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A study is carried out to compare the non-linear behaviour of 1-3 piezocomposites with different

volume fractions and bulk piezoceramics. Experiments are conducted to measure the electrical

displacement and strain on piezocomposites and ceramics under high cyclic electrical loading. A

thermodynamically consistent framework, combining the phenomenological and micromechanical

models, is developed to predict the coupled behavior. Volume fractions of three distinct uni-axial

variants (instead of six variants) are used as internal variables to describe the microscopic state of

the material. In this model, the grain boundary effects are taken into account by introducing the

back fields (electric field and stress) as non-linear kinematic hardening functions. In order to

calculate the effective properties (elastic, piezoelectric, and dielectric constants) of piezocomposites

for different volume fractions, an analytical model based on equivalent layered approach is

proposed. The predicted effective properties are incorporated in the proposed model, and the

classical hysteresis (electrical displacement versus electric field) as well as butterfly curves (strain

versus electric field) is simulated. Comparison between the experiments and the simulations shows

that this model can reproduce the characteristics of non-linear coupled response. It is observed that

the variation in fiber volume fraction has a significant influence on the response of the 1-3

piezocomposites.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4748057]

I. INTRODUCTION

Piezoelectric materials have a unique electromechanical

coupling behavior that serves as a key aspect to smart mate-

rial applications. Under the action of low electric fields or

mechanical stress, the behavior of piezoelectric materials is

almost linear but exhibits strong nonlinear response under

high electric fields or mechanical stress; see the review

articles.1–3 Several experiments have been conducted and

reported in the literature to understand the nonlinear behav-

ior of piezoelectric materials.4–8 Constitutive modeling of

piezoelectrics can be classified as macroscopic (phenomeno-

logical) and microscopic (sub grain) models. Phenomenolog-

ical models are generally derived based on internal variables

at any given time and the evolution of these internal varia-

bles is determined by the kinetic equations.9–12 Microme-

chanical models are based on the internal microstructure and

the domain switching mechanisms. Since the origin of the

model includes more physical insight into the material, the

model can predict the microstructural variations than phe-

nomenological models from the modeling point of view.13–17

Though bulk piezoelectric materials are widely used in

sensors and actuators, the brittle characteristics of lead

zirconate titanate (PZT) ceramics can cause premature fail-

ure that limits their applications.18 A variety of piezocompo-

site materials can be made by combining piezoceramic

elements with a passive polymer (epoxy) or active poly-

mer.19 One popular piezocomposite is 1-3 composite, which

contains piezoelectric rods (one dimension) embedded in a

polymer matrix (three dimension) and aligned along the

thickness direction. Nowadays, bulk piezoelectric materials

are replaced with 1-3 type piezocomposites in bio-medical

transducers, underwater applications, and micropositioning

systems wherein the materials are subjected to high loading

conditions.20 Since, the matrix materials are viscoelastic in

nature, the influence of matrix in overall electro-mechanical

response of piezocomposites is reported.21–23

Literature review reveals that 1-3 type composites are

good alternative for bulk PZT ceramics and it is necessary to

understand the electro-mechanical behaviour of different

fiber volume fractions. Hence, the objective of this work is

to perform experiments and develop a theoretical framework

based on the combination of micro-macro constitutive

approach under high electric field. Subsequently, the overall

performance of piezocomposites with different fiber volume

fractions will be compared with the bulk piezoelectric mate-

rials (100% fiber volume). This comparative study helps in a

better design of devices and increases its effective use in var-

ious applications. The outline of the paper is as follows: Sec.

II describes the experimental setup and procedure. The ex-

perimental and theoretical prediction of effective properties

of piezocomposites is discussed in Sec. III. The proposed

non-linear model formulation for 1-3 type piezocomposite is

elaborated in Sec. IV. Finally in Sec. V, the interpretation of

experimental results and comparison with the theoretical

results are reported.

II. EXPERIMENTAL DESCRIPTION

Experiments are conducted to measure the electrical dis-

placement and the longitudinal strain of piezoelectric
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composites with different fiber volume fractions subjected to

ac electric field along the fiber direction (poling direction).

