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In this work, the piezoelectric properties at high electric fields of dielectrophoretically aligned

PZT—polymer composites containing high aspect ratio particles (such as short fibers) are

presented. Polarization and strain as a function of electric field are evaluated. The properties of the

composites are compared to those of PZT-polymer composites with equiaxed particles, continuous

PZT fiber-polymer composites, and bulk PZT ceramics. From high-field polarization and strain

measurements, the effective field dependent permittivity and piezoelectric charge constant in the

poling direction are determined for dielectrophoresis structured PZT-polymer composites,

continuous PZT fiber-polymer composites, and bulk PZT ceramics. The changes in dielectric

properties of the inclusions and the matrix at high fields influence the dielectric and piezoelectric

properties of the composites. It is found that the permittivity and piezoelectric charge constants

increase towards a maximum at an applied field of around 2.5-5 kV/mm. The electric field at which

the maximum occurs depends on the aspect ratio and degree of alignment of the inclusions.

Experimental values of d33 at low and high applied fields are compared to a model describing the

composites as a continuous polymer matrix containing PZT particles of various aspect ratios

arranged into chains. Thickness mode coupling factors were determined from measured impedance

data using fitted equivalent circuit model simulations. The relatively high piezoelectric strain

constants, voltage constants, and thickness coupling factors indicate that such aligned short fiber

composites could be useful as flexible large area transducers. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4775815]

INTRODUCTION

Piezoelectric materials are used in many applications as

sensing, actuating, or energy harvesting elements. Piezoelec-

tric ceramics possess excellent electromechanical coupling

coefficients but suffer from high density, poor mechanical

properties, and difficult processing. Piezoelectric ceramic-

polymer composites are a class of materials where a piezo-

electric ceramic phase is embedded in a polymer matrix. The

shape and connectivity pattern of the PZT phase not only

determines the aforementioned properties1 but also the ease

of processing. For instance, 1-3 composites can achieve

higher coupling coefficients and voltage sensitivity than

monolithic ceramics, but are generally difficult to process.

This processing obstacle results in relatively costly materials

which are less suitable for large scale cost effective manufac-

turing. Alternatively, low-cost composites such as 0-3 PZT

particle-polymer composites are flexible, easy to process,

and can be applied at low temperatures and in large areas.2

However, while the limited connectivity of the ceramic

phase enables flexibility of the composites, it also causes

these types of composites to suffer from inferior piezoelec-

tric properties compared to their 1-3 counterparts. The

decrease in properties is due to limited connectivity in com-

bination with the mismatch in permittivity between the ma-

trix and the piezoelectric inclusions.3,4

Dielectrophoresis (DEP)5 is a technique which allows in
situ forming of quasi 1-3 structures from randomly oriented

dielectric particles in a thermosetting resin. When an alter-

nating electric field is applied during curing of the matrix,

the dielectric particles in the composite coalesce to form

chains, oriented in the direction of the applied field.6,7 Piezo-

electric coupling in the direction of alignment increases for

composites with alignment of equiaxed particles.8 Compo-

sites with aligned elongated particles, i.e., particles of aspect

ratio higher than one, have also been assessed.9–11 Piezoelec-

tric composites with randomly oriented elongated particles

inclusions demonstrate improved transducer properties.12

Low field piezoelectric constants of DEP aligned short fiber
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composites are significantly higher than conventional 0-3

composites. At low volume fractions of PZT, d33 values can

reach about 100 times the values of conventional 0-3 PZT

composites with equiaxed particle inclusions.11 However,

further insight is needed into the high field properties and

resonance characteristics of such composites to determine

their full potential as transducers. In this paper, a recently

derived model for piezoelectric properties of DEP structured

PZT-polymer composites11 is expanded for high field behav-

ior and compared to experimental results. Additionally,

results from resonance measurements are presented and com-

pared to existing theory.

