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Three-phase piezoelectric bulk composites were fabricated using a mix and cast method. The

composites were comprised of lead zirconate titanate (PZT), aluminum (Al), and an epoxy matrix.

The volume fraction of the PZT and Al was varied from 0.1 to 0.3 and 0.0 to 0.17, respectively.

The influences of an electrically conductive filler (Al), polarization process (contact and Corona),

and Al surface treatment, on piezoelectric and dielectric properties, were observed. The

piezoelectric strain coefficient, d33, effective dielectric constant, er, capacitance, C, and resistivity

were measured and compared according to polarization process, the volume fraction of constituent

phases, and Al surface treatment. The maximum values of d33 were �3.475 and �1.0 pC/N for

corona and contact poled samples, respectively, for samples with volume fractions of 0.40 and 0.13

of PZT and Al (surface treated), respectively. Also, the maximum dielectric constant for the

surface treated Al samples was �411 for volume fractions of 0.40 and 0.13 for PZT and Al,

respectively. The percolation threshold was observed to occur at an aluminum volume fraction of

0.13. The composites achieved a percolated state for Al volume fractions >0.13 for both contact

and corona poled samples. In addition, a comparative time study was conducted to examine the

influence of surface treatment processing time of aluminum particles. The effectiveness of the

surface treatment, sample morphology and composition was observed with the aid of scanning

electron microscope and energy dispersive x-ray spectroscopy images. These images were corre-

lated with piezoelectric and dielectric properties. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4955315]

I. INTRODUCTION

Two-phase piezoelectric composites, comprised of piezo-

electric particles embedded within a continuous polymer ma-

trix, have attracted much attention due to their flexibility and

ease of processing,1,2 and applications to dielectric,3–5 sens-

ing/actuating,6–9 energy harvesting,1,9,10 and acoustic damp-

ing11–13 applications. However, these materials suffer from

relatively small values of piezoelectric and dielectric proper-

ties due to the inherent insulative properties of the polymer

matrix phase,14–18 which is associated with difficulties in the

polarization of these materials19 and contact resistance at the

particle/matrix interface.3,5 Hence, researchers have begun

to investigate three-phase materials comprised of piezoelec-

tric and electrically conductive particles embedded in a con-

tinuous polymer matrix.20 In some cases, these three-phase

composites have demonstrated enhanced dielectric, piezo-

electric, and acoustic dampening when close to the percola-

tion threshold.21,22

In this work, the influences of three entities on the piezo-

electric and dielectric properties are observed: volume

fractions of constituent phases [lead zirconate titanate (PZT)

and Al], polarization technique (contact and contactless—

corona), and surface treatment of the electrically conductive

phase, Al. The volume fractions of PZT and Al were varied

from 0.1 to 0.3 and 0.01 to 0.17, respectively. Composites

were independently parallel-plate contact or corona poled.

Also, composites that included nonsurface treated Al par-

ticles were compared to those that included surface treated

Al particles. A detailed time study was conducted to eluci-

date the optimal time for surface treatment of the Al par-

ticles. The piezoelectric strain coefficients and effective

dielectric constants were observed to identify the percolation

threshold of the Al particles within the piezoelectric polymer

composites.

Many researchers have studied the influence of conduc-

tive fillers on 0–3 composite materials and the formation of

percolated networks of these fillers. However, less is known

about the role that the polarization technique (contact and

corona) plays on the piezoelectric and dielectric properties

of three-phase materials. For example, several researchers

have studied the influence of electrically conductive inclu-

sions on piezodamping and related it to the electrically con-

ductive network (percolation) formed by the inclusions.

a)Author to whom correspondence should be addressed; electronic mail:

kacook@jove.rutgers.edu
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Zhang et al. and Ding and Yan23,24 fabricated two-phase