The bulk piezoceramic disc specimens (100 vol. % PZT5A1)

of 10mm diameter and 1mm thickness are provided by

Ceramtec. The chemical composition of PZT5A1 samples is

lead zirconate titanate solid solutions. Similar thin disc sam-

ples of 1-3 piezocomposites with 80 vol. % [800 lm fiber di-

ameter], 65 vol. % [250 lm fiber diameter], and 35 vol. %

[105 lm fiber diameter] PZT5A1 fibers embedded into the

epoxy matrix are supplied by Smart Materials Corporation.

The schematic representation of the experimental set up to

measure electrical displacement and strain is shown in

Figure 1. Function generator (Tektronix AFG3022B) is used

to generate required triangular wave form as an input signal

to the amplifier. The generated signal is amplified to

62:5 kV using high voltage amplifier (TREK PD05034) and

is supplied to the test specimen. The electrical displacement/

polarization is measured using a modified Sawyer-Tower cir-

cuit.24 The longitudinal displacement is measured using

laser-interferometer (SIOS LSV-2500). All data are recorded

with DAQ card (NI 9215) using LabVIEW.

III. PREDICTION OF EFFECTIVE PROPERTIES FOR
1-3 PIEZOCOMPOSITES

The material properties along the poling direction are

necessary to develop a material model or design the mate-

rial for sensing or actuation applications. Hence, an attempt

has been made to measure the three material constants

along the poling direction for bulk PZT and 1-3 piezocom-

posites of different fiber volume fraction using weak-field

(<0:01 KV/mm) technique based on IEEE standards.25 An

analytical model is also proposed based on equivalent lay-

ered approach where the second phase layer thickness is

proportional to the fiber volume fraction (Figure 2) to pre-

dict the effective properties of composites. The assumptions

are employed based on the following fundamental concepts:

(1) the overall homogenized stress equilibrium condition in

the transverse directions (axes-1 and 2), (2) rule of mixtures

in the longitudinal direction for stresses (axis-3), and (3)

the homogenized displacement conditions for the longitudi-

nal case in the theoretical calculations.26,27 Thus, the effec-

tive electro-mechanical coefficients of the composite are

derived as

Sc33 ¼ v f ½2A1ðS
f
13 � Sm13Þ� þ vfS

f
33 þ vmSm33

dc33 ¼ v f ½2A1ðd
f
31 � dm31Þ� þ vfd

f
33 þ vmdm33

jc33 ¼ v f ½2A2ðd
f
31 � dm31Þ� þ vfj

f
33 þ vmjm33;

(1)

where vf , vm, S, d, and j denote volume fraction of fiber, ma-

trix, stiffness, piezoelectric constant, and dielectric permit-

tivity, respectively. A1 and A2 are the functions of stiffness

constants and volume fractions.

The input data for this model are stiffness, permittivity,

and piezoelectric constants of fiber (bulk PZT) and matrix

(epoxy); refer Table I. Figure 3 shows the variation of effec-

tive stiffness constant ðS33Þ, dielectric permittivity (j33), and

piezoelectric charge coefficient ðd33Þ using the proposed lay-

ered approach. The effective dielectric permittivity (j33)

shows a linear variation with respect to fiber volume frac-

tion. However, effective stiffness constant ðS33Þ and piezo-

electric charge coefficient ðd33Þ show a non-linear variation

at high (above 80%) fiber volume fraction due to the lateral

clamping of the ceramic rods by the polymer matrix. To vali-

date the model, the predicted results are compared with the

measured data for the fiber volume fractions under study.

The comparison shows a good agreement with deviation of

around 5%–10%. Such deviations may be attributed to grain

FIG. 1. Schematic diagram of experimental set up.

FIG. 2. Representation of a 1-3 piezoelectric composite as equivalent lay-

ered composite with proportional fiber and matrix volume fractions.

TABLE I. Material parameters of fiber and matrix (source: www.smart-

material.com).

Material S33 (GPa) S13 (GPa) j33 ðnF=mÞ d33 ðpC=NÞ d31 ðpC=NÞ

PZT5A1 116.8 87.1 16.4 440 �185

Epoxy 3.9 1.67 0.04 0 0
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boundary effects and distribution pattern of fiber, which is

not considered in this model. Hence, this model can be used

to predict the effective properties for further development in

optimizing the piezocomposites.