THEORY

The orientation of non-spherical, high-aspect ratio par-

ticles in a dielectric fluid will influence the electric field act-

ing on them. Short fiber particles in a continuous matrix can

be approximated by treating them as homogeneous ellipsoi-

dal inclusions. The depolarization factor, N, for homogene-

ous ellipsoid with semi-axes a; b; c in a uniform electric field

is given by the following equation:13

Ni ¼
abc

2

ð1
0

ds

ðsþ i2Þb ði ¼ a; b; cÞ; (1)

where b2 ¼ ðsþ a2Þðsþ b2Þðsþ c2Þ. For ellipsoids oriented

with their long axis, c, parallel to the electric field direction,

i¼ c.

Aligned ellipsoidal particles in composites

In the dilute limit, the relative electric field acting on an

ellipsoidal inclusion with aspect ratio AR¼ c/a� l2/w2 (see

Figure 1) oriented in the electric field direction, CAR, is given

by14

CAR ¼
E2;dilute

Eapp
¼ e1

e1 þ Nzðe2 � e1Þ
; (2)

where e1 is the permittivity of the matrix and e2 is the permit-

tivity of the ellipsoidal inclusion.

When the particles are in close proximity to each other,

which is the case in non-dilute dielectrophoretically proc-

essed composites, interaction between the particles occurs.

By treating the particle and matrix as two capacitors con-

nected in series, the relative electric field acting on the parti-

cle, CS, can be described using the size ratio between

particle thickness, l2¼AR�w2, and thickness of the matrix

layer in between the particles, l1, which is defined as R ¼ l2
l1

and the permittivity of the both phases

Cs ¼
E2;series

Eapp
¼ ð1þ RÞe1

e2 þ Re1

: (3)

The combination of the effects described in Eqs. (2) and (3)

gives the relation for the relative electric field acting on DEP

structured ellipsoidal particles11

Cef f ¼
E2

Eapp
¼ CAR þ ð1� CARÞCs

¼ 1�

�
Nz;eff ðe1 � e2Þ2

�
ðe2 þ Ref f e1Þ

�
e1 þ Nz;eff ðe2 � e1Þ

� : (4)

Here, Nz;eff is the effective depolarization factor in the

direction of the electric field and Ref f ¼ l1;eff

l2;eff
is the ratio

of effective particle size over effective inter-particle

distance. Both these parameters depend on the AR, of the

particles and their average orientation, h (see Ref. 11, for

details).

Using the fact that the particle and matrix are connected

in series, the (average) electric field acting on the matrix phase

in the region between two particles, E
0
1, can be calculated

E
0
1

Eapp
¼ ð1� Cef f ÞRef f þ 1: (5)

Note that the electric field acting on the matrix region

between the particles, E
0
1 is different than the electric field

acting on the matrix region surrounding the particle chains,

E1, which is simply E1 ¼ Eapp due to parallel connectivity.

Assuming a non-piezoelectric matrix, the equations for

permittivity and piezoelectric charge constants of non-

ideally aligned high aspect ratio particle composites are11

eDEP ¼ u
ðCef f e2 � e1Þe2

ðe2 � e1Þ
� ðCef f d332Þ2

1� u

us1 þ ð1� uÞs0332

" #

þ ð1� uÞe1;

(6)

d33DEP ¼
us1

us1 þ ð1� uÞs0332

" #
Cef f d332

; (7)

where u is the PZT volume fraction, s1 and s332
are the com-

pliances of the (isotropic) polymer and ceramic inclusions,

s
0
332

is the equivalent compliance of the chains of particles,8

FIG. 1. Schematic of a cross section of the aligned fibers including the parti-

cle dimensions, w2, l2 (¼AR�w2) and orientation angle, h, and the difference

in angle between two fibers, h
0
, from which the characteristic dimensions

l2,eff and l1,eff are derived.

034103-2 van den Ende et al. J. Appl. Phys. 113, 034103 (2013)



and d332 is the piezoelectric charge constant of the ceramic

inclusions.

