the principle of berlincourt measurement. The
dielectric permittivity (k33) is measured based on high field method wherein samples are subjected
to unipolar loading condition (0 — 1 kV/mm), and the slope of unloading region is used. Mechanical
(compressive loading) experiments are performed to measure the elastic compliance (Cs3) and the
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data shows that variation of compliance is minimal as a function of cyclic loading, since stiffness of
the material has least effect due to repeated domain switching.?® In order to measure the degradation
parameters, measurements are made at specific intervals of cycles (10!, 10%, 103, 10% 10° & 10°).
The experiments are repeated for 3 sets of samples and the averaged data is considered for the
analysis.

lll. TEMPERATURE DEPENDENT UNI-AXIAL FATIGUE MODEL

The experimental measurements on fatigue behavior for various fiber volume fractions and
different environmental conditions is laborious and time consuming process. Based on the exper-
imental observations, a simple fatigue model has been proposed to simulate the effect of fatigue
loading cycles. This analytical model can be used to predict the fatigue behaviour of 1-3 piezocom-
posites for various fiber volume fraction, different operating temperature and range of frequencies.
The generalized nonlinear electro-mechanical constitutive relation can be written as:

DiZKijklEj+d,'jk[O'k[+Pir and €jj = ijklo—kl"'dkijEk"'E{j (1)

Where o, €5, D; and E; are the stress tensor, stain tensor, electric field vector and electric displace-
ment vector respectively. Sj, dy; and k;; are the elastic compliance tensor, piezoelectric tensor and
dielectric permittivity tensor respectively.

Physical approximation of a uni-axial model: Piezoelectric materials exhibit electro-mechanical
coupled phenomena since the crystal structure lacks a center of symmetry. Above the Curie temper-
ature (7,), it is referred as paraelectric state and the crystal structure of the unit cell is cubic and
centro-symmetric. In paraelectric phase, the relative atom positions in a cubic structure gives rise
to a vanishing net dipole moment renders null piezoelectric effect. However, the operating temper-
ature lowered down to below T, it undergoes a phase transformation from cubic to tetragonal or
rhombohedral structure which is defined as ferroelectric phase. In this state, atomic positions in the
crystal will change and give rise to nonzero net dipole moments is referred to as spontaneous polar-
ization (P*®). Movement of atomic positions in a lattice renders distortions consequently leading
to mechanical strain as spontaneous strain (e€*). In this model, a tetragonal structure is considered
wherein the unit cell can orient in six different directions with respect to the crystallographic axes
as shown in Fig. 2 and each of them is defined as a variant or a domain. Since experiments are
performed under thickness (along poling direction) mode, a thermodynamically consistent uni-axial
model? is extended to study the non-linear fatigue effects wherein six possible domain structures
are simplified into three variants as two out-of-plane variants (Y and Y0) and one in-plane variant
(i.e X, X0, Z and Z0). The three variants can be represented as 1, 2, 3, where 1 and 2 represents the
out-of-plane variants; 3 represents the in-plane variant and their corresponding volume fractions are
indicated as @, ®, and ®3; refer fig 2.

Microscopic
. g ot D
Macroscopic
P,
¥ ) (0P
4’ |
3 |ps
b /s X i
» 4 — Dipole direction 1-d Model

FIG. 2. Schematic representation of tetragonal crystal structure in the uni-axial model.
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Frequency dependent material properties: It is reported that the frequency of applied electric
field influences the performance of piezoelectric materials.>® Since 1-3 piezocomposite consist of
passive polymer matrix, the loading frequency will have significant effects in the performance
behaviour. In order to accommodate the frequency effects in the model, initial experiments are
performed to measure the remnant polarization and strain as a function of input loading frequency:
refer Fig. 8. Measured data shows that the remnant polarization and strain decrease linearly with
increase in loading frequency (1 — 50 Hz); refer Fig. 3. Based on the observation, a linear expres-
sion has been introduced as shown in Eq. (2).