IV. THEORETICAL FORMULATION

Given the tetragonal microstructure of polycrystalline

piezoceramics, in the present work, a unit cell can orient in

six different directions with respect to the crystallographic

axes as shown in Figure 4 and each of them is referred as a

variant or a domain. In a schematic representation, the six

orientations can be grouped as in-plane (X, X0, Z, and Z0)

and out-of-plane (Y and Y0) variants. When the applied load

exceeds a certain limit on piezoceramics, the domain will

reorient in a way, the spontaneous polarization aligns accord-

ing to the applied loading direction. This reorientation/

change in domain is referred to as domain switching, which

is irrecoverable in nature. Hence, the combination of reversi-

ble and irreversible response exhibits a hysteretic behaviour

in piezoelectric materials that can be represented as

D ¼ d : rþ j � Eþ PI; � ¼ C : rþ dT � Eþ �I; (2)

where D;E; �; r; d; j, C, PI, and �I denote dielectric displace-
ment, electric field, mechanical strain, stress, piezo-electric

coupling coefficient, dielectric permittivity, compliance con-

stants, irreversible polarization, and strain, respectively. A

thermodynamically consistent uni-axial model28 is extended

to study the non-linear behaviour of piezocomposites with

different volume fractions. Since experiments are conducted

along the poling direction (i.e., Y and Y0), we reduce six pos-

sible tetragonal domain structures 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 volume fractions of out-of-plane

and in-plane variants are represented as n1, n2, and n3; refer

Figure 4. These three volume fractions are considered as in-

ternal variables representing the microscopic state of the pie-

zoelectric polycrystal for this model. Hence, the significance

of this model strongly depends on the choice of chosen inter-

nal variables, which combines both phenomenological and

micro-mechanical aspects.

The remnant (irreversible) polarization and strain can be

rewritten in terms of volume fractions as

_PI ¼
X

n

_P
ðnÞ _n

ðnÞ
; _�I ¼

X

n

_�ðnÞ _n
ðnÞ

; n ¼ 1; 2; 3; (3)

satisfying the consistent conditions (nðnÞ � 0;
P

n n
ðnÞ ¼ 1;

P

n
_n
ðnÞ

¼ 0) at any instant. Since, the loading condition is

“quasi-static,” a superscripted dot ( _x) over a variable can be

replaced by an incremental quantity D that renders

DPI ¼
X

n

NðnÞ
DnðnÞ; D�I ¼

X

n

HðnÞ
DnðnÞ; n ¼ 1; 2; 3;

(4)

where NðnÞ ¼ _P
ðnÞ

and HðnÞ ¼ _�ðnÞ. Using the laws of thermo-

dynamics and appropriate initial as well as equilibrium con-

ditions, the dissipation inequality of piezoelectric materials

can be written as

FIG. 3. Theoretical and experimental results showing the variation of constants with fiber volume fraction (stiffness ðS33Þ, dielectric permittivity ðj33Þ, and pie-
zoelectric charge coefficient ðd33Þ).

FIG. 4. Six different variants present in a tet-

ragonal crystal structure, schematic representa-

tion of in-plane (X, X0, Z, and Z0) and out-of-

plane (Y and Y0) variants in a piezoceramic

microstructure.
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X

n

½EDNðm;nÞ þ rDHðm;nÞ � qg;nðm;nÞ �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Dðm;nÞ

DnðnÞ � 0

)
X

n

Dðm;nÞ
DnðnÞ � 0; m; n ¼ 1; 2; 3 & m 6¼ n; (5)

where Dðm;nÞ denotes the driving force required for the

domains to switch (n—new possible domain variants; m—

present domain variant). To be specific, the driving forces

for the transformation systems [(3,1), (3,2), and (2,1)] can be

simplified as

Dðm;nÞ ¼
NðnÞ

DH
Eþ r� bE � br; m ¼ 3; n ¼ 1; (6)

