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This work focuses on evaluating the time-dependent non-linear ferroelastic behaviour
of 1-3 piezocomposites under pure uni-axial compressive stress loading condition.
An experimental setup is developed to study the influence of high-stress levels
on the stress-strain and stress-polarization behaviour of 1-3 piezocomposites. The
electro-elastic effective properties of 1-3 piezocomposites are measured experimentally based on IEEE standard and compared with the proposed numerical model
using finite-element software ABAQUS. The time-dependent effective properties are
evaluated using viscoelastic model and it is incorporated into a 3D micromechanical
model to predict the viscoelastic behaviour of 1-3 piezocomposites under mechanical
loading. The simulated results are compared with the viscoelastic behaviour of 1-3
piezocomposites obtained from experiments. C 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4907767]

I. INTRODUCTION

Piezocomposites are widely used as senors and actuators in aerospace, biomedical and underwater applications due to their enhanced electromechanical coupling characteristics compared to
piezoceramics.1 The commonly used piezocomposite is 1-3 type, wherein the fibers (connected in
one dimension) are embedded in a polymer matrix (continuously connected in three dimensions).
Since it possess tunable compliance and density that help in better acoustic impedance matching
with water and human tissues than bulk piezoceramics.2 During the service period, piezoelectric
materials are required to produce large displacements or large forces under high external loading
conditions that lead to non-linearity and degradation in the performance of the transducer. When
mechanical stress applied parallel and perpendicular to the poling axis, it will induce non-linearity
as well as permanent deformation and mechanical depolarization. This is due to the reorientation of
domains perpendicular to the applied loading direction.3,4 An efficient poling technique for piezoceramics to be used in actuator applications has been investigated.5 The resonance based measurement technique is employed to determine the properties of piezoceramics, including determination
of mechanical and electrical losses.6 The viscoelastic properties of polycrystalline ferroelectric
ceramics has found to have an influence on the rate at which the cyclic electric field is applied.7
Experiments are conducted, and models are developed on piezoelectric materials to study the
non-linear behaviour under electromechanical loading conditions.8–10 In 1-3 mode piezocomposite
transducer, the polymer with low density and low acoustic impedance will possess high sensitivity
and large bandwidth transducer.11–13 A finite-element model is developed to optimize the interdigitated electrode design for active fiber composites in multilayer stack actuator’s.14 Models related to
the evaluation of effective properties of 1-3 piezocomposites are developed and reported in the literature.15 The orientation of piezoelectric fibers has an influence on the electromechanical response in
piezoelectric fiber composites.16 A time-dependent micromechanical model is developed to predict
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the effective properties of piezocomposites.17 The presence of multiple interface cracks due to stress
concentration affects the reliability of 1-3 piezocomposites has been reported.18
The study on the micromechanics of 1-3 piezocomposites under mechanical loading with
different loading rate are limited. The presence of the epoxy matrix which is ductile compared to
PZT fibers will have an influence on the ferroelastic response under compressive loading. Hence,
it is necessary to study the behaviour of 1-3 piezocomposites under uniaxial compressive loading for various loading rate. In the present work, experiments are conducted to understand the
viscoelastic behaviour of 1-3 piezocomposites under pure uni-axial compressive stress for various
loading rate and also to measure the effective properties based on IEEE standards. The measured
effective properties are compared with the proposed numerical model using the commercially available finite-element software ABAQUS. The predicted time-dependent effective properties using
the viscoelastic model is incorporated into the 3D finite-element based micromechanical model to
predict the stress dependent viscoelastic behaviour of 1-3 piezocomposites. The simulated results
for different volume fraction are compared with the experimental observations.