P(f)=vicp- f+p°) and € (f)=vi(cre- f+€7) 2

where vy, f, ¢p, and ¢y are the fiber volume fraction, frequency of the applied electric field, fre-
quency constant for remnant polarization and remnant strain respectively. p"® and €"° are considered
as the initial/reference remnant polarization and strain, which is measured at quasi-static loading
(0.1 Hz). This expression is also extended for 1-3 piezocomposite with various fiber volume frac-
tion. From the literature,?! it is observed that the rate effects are fitted with linear approximation as a
function of volume fraction of domain switching variants and loading frequency.

Temperature dependent material properties: Operating temperature on PZT plays certainly an
important role in the response. Influence of temperature on material properties and remnant quan-
tities of PZTs are well understood under electrical loading conditions.?>~3* In this work, an attempt
has been made to evaluate the temperature dependence in the material properties and remnant quan-
tities for 1-3 piezocomposites. Based on the observation, an linear expression has been introduced
as shown in Eq. (3).

PON=P (1= eo) =€) (1= T
K33(0) = K3 (14 & AH) and  d33(0) = ds3- (1 + (kg); AH) 3)

where vy, f and @y are the fiber volume fraction, frequency of the applied electric field and temper-
ature dependent constant respectively. P"(f) and €”(f) are the remnant polarization and remnant
strain for that corresponding frequency of the applied electric field. k33 and ds; are the dielectric
permittivity and piezo-electric coupling coefficient at room temperature (~ 27°C) . Fig. 4 shows the
comparison of experimental and theoretical prediction on temperature dependent remnant quantities
which shows comparable correlation. Similarly, temperature dependent dielectric constant («33) and
(ds3) are compared with the measured data from the literature as shown in Fig. 5.

Damage dependent material properties: In piezoelectric materials (PZT) during repeated cyclic
loading, damage is caused due to internal factors such as domain wall pinning, frozen domains,
coalescence of point defects, agglomeration of defects and micro cracks.** Hence, degradation of
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material properties are due to the development of internal damage. From the modeling prospective,
it is best practice to approximate as a single variable rather quantifying many internal factors,
since damage is a cumulative effect in composites. In the present paper, the variation in material
properties is formulated as a material function of the damage variable based on continuum damage
mechanics. In the present model damage variable is considered as a linear function of material
properties and these simplifications are made to reduce the number of constants evaluation. The
material properties and remnant quantities as a function of damage parameter are represented as:

PO, f,w)=((1-w)-P(0,f) and €(,f,w)=(10-w) €(0,f)

k(0.0 = (1 ) - k0) and dsa(8,0) = (1 = ) - dsa(6) @

where w, P”, €", k33, d33 denote damage variable, initial remnant polarization, remnant strain,
dielectric permittivity and piezo-electric coupling coeflicient, respectively.

Switching Criteria: Domain switching is the main cause for the non-linear (hysteretic) effects in
ferroelectric materials. Numerous modeling methods based on macro and micro-mechanical ap-
proaches were reported in literature. In this work, a thermodynamically consistent approach’ is
extended for a uni-axial loading conditions. Based on the assumptions of isothermal processes,
homogeneous temperature fields and Clausius-Duhem inequality conditions, the generalized dissi-
pation inequality can be expressed as

[0 e +E-P]>0 ®)

Where o - applied stress, E - applied electric field, P" - remnant polarization, €” - remnant strain
and (e) - defines time derivatives. Considering the switching process as quasi static a super-scripted
dot (X) over a variable can be replaced by an incremental quantity A, the transformation strain and
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FIG. 5. Temperature dependency of (a) dielectric permittivity, k33 (6) (b) piezo-electric coupling coefficient, d33 ().
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displacement or polarization yields
Pr=APj_, =AP; —AP; and € =Aej _, = A€, —Ael,  wherei=12,3&j=123. (6)