Dðm;nÞ ¼
NðnÞ

DH
Eþ rþ bE � br; m ¼ 3; n ¼ 2; (7)

Dðm;nÞ ¼ 2E
NðnÞ

DH
� 2bE; m ¼ 2; n ¼ 1; (8)

where NðnÞ and DH are changes in polarization and strain

during the transformation process, respectively; E and r are

the applied electric field and stress, respectively; br and bE

are denoted as back stress and electrical fields, respectively,

which depend on the remnant strain and polarization that

gets altered during the switching process. Therefore, the

change in volume fraction of variants during domain switch-

ing can be related to the change in back fields as

Dbr ¼ h1D�
I ¼ h1

X

n

HðnÞ
DnðnÞ;

DbE ¼ h2DP
I ¼ h2

X

n

NðnÞ
DnðnÞ; n ¼ 1; 2; 3: (9)

h1 and h2 are hardening parameters as follows:

h1ð�
IÞ ¼

2brmax

Hmaxp 1�
2�I

H
� 1

� �2
" #�I

H

;

h2ðP
IÞ ¼

2bEmax

Nmaxp 1�
PI

N
þ 1

� �
1

2
� 1

� �2
" #PI

N

; (10)

where brmax, b
E
max, Hmax, Nmax, H, and N are maximum back

field due to stress, electrical field, saturation strain, saturation

polarization, remnant strain, and polarization respectively.

In this work, the hardening parameters are introduced as a

function of remnant polarization and strain. Henceforth, the

back electric field and stress represent the boundary effects in

the polycrystalline structure. From the above discussions, the

evolution equation of each variant for all possible transforma-

tion systems is derived using backward Euler method as

follows:

DnðnÞ ¼
Dðm;nÞ � k1

h1DH þ h2Nð1Þ
; m; n ¼ 3; 1&m 6¼ n; (11)

DnðnÞ ¼
Dðm;nÞ � k2

h1DH þ h2Nð1Þ
; m; n ¼ 3; 2&m 6¼ n; (12)

DnðnÞ ¼
Dðm;nÞ � k3

4h2Nð1Þ
; m; n ¼ 2; 1&m 6¼ n; (13)

where k1, k2, and k3 are the critical values associated with

the 90� and 180� domain switching. The above evolution

equations are obtained based on the assumption that only

one transformation is activated at a given instant. However,

in piezoceramics there is a possibility for all the existing var-

iants to simultaneously involve in the switching process. The

evolution of more than two distinct variants for the given

load increments is derived as

DnðnÞ ¼
1

2

DbE

h2NðnÞ
þ

DbðrÞ

h1DH

" #

; n ¼ 1; 2; (14)

Dnð3Þ ¼ �
X

n

DnðnÞ; n ¼ 1; 2; (15)

where DbE and Dbr refer to the back fields for simultaneous

evolution process. By considering the possibility of simulta-

neous evolutions, the change in volume fractions is updated

during the switching process. The macroscopic response of

the piezoceramics is determined as the sum of reversible (R)

and remnant (I) parts of polarization and strain for a particu-

lar loading condition:

P ¼
X�

PRðnÞ þ PIðnÞ
�

nðnÞ ¼
X

n

½drþ jEþ NðnÞ�nðnÞ;

n ¼ 1; 2; 3; (16)

� ¼
X�

�RðnÞ þ �IðnÞ
�

nðnÞ ¼
X

n

½Crþ dEþ HðnÞ�nðnÞ;

n ¼ 1; 2; 3; (17)

where C, d, and j denote the compliance modulus, piezo-

electric coefficient, and dielectric permittivity, respectively.

TABLE II. Material parameters used in model calculation.

vf (%) S33 (GPa) j33 ðnF=mÞ d33 ðpC=NÞ N(C/m2) H (%) Nmax (C/m
2) Hmax (%) k1 (GPa) k2 (GPa) k3 (GPa) bEmax (MN/C) brmax (GPa)

100 116.8 16.4 440 0.35 0.45 0.39 0.60 13 13 26 8 30

80 56.3 12.9 490 0.29 0.30 0.35 0.59 23 23 46 6 25

65 38.3 9.4 392 0.21 0.27 0.26 0.52 23 23 46 5 20

35 25.7 5.3 231 0.10 0.21 0.12 0.45 23 23 46 3 15
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V. RESULTS AND DISCUSSIONS

Experiments are conducted on piezocomposite speci-

mens with 1, 0.8, 0.65, and 0.35 fiber volume fractions (vf ).