II. EXPERIMENTAL DESCRIPTION

The impedance resonance method, as described in IEEE standards is often used to evaluate the
material properties of piezoelectric materials. In this method, the impedance of a circuit element
is determined by measuring the resonance frequency of a resonant circuit containing the element.
Therefore, the experiments are performed to measure the required material constants (C, e, κ) for
bulk PZT and 1-3 piezocomposite of different fiber volume fraction based on IEEE standards with
weak-field (<0.01 KV/mm) techniques, with the help of impedance analyzer (Wayne Kerr 6500B)
The sample with appropriate boundary conditions is chosen to measure the material properties of
1-3 piezocomposites and bulk piezoceramics.19
Experiments are also conducted on cube specimens (15 × 5 × 5mm3) of 80 %, 65 % and 35 %
vol. PZT5A1 fibers embedded into the epoxy matrix and bulk piezoceramic test specimens (100%
vol. PZT5A1) to measure the time-dependent ferroelastic behaviour. Figure 1 show the schematic
representation of mechanical specimen holder and the complete experimental setup to measure electric displacement and longitudinal strain under uniaxial compressive stress for different stress rates
(0.5 MPa/s and 5 MPa/s). The specimen is kept inside the specimen holder, and the cyclic compressive stress is applied using the electromechanical universal testing machine (UTM). The alumina
ceramics are placed on top and bottom of the specimen to isolate the electric discharge under high
compressive stress. The electric displacement/charge per unit area (D) and the longitudinal strain(ϵ)
are measured. The electric displacement/polarization is measured using a modified Sawyer-Tower
circuit.20 The bottom of the test specimen is connected in series with a known reference capacitor
(10 µF) and the ground. A high-input impedance electrometer (Keithley 6517B) is used to measure
the voltage variation in the reference capacitor. The longitudinal displacement is measured using
strain gauges (EA-06-031EC-350-Vishay micro-measurements) which are pasted along the loading
direction. Strain indicator from SYSCON is used to amplify the data obtained from strain gauges.

FIG. 1. Schematic diagram of mechanical specimen holder and experimental set up.
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FIG. 2. Experimental results showing the electric displacement and longitudinal strain of 100% (a & b) and 80% (c & d)
PZT fiber subjected to 130 MPa compressive stress for various loading rate.

Figure 2 show the effect of compressive stress applied at 0.5 MPa/s and 5 MPa/s on the stress-strain
and stress-electric displacement responses of 100% and 80% PZT fibers. The electric displacement
and longitudinal strain for 100% PZT fiber do not show any variation with the rate of loading, but
80% PZT fiber volume fraction showed a variation with loading rates.

III. MICROMECHANICS MODEL TO PREDICT TIME-DEPENDENT ELECTRO-ELASTIC
EFFECTIVE PROPERTIES
A. Numerical formulation

The numerical model presented in this study is developed on the basis of unit cell approach
using the commercially available finite-element tool ABAQUS. In general, the 1-3 piezocomposite under consideration is regarded as a macroscopic structure. A Representative Volume Element
(RVE) or a unit cell that captures the major features of the underlying microstructure is modeled as
shown in Figure 3. Finite-element mesh is created with eight node hexahedral linear piezoelectric
element, where each node is allowed a total of four degrees of freedom, with three translational
or displacement (Ui ) degrees of freedom and one electric potential (φ) degree of freedom. The
appropriate boundary conditions have to be applied to the unit cell as shown in Figure 4 and the

FIG. 3. Representative Volume Element (RVE) for the idealized microstructure of 1-3 piezocomposite.

FIG. 4. Boundary conditions on the RVE for electro-elastic 1-3 piezocomposite model.
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TABLE I. Material properties of constituent phases in piezocomposites (source: www.smart-material.com).
Material constants
C 11 = C 1111
C 12 = C 1122
C 13 = C 1133
C 33 = C 3333
C 44 = C 4444
e 31 = e 311
e 33 = e 333
e 15 = e 113
κ 11
κ 33

units

PZT5A1

Epoxy

(GPa)
(GPa)
(GPa)
(GPa)
(GPa)
(C/m2)
(C/m2)
(C/m2)
(nF/m)
(nF/m)