The driving force(f;) (domains to switch from one state to another state) due to external
applied loading conditions are derived, by substituting Equ. (4) and (6) in Eq. (5). In fatigue load-
ing conditions, the domains are subjected to continuous switching. However, after certain loading
cycles, the switching process will be limited, due to the frozen domains and micro-cracks in the
micro-structure, which results in the reduction of macroscopic polarization and strain. In this model,
it is considered as degradation in driving force which is function of damage (w), frequency (f) and
temperature () as follows:

i'ZEAPr_ﬁ _0, N
fij & ¢J( frw) )

The driving force will be calculated based on the above conditions for the present state of the
domains and it will be compared with the critical (threshold) value for the possible switchable
states.

fii = fer1sos feroo (®)

where f.,180, feroo are the critical energy barrier for 180° and 90° switching conditions. In this
uni-axial model, there are two possibilities of 90° domain switching (¢; & ¢3, ¢, < ¢3) and a 180°
domain switching (¢; & ¢,) are considered and compared.

fcr180 = 2Pr(9’ f?w)Ecr(g, f?w) and fcr90 = Pr(g’ f?w)Ecr(g’ f9w) (9)

Damage evolution equation: The evolution equation for the damage variable (w) is used to
describe the growth of the damage on the basis of continuum damage mechanics.>>*73% In the
present paper, an evolution equation for the damage variable is formulated based on experimental
results. Damage in 1-3 piezocomposites are influenced by switching process, hence switching
criteria forms as the consistent condition for the damage. The exponential variation in damage are
empirically formulated by using damage dependent parameters such as failure cycles (N- 90%
degradation of its material properties and remnant quantities), coercive electric field (E,), maximum
and minimum applied electric field (E,;qx&Emin), volume fraction of PZT fiber (J,) and damage
hardening parameters (A and m) respectively.

YL b)) forfyz (10)
~ or fij = fer
N Emax - Emin 4 /

The effect of frequency, temperature internal damage is introduced into the constitutive equations
Eq. (11) by using the material functions instead of the material constants (Eq. (2), (3), and (4)).
Generalized constitutive relation (Eq. (1)) can be reduced to a uni-axial electrical loading as

w = Alexp[-m

D3 = k33(0,w) E3 + P3(0, f,w) and €33 = d33(6,w) E3 + €3;5(6, f,w) (1D

1000 grains (representation of a unit cell ) are considered for the simulation and macroscopic quan-
tities are calculated based on Reuss approximation technique.** The material properties considered
for this Uni-axial fatigue model are listed in Table I. Figs. 6 and 7 show the macroscopic dielectric
displacement and strain for 35 %of fiber volume fraction as function of number of cycles. It is
observed that there is gradual decrease in dissipation of energy until 10* cycles. Further increase in

TABLE I. Material parameters used in Simulation for Uni-axial temperature dependent fatigue model.

Material S33(GPa) k33 (nF/m) dsz (pC/N) cp (C —sec/m?) cre(1/sec) ag (1/°C) A m

PZT5A1 116.8 16.4 440 0.00065 0.001 0.00163 020 09
Epoxy 3.9 0.04 0 0 0 0 0 0
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FIG. 6. Dielectric Hysteresis as a function of no of cycles (a) Uni-axial fatigue model (b) experimental results for 35%
PZT5A1 at 27°C.

number of cycles (10* to 10°) it shows a rapid decrease in dissipation of energy, which results in
hysteresis loops are get flattened. Simulated results are compared with the measured data, which is
able to predict qualitatively the hysteresis area, remnant polarization and strain as function of cy-
cles. This model can be used to identify qualitatively for higher fatigue cycles (107 or 10%) without
performing experiments for long durations and also for various fiber volume fraction. Further
research will be focused on development micro-mechanical model based on the fatigue mechanism.