chlorinated polyethylene (CPE) barium titanate and CPE and

20-methylene-bis-(4-methyl-6-cyclohexylphenol) composites

and compared the piezodamping of these materials to those

where electrically conductive vapor-grown carbon fibers

were added. It was concluded that the piezodamping effect

was directly related to the electrically conductive network

formed by the carbon fibers within the polymer matrix. It

was found that this network contributed to increased loss

factors, tand, and more efficient damping.25 Choi et al.21 pre-

pared composites, which were comprised of barium titanate,

polymethyl methacrylate, and nickel using a two-step mixing

and hot-molding process. It was found that the size of the

nickel particles played a role in the dielectric constant,

wherein composites that contained smaller sized nickel par-

ticles (4 lm) had higher dielectric constants and dielectric

loss near the percolation threshold, in comparison to compo-

sites that contained larger sized particles (40 lm). Similarly,

Banerjee et al. explored the dielectric properties of two-

phase composites that incorporated a third electrically con-

ductive phase (aluminum3–5,7 and multiwalled carbon nano-

tubes26). It was found that the inclusion of electrically

conductive particles within a two-phase piezoelectric com-

posite (PZT and epoxy) resulted in enhanced piezoelectric

and dielectric properties, with corresponding increases in

dielectric loss of the material. Also, it was concluded that

the electrically conductive filler size, distribution, and parti-

cle–matrix resistance play key roles in the dielectric and pie-

zoelectric properties of the composites. It is well known that

aluminum when exposed to air forms an Al2O3 shell around

the Al core. As a result, the aluminum particle immediately

develops positive charges in the core and negative charges

around the shell due to charge transfer from aluminum to

absorbed O2,27 which affects the properties of the interface

between the aluminum and the epoxy matrix and conse-

quently the piezoelectric and dielectric properties of the

composite.

In this work, a time study of the surface treatment of Al

particles was conducted to understand the role of the particle/

matrix interfacial properties on composite piezoelectric and

dielectric properties. Also, the piezoelectric and dielectric

properties of bulk PZT-Al-epoxy composites are observed as

functions of frequency, composition, and polarization method.

II. EXPERIMENTAL SETUP AND METHODOLOGY

PZT-Al-epoxy composites were fabricated where the vol-

ume fractions of PZT and Al were varied from 0.20 to 0.40

and 0.0 to 0.17, respectively. An overview of the samples

and polarization techniques used is provided in Table I. The

control samples and powders were prepared as described in

Figs. 1 and 2. A minimum of six samples was prepared for

each volume fraction and polarization scenario analyzed.

A. Materials

The materials used in all experiments were PZT-855

(Navy Type VI)28 powder (APC International), DGEBA,

Epofix TM Cold-setting embedding resin (electron micros-

copy sciences), and aluminum—99.97%, 200 mesh, i.e.,

�75 lm (Acros Organics). An additional set of composites

that incorporated nanosized aluminum powder (instead of

micron-sized aluminum powder) was fabricated, where the

aluminum was 99.95% purity with spherical morphology

(APS: 18 nm) and purchased from MTI. Homogenous sam-

ples of the epoxy and PZT were prepared to obtain the elec-

trical and physical properties presented in Table II, while the

Al properties were obtained from the manufacturer.

TABLE I. Overview of the data sets prepared for the time study of the aluminum surface treatment and polarization studies. Control 1 is the aluminum powder

that was subjected to no ethanol treatment. Control 1 is compared to aluminum powders that were surface treated with ethanol (data sets A–F) for 0.25, 0.5, 1,

2, 3 and 4 h, respectively. Control 2 is the three-phase composite that was fabricated with aluminum that was not surface treated and parallel-plate contact

polarized. Data sets G, H and I are compared to control 2.

Data set

Composition (description) Poling technique

Surface treatment

of aluminum

Volume fractions

A minimum

of three samples prepared for

each volume fraction

Control 1

Aluminum powder only

n/a 0 h n/a

A, B, C, D, E, F

Aluminum powder only

n/a 0.25, 0.5, 1, 2, 3 and 4 n/a

Control 2

PZT-epoxy-Al composite

Contact poled None vPZT: 0.20–0.40

vAl: 0.0–0.17

G

PZT-epoxy composite

Corona poled None vPZT: 0.20–0.60

vAl: 0.0

H

PZT-epoxy-Al composite

Corona poled None vPZT: 0.20–0.40

vAl: 0.0–0.17

I

PZT-epoxy-Al composite

Corona poled Ethanol treatment

of aluminum for 4 h

vPZT: 0.20 – 0.40

vAl: 0.0 to 0.17

FIG. 1. (Color online) Al powder data sets A–F were sonicated in 15 ml of

ethanol for 0.25, 0.5, 1, 2, 3, and 4 h. The size, morphology, and distribution

(agglomeration) of the particles were observed with the aid of SEM and EDS.
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B. Surface treatment of aluminum: A time study

The bond strength between the embedded particles and

polymer matrix plays a critical role in the interfacial proper-

ties and resulting macroscopic properties of the composite.