129.3
91.6
87.1
116.8
9.7
-2.7
19.2
5.5
17.3
16.4

3.9
1.68
1.68
3.9
2.2
0
0
0
0.04
0.04

effective coefficients are evaluated using Equation (1).
Di

=

κ ik Ek + eik l ε k l ;

σi j

= Ci j k l ε k l − ek i j Ek

(1)

The constitutive equation of the piezoelectric material is given in the matrix form (Equation (2)) as,
σ11 C1111 C1122 C1133
0
0
0
0
0
  
0
0
C
C
C
0
0
0
σ
1111
1133
 22  1122
σ33 C1133 C1133 C3333
0
0
0
0
0
  
0
0
C4444
0
0
0
−e113
σ23  0
σ13 =  0
0
0
0
C4444
0
−e113
0
  
0
0
0
0
0
0
C6666
σ12  0
 D1   0
0
0
0
e113
0
κ 11
0
  
D
0
0
0
e
0
0
0
κ
113
11
 2  
 D3   e311
e311
e333
0
0
0
0
0

−e311

−e311

−e333

0 

0 

0 

0 

0 

κ 33 

 ε 11 


 ε 22 
 ε 33 


2ε 23
2ε 13


2ε 12
 E1 


 E2 
 E3 

(2)

where σi j , ε k l , E j and Di are the stress tensor, strain tensor, electric field vector and electric
displacement vector respectively. Ci j k l , ei j k and κ i j are the stiffness tensor, piezoelectric-stress
tensor and permittivity tensor respectively. The material properties of the individual constituents
used in the numerical model is given in Table I. A convergence study is performed to optimize the
number of elements to be used to predict the effective coefficients. The effective stiffness constant
C44 and piezoelectric constant e15 are calculated for different number of elements (Figure 5) and
for all finite-element models, the number of elements is chosen as 729 with 9 elements along the
direction 1.
The effective material constants C11,C12,C13 and e31 are evaluated by applying the boundary
conditions (BC 1) to the RVE in such a way that, the displacement in (U1+ =1) in 1 direction
must be applied on surface X +, and all other mechanical displacement and the electric potential

FIG. 5. Variation of (a) stiffness constant C 44 and (b) piezoelectric constant e 15 with the number of elements.

027103-5

R. Jayendiran and A. Arockiarajan

AIP Advances 5, 027103 (2015)

(φ) at all surfaces must be set to zero. To ensure that, except the strain in 1 direction (ε 11), all the
strain in other directions and electric potential in all directions are zero. This boundary condition is
also applicable to evaluate the constants in the in-plane direction (C12&C13). Therefore, using the
average strain ε 11 and stress σ11 from the first row of Equation (2), we obtain σ11 = C11ε 11, from
this we can evaluate C11=σ11/ε 11, similarly, from second row, third row and ninth row of the matrix
in Equation (2), we can evaluate C12=σ22/ε 11, C13=σ33/ε 11 and e31=D3/ε 11 respectively.
The effective material constants C33 and e33 are evaluated by applying the boundary conditions
(BC 2) to the RVE in such a way that, the displacement in (U3+ =1) in 3 direction must be applied on
surface Z +, and all other mechanical displacement and the electric potential (φ) at all surfaces must
be set to zero. To ensure that, except the strain in 3 direction (ε 33), all the strain in other directions
and electric potential in all directions are zero. Therefore, using the average strain ε 33 and stress σ33
from the third row of Equation (2), we obtain σ33 = C33ε 33, from this we can evaluate C33=σ33/ε 33,
similarly from ninth row of the matrix in Equation (2), we obtain e33=D3/ε 33.
To evaluate the effective material constants C44 and e15 the boundary conditions (BC 3) is
applied to the RVE in such a way that, the out of plane shear strain (ε 23 or ε 13) should not be
equal to zero. Hence for evaluating these coefficients, 1-3 plane is chosen as the shear plane and the
displacement (U3+ =1) in 3 direction must be applied on surface X + and displacement (U1+ =1) in
1 direction must be applied on surface Z + to ensure a non-zero strain along 1-3 plane (i.e ε 13 is not
equal to zero) and all other displacements and the electric potential (φ) at all surfaces must be set to
zero. Therefore, using the average strain ε 13 and stress σ13 from the fifth row of Equation (2), we
obtain σ13 = C44ε 13, from this we can evaluate C44=σ13/ε 13, similarly we can evaluate from seventh
row of the matrix in Equation (2), e15=D1/ε 13.
To evaluate κ 11, all the strains (ε i j ) in the RVE should be made equal to zero by ensuring the
displacements on all surfaces equal to zero, but only the electric potential difference, φ (φ = 0 on
surface X − and φ = 1 on surface X +) is applied in 1 direction (BC 4), ensures that E1 is not equal
to zero and all other electric field is zero. Hence from the seventh row of Equation (2), κ 11 can be
evaluated as κ 11 = D1/E1.
The BC 5 is used to evaluate κ 33, wherein the electric potential difference, φ (φ = 0 on surface
Z − and φ = 1 on surface Z +) is applied in 3 direction, such that E3 is not equal to zero and all the
strains (ε i j ) and electric field should be made equal to zero. Using the ninth row of Equation (2), κ 33
can be evaluated as κ 33 = D3/E3.
Figure 6 shows the numerically evaluated stiffness constant, dielectric permittivity and piezoelectric coupling constant and are compared with the measured data for the different fiber volume
fractions.