The high field polarization, P, and strain, S, properties

of piezoelectric 1-3 composites with continuous fibers15 as a

function of applied field are

PðEappÞ ¼ uP2ðEappÞ þ ½1� u�P1ðEappÞ

�
u½1� u�d2

332ðEappÞEapp

us1 þ ð1� uÞsE
332

" #
; (8)

SðEappÞ ¼ S2ðEappÞ
us1

us1 þ ð1� uÞsE
332

" #
; (9)

where P1ðEappÞ, P2ðEappÞ, S2ðEappÞ, and d332ðEappÞ are

directly dependent on the applied field Eapp. Equations (8)

and (9) are obtained by multiplying the equations for e and

d33 of a 1-3 composite by the applied electric field.15,16 For

DEP structured composites with high AR particle inclusions,

the polarization and strain of the particle chains as a function

of applied electric field can be calculated using the above

equations by replacing P2ðEappÞ with P
0
2ðEappÞ, S2ðEappÞ with

S
0
2ðEappÞ, the effective polarization and strain of the aligned

particle chains and s332
with s

0
332

and d332
with d

0
332

, the

effective compliance and charge constant of the DEP aligned

particle chains.8

Electromechanical coupling factors of DEP structured
composites

From impedance measurements, an estimate of the

thickness mode coupling factor, kt can be made from the

thickness resonance if the thickness of the sample is low

compared to lateral dimensions.17 The kt can be calculated

using the following equation:18

kt ¼
p
2

fs

fp
tan

p
2

fp � fs

fp

� �� �1=2

; (10)

where fp is the frequency at maximum resistance and fs is the

frequency at maximum conductance.

EXPERIMENTAL

Materials manufacturing

PZT fibers were manufactured by wet spinning a PZT

powder (PZT5A4, Morgan Electroceramics, Ruabon, UK)

with a Cellulose Acetate binder (Acros Organics). The fibers

were sintered at 1200 �C for 1 h in air in a closed Al2O3 cru-

cible. PZT fibers were then broken to form high aspect ratio

particles, with aspect ratios ranging from 5 to 15. PZT fibers

were mixed with a polyurethane (PU, Crystal Clear 202,

Smooth-on Inc, Easton, USA) and dielectrophoretically

processed during the curing stage of the polymer to form

structured composites. The applied structuring electric fields

ranged from 0.5 kV/mm to 4 kV/mm to achieve different lev-

els of alignment. Further details of the procedure are

described elsewhere.11 As reference samples, 1-3 composites

with continuous fibers were manufactured using the same

polyurethane matrix material in addition to bulk PZT

ceramics. The bulk ceramic samples and fibers were sintered

using the same conditions.

Materials characterization

Low field permittivity of the composites was measured

at a fixed frequency of f¼ 1 kHz using an HP 4284A LCR

meter. Low field direct d33 constants were obtained using a

Berlincourt type d33 meter (PM3000, PiezoTest, UK).

Bipolar polarization of the cured composite samples was

measured using a modified Sawyer Tower circuit. The

polarization was measured by applying a triangular voltage

waveform using a Trek P0621P 30 kV amplifier. The

frequency of the applied voltage signal was 1 Hz for the

DEP structured composites and 0.1 Hz for the 1-3 compo-

sites and PZT ceramics for polarization measurements and

0.1 Hz for all samples for the strain measurements.

FIG. 2. Relative permittivity (a), piezo-

electric charge constants (b), and piezo-

electric voltage constants (c) of 1-3 fiber

composites and dielectrophoretically

aligned composites as a function of par-

ticle volume fraction for different Reff

compared to model values using Eqs. (6)

and (7) for e and d33, respectively. The

values for particle composites (AR ¼ 1)

were taken from Ref. 8.

034103-3 van den Ende et al. J. Appl. Phys. 113, 034103 (2013)



Simultaneously, the strain hysteresis was measured using a

custom made sample holder fitted with a linear variable

differential transformer (LVDT) connected to a lock-in

amplifier (Stanford Research SR830). The samples were

subsequently poled at 8 kV/mm at 90 �C in a silicone oil

bath for 30 min. The poling field was only removed after

cooling the samples to room temperature. After poling,

unipolar polarization and strain measurements were done

using the same setup as for the bipolar measurements. Low

field dielectric measurements were performed at 1 kHz

using an impedance meter (HP 4284A). Impedance meas-

urements were made using an HP4194a impedance ana-

lyzer and a compensated 16334A contact fixture. After

piezoelectric characterization, optical micrographs of the

composites cross sections were made. These were analyzed

to assess the average orientation of the short fibers in the

composites (h). Per sample, 4 micrographs were taken at

different depths of the composite and image analysis using

the method described in Ref. 8 was used to obtain the

average orientation angle of the fibers.