Also, the processing of the aluminum influences the compo-

sition of the outer shell of the aluminum. Hence, a time study

of the surface treatment of the aluminum with ethanol was

conducted. An overview of this processing technique is

depicted in Fig. 1. In this process, Al powder was weighed

and placed in a beaker with 15 ml of ethanol. A paraffin film

was placed at the top of the beaker to prevent evaporation of

the ethanol into the air. Several mixtures (data sets: A–F,

described in Table I) were prepared and sonicated for 0.25, 0.5,

1, 2, 3, and 4 h, respectively. Once the optimal surface treat-

ment time was observed for the micron-sized aluminum par-

ticles, this surface treatment time was used on the nanosized

aluminum particles prior to the fabrication of the nanocompo-

sites. The particle size, morphology, and distribution of the Al

particles were observed with the aid of a Zeiss Sigma field

emission scanning electron microscope (SEM) and an Oxford

INCA PentaFETx3 8100 energy dispersive x-ray spectroscopy

(EDS). The surface treatment that minimized the agglomera-

tion of the Al powder was selected for use in fabrication of

composites observed for data set I (described in Table I).

C. Composite preparation

An overview of the fabrication process for the three-phase

composites is provided in Fig. 2. First, the PZT, Al, and epoxy

were weighed to achieve the desired volume fraction and com-

bined. The Al was surface treated with ethanol for 4 h for data

set I (described in Table I) prior to mixing with the PZT and

Al. The mixture was subsequently hand stirred and sonicated

in an ultrasonicator for 30 min. Ethanol was then added to the

mixture, which was then sonicated for an additional 30 min.

The epoxy hardener was then added to the mixture. The final

compound was poured into a mold and cured in air for 8 h at

75 �C. The surfaces of the samples were then polished and

coated with colloidal silver solution. The volume fractions of

FIG. 2. (Color online) PZT and Al powders are weighed and processed accordingly. The powder mixture was then combined with epoxy, mixed by hand, and

sonicated for 30 min. The mixture was then combined with ethanol, stirred, and then poured into a mold. Once in the mold, the mixture was cured in air for 8

h at 75 �C. Subsequent samples were either contact or corona poled.

TABLE II. Physical, dielectric and piezoelectric properties of the PZT, epoxy and aluminum (Al).

Property PZT 855 Epoxy Al

Relative dielectric constant, er 3300 2.9–3.7 1.6–1.8

Dielectric dissipation, tan d �2.50 �0.02–0.04 —

Electromechanical coupling, kp/k33 0.68/0.76 — —

Piezoelectric charge constant, d33 (10�12 C/N) 630a 12.28a 1.6–1.8

Young’s modulus, YE
11=YE

33 (1010 N/m2) 5.9/5.1 0.15–0.20 6.89

Density (g/cm3) 7.6 (In the wet-state)

1.16 g/cm3

2.7

Electrical resistivity (X cm) 49.27a at 1 kHz 0.15 at 1 kHz 3.99 �10–6

aExperimental values.
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PZT and Al were varied from 0.20 to 0.40 and 0.0 to 0.17,

respectively. A minimum of six samples was prepared for

each volume fraction examined. All samples were polarized at

12–15 kV/cm at 65 �C for 15 min. The samples prepared for

control 2 were contact poled, and the samples prepared for

data sets G, H, and I were corona poled. The duration of elec-

trical polarization was held constant for both contact and co-

rona poling; however, the contact poling was performed in a

silicon bath to ensure uniform heating of the sample.

D. Dielectric and piezoelectric characterization

The longitudinal piezoelectric strain coefficient, d33, and

capacitance, C, were measured using a Piezo Meter System

manufactured by Piezo Test, Piezoelectric Materials &

Device Testing Company while the resistance was obtained

using an Impedance/Gain-Phase Analyzer (HP4194A).