B. Viscoelastic solid model to predict the time-dependent material parameter

The stress-strain and stress-electric displacement experimental results show that 1-3 piezocomposites exhibit delayed ferroelastic response when the loading rate is at 5 MPa/s. This viscoelastic
response is due to the movement of macromolecular chains in the polymer matrix. Hence the viscoelastic model is proposed to predict the time dependent behaviour of 1-3 piezocomposites.21 The

FIG. 6. Theoretical and experimental results showing the variation of effective (a) stiffness, (b) piezoelectric charge
coefficient and (c) dielectric permittivity of 1-3 piezocomposites as a function of fiber volume fraction.
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TABLE II. Time dependent material properties of 1-3 piezocomposites.
Material constants
Ji1j k l (i, j, k, l = 1, 2, .., 6)
κ i1 j (i, j = 1, 3)
d 1i j k (i, j, k = 1, 3)
τc
τκ
τd

Units

100%

80%

65%

35%

10−12 m2/N
nF/m
pC/N
sec
sec
sec

1
1
1
0
0
0

2
1
4
6.7
6.7
6.7

4
2
8
16.08
16.08
16.08

5
3
10
26.81
26.81
26.81

time-dependent material constants (Jitj k l , d it j k & κ it j ) are derived as follows,
(
 )
(
 )
−t
−t
; κ it j = κ 0i j + κ 1i j 1 − exp
;
Jitj k l = Ji0j k l + Ji1j k l 1 − exp
τc
τκ
(
 )
−t
t
0
1
d i j k = d i j k + d i j k 1 − exp
τd

(3)

Ji0j kl , κ 0i j & d i0j k are the instantaneous effective compliance, permittivity and piezoelectric constant
0
−1
0
obtained from the numerical model (Ji0j k l = Ci−1
j k l , κ i j = κ i j & d i j k = ei j k Ci j k l ) and given as input
1
1
1
to the viscoelastic model. The parameters such as Ji j k l , κ i j , d i j k , τc , τκ & τd are time-dependent
compliance, permittivity, piezoelectric constant and the relaxation time constants respectively obtained from experiments are shown in Table II.

