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Design, fabrication, and properties of 2-2 connectivity cement/polymer based
piezoelectric composites with varied piezoelectric phase distribution
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The laminated 2-2 connectivity cement/polymer based piezoelectric composites with varied
piezoelectric phase distribution were fabricated by employing Lead Zirconium Titanate ceramic as
active phase, and mixture of cement powder, epoxy resin, and hardener as matrix phase with a
mass proportion of 4:4:1. The dielectric, piezoelectric, and electromechanical coupling properties
of the composites were studied. The composites with large total volume fraction of piezoelectric
phase have large piezoelectric strain constant and relative permittivity, and the piezoelectric
and dielectric properties of the composites are independent of the dimensional variations of the
piezoelectric ceramic layer. The composites with small total volume fraction of piezoelectric phase
have large piezoelectric voltage constant, but also large dielectric loss. The composite with
gradually increased dimension of piezoelectric ceramic layer has the smallest dielectric loss, and
that with the gradually increased dimension of matrix layer has the largest piezoelectric voltage
constant. The novel piezoelectric composites show potential applications in fabricating ultrasonic
transducers with varied surface vibration amplitude of the transducer. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904931]

I. INTRODUCTION

Presently, piezoelectric ceramic is being widely used in
many fields due to its characteristics of simple structures,
fast response speed, and good sensing/actuating abilities.' ™
However, there also exist various compatibility problems
when piezoelectric ceramic is used in concrete engineering
structures, such as interface and acoustic impedance mis-
matching between piezoelectric ceramic and concrete mate-
rial, long-term durability, and reliability problems, which
accordingly restrict the further application of piezoelectric
ceramic in civil engineering field.

In order to solve these problems, cement based piezo-
electric composite consisting of piezoelectric ceramic and
cement paste matrix was developed. In 2002, Li et al. fabri-
cated a 0-3 connectivity cement based piezoelectric compos-
ite by using Lead Zirconium Titanate (PZT) piezoelectric
ceramic powder as active phase and cement paste as passive
matrix phase.” Their research showed that acoustic imped-
ance of this piezoelectric composite could match with that of
concrete material by adjusting the proportion of cement and
piezoelectric ceramic powder. In the following years, many
scholars showed their interest in the 0—3 connectivity cement
based piezoelectric composite.”® The fabrication technique
of the 0-3 connectivity cement based piezoelectric compos-
ite is simple, however, the piezoelectric properties of this
composite are usually very weak. Therefore, cement based
piezoelectric composites with other connectivity patterns
have recently been developed based on the connectivity of
bi-phase piezoelectric composite.” The laminated 2—2 con-
nectivity cement based piezoelectric composites, where the
first number denotes the connectivity of the ceramics phase
and the second refers to that of the matrix phase, are
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especially concerned due to the simple architecture and supe-
rior sensing and actuating abilities.'®"'? In 2005, Dong et al.
fabricated a 2-2 cement based piezoelectric composite by
using arranging-casting method and demonstrated its sensing
and actuating capability as a self-sensing actuator of civil en-
gineering structures. In 2009, Xu et al. fabricated a 2-2
cement based piezoelectric composite by employing dicing-
filling technique and studied the influences of piezoelectric
ceramic volume fraction on composite properties.'® In 2010,
Han et al. presented the exact static analysis of 2-2 cement
based piezoelectric composites based on the theory of
piezo-elasticity.'! In 2012, Potong et al. investigated the fab-
rication technique and properties of 2—2 cement based piezo-
electric composite with Portland cement paste as matrix
phase and lead-free barium zirconate titanate as active
phase.'? Although the 2—2 connectivity cement based piezo-
electric composites with excellent properties have been
reported, there still exists an obvious shortcoming for this
composite, namely, the poor interfacial bonding between
cement matrix layer and piezoelectric ceramic layer caused
by the shrinkage effects of cement hydration. Therefore, it
becomes important to enhance the interfacial bonding ability
of the 2-2 cement based piezoelectric composite in order to
improve its stability and reliability in practical engineering
application. In addition, it is also of great significance to
design the novel piezoelectric composite based on the devel-
opment of piezoelectric sensor array technology, such as
multiple-element piezoelectric composite,'® the piezoelectric
composites with specific acoustic field."?