RESULTS

Dielectric and piezoelectric properties at low fields

The dielectric and piezoelectric properties as a function

of PZT volume fraction of composites with different Reff are

presented in Figure 2. The corresponding curves are modeled

using Eqs. (6) and (7) for e and d33, respectively, using the

corresponding values for Cef f . The relation between Reff and

Cef f is described in detail in Ref. 11. The e and d33 values for

these DEP structured composites are higher than traditional

0-3 composites but do not reach the values for low volume

fraction 1-3 composites with continuous fibers.11,15,19 The

g33 values for the DEP structured composites are, however,

comparable to the 1-3 composite values.

Polarization and strain at high electric fields

The typical polarization behavior as a function of elec-

tric field of a DEP structured composite is presented in Fig-

ure 3. The microstructural properties of this composite were

u¼ 0.2, AR¼ 11, h¼ 68�, yielding an effective size ratio of

Reff¼ 85. In Figure 4, the polarization of two DEP compo-

sites with u¼ 0.2, AR¼ 11, h¼ 68�, Reff¼ 85 and u¼ 0.2,

AR¼ 6, h¼ 49�, Reff¼ 45, is compared to that of a compara-

ble 1-3 composite with continuous fibers and bulk PZT5A4

ceramic. The polarization as a function of applied electric

field of DEP structured composites is similar in form to the

bulk PZT5 hysteresis but with much higher coercive fields

compared to bulk PZT and 1-3 PZT-polymer composites.

Typical coercive fields of around 4-6 kV/mm were found for

the aligned short fiber composites at an applied field of

Eapp¼ 10 kV/mm, depending on the aspect ratio and average

orientation angles of the fibers in the composite.

The bipolar strain hysteresis as a function of applied field

is presented in Figure 5. The shape of the strain loops of the

DEP aligned composite materials is slightly asymmetrical. At

FIG. 3. Typical polarization hysteresis loop of a DEP aligned composites.

Composite properties are u¼ 0.2 and Reff¼ 85.

FIG. 4. Comparison between a DEP

aligned fiber composites (u¼ 0.2,

Reff¼ 45) and (u¼ 0.2, Reff¼ 85), 1-3

fiber composite (u¼ 0.2), and PZT 5A4

bulk ceramic.
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low fields, this effect is most visible. The strain response is

comparable to the response of 1-3 composite and bulk PZT

materials (Figure 6). The coercive field for the DEP structured

composites is higher while the maximum strain of the com-

posite is lower than that of the 1-3 composite and that of the

bulk material.

The unipolar polarization (Figure 7) and strain hystere-

sis (Figure 8) in the positive poling direction were measured

for poled composites and the corresponding values for e33

and d33 were calculated by e0erðEÞ ¼ dP
dE, and d33ðEÞ ¼ dS

dE.

Both e33 and d33 increase with applied field up to a maxi-

mum, after which the values decrease for all systems. The

position of this maximum is different for the different mate-

rials. The PZT ceramic reaches its maximum at around

Eapp¼ 1 kV/mm while for the composites, the maximum is

reached at a higher applied field.

Impedance measurements around resonance

Impedance measurement results are presented in Figure

9. The half wave thickness resonance characteristics are

shown for a PZT5A4 disk and 1-3 composite (u¼ 0.24) and

two different DEP structured composites. The DEP struc-

tured composites contain inclusions with different average

aspect ratios, a “high AR” sample (u¼ 0.15, AReff¼ 11,

Reff¼ 116) and “low AR” sample (u¼ 0.24, AReff¼ 6,

Reff¼ 41). The range of the resonance frequencies that were

measured lie between 1 and 7 MHz and depend on sample

geometry and material properties.