IV. MICROMECHANICAL MODEL FORMULATION TO PREDICT THE VISCOELASTIC
BEHAVIOUR OF 1-3 PIEZOCOMPOSITES
A. Time-dependent domain switching criterion

1-3 piezocomposites consist of many number of unit cells with tetragonal or rhombohedral
crystal structure. Each unit cell possesses spontaneous polarization (P s ) and spontaneous strain (ϵ s )
below the Curie temperature (TC ). Above the Curie temperature (TC ), they are in paraelectric phase
(cubic crystal structure) resulting in zero piezoelectric effect. In the present work, a tetragonal unit
cell is considered, and it is oriented along the six different directions in X, Y, Z plane.22 The each
orientations of the unit cell are called as domain or variant and the volume fraction (ζ (αϑ )) of the
variant, is considered as internal variables and are assumed to represent the microscopic state of the
crystal at any instant of external loading. When the sufficiently small mechanical load is applied to
1-3 piezocomposites the positive and negative charge in the unit cell will displace slightly from the
equilibrium positions exhibiting a reversible behaviour. Once the mechanical load attains the coercive limit, the charges in the unit cell will attain a new equilibrium position such that the domain or
variant will align perpendicular to the compression loading direction, and it is irreversible. Hence
the time-dependent total electric displacement (Di ) and longitudinal strain (ε i j ) are obtained as,
el(α ϑ )

Di = Di

r (α ϑ )

+ Di

;

el(α ϑ )

εi j = εi j

r (α ϑ )

+ εi j

(4)

r
where αϑ =1,..6 refers to no of variants of the unit cell, Diel , Dir , ε el
i j and ε i j represents the reversible
or elastic electric displacement, irreversible or remnant electric displacement, reversible or elastic
longitudinal strain and irreversible or remnant longitudinal strain respectively. The remnant electric
displacement and longitudinal strain can be written in-terms of volume fraction of the variants as,

Dir =

6

α ϑ =1

r (α ϑ )

ζ (αϑ ) Di

;

ε ri j =

6


r (α ϑ )

ζ (αϑ )ε i j

(5)

α ϑ =1

The externally applied mechanical load may prefer a specific variant at the expense of other variants. The volume fraction of each of these variants must satisfy the consistency condition at any
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instant of loading is given in Equation (6).


ζ (αϑ ) ≥ 0;
ζ (αϑ ) = 1;
∆ζ (αϑ ) = 0; αϑ = 1, ...6
αϑ

(6)

αϑ

The Gibbs energy pertained to the reversible response of the material is controlled by σi j , Ei and
θ. The additional contribution to Gibbs energy arising from the changes in the remnant state of
the material with respect to the reference state is brought in through the internal variables (ζ (αϑ )).
Therefore the Gibbs energy density function is given as,
6


g(σ, E, θ, ζ (αϑ )) =

ζ (αϑ )g (αϑ )

(7)

α ϑ =1

Based on the the first and second laws of thermodynamics for deformable dielectric materials the
resulting dissipation inequality is obtained as,


6

∂g
el(α )
+
ε i j ϑ  σ̇i j −
−  ρ
 ∂σi j αϑ =1






6

∂g
el(α ϑ )
 ρ ∂g +

+
ρη
θ̇
D
Ė
−
ρ
i
 i
 ∂Ei
∂θ
α
=1
ϑ



6 

∂g ˙(αϑ )
1 ∂θ
r(α ϑ )
r(α ϑ )
+
σi j ε̇ i j + Ei Ḋi
− ρ (α ) ζ
− qi
≥ 0
ϑ
θ ∂ xi
∂ζ
α =1

(8)

ϑ

Under mechanical, thermal and electrical equilibrium conditions, the terms containing the controllable state variables in above equation can be made vanishing by appropriate definitions, and the
resulting dissipation inequality in Equation (8) for isothermal processes turns out to be,
6 


r(α ϑ )

σi j ε̇ i j

r(α ϑ )

+ Ei Ḋi

α ϑ =1

−ρ


∂g ˙(αϑ )
ζ
≥ 0
∂ζ (αϑ )

(9)