The dielectric constant was calculated using the expression

er ¼
Ct

Aeo
: (1)

In Eq. (1), C is the capacitance in Farads, A is the area of

the sample, eo is the permittivity of free space � 8.854

� 10–12 F m�1), and t is the thickness of the sample. The im-

pedance analyzer was used to measure the real part of the

resistance, R, of each sample, and the resistivity was deter-

mined from Eq. (2)

q ¼ RA

t
: (2)

III. RESULTS AND DISCUSSION

Aluminum powder was surface treated with ethanol for

time periods of 0.25, 0.5, 1, 2, 3, and 4 h to determine the

appropriate sonication time required for minimal agglomera-

tion of the aluminum particles. PZT-epoxy composites were

fabricated using the corona poling technique for data set G.

PZT-Al-epoxy composites were fabricated using Al powder

that was not surface treated and contact (control 2) or corona

poled (data set H). PZT-Al-epoxy composites were fabri-

cated using Al powder that was surface treated for 4 h (data

set I). The volume fractions of PZT and Al were varied from

0.2 to 0.4 and 0 to 0.17, respectively. The longitudinal piezo-

electric strain coefficient, d33 was measured at 110 Hz while

the dielectric constant, er, and resistance were measured as a

function of frequency.

A. Surface treatment of aluminum: A time study and
surface morphological characterization

The size, shape, surface morphology, and degree of

agglomeration of the aluminum powder were observed using

a SEM and EDS. SEM images were coupled with software

packages, IMAGEJ and PHOTOSHOP CS5.1, to ascertain the

FIG. 3. (Color online) SEM micrograph images of aluminum powder that was (a) not surface treated with ethanol (5.15� magnification). The average alumi-

num particle size is �13.43 lm, and (b) ultrasonicated with the solvent, ethanol, for 4 h (5.21� magnification), where the average particle size was observed

to �5.05 lm.

FIG. 4. (Color online) EDS micrograph images of aluminum powder that was (a) not surface treated with ethanol and (b) surface treated with ethanol for 4 h.

The images indicate that the surface treated Al powder was more distributed across the matrix, in comparison to the Al powder that was not surface treated.
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average particle size. The aluminum powder was surface

treated with ethanol using an ultrasonicator for time periods

of 0.25, 0.5, 1, 2, 3, and 4 h to determine the sonication time

that would render the minimal degree of agglomeration and

most consistent particle size of the aluminum. In Figs. 3 and

4, SEM and EDS micrographs are presented for Al powder

that was surface treated with ethanol for 0.0 and 4 h, respec-

tively. The average size of the nontreated aluminum was

�13.43 lm while the average size of the aluminum that was

ultrasonicated with ethanol for 4 h was 5.05 lm. The SEM

images indicate that the exposure of the aluminum to ethanol

over extended periods of time diminished the agglomeration

of the aluminum particles and reduced the size of the alumi-

num particle, as seen in Fig. 3. The surface treatment of the

micron-sized aluminum particles and particle bundles for 4 h

in ethanol reduced the oxide layer thickness of the Al2O3

layer that covered the aluminum particles and agglomerated

particles. In theory, this was achieved when the ethanol

chemically reacted with the Al2O3 shell to form ethane,

where oxygen molecules in Al2O3 combined with hydrogen

molecules of ethanol, thereby reducing the oxide layer

around the aluminum particle.29,30 The Al2O3 oxide layer is

subsequently destabilized from the chemical reaction between

it and the ethanol. The formation of ethylene from the dehy-

dration of ethanol31 could render the outer surface of the oxide

layer charged. The formation of ethylene contributes to the

separation of aluminum particles and subsequent repulsion

force between aluminum particles that leads to the observed

deagglomeration. The smaller particles that have charged

surfaces separate easily and distribute more readily within the

matrix, thereby improving particle distribution within the ma-

trix as observed in the EDS images in Fig. 4. While localized

aggregation may still exist, the distribution of Al has been

enhanced, leading to fairly consistent values.

B. Piezoelectric and dielectric characterization

In Fig. 5, the piezoelectric strain coefficients of the two-

phase composites, data set G, (corona polarized at 15 kV/cm)

are plotted as a function of PZT volume fraction (from 0.2 to

0.6). As expected, the piezoelectric strain coefficient increases

with the volume fraction of PZT content. The piezoelectric

strain coefficients for control 2, data set H and data set I are

plotted as a function of aluminum volume fraction, for PZT

volume fractions of 0.2, 0.3, and 0.4, in Fig. 6. Control 2 was

contact polarized at 12 kV/cm using nonsurface treated alumi-

num. Data set H was corona polarized at 15 kV/cm using non-

surface treated aluminum. Data set I was corona polarized at

15 kV/cm using aluminum that was surface treated in ethanol

for 4 h. The piezoelectric strain coefficients increase with

PZT and aluminum content up to an aluminum volume frac-

tion of 0.13, beyond which there is a sharp decline in d33 val-

ues. This increase in d33 values is consistent with the

observations of Refs. 14, 17, and 32–35, which measured

increases in d33 as PZT content increased within piezoelectric

polymer composite. The particle size and relative density of

the composites influence the effective piezoelectric strain and

dielectric constants of the piezoelectric composite materials.