DISCUSSION

Electric field distributions in the composites

Using Eq. (4), the effects of aspect ratio and particle

length/inter-particle matrix thickness ratio on the normalized

electric field acting on an ellipsoidal PZT particle for a fixed

relative permittivity values of e1¼ 3.2 and e2¼ 1550 are

given in Figure 10. These permittivity values are low-field

permittivity values of the PU matrix and PZT fibers,

respectively.11

As follows from Eq. (5), the electric field values are

greatest in the matrix region between the fibers. The analyti-

cal results for fixed relative permittivity values of e1¼ 3.2

and e2¼ 1550 are presented in Figure 11.

The results in Figures 10 and 11 show that the electric

field acting on the particle increases when the aspect ratio of

the particles increases and when the inter-particle distance

decreases. However, for small aspect ratio particles, the con-

centration in electric field between 2 closely connected par-

ticles increases dramatically. The results from Eq. (5)

indicate that electric fields between closely spaced filler par-

ticles can be orders of magnitude higher than the applied

field. If the aspect ratio of the filler particles is high enough,

however, the peak electric field between the particles drops.

The results in Figure 11 are consistent with reports that

breakdown electric fields are lower in the direction of align-

ment for DEP aligned composites with low AR particles

FIG. 6. Comparison between a DEP

aligned fiber composites ((a) u¼ 0.2,

Reff¼ 45) and ((b) u¼ 0.2, Reff¼ 85),

1-3 fiber composite ((c) u¼ 0.2), and

PZT 5A4 bulk ceramic (d). Note the

scale difference in x-, and y-axes for (a)

and (b) compared to (c) and (d).

FIG. 5. Typical evolution of bipolar strain hysteresis loop of a DEP struc-

tured composite (u¼ 0.2, Reff¼ 85).
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compared to composites with x-y aligned or randomly dis-

persed particles20–22 and may be interesting for nanowire

based composite capacitors.9

High field properties of PZT-PU composites

The polarization of the DEP structured quasi 1-3 compo-

sites is always lower than the polarization of the 1-3 compo-

sites and bulk ceramics at the same applied electric field.

This lower polarization can be expected from the analysis in

“Electrical field distributions in the composites” section.

Using Eqs. (8) and (9), the polarization and strain of the DEP

aligned chains of PZT particles can be extracted. These val-

ues can be regarded as an upper bound for the DEP struc-

tured composites with a corresponding Reff. The extracted

values are presented in Figure 12. The maximum achieved

strain of 0.15% for Reff¼ 85 is (Figure 8) is comparable to

PZT ceramics operated at Eapp¼ 2.5 kV/mm. In practice,

this electric field level is often taken as an operational limit

of applied field to ensure adequate lifetime of the ceramics.

The fatigue characteristics of the DEP structured composites

operated at Eapp¼ 10 kV/mm have not been tested, but if a

polymer with sufficiently high electrical strength is used as a

matrix, the practical operation strain limit can be made com-

parable to that of PZT. However, the importance of the Reff

value is illustrated in Figure 12 when comparing the compos-

ite with Reff¼ 85 to the composite with Reff¼ 45, which does

not achieve one third of its maximum strain. The electric

field ratio acting on the particles determines the achievable

strain for a fixed applied field. The electric field ratio is

FIG. 8. Unipolar strain hysteresis of

DEP structured composites ((a) u¼ 0.2,

Reff¼ 45) and ((b) u¼ 0.2, Reff¼ 85),

1-3 fiber composite ((c) u¼ 0.2) and

PZT 5A4 bulk ceramic (d) and associ-

ated d33 values.