IV. RESULTS AND DISCUSSION

Experiments are conducted on poled samples of 1-3 piezocomposites. The tests were carried
out at different elevated temperatures upto 10° cycles, for various volume fractions of PZT5AL1 fiber
(vy). Initial experiments for various amplitudes of electrical loading, show that maximum deteriora-
tion occurs above the coercive electric field (E.); refer Fig. 1. Hence, in this work experiments are
performed under electrical fatigue with bipolar electric field (amplitude beyond the coercive electric
field (E,)), at elevated temperatures. The material properties such as dielectric permittivity («33),
and piezoelectric constant (d33) are measured by using an impedance analyzer (Wayne Kerr 6505B)
and D-meter (Concord ceramics) based on IEEE standards.>* Temperature dependent electrical
fatigue behaviour of 1-3 piezocomposites is measured by following the procedures as described in
Section II.

Fig. 8 shows the measured rate dependency (0.1 — 50 Hz) for 35% PZT5A1 fiber volume
fraction. It shows that the rate of the applied electric field increases with decrease in hysteresis and
butterfly loop area, which in-turn gradually reduces the remnant polarization and strain. As fre-
quency increases, there is an increase in coercive electric field (E,), which depicts that the complete
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—— 10" cycle ——10' cycle
- = =102 cycle == -10%cycle
10° cycle 10% cycle
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n 7]
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0 : 0
-2 -1 0 1 2 -2 -1 (1] 1 2
Electric field, E (kV/mm) Electric field, E (kV/mm)
(a) (b)

FIG. 7. Strain Hysteresis as a function of no of cycles (a) Uni-axial fatigue model (b) experimental results for 35% PZT5A1
at 27°C.
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FIG. 8. Rate effects for 35% PZT5AL1 (a) Dielectric Hysteresis (b) Strain Hysteresis.

domain switching occurs at lower loading rate than the higher rates. It is obvious that the required
time for the domains to switch may not be enough at high loading rates. More pronounced rate
effects are observed in strain behavior due to the necessity of high electric field for the saturation.
However, the available electrical input is limited that renders reduction in the amplitude of overall
strain, 33404

The non-linear fatigue behaviour of 1-3 piezocomposite is measured for cyclic bipolar electric
field with an amplitude beyond the coercive (critical) electric field (E.) at three different temper-
ature (50°C, 75°C and 100°C): refer Figs. 9 & 10. It is evident from the results that the dielectric
displacement (D) of piezocomposite samples reduces with increase in PZT fiber volume fraction.
This is due to the fact that epoxy matrix renders passive contribution to the applied electric field.
Dielectric Hysteresis shows that with increase in operating temperature and number of cycles, the
area under the loop decreases and it gets flattened at later stage of cyclic load. One reason could be
that the available free energy within the domains (unstable state) are high at higher temperatures.
In order to attain the stable state, the domains tend to return to a state of lower potential and
it reflects in the reduction of area under the dielectric loop at elevated temperature. Also, under
high fatigue cycles, the agglomeration of point defects in the micro-structure (damage) reduces the
resistance offered by the neighboring domains to a particular domain of interest (switching domain)
that renders reduction in the performance behavior. In general, the bond between dipoles are flexible
at elevated temperature that allows the dipoles free to move. This effect can be identified from
the hysteresis loop that there is a reduction in macroscopic coercive field (E.) with increase in
temperature and independent of loading cycles.

The variation of strain with respect to electric field (Butterfly loop) for 35% PZT5A1 volume
fraction is shown in Fig. 10. Similar to the dielectric hysteresis loop, the loop area for the butterfly
hysteresis loop tend to decrease with increase in temperature and number of cycles. At higher load-
ing cycles and elevated operating temperatures, un-symmetric behavior in strain is observed. Strain
amplitude in butterfly loop namely right wing (A€’ ™) is higher than the left wing (Ae'™). Variation
in amplitude of strain, renders the axis shift of butterfly loop towards positive field direction, which
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(a) (c)
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FIG. 9. Dielectric Displacement hysteresis results for 35% volume fractions of PZT5A1 at a) 50°C b) 75°C ¢) 100°C
temperature.
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FIG. 10. Strain Hysteresis results for 35% volume fractions of PZTSA1 at a) 50°C b) 75°C ¢) 100°C temperature.