Once the external load attains the critical value the domain or variant will transform from the initial
state (αϑ ) to a new possible state ( βϑ ). Therefore the dissipation potential in Equation (9) is written
as,
6
6 



r (β ϑ → α ϑ )

σi j ∆ε i j

r (β ϑ → α ϑ )

+ Ei ∆Di


− ρ∆g (βϑ → αϑ ) ∆ζ βϑ → αϑ ≥ 0; αϑ , βϑ

(10)

α ϑ =1 β ϑ =1

The change in Gibbs energy density (∆g (βϑ → α)) is derived as,

1
t(β → α )
t(β → α )
t(β → α )
σi j ∆Ci j k lϑ ϑ σk l + Ei ∆κ i j ϑ ϑ E j + 2Ek ∆ek i jϑ ϑ σi j
(11)
2
In the present work, 1-3 piezocomposites are subjected to pure mechanical loading (i.e σ , 0; E=0).
Therefore the required dissipation potential reduces to,
ρ∆g (βϑ → αϑ ) = −

6
6



r (β ϑ → α ϑ )

[σi j ∆ε i j
α ϑ =1 β ϑ =1 

( t(β )
)
1
t(α )
+ σi j Ci j k lϑ − Ci j k lϑ σk l ] ∆ζ βϑ → αϑ ≥ 0; αϑ , βϑ
2 


(12)

f drive

When f drive attains f critical, the transformation of domain or variant from one state to the next will
occur and it is given as,
f driveζ˙ βϑ → αϑ ≤ f criticalζ˙ βϑ → αϑ ; αϑ , βϑ

(13)

The pure mechanical load, will align the domains perpendicular to the loading direction (i.e along
any four of 90◦ orientation) and in this case the domain will switch from domain type αϑ to
domain type βϑ . Thus incorporating appropriate conditions in Equation (12), the critical driving

027103-8

R. Jayendiran and A. Arockiarajan

AIP Advances 5, 027103 (2015)

TABLE III. Material constants obtained from experiments.
Material constants
σ c (MPa)
ε 0 (%)

100%

80%

65%

35%

50
0.5

45
0.32

35
0.26

15
0.21

force ( f critical) for 90◦ domain switching is calculated as follows,
t(β ϑ )

90
= 23 σc ε 0 + 21 [σc2 (C33
f critical

t(α ϑ )

− C33

)]

(14)
t(β ϑ )

Where σc is the coercive stress, ε 0 is the remnant strain (Table III). C33
change in the material parameter at 900 domain switching.

t(α ϑ )

− C33

represents the

B. Finite-element formulation

In the finite-element formulation for non-linear ferroelastic time-dependent response of 1-3
piezocomposite, a eight noded hexahedral element is used. The mapping of the field variables for a
8 noded hexahedral element is given as,
1
(1 + ξξ i )(1 + ηη i )(1 + ζ ζ i )
(15)
8
with ξ i , η i , ζ i = ±1 and i = 1, ..8. Based on the mechanical work & electrical enthalpy, and applying
appropriate boundary conditions the weak form of electro-mechanical coupled field is expressed as,


wu = wuint − wue xt =
dε i j σi j dV − duiTi dS = 0;
Ni (ξ, η, ζ) =

V

S



wφ = wφint − wφe xt =


dφqdS = 0

dEi Di dV −
V

(16)

S

From Equation (16) the stiffness, displacement and load matrix can be obtained as,
 K
 U   F 
 uu −Kuφ  
 
=
 u

(17)
  Fφ 
Kφu Kφφ  
Φ
   
where T & q are the surface traction and surface charge respectively. The 2 × 2 × 2 Gaussian
integration points used to compute all necessary volume integrals. The time-dependent material
property obtained from the viscoelastic solid model is given as input to this micromechanical
model and the respective element stiffness and load matrices are then evaluated numerically. The
finite-element is modeled for 125 elements with each element is considered to represent a single
crystallite in the polycrystalline 1-3 piezocomposite, having uniform spontaneous polarization and
strain. A random number is assigned to each crystallite to represent their respective crystal axes.
The developed thermodynamic based time-dependent domain switching criterion is checked at each
load step by using a simple staggered iteration technique. Once all the domains are checked for
switching criterion, the volume-averaged total strain and electric displacement are calculated, and a
new loading increment is introduced.