To understand the behaviour of composite specimen in the

non-linear regime, it is subjected to a tri-angular bipolar

electric field with an amplitude beyond the coercive field.

When the applied electric field reaches a coercive or critical

electric field (Ec), domains start to switch in the direction of

the applied electric field. Post the switch over of all the

domains, the irreversible polarization and strain get saturated

following which the response becomes linearly piezoelectric.

The input parameters that are used in the model calculations

are tabulated (Table II). The three effective parameters,

namely, stiffness (S33), dielectric permittivity (j33), and pie-

zoelectric constant (d33) are predicted based on the layered

approach; refer Sec. III. The other parameters such as rem-

nant polarization (N), remnant strain (H), saturation polariza-

tion (Nmax), and saturation strain (Hmax) are obtained from

the experimental data. The critical energy barrier (k1; k2; k3)
and maximum back fields (bEmax, b

r
max) are freely adjustable

parameters to fit the experimental behavior.

Figures 5 and 6 show the measured and simulated

dielectric hysteresis and butterfly loops of 1-3 piezocompo-

sites for different volume fractions at room temperature. It

is observed that fiber volume fraction has a significant

effect on remnant polarization, saturation polarization, and

coercive electric field. The decrease in fiber volume fraction

shows the decrease in saturation polarization, remnant

polarization, saturation strain, and remnant strain; refer Fig-

ure 7. The reason for the reduction in behaviour is obvious

as the epoxy matrix is passive to the applied electrical field.

Hence, it does not take part in piezo-electric coupling

effects. The passivity also has an impact on reduction of co-

ercive electric field with decrease in the fiber volume frac-

tion. Since the number of dipoles reduces with decrease in

fiber volume fraction, the resistance offered by the dipoles

to switch decreases. The simplified model is capable of

FIG. 5. Hysteresis loop [dielectric displacement vs. electric field]: (a) experimental, (b) theoretical.

FIG. 6. Butterfly loop [strain vs. electric field]: (a) experimental, (b) theoretical.
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predicting the nonlinear behaviour of 1-3 piezocomposites

and is in good correlation with the experimental results.

Hence, the developed model can be used to simulate the

electro-mechanical response for any combinations of vol-

ume fractions.

The percentage variation on various output parameters

from this study is tabulated in Table III for 35%, 65%, and

80% fiber volume fraction compared with bulk PZT (100%

fiber). This study will help in designing the devices with

appropriate section of fiber volume fraction for piezocompo-

sites instead of bulk piezo material by comparing the various

parameters (for instance, in actuator applications it is impor-

tant to obtain large mechanical strain. However, by increas-

ing the matrix volume fraction, there will be a reduction in

mechanical strain). Hence, from this study a suitable fiber

and matrix volume fractions can be chosen for device design

depending upon the requirements.

VI. SUMMARY

The experiments are conducted to study the non-linear

characteristics of 1-3 piezocomposites with different fiber

volume fractions. A simple analytical model is proposed for

the evaluation of effective material properties of piezoelec-

tric fiber composites using homogenization technique based

on equivalent layered approach. The predicted effective ma-

terial properties based on the proposed model are compared

with the experimental values and are found to be in good

agreement. A thermodynamically consistent uni-axial model

combining the effects of both phenomenological and micro-

mechanical approaches is developed for non-linear behav-

ioural studies. In this model, non-linear kinematic hardening

parameter is incorporated which is capable of capturing the

realistic behaviour of 1-3 piezocomposites. The theoretical

prediction shows a good comparison with the measured ex-

perimental results. The experimental and theoretical predic-

tion shows a strong dependence on behaviour of 1-3

piezocomposites with the variation of fiber volume fraction.

This study gives an insight into the design of devices for cer-

tain bio-medical and underwater applications wherein 1-3

composite can be replaced with bulk piezoceramics.
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