is refereed as asymmetry. The asymmetry phenomenon is predominant as a function of fatigue
cycle and operating temperature. Similar observation of strain asymmetry in fatigue studies are
reported in literature.*>* In cyclic loading, the asymmetry in the strain observed might be due to the
following reasons: fraction of previously switchable domains are frozen-in in a particular direction
(Switching process is not happening continuously subjected to cyclic loading) and the internal bias
field restricts the applied electric field in a particular direction.

Fig 11, shows the simulated and experimental results of remnant polarization and amplitude
of strain as function of the number of cycles for 35% volume fraction of PZT5AL1 fiber(vs). The
observed results show that an increase in the number of cycles leads to a degradation in quantities
that vary non-linearly. This shows good agreement with the simulated results which also vary in
a similar manner. This non-linear behavior is replicated by all other volume fraction of PZT fiber.
Upon experimenting at elevated temperatures, it was observed that an increased temperature leads
to a slower rate of degradation (A;;r). The observed degradation shows a small offset from the
simulated values in the amplitude of the right wing strain (Ae”"). This offset is due to the asym-
metry in strain observed in the experiments, might be due to the model assumption of material
properties directly proportional to the damage parameter. Fig 12, shows the measured material
property values (ds3,k33) compared with the simulated results. Observed degradation trends are
similar to the remnant quantities, which is due to the domain switching process. Hence the damage
is also coupled with the remnant and material properties. After 10° cycles the 1-3 piezocomposites
degrade by almost 90% of its initial value. An increased temperature however, leads to a further
degradation of the properties. The degradation observed shows a nominal decrease till 10* cycles.
However, in between 10* to 10° cycles, the observed degradation is very high. The reason may be
traced to the time taken to agglomerate the defects and frozen domains in the initial stage and once
formed results in accelerated degradation of properties. Fig 13(a), shows the influence of damage
for various loading amplitude of electrical field. The prediction shows that change in damage vari-
able (w) is negligible for unipolar or bipolar (< coercive electric field(E.)) loading conditions. It
is obvious that domain switching effects may not occur under unipolar or lower bipolar electrical
loading conditions. Fig. 13(b). shows the influence of damage for various fiber volume fraction
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at bipolar loading (2kV/mm). Damage variable varies non-linearly (exponential) with increased
number of cycles. There is significant difference in damage growth, as increase in fiber volume
fraction. It is also observed that, the damage variable(w) saturates around 10° cycles. The developed
model is found to replicate the nonlinear fatigue response of 1-3 piezocomposites obtained from
the experimental results. Hence, the developed model can be used to predict the fatigue response
for any combinations of fiber volume fractions. The output parameters obtained from this study
will provide us the physical insight for device design using 1-3 piezocomposites. This model also
helps to choose the appropriate fiber volume fraction based on the requirements of device design
considering the fatigue effects.

V. SUMMARY

Experiments are conducted to study the electrical fatigue behavior of 1-3 piezocomposites
with different fiber volume fractions under elevated temperatures. Uni-axial fatigue model based
on damage mechanics is proposed to evaluate the temperature dependent electrical fatigue behavior
on 1-3 piezocomposites. The experimental observation shows that the maximum deterioration in
material performance are caused due to repeated domain switching for higher amplitude of load-
ing (above coercive electric field E.) and at elevated temperature. It is also observed that higher
operating temperature influences the fatigue behaviour by reducing the degradation rate. Theoretical
prediction of material properties degradation shows good agreement with experiment results. The
model is able to predict the degradation in material properties and remnant quantities. Developed
model is not able to take into account of grain boundary interaction effects and domain wall motion
that renders the simulated results in qualitative agreement with measured data. Further research will
be focused on the development of micro-mechanics based physical model for fatigue studies.
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