In this work, the d33 values are relatively small in com-

parison to some values reported by others (Table I). The dif-

ferences in the piezoelectric strain values are most likely due

to the use of small size and volume fraction of PZT particles,

which were �3 lm and 0.40 volume fraction (in this work)

and differences in the matrix materials used for this work

and the work of the others. For example, Nhuapeng and

Tunkasiri32 and Rujijanagul et al.36,37 used piezoelectric

particles sizes that were �160 and 875 lm, respectively,

with PZT volume fractions that were greater than 0.50.

These results agree with the conclusions of Rujijanagul et al.
and Banerjee et al.,3,5,36 who concluded that two-phase

FIG. 5. Piezoelectric strain coefficient, d33, for the PZT-epoxy composites

(data set G) that were corona poled at 15 kV/cm are plotted as a function of

PZT volume fraction. The maximum d33 value occurs 2.73 pC/N at a PZT

volume fraction equal to 0.6.

FIG. 6. (Color online) Piezoelectric strain coefficient, d33, for control 2 (con-

tact poled at 12 kV/cm and nonsurface treated Al), data set H (corona poled at

15 kV/cm and nonsurface treated Al) and data set I (corona poled at 15 kV/cm

and surface treated Al for 4 h) as a function of aluminum volume fraction for

a constant PZT volume fraction equal to 0.02, 0.03, and 0.04. The maximum

d33 values occur when the volume fraction of aluminum is equal to 0.13 for

all volume fractions of PZT. The volume fraction of PZT is held at (a) 0.20

where the maximum d33 values are 0.37, 0.45, and 0.9 pC/N for control 2,

data set H and data set I, respectively; (b) 0.03 where the maximum d33 values

are 0.78, 1.25, and 1.50 pC/N for control 2, data set H and data set I, respec-

tively; and (c) 0.04 where the maximum d33 values are 0.99, 2.32, and 3.48

pC/N for control 2, data set H and data set I, respectively.
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piezoelectric composites that incorporate ceramic powder

particles with larger particle sizes lead to higher effective

piezoelectric strain coefficients than composites with smaller

size piezoelectric particles. Rujijanagul et al. also stated that

these higher values were mostly because larger sized piezo-

electric particles have a higher surface energy than smaller

powder particle sizes, which was because the contact surface

area between the bigger ceramic powder particles and the

polymer was larger than that of smaller ceramic particles.

Hence, Rujijanagul et al.36 concluded that larger size powder

particles achieve more effective polarization in the compos-

ite than smaller powder particles in a polymer matrix. Also,

many of the other composites listed in Table III included

matrix materials that were piezoelectric, such as polyvinyli-

dene fluoride, or polyvinylidene difluoride (PVDF). Since

the matrix material was piezoelectric (PVDF), the effective

piezoelectric properties of the composites were greater in

value than the ones described herein. The range of d33

depicted in Fig. 5 is consistent with the work of Ref. 36

where the average particle size was less than 34 lm (poling

voltage at 10 kV/cm and room temperature), which is con-

sistent with the polarization voltages used in this work.