It is well known that epoxy resin has been widely used
in civil engineering field to improve the mechanical and
durability properties of cement mortar and concrete

© 2014 AIP Publishing LLC
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materials.”>>® Because the epoxy resin has superior binding
characteristic and low acoustic impedance value, the mixture
of cement powder and epoxy resin instead of conventional
cement paste was considered here as matrix phase of the
piezoelectric composites. The composite is termed as 2-2
connectivity cement/polymer based piezoelectric composites
in this research. The dimensions of both cement/polymer
matrix layer and piezoelectric ceramic layer were designed
for possible application in fabricating piezoelectric trans-
ducer without effects of edge wave or plane wave. The 2-2
cement/polymer based piezoelectric composites are also
expected to have potential application in concrete engineer-
ing field such as cement hydration monitoring,'*~'> monitor-
ing 1(zflsoncrete strength development and damage behavior,
etc. >

Il. EXPERIMENTAL PROCEDURES

A. Design of the 2-2 connectivity piezoelectric
composites

Usually, the 2-2 connectivity piezoelectric composite is
consisted of active piezoelectric ceramic phase and passive
matrix phase. As for the classical 2-2 connectivity piezo-
electric composite, because the dimensions of piezoelectric
ceramic and matrix layer in the composite are unchanged,
piezoelectric transducers fabricated by using this composite
will also have uniform surface vibration amplitude because
of the uniform piezoelectric phase distribution in the com-
posite.19 Nevertheless, a desirable local distribution of piezo-
electric ceramic volume fraction can be obtained by varying
dimension and arrangement of piezoelectric ceramic or ma-
trix layer in the composites. The piezoelectric, dielectric,
and electromechanical coupling properties of the composite
will correspondingly present specific distribution due to the
varied piezoelectric phase distribution. Therefore, the piezo-
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electric transducers with specific distribution of surface
vibration amplitude could also be tailored by adjusting the
local distribution of piezoelectric ceramic volume fraction in
the composites.

Here, six 2-2 connectivity piezoelectric composites
were designed based on the dimensional variation of piezo-
electric ceramic or matrix phase. The schematic diagram of
the composites in two-dimensional plane (X-Y) is shown in
Figure 1. The poling direction is along the composite thick-
ness direction (i.e., Z axis direction). In Figures 1(a)-1(c),
the dimensions of matrix layers (i.e., the spacing between the
piezoelectric ceramic layers) remain the same, but the
dimensions of piezoelectric ceramic layers are varied. Also,
in Figures 1(d)-1(f), the dimensions of piezoelectric ceramic
layers keep unchanged, but the dimensions of matrix layers
are varied. Figure 2 shows the unit cell of piezoelectric com-
posites in X-Y plane. Symbol / stands for the length of both
piezoelectric ceramic and matrix layer, ¢ and d; represent the
width of the ith layer of piezoelectric ceramic and matrix,
respectively.

In this research, the 2-2 connectivity cement/polymer
based piezoelectric composites with varied piezoelectric
phase distribution were designed based on the following
method. As for the 1# piezoelectric composite (Figure 1(b)),
the width of piezoelectric ceramic layer in the composite
increases based on arithmetic progression. As for the 2# pie-
zoelectric composite in Figure 1(c), the width of the piezo-
electric ceramic layer first increases according to arithmetic
progression, and then repeats the variation in the composite.
As for the 3# piezoelectric composite in Figure 1(d), the
width of the piezoelectric ceramic layer first increases in
terms of arithmetic progression, and then decreases with the
same common difference. The width (x;) of the ith layer pie-
zoelectric ceramic in 1#, 2#, and 3# piezoelectric composites
can be expressed as follows:

x; = X0 + (i — D)a; (i = 1,2, ...n;a = constant), (1

Xx; =xo+ (i — )a; (i = 1,2,...,m;a = constant)

Xj

xo+ (i—m—1)a;(i=m+1,m+2,...,2m;a = constant)

2

xi=xo+[i—(p—-—1)m—1a;(i=(p—1)m+1,m+2,...,pm;a = constant),

x; =Xo + (i — Da; (i: 1,2, ...

X; = X0+ (n —i)a; <i=

where 7 is the number of ceramic layer, a is the common dif-
ference, and x, is the width of the first piezoelectric ceramic
layer. m is the number of piezoelectric ceramic layer in the
repeated unit cell of the 2# piezoelectric composite and p is

(n+1) (n+3)
2

(n—1)

5 A= constant>

3)

s > 7...,n;a:constant),

the repetition time of the unit cell in the 2# piezoelectric
composite.