FIG. 7. Unipolar polarization hysteresis

of DEP structured composites ((a)

u¼ 0.2, Reff¼ 45) and ((b) u¼ 0.2,

Reff¼ 85), 1-3 fiber composite ((c)

u¼ 0.2), and PZT 5A4 bulk ceramic (d)

and associated values of the relative per-

mittivity, e33. In (a), the open arrows

indicate the direction of applied field.
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retained at high fields resulting in an increase in e33 and d33

of the composites. Both e33 and d33 exhibit a maximum in

the DEP aligned composites. This result indicates that the

value of Ueff may change at high fields. The position of the

maximum is different for composite with a different value of

Reff, shifting to a lower Eapp for higher Reff. No signs of

breakdown were observed in the composites at Eapp¼ 10 kV/

mm over the whole range of Reff that was tested. This effect

may be because the composites with a higher Reff all tended

to have higher AR particles. A higher AR decreases E1,

avoiding breakdown (see Eq. (5) and Figure 11).

The difference in maximum polarization between bulk

PZT5A4 ceramics (see Figure 7) and the fiber properties

(Figure 12) derived from composite materials is in part

related to the clamping effect caused by the matrix in the

low volume fraction composites.15,23 Therefore, it must be

noted that the fiber properties presented here are the effective

fiber properties in the composite at a volume fraction of

u¼ 0.2 and single fiber properties will differ.23 This volume

fraction is comparable to the volume fractions of the DEP

structured composites. The measured coercive field of

unconstrained PZT fibers will also be slightly higher than the

coercive field of the low u 1-3 composite due to clamping.24

The DEP structured composites show higher coercive and

saturation electric fields than the 1-3 composites. In general,
dP
dE is smaller for the DEP aligned composites and is a result

of Ueff< 1 (see Eq. (4)). The coercive field of the composites

is also related to Ueff and results in Ec DEP > Ec1�3. The max-

imum strain (Figure 6) in the positive poling direction of the

1-3 composites is higher than that of the bulk ceramic and

relatively high compared to values reported in literature.15,25

This is attributed to the uniaxial strain state in the fibers,

which have relatively high aspect ratio and small lateral

dimensions, especially for the continuous 1-3 fiber compo-

sites. This effect was also previously reported for small

FIG. 10. Electric field ratio acting on an ellipsoidal PZT particle as a func-

tion of aspect ratio, AR and different particle spacing, R using Eq. (4).FIG. 9. Impedance magnitude and phase around resonance of DEP struc-

tured composites ((a) u¼ 0.24, Reff¼ 41) and ((b) u¼ 0.15, Reff¼ 116), 1-3

fiber composite ((c) u¼ 0.24) and PZT 5A4 bulk ceramic disk (d). The

KLM fits for each sample are represented by the solid (magnitude) and

dashed (phase) lines.

FIG. 11. The effective electric field concentration in the matrix layer between two adjacent particles as a function of particle dimensions and inter-particle

distance.
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diameter fibers15 because the stress transfer from fiber to ma-

trix depends on the fiber surface area.26 Alternatively, a rela-

tively low maximum compressive strain at the point of

polarization reversal is seen for 1-3 composites and DEP

structured composites. This is again caused by clamping of

the high aspect ratio fibers,15 since depolarization of PZT is

known to be aided by compressive stress27 leading to lower

compressive strains at polarization reversal.23,24 In the DEP

structured composites, an even smoother strain reversal

behavior is seen due to the distribution of fiber aspect ratios

and orientations. When the polarization of each particle in the

composite is oriented in the same direction, the contributions

are averaged. But when the polarization is switched this dif-

ference becomes more visible. In the region close to the coer-

cive field of the composite, the polarization of some of the

particle inclusions will be switched while others are still polar-

ized in the poling direction. The DEP structured composites

all exhibited asymmetric strain polarization behavior as the

example in Figure 5. No clear virgin polarisation curve could

be measured for any of the DEP aligned composites, suggest-

ing (partial) poling during manufacturing.

In the cured DEP aligned composites, the electric field

in the matrix region between two adjacent particles is dra-

matically increased because the particles are brought in close

proximity of each other by the DEP force. The permittivity

increases as a function of the field component in the matrix

phase, E
0
1. This component is a function of the particle

dimension and inter-particle distance as can be seen in Fig-

ure 11. The electric field intensities for sample composites

can be estimated based on the low field values using Eq. (5).