The two-phase piezoelectric composites with PZT vol-

ume fractions of 0.2 and 0.3 that were Corona polarized had

d33 values that were greater than those measured for three-

phase composites from data set G that were contact polar-

ized. On the other hand, at the PZT volume fraction that was

equal to 0.4, the corona polarized two-phase composite (data

set G) was higher than control 2 (PZT volume fraction equal

to 0.4). The contribution of the aluminum inclusions are not

clearly observed at higher PZT volume fractions in contact

poled samples, as shown in Fig. 6(a). This observation is

most likely due to problems associated with the difficulty of

achieving the desired polarization voltage of �12 kV/cm in

the parallel-plate contact polarized samples. The composites

that were corona polarized (data sets H and I) benefited

from the aluminum inclusions, as opposed to those compo-

sites that were contact polarized. In corona poling, charged

ions adhere to the surface of an electrode sample, thereby

creating an electric potential between the sample’s top sur-

face and the grounded plate.19 Thus, samples with defects

and electrically conductive inclusions can be polarized at

higher voltages using the corona poling process. In both the

corona and contact poled samples, d33 ceased to increase

beyond an aluminum volume fraction of 0.13, which is

most likely due to the electrical percolation of the alumi-

num. The percolation volume fraction is smaller than the

theoretical prediction range: 0.15–0.17,38 which is valid for

TABLE III. Dielectric and piezoelectric properties of the PZT polymer com-

posites and comparison with those of previous workers (Refs. 32 and

44–49).

Sample

Volume

fraction %

PZT/epoxy/Al

Dielectric

constant, er

d33

(pC/N)

PZT/DEGBA

epoxy/Al

(control 2, this work)

40/47/13 �270 0.99

PZT/DEGBA epoxy

(data set G, this work)

40/60/0 �134 1.36

Control 2, PZT/DEGBA

epoxy/Al

(data set H, this work)

40/47/13 �305 2.32

PZT/DEGBA epoxy/Al

(data set I, this work)

40/47/13 �420 3.48

PZT/PVC 50/50/0 43.7 13.0

PZT/PVDF 50/50/0 68.1 14.0

PZT/PVDF/C 50.0/0.5/49.5 47.8 20.0

PZT/PVDF 50/50 56.0 14.0

PZT/PVDF 50/50 95.0 13.8

PZT/polyester 50/50 52 18

PZT/epoxy resin 63/37 15 25.3

FIG. 7. Piezoelectric strain coefficient, d33, is plotted as a function of nano-

sized aluminum volume fraction for a constant volume fraction of 0.40 for

PZT. The samples were corona poled at 15 kV/cm and surface treated nano-

sized aluminum for 4 h. The maximum d33 value is 2.4 pC/N for 0.40 and

0.09 volume fractions of PZT and aluminum, respectively.

FIG. 8. (Color online) Real permittivity [dielectric constant, calculated from

Eq. (1)] for data set G (PZT-epoxy) composite is plotted as a function of fre-

quency. Data set G composites were corona poled at 15 kV/cm. As expected,

the real permittivity is nearly constant over the frequency range and the

maximum value occurs when the volume fraction of PZT is equal to 0.6.
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spherical particles, where percolation occurs by way of par-

ticle contact. However, the percolation can also be

achieved by way of electrical conduction through interpar-

ticle tunneling.39 Electrical conduction that occurs via

interparticle tunneling can diminish percolation threshold

values in composites.

Another set of piezoelectric composite samples was fabri-

cated to elucidate the limitations of the surface treatment

process according to aluminum powder size. The additional

samples were comprised of PZT, epoxy, and nanosized alu-

minum powder using the same process as described for data

sample I. The nanosized aluminum powder was 99.95% pu-

rity with spherical morphology (APS: 18 nm) and purchased

from MTI. The volume fraction of PZT was held constant at

0.40 while the volume fraction of the nanosize aluminum

powder was varied from 0.01 to 0.17. These results are pre-

sented in Fig. 7. The maximum d33 value was measured to

be 2.4 pC/N for 0.40 and 0.09 volume fractions of PZT and

aluminum, respectively. This value is less than the maximum

value reported for the samples fabricated using the micron-

sized aluminum clusters (3.5 pC/N). This trend agrees with

our previous work3,5 and the works of Refs. 40 and 41,

where it was observed that use of the same process for the

fabrication of nano- and micron-sized piezoelectric compo-

sites did not render the same piezoelectric strain values

(when volume fractions of constituent materials were main-

tained). It is believed that this phenomenon is most likely

due to the dominance of electrostatic forces between nano-

sized particles and greater resistivity of the nanocomposites

in comparison to their counterparts, the microcomposites.

Furthermore, the higher buildup of electrical charges on the

surfaces of the nanosized particles leads to higher resistance

at the interfaces between the nanoparticles and the other con-

stituent phases within the composite, thereby resulting in

diminished piezoelectric strain properties. Several research-

ers have concluded that as the size of powder particles are

reduced, the influence of their surface properties plays a

more dominant role in the ability of these materials to flow

readily and ultimately mix within a matrix media. A higher

degree of particle agglomeration was observed for the com-

posites that incorporated nanosized aluminum inclusions.