Based on the mathematical expressions, it is known that
the distribution of piezoelectric ceramic volume fraction in
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FIG. 1. Two-dimensional (in X-Y plane) schematic diagram of 2-2 connectivity piezoelectric composites with varied distribution of piezoelectric ceramic

phase.
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FIG. 2. Unit cell of the 2-2 connectivity piezoelectric composite.

the composite mainly depends on dimension and arrange-
ment of piezoelectric ceramic layer. Also, the 2-2 connectiv-
ity cement/polymer based piezoelectric composites with
varied piezoelectric phase distribution can also be designed
by varying the dimension and arrangement of matrix layer in
the composites, as shown in Figures 1(e)—1(g). The mathe-
matical expressions, which are similar to Eqgs. (1)—(3) will
not be listed here again.

B. Fabrication of 2—2 connectivity cement based
piezoelectric composites

The 2-2 connectivity cement/polymer based piezoelec-
tric composites were fabricated by using dicing-filling tech-
nique.'® The polarized PZT piezoelectric ceramic was used
as active phase, and mixture of epoxy resin (bisphenol A
diglycidyl ether), polyamide hardener, and cement (ordinary
Portland 42.5R) was used as matrix phase. The mechanical
properties of the solidified epoxy resin are as follows: tensile
strength—22.6 MPa, tension modulus—2.165 GPa, and com-
pressive strength—66.4 MPa. The property parameters of the
PZT piezoelectric ceramic are shown in Table 1.

It can be seen from Table II that because the acoustic
impedance value between cement paste and concrete

material is similar, acoustic impedance of the classical 2-2
connectivity cement based piezoelectric composites can
match with that of concrete material only when the piezo-
electric ceramic volume fraction is very low. This corre-
spondingly results in the poor piezoelectric properties of the
composites. Furthermore, the overall performance of the
cement based piezoelectric composites also deteriorates due
to the shrinkage effects of cement hydration. Therefore, the
epoxy resin was considered here to solve above problems.
The detailed fabricating procedure of the 2—2 connectiv-
ity cement/polymer based piezoelectric composite is
described as follows. The dimensional parameters of the
composite were initially designed and calculated based on
the mathematical model. Then, series of piezoelectric ce-
ramic sheets were cut accurately by using diamond cutter
along a direction parallel to the polarization axis of piezo-
electric ceramic, and meanwhile a common ceramic base
with a height of 0.5 mm was kept to maintain the upper pie-
zoelectric ceramic sheets. The 2-2 connectivity piezoelectric
ceramic body was then put into the ultrasonic cleaner for
about 10min to clear the ceramic residue. Then, the piezo-
electric ceramic body was fixed into the mould for the next
casting after drying in the air. Cement powder, epoxy resin,
and hardener were mixed with a proportion of 4:4:1 by
weight. After continuously stirring for about 2 min, the mix-
ture was put into a vacuum pumping system for about 10 min
to eliminate the pores induced during stirring, and then it
was poured into the piezoelectric ceramic body. The 2-2
connectivity piezoelectric composite body was taken out of
the mould after curing in the air for 48 h, and the upper and
lower surfaces perpendicular to the polarization direction of
the composite were polished using Al,O3 grinding medium.

TABLE I. Property parameters of the PZT piezoelectric ceramic. k;—planar electromechanical coupling coefficient; k—thickness electromechanical coupling
coefficient; dss—piezoelectric strain constant; &,' —relative permittivity; tan o—dielectric loss; Q,—mechanical quality factor; p—density; Ss3"—elastic com-

pliance coefficient.

Ceramic type ky (%) ke (%) ds3 (pC-N~1h &l

tan 0 Om p (10kgm ) S E (1072 m?> N

PZT-4 58 48 260

1050

<0.3% 1000 7.5 12
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TABLE 1I. Density and acoustic impedance parameters of different
materials.

Hardened Hardened PZT
cement epoxy piezoelectric Plain
paste resin ceramic concrete
Density p (10° kg m~>) ~2 ~1.2 ~1.5 ~2.4
Acoustic impedance ~7 ~3 ~32 ~9

Z (M rayl)

Finally, a thin layer of conductive silver paste was coated as
electrodes on both surfaces perpendicular to thickness direc-
tion of the composite. The fabrication flow of the composites
is illustrated in Figure 3.