V. RESULTS AND DISCUSSION

The experiments are conducted on various volume fraction of 1-3 piezocomposites (80%, 65%
and 35% PZT fibers) and bulk piezoceramics to understand the viscoelastic behaviour under pure
mechanical loading condition at different loading rates. The uniaxial compressive stress is applied at
0.5 MPa/s and 5 MPa/s above the coercive stress limit to understand the time-dependent non-linear
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ferroelastic behaviour of 1-3 piezocomposites. The maximum stress to be applied on 80%, 65% and
35% PZT fibers are evaluated based on the initial test and are identified as 130 MPa, 110 MPa and
35 MPa respectively. The simulations are done with 125 crystallites representing the polycrystalline
1-3 piezocomposites and bulk piezoceramics. Each crystallite representing the finite-element with
randomly oriented uniform spontaneous polarization and strain. The traction is applied on the top
and bottom surfaces of the finite-element model and zero electric potential is imposed on all boundary nodes. The numerical formulation in section III A, provides the effective properties of 1-3 piezocomposite. The homogenized properties obtained from the numerical model is given as input to the
viscoelastic model which is derived in section III B, to predict the time-dependent electro-elastic
effective properties. The predicted homogenized time-dependent electro-elastic effective properties
from the viscoelastic model is incorporated into finite element frame work to evaluate the time
dependent ferroelastic behaviour of 1-3 piezocomposites. The simulation is obtained as follows: For
a given cycle (i.e loading and unloading of compressive stress) the homogenized time-dependent
electro-mechanical material parameter is predicted using Equation (3) at every increment of loading
and is given as input to the micromechanical model. (For example, when the simulation is performed for 65% PZT fiber subjected to 110 MPa and if the rate of loading is at 5 MPa/s, the time
taken for the cycle to complete (loading and unloading) is 44 sec. The homogenized time-dependent
material parameter is evaluated at each increment of loading using Equation (3) obtained from the
viscoelastic model and given as input to the micromechanical model to predict the time dependent
ferroelastic behaviour of 1-3 piezocomposites). Similar procedure is followed to simulate the other
cycles for various rate of loading and different volume fraction. The developed time-dependent
switching criterion is implemented into the 3D finite-element framework, and the results were
simulated using a code written in FORTRAN. Figure 7 show the simulated time-dependent electric
displacement and longitudinal strain of 100% and 80% PZT fiber subjected to 130 MPa at 0.5
MPa/s and 5 MPa/s. The time taken for loading and unloading of the compressive stress varies for
0.5 MPa/s and 5 MPa/s. The stress-strain and stress-electric displacement responses are obtained to
understand the viscoelastic behaviour of 1-3 piezocomposites. The time taken for complete cycle
(loading and unloading) to occur for 130 MPa, 110 MPa & 35 MPa stress, when it is operated at
0.5 MPa/s are 520, 440 & 140 secs respectively. When the loading rate is increased to 5 MPa/s
the total time taken for the cycle to complete are 52, 44 & 14 secs for 130 MPa, 110 MPa & 35
MPa stress respectively. The relaxation time predicted from the viscoelastic solid model for 80%,
65% and 35% PZT fibers are 25, 50 & 80 secs at room temperature. When the load is applied
at 5 MPa/s, 1-3 piezocomposites exhibits the viscoelastic behaviour, because the total time taken
for the cycle to complete is less than the relaxation time. The specimen relaxes slowly therefore
the maximum electric displacement and strain was obtained after the load reached the maximum
value. Therefore, the electric displacement and longitudinal strain for 100% PZT fiber do not show
any variation, but 80%, 65% and 35% PZT fiber volume fraction show a variation with loading
rates. The micromechanical model developed using the finite element framework is able to predict
the time-dependent behaviour under pure mechanical loading. Figure 8 & Figure 9 show the simulated response of the experimental results of 100% and 35% PZT fibers. The model is capable of
predicting the non-linear response of 1-3 piezocomposites. A critical property for the application
of piezocomposites in heavily loaded actuators is the mechanical depolarization behaviour of the
material. If the poled sample is loaded under large compressive stress along the poling direction,
domain switching starts. Due to domain switching, the mechanical stress is unable to favour a
unique orientation of the domains, resulting in loss of macroscopic polarization. This phenomenon