The adhesion and cohesion, e.g., joining of surfaces of dif-

ferent and identical composition, respectively, was observed

to be higher in the nanocomposites. The origin of this

enhanced agglomeration was most likely due to the presence

of electrostatically charged surfaces of the nanopowder.

The dielectric constants for the two-phase composite

(PZT-epoxy, data set G) are plotted as a function of PZT vol-

ume fraction in Fig. 8. The dielectric constant for the two-

phase composite does not appear to vary with frequency.

The dielectric constant was found to increases with PZT con-

tent, where the average values were �68.2, �96.9, and

�131.7 for PZT volume fractions of 0.2, 0.3, and 0.4,

respectively. These values were found to be higher than

those of Refs. 18, 36, 42, and 43, which fabricated PZT-

polymer 0–3 composites with PZT volume fractions of 50%

(values in Table III).

The dielectric constants (real permittivity) for control 2

and data sets H and I are presented as a function of frequency

for PZT and aluminum volume fractions of 0.2–0.4 and

0.01–0.17, in Figs. 9–11, respectively. The dielectric constants

for all samples increase with the volume fraction of PZT and

Al. The results indicate that all samples containing aluminum

particles (corona and contact poled) had higher values of

dielectric constant than the two-phase composites. The dielec-

tric constant for control 2 was equal to �156.7 for PZT and

Al volume fractions equal to 0.2 and 0.13, respectively. This

value is higher than composite samples that were comprised

of 20% BaTiO3 (80 nm particles) and 15% nickel21 whose

dielectric constant was equal to�100.8. In general, the dielec-

tric constant values of this work were found to be higher (in

some cases a magnitude higher) than those in other works

with similar volume fractions of PZT,44 and others that

included carbon black.44 In Table III, the dielectric constant

values are presented and compared.

The maximum dielectric constant values observed were

for samples that were surface treated and corona polarized

(data set I) when the volume fractions of PZT and aluminum

were equal to 0.40 and 0.13, respectively. The influence of

corona polarization on the dielectric constant is an issue of

debate, where some scholars have found no difference in

dielectric constants that were polarized using the parallel

FIG. 9. (Color online) Real permittivity [dielectric constant, calculated from Eq. (1)] for control 2 (PZT-Epoxy-Al, contact poled at 12 kV/cm) is plotted as a

function of frequency for (a) 0.2, (b) 0.3, and (c) 0.4 volume fraction of PZT. The maximum values of dielectric constant occur at 0.17 volume fraction of Al

for 0.2, 0.3, and 0.4 volume fractions of PZT.
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plate contact and corona polarization methods.36 On the

other hand, Waller et al.49 found that polarization by the co-

rona method produced higher dielectric constants than the

conventional method. Based on the increases in dielectric

constant and decrease in d33 at 0.13 volume fraction of PZT

(in control 2 and data sets H and I), it is believed that the per-

colation threshold was achieved at the volume fraction of

0.13. The percolation threshold value is confirmed by the ob-

servation of resistivity plots of these composites as a func-

tion of frequency for PZT and aluminum volume fractions

equal to 0.2–0.4 and 0.01–0.17, respectively, in Figs. 11–13.

The dielectric characteristics of most materials are a function

of ferroelectricity, charge density wave formation, hopping

charge transport, the metal–insulator transition, and interface

effects.50 In Figs. 9–11 the dielectric constants increased as a

function of aluminum volume fraction, which could be the

result of hopping transport and interface effects. These

mechanisms are validated by decreased resistivity in samples

with aluminum content as demonstrated in Figs. 12–14.

The maximum value of dielectric constant was observed

to be 411 for samples that were surface treated and corona

polarized with volume fractions of PZT and aluminum that

were equal to 0.40 and 0.13, respectively. The surface

treated samples also displayed higher resistivity values, as

can be seen in Fig. 14. Exposing the aluminum powder to

ethanol for 4 h resulted in surface morphology that was

smoother and caused the deagglomeration of aluminum par-

ticle clusters, which may have contributed to better alumi-

num particle distribution within the composite (as shown in

Fig. 4).