Here, the 2-2 connectivity cement/polymer based piezo-
electric composites (numbered as 1#, 2#, 3#, 4#, 5#, and 6#)
with varied distribution of piezoelectric ceramic volume
fraction were fabricated. Besides, the piezoelectric compo-
sites with uniform distribution of piezoelectric ceramic vol-
ume fraction (numbered as O# and 7#) were also fabricated
for comparison. As for all the piezoelectric composites, the
mass fraction of cement powder in cement/polymer matrix is
444 wt. %. The total volume fraction of piezoelectric
ceramic in the 0-3# piezoelectric composites is 76.7 vol. %,
and the width for each cement/polymer matrix layer is
0.5mm. The overall dimension of the 0-3# piezoelectric
composites is 24.5mm in length, 21.5mm in width, and
9mm in thickness. The width of each piezoelectric ceramic
layer is shown in Table III.

As for the 4-7# piezoelectric composites, the total vol-
ume fraction of piezoelectric ceramic is 28.6 vol. %, and the
width for each piezoelectric ceramic layer is 1 mm. The
overall dimension of the 4-7# piezoelectric composites is
24.5mm in length, 19 mm in width, and 9 mm in thickness.
The width of each matrix layer in the composites is shown in
Table IV.

C. Performance test

An impedance analyzer (Agilent 4294A, USA) was used
to test impedance-frequency spectra of piezoelectric compo-
sites in a frequency range of 1 kHz-2MHz as well as

Cutting ceramic

Casting cement/polymer matrix

J. Appl. Phys. 116, 244103 (2014)

capacitance at 1kHz. A ds3 piezometer (Model ZJ-3A,
China) was used to test the piezoelectric strain constant (ds3)
of the composites under a frequency of 110 Hz. In order to
obtain the ds3 value of the composites as accurately as possi-
ble, the average ds3 value of 10 times measurement at ran-
dom location was calculated. The relative permittivity (z—:rT)
and piezoelectric voltage constant (g33) of the composites
were obtained based on the following equations:

& = Cxt/(s x A), )
¢33 = ds3 /(] x &), (5)

where C is capacitance of the piezoelectric composites at
1kHz; ¢+ and A are thickness and area of the composite,
respectively; & is the vacuum permittivity.

lll. RESULTS AND DISCUSSION
A. Dielectric properties

The relative permittivity (¢,") and dielectric loss (tan &)
of the 2-2 connectivity cement/polymer based piezoelectric
composites were calculated by the parallel model.***

T T T
& = & X Py & X i (©)

tané = tand, X ¢, + tandy, X @, (7

where &, SrpT, and &, represent the relative permittivity of
piezoelectric composite, piezoelectric ceramic, and cement/
polymer matrix, respectively; tan d, tan 6, and tan d,, are the
dielectric loss of piezoelectric composite, piezoelectric ce-
ramic, and cement/polymer matrix, respectively; @, and ®,,
stand for the total volume fraction of piezoelectric ceramic
and cement/polymer matrix in the composites.

Figure 4 illustrates the &," and the tan é value of different
piezoelectric composites. It can be seen from Figure 4(a) that
the 0—3# piezoelectric composites have larger ¢, value than
the 4—7# composites; furthermore, the srT value is almost in-
dependent of the dimensional variation of piezoelectric ce-
ramic layer, which basically agrees with the theoretical value.
However, there exists obvious variation of srT value among
the 4-7# piezoelectric composites. The &, value of the 7#

Cutting foundation Upper electrode

{
=

' — ﬂ ‘ ﬁ%emcnv olymer
lm HH=>{ “ ""‘=> Bottom eleciroie

PZT ceramic 2-2 connectivity ceramic body

2-2 connectivity composite body

2-2 connectivity composite

FIG. 3. Fabrication flow of the 2-2 connectivity cement/polymer based piezoelectric composite.

TABLE III. The width of piezoelectric ceramic layer in 0-3# piezoelectric composites.

Ceramic layer
Composite Ist 2nd 3rd 4th

Sth 6th 7th 8th 9th 10th 11th
0# (mm) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
1# (mm) 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00
2# (mm) 1.00 1.55 2.10 1.00 1.55 2.10 1.0 1.55 2.10 1.00 1.55
3# (mm) 1.00 1.22 1.44 1.66 1.88 2.10 1.88 1.66 1.44 1.22 1.00
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TABLE IV. The width of matrix layer in 4-7# piezoelectric composites.