FIG. 7. Theoretical results showing the electric displacement and longitudinal strain of 100% (a & b) and 80% (c & d) PZT
fiber subjected to 130 MPa compressive stress for various loading rate.
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FIG. 8. Experimental (a & b) and theoretical (c & d) results showing the electric displacement and longitudinal strain of
100% and 35% PZT fiber subjected to 35 MPa compressive stress at 0.5 MPa/s.

FIG. 9. Experimental (a & b) and theoretical (c & d) results showing the electric displacement and longitudinal strain of
100% and 35% PZT fiber subjected to 35 MPa compressive stress at 5 MPa/s.

FIG. 10. Experimental and theoretical results showing the variation of remnant & saturation polarization and strain of 100%
and 80% PZT fibers subjected to 130 MPa compressive stress.

is called mechanical depolarization which is accompanied by ferroelastic strain, that results due
to 90◦ domain switching. Figure 10 - Figure 12 show the saturation polarization and remnant
polarization for 1-3 piezocomposites compared with 100% PZT. The characterization parameters
for different fiber volume fractions, such as remnant strain, remnant polarization, saturation strain
and saturation polarization are very well captured with this model. It is observed that the remnant
and saturation polarization & strain is less for 80% PZT and 65% PZT fibers compared with the
bulk PZT for the respective loading cases. This due to, with an increase in epoxy polymer content, the ductility increases and the number of active PZT fibers available to take part in coupling

FIG. 11. Experimental and theoretical results showing the variation of remnant & saturation polarization and strain of 100%
and 65% PZT fibers subjected to 110 MPa compressive stress.

FIG. 12. Experimental and theoretical results showing the variation of remnant & saturation polarization and strain of 100%
and 35% PZT fibers subjected to 35 MPa compressive stress.
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effect reduce thereby decreasing the remnant and saturation polarization & strain significantly. In
case of 35% PZT fiber, the maximum load applied is 35 MPa which is below the coercive load
for 100% PZT fiber leading to reduced output parameter compared to 35% PZT fiber. Hence, the
developed model can be used to simulate the ferroelastic response for any combinations of volume
fraction. This study will help in designing the devices with appropriate proportion of fiber volume
fraction for piezocomposites instead of bulk piezo material by comparing the various parameters.
For instance, in actuator applications it is important to know the impact of mechanical load on 1-3
piezocomposites. Hence, from this study a suitable fiber and matrix volume fractions can be chosen
for device design depending upon the requirements.

VI. SUMMARY

The viscoelastic behaviour of 1-3 piezocomposites are studied under compressive mechanical load at different loading rates. The measured electro-elastic material properties are compared
with the developed numerical model. The time-dependent effective properties obtained from the
viscoelastic model is incorporated into the developed 3D finite-element framework. The developed
micromechanical model, qualitatively simulated the viscoelastic behaviour of 1-3 piezocomposites
obtained from the experimental data for mechanical loading. This model accounts for the ferroelastic hysteresis effects as well as for the mechanical depolarization. The experimental and numerical
results show that 1-3 piezocomposites exhibit the viscoelastic behaviour when they are subjected
to compressive stress for various loading rate but the bulk piezoceramic (i.e 100% PZT) does not
exhibit the viscoelastic behaviour.
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