They are on the order of 50<E
0
1=Eapp < 115 if the permittiv-

ity of the PU phase is kept constant at e1¼ 3.2 and no loss is

considered (see Figure 11). This would yield electric fields

of up to E
0
1¼ 1000 kV/mm at Eapp¼ 10 kV/mm. This is

about 50 times the typical breakdown field of bulk polyur-

ethane. However, no breakdown is observed in the compo-

sites during these measurements. The breakdown field of

nano-scale interfaces is known to be much higher than break-

down field of bulk material,20 which might partly explain

why the composite samples do not break down at these

applied voltages. If the composite features can be scaled

down, f.i. using nanowires as particle inclusions28,29 the fea-

ture size will decrease. This will be beneficial in two ways.

The total applied voltage will decrease and the inter particle

distance will decrease for constant Reff. This effect will result

in an even thinner inter-particle matrix layer with a higher

dielectric breakdown electric field.20

In Figure 13, the converse d33 of the composites is com-

pared to the direct piezoelectric measurements, which were

measured on a Berlincourt d33 meter (i.e., the values in Fig-

ure 2(b)). The DEP structured composite d33 values relative

to 1-3 composite d33 values of the same volume fraction are

plotted, along with the theoretical values calculated using

Eq. (7). The values are comparable, though the converse

measurement yields slightly lower values than the direct

measurement. The maximum converse d33 is compared to

the low-field converse effect in Figure 14. The high field d33

data are compared to the calculated d33 of 1-3 composites at

the corresponding electric field using E2 ¼ Cef f Eapp, where

the low field value for Ueff was used as an approximation for

the applied field ratio on the particle inclusions. The relative

d33 at high fields is slightly higher than the low field ratio for

composites, suggesting a modest increase of Ueff at higher

applied fields.

In general, DEP structured PZT-polymer composites

with high aspect ratio particle inclusions have low field pie-

zoelectric constants which are much higher than those of tra-

ditional 0-3 granular particle composites and have

piezoelectric voltage constants which are comparable to 1-3

composites (see Figure 2). This high g33 is beneficial when

the material is used as a transducer receiver. At high applied

electric fields, the d33 increases towards a maximum at

around 2.5-5 kV/mm and subsequently decreases slightly.

Because of its higher maximum applied field, the electrome-

chanical strain that can be achieved is closer to the ceramic

and 1-3 composite values than the d33 values alone would

suggest.

Thickness coupling factors of DEP structured
composites

Using the data of the impedance plots for frequencies

around the resonance frequency for three composites and

one reference bulk PZT sample (Figure 9), the thickness cou-

pling factors were calculated using Eq. (10). It is known that

for highly damped systems the use of Eq. (10) may lead to

inaccuracies in the calculated kt values.30 Therefore, a

FIG. 12. Unipolar polarization and strain hysteresis of DEP structured com-

posites ((a) Reff¼ 45) and ((b) Reff¼ 85) and 1-3 fiber composite (c) and

associated e33 and d33 values. The polarization and strain values were nor-

malized for the PZT phase in the composites using Eqs. (8) and (9). The

bulk PZT values can be found in Figures 8(d) for comparison.

FIG. 13. Converse d33 at field low conditions (Eapp¼ 0.1 kV/mm), compared

to the direct d33. The triangles are values for the example composite with

Reff¼ 45 and circles are values for the composite with Reff¼ 85.
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comparison to the calculated coupling factors was made by

fitting a custom implementation of the KLM (Krimholtz,

Leedom, Matthaei) equivalent circuit model31,32 to the im-

pedance data for kt. The mechanical quality factor, Qm, was

separately estimated using the technique outlined in Ref. 33.

The fitted impedance curves are presented Figure 9. In

Table I, calculated kt values using Eq. (10) and the fitted kt

values are compared. The values calculated using Eq. (10)

slightly underestimate kt compared to the fitted values from

the equivalent circuit models.