Matrix layer
Composite Ist 2nd 3rd 4th 5th
4# (mm) 2.00 2.50 3.00 3.50 4.00
5# (mm) 1.00 3.50 6.00 1.00 3.50
6# (mm) 1.00 3.50 6.00 3.50 1.00
7# (mm) 3.00 3.00 3.00 3.00 3.00

piezoelectric composite with uniform piezoelectric phase dis-
tribution is obviously larger than that of the 4—6# piezoelec-
tric composites, and deviates obviously from the theoretical
value. In addition, it can be observed in Figure 4(b) that the
tano value of the 0-3# piezoelectric composites is signifi-
cantly less than that of the 4-7# piezoelectric composites,
and basically agrees with the parallel model theory.
However, the tand value of the 4-7# piezoelectric compo-
sites is obviously larger than the theoretical value, and a dis-
tinct difference also exists among different composites.

It is known that piezoelectric ceramic has larger
relative permittivity (srpT: 1050) and smaller dielectric loss
(tan 6, =0.3%) than cement/polymer matrix (srmTz 14,
tan ., ~ 0.5%). Therefore, the dielectric property of the
0-3# piezoelectric composites, which has a large total vol-
ume fraction of piezoelectric ceramic, mainly depends on
piezoelectric ceramic. Furthermore, the dielectric property of
the composites is also hardly influenced by the dimensional
variation of piezoelectric ceramic phase; therefore, the
experimental value can be in accordance with the theoretical
value. However, as for the 4-7# piezoelectric composites,
because cement/polymer matrix instead of piezoelectric
ceramic makes great contribution on dielectric property of
the piezoelectric composites, they have smaller relative
permittivity and larger dielectric loss than the 0-3# piezo-
electric composites. The obvious deviation of tand value
between the experimental value and theoretical value is
probably due to the interfacial polarization effects. Because
there exist various interfacial polarization effects in not only
inner of cement/polymer matrix but also interfaces of

(a) 840 . .
s —=s—u [ Experimental ¢ value

—a— Calculated srT value
700

560 ~

420+

280+

Relative permittivity

140 +

04 1% 24 34 4 SH 6#  TH
Composite number

J. Appl. Phys. 116, 244103 (2014)

piezoelectric ceramic and matrix, the dielectric property of
the 4-7# piezoelectric composites, which have a large vol-
ume fraction of cement/polymer matrix can be more easily
influenced by the matrix dimensional variation. It is known
that the piezoelectric composite with different permittivity is
required in practical ultrasonic nondestructive application
based on the operating frequency range. Therefore, the 2-2
connectivity piezoelectric composites with varied distribu-
tion of piezoelectric ceramic or cement/polymer matrix have
potential application in fabricating the desirable ultrasonic
sensor/actuators.

B. Piezoelectric properties

According to the parallel mode theory,?** the ds5 value

of the 2-2 connectivity cement/polymer based piezoelectric
composites can be calculated by the following expressions:

ds3 /533 = Gy d33(p)/533(p) + Do A33(m) /533 (m)>» 3)
1/533 = ¢p/533(p) + P/ 533(m)> )

where ds3,) and ds3¢ym are the piezoelectric strain constant
of piezoelectric ceramic and cement/polymer matrix, respec-
tively. $33¢p) and s33(m) are the elastic compliance of the pie-
zoelectric ceramic and cement/polymer matrix, respectively.
Because dazmy~0, formula (8) can be simplified as the
following equation:

d33 = ds3(p)533(m) / [(S33(m) — $330p)) + 5330) /Ppl-  (10)
Figure 5 shows the d;; and the gz; value of different
piezoelectric composites. There exist differences between
the parallel model results and the experimental results, espe-
cially for 4-7# piezoelectric composite. The reason is mainly
attributed to the difference between assumptions of the paral-
lel model and the real composite structure. It can be seen
from Figure 5(a) that the d3; value of the 0-3# piezoelectric
composites is larger than that of the 4-7# piezoelectric com-
posites. Furthermore, the d33 value of the 1-3# piezoelectric
composites with varied distribution of piezoelectric ceramic

(b) 0.015 [T Experimental tan & value

| —a— Calculated tan § value

0.0124

0.009 ~ —

0.006 ~

Dielectric loss

0.003 4

0-000 T T T T T T T T T T T T T T T
O# 1# 2# 3% 4# S#  o# TH#

Composite number

FIG. 4. Dielectric property of the 2-2 connectivity cement/polymer based piezoelectric composites.
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b
(:l 80 |1 Experimental g, value