When the aluminum powder is exposed to ethanol for

extended periods of time, self-passivation of the aluminum

occurs, and an Al2O3 shell outside the metallic sphere is

formed. This outer shell allows electrons in the metallic core

to tunnel through it, which causes the composite to have a

higher dielectric constant as observed in percolated systems.

The Al2O3 shell around the Al particle also inhibits electron

tunneling between successive Al particles, thereby leading to

enhanced dielectric constants.27,51,52 Thinner Al2O3 layers

on the aluminum particles leads to higher dielectric con-

stants.53 This interfacial polarization, the so-called

Maxwell–Wagner, effect is responsible for the enhancement

of dielectric constant.54 The dielectric constants increase

near the percolation threshold due to the presence of micro-

capacitor networks, which can be represented as shown in

Fig. 15. These networks are formed by neighboring conduc-

tive filler particles that sandwich PZT particles, which are

insulated by the dielectric polymer matrix. Collectively, the

networks contribute to the increase in capacitance55,56 of the

samples. The formation of the network results in an increase

FIG. 11. (Color online) Real permittivity [dielectric constant, calculated from Eq. (1)] for data set I (PZT-epoxy-Al, surface treated Al, corona poled at 15 kV/

cm) is plotted as a function of frequency for (a) 0.2, (b) 0.3, and (c) 0.4 volume fractions of PZT. The maximum values of dielectric constant occur at 0.17 vol-

ume fraction of Al for 0.2, 0.3, and 0.4 volume fractions of PZT.

FIG. 10. (Color online) Real permittivity [dielectric constant, calculated from Eq. (1)] for data set H (PZT-epoxy-Al, nonsurface treated Al, corona poled at

15 kV/cm) is plotted as a function of frequency for (a) 0.2, (b) 0.3, and (c) 0.4 volume fractions of PZT. The maximum values of dielectric constant occur at

0.17 volume fraction of Al for 0.2, 0.3, and 0.4 volume fractions of PZT.

041232-8 Sundar et al.: Dielectric and piezoelectric properties 041232-8

J. Vac. Sci. Technol. B, Vol. 34, No. 4, Jul/Aug 2016



in the local electric field when the conductive fillers are close

together, which promotes migration and accumulation of

charge carriers at the interfaces between the aluminum par-

ticles and the polymer matrix.54 The charges generated are

accumulated at the interfaces as a result of Coulomb block-

ade by the insulating matrix until the conductive fillers

approach each other, and the charges are relaxed by tunnel-

ing or by ohmic conduction.

IV. SUMMARY AND CONCLUSIONS

Three phase piezoelectric PZT-Al-epoxy composites have

been fabricated and polarization using corona and contact

methods. The volume fractions of PZT and aluminum were

FIG. 12. (Color online) Resistivity for control 2 (PZT-epoxy-Al, contact poled at 12 kV/cm) is plotted as a function of frequency for (a) 0.2, (b) 0.3, and (c) 0.4

volume fraction of PZT. The minimum values of resistivity occur for 0.17 volume fraction of Al for 0.2, 0.3, and 0.4 volume fractions of PZT.

FIG. 13. (Color online) Resistivity for data set H (PZT-epoxy-Al, nonsurface treated Al, corona poled at 15 kV/cm) is plotted as a function of frequency for (a) 0.2, (b)

0.3, and (c) 0.4 volume fractions of PZT. The minimum value of resistivity occurs for 0.17 volume fraction of aluminum for 0.2, 0.3, and 0.4 volume fractions of PZT.

FIG. 14. (Color online) Data set I (PZT-epoxy-Al, surface treated Al, corona poled at 15 kV/cm) is plotted as a function of frequency for (a) 0.2, (b) 0.3, and (c)

0.4 volume fractions of PZT. The minimum value for resistivity occurs for 0.17 volume fraction of aluminum for 0.2, 0.3, and 0.4 volume fractions of PZT.

FIG. 15. (Color online) Microcapacitor network.
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varied from 0.2 to 0.4 and 0.0 to 0.17, respectively. The pie-

zoelectric strain coefficient and dielectric constant increased

with PZT and Al volume content. However, the percolation

threshold is believed to have been achieved for a volume

fraction of 0.13 of aluminum, which was validated by obser-

vation of the resistivity of samples as a function of frequency

and volume fraction. The resistivity of the samples decreased

as a function of PZT and aluminum, where sharp decreases

in resistivity were observed for the volume fraction above

0.13 of aluminum.
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