The “low AR” DEP structured composites show a thick-

ness coupling factor which is comparable to that of PVDF

polymer and “high AR” DEP materials are comparable to

PVDF-TrFE polymers. The extremely low Qm of the DEP

structured composites are possibly the result of the size dis-

tribution of the inclusions, causing local variations in stiff-

ness and piezoelectric coefficients within the material. These

local differences generally broaden the resonance peak of

the sample.34 This effect has been reported for unstructured

piezoelectric PZT-polymer composites with high PZT vol-

ume fractions.35 In the 1-3 composite, the same effects are

caused by local variations in fiber packing density due to

the processing technique used (see experimental section).

Thus, resonance measurements show that the DEP aligned

composites posses a fair amount of electromechanical

coupling for such low volume fractions of PZT and band-

width is high due to mechanical damping. The high coupling

factors are consistent with the high d33 values that were

measured for the composites at low frequency. Also, electri-

cal loss remains relatively low (tan de� 0.02� 0.04 in MHz

frequency range). These electrical losses are much lower

than for PVDF (tan de� 0.24 in the MHz range).36 Also the

lower frequency constant (see Table I) allows for thinner

transducers compared to PZT devices. Therefore, the DEP

composites could potentially be an interesting alternative for

transducers which are now using piezoelectric polymers.

These properties could make the composites interesting can-

didates for large area transducers. They are especially inter-

esting if integration with existing complex shaped structures

is needed and a large shaping freedom is required.2,12 Analo-

gous to continuous PZT fiber composites,37 DEP structured

composites can also be employed in-plane by making use of

interdigitated electrodes.38 This electrode structure creates

the possibility to manufacture thin and compliant piezoelec-

tric transducer coatings with higher coupling factors at lower

PZT volume fractions than conventional 0-3 composite coat-

ings based on randomly dispersed particles such as men-

tioned in Ref. 2.

CONCLUSIONS

DEP structured PZT-polymer composites with high as-

pect ratio particle inclusions have low field piezoelectric

constants which are much higher than those of traditional 0-

3 granular particle composites, especially at low volume

fractions. They can achieve piezoelectric voltage constants

which are comparable to 1-3 composites with continuous

fibers. This high g33 is beneficial when the material is used

as a transducer receiver. Also significant electromechanical

coupling at high frequencies was measured at resonance for

DEP structured composites. Polarization, strain, and coercive

field of the fibers were all found to be dependent on Reff, the

effective length of the fiber over the distance between the

fibers. The electric field corresponding to a maximum of e33

and d33 is dependent on Reff, shifting to a lower Eapp for

higher Reff. Polarization, strain, and coercive field of the

FIG. 14. Maximum d33 at high field con-

ditions compared to the d33 under low

field conditions (converse effect). The

triangles are values for the example

composite with Reff¼ 45 and circles are

values for the composite with Reff¼ 85.

TABLE I. Calculated and fitted thickness coupling factor (kt) and mechani-

cal quality factor (Qm) and calculated thickness frequency constant (ND
3 ) for

the DEP aligned composites, 1-3 composite, and PZT5A disk.

Material

kt

(Eq. (10))

kt KLM

fit31 Qm
33

Qm KLM

fit31

ND
3

[m/s]

Low AR, DEP composite 0.10 0.13 6.7 8.9 1100

High AR DEP composite 0.26 0.28 5.9 6.5 1220

1-3 Composite 0.47 0.52 6.5 8.2 1390

PZT5A4 disk 0.49 0.49 123 133 2030
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fibers are found to depend on Reff. For composites with well

aligned high aspect ratio particles (Reff� 85), the electrome-

chanical strain that can be achieved approaches the values

for the ceramic and 1-3 fibrous composites. The observed

dependences can be explained by a model taking into

account the spatial arrangement of the particles and the ma-

terial properties. If the thickness can be scaled down while

retaining the high aspect ratio of the inclusions, for instance,

by using PZT nanowires as the high aspect ratio particles,

this type of composite can possibly be employed for trans-

ducers which are cost effective and relatively simple to pro-

cess. These materials are especially interesting if integration

with existing structures is needed, because the composites

can be processed at low temperatures.
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