_| —=— Calculated g33value

W (o)) ~
[e=) (=] [e=}
1 L 1 L

N
(e}
L 1 L

3%}
(=]
1 L

—_
(=]
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(=]

Piezoelectric voltage constant g, (mV-m-N
=
1

WO A SE o TH
Composite number

0% 1#

FIG. 5. Piezoelectric property of the 2-2 connectivity cement/polymer based piezoelectric composites.

phase is a little larger than that of the 0# piezoelectric com-
posite. As for the 4-7# piezoelectric composites, there exists
an obvious variation of the d;; value among different com-
posites. In Figure 5(b), it can be observed that the gs3 value
of the 4-7# piezoelectric composites is obviously larger than
that of the 0-3# piezoelectric composites. The influence of
dimensional variation of cement/polymer matrix on the g33
value of the 4-7# piezoelectric composites is obvious, and
the 4# piezoelectric composite has the largest gs3 value
among all composites.

It is known that the piezoelectric property of the compo-
sites mainly depends on piezoelectric ceramic phase, and the
cement/polymer matrix plays a great role in transferring
stress.”®?” The 0—3# piezoelectric composites have large ds;
average value due to the large contribution of piezoelectric
ceramic phase. However, as for the 4-7# piezoelectric com-
posites, the d33 average value is small because of the weak
contribution of piezoelectric ceramic phase. This indicates
that the piezoelectric strain constant of the 2—2 connectivity
cement/polymer based piezoelectric composites has great de-
pendence on the piezoelectric phase distribution when the
total volume fraction of piezoelectric ceramic phase is small
in the composite. In addition, it is known based on Eq. (5)

that the g33 value of the piezoelectric composite mainly
depends on the ds; and ¢,". Although the 4-7# piezoelectric
composites has smaller d35 value than the 0-3# piezoelectric
composites, however, their srT value is larger than that of the
0-3# piezoelectric composites, which is the reason that the
4-7# piezoelectric composites have larger gz3 value.
Therefore, the transmitting transducer with a large ds3 value
and the receiving transducers with a large g33 value can be
fabricated based on the varied distribution of piezoelectric
ceramic phase in the composite.

C. Electromechanical coupling properties

Figure 6 shows the impedance-frequency spectra of 2-2
connectivity cement/polymer based piezoelectric compo-
sites. It is known that piezoelectric material has various reso-
nance modes (i.e., resonance peaks) at different frequency
range under the excitation of external electric field, such as
planar resonance mode and thickness resonance mode. The
resonance peak amplitude indicates the resonance ability of
the piezoelectric composites. Because of the damping effects
of cement/polymer matrix, the larger the volume faction of
cement/polymer matrix is, the less the resonance peak
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FIG. 6. Impedance-frequency spectra of the 2-2 connectivity cement/polymer based piezoelectric composites.
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TABLE V. Planar electromechanical coupling property of the 2-2 connectivity cement/polymer based piezoelectric composites. f;, and f,, represent resonance
and anti-resonance frequency at planar mode, respectively; k, was obtained by referring to the National Standard of China, GB/T 2414.1-1998.

Composite type O# 1# 2# 3# 44 S# 6# T#
fip (kHz) 70.965 70.965 70.965 70.965 80.960 80.960 78.461 75.963
fap (kHZ) 75.963 75.963 75.963 75.963 85.958 85.958 83.459 80.960
kp (%) 40 40 40 40 37.9 37.9 38.5 39.0

amplitude of the composite. Therefore, it can be seen that
the 0-3# piezoelectric composites have larger planar mode
resonance peaks than 4-7# piezoelectric composites. In addi-
tion, there also exists an obvious coupling resonance peak
around the planar resonance peaks for the 4—7# piezoelectric
composite, which might be the stopband resonance caused
by Bragg reflections.”! Because the composite thickness is
not small enough, it also can be clearly observed in Figure
6(a) that the thickness mode resonance peaks which appear
at about 200-300kHz couple with other resonance modes,
such as the 3rd order harmonic (around 230 kHz) of the pla-
nar resonance mode.>’

It is known based on the definition of frequency constant
(N) that the resonance frequency (f;;,) of piezoelectric mate-
rial at planar mode is inversely proportional to the planar
dimension (/).

N =f,l. D

Because the planar dimension of the piezoelectric compo-
sites is the same, fi,, fip and the planar electromechanical
coupling coefficient (k,) of the composites also keep
unchanged, as shown in Table V. Nevertheless, the &, value
of the 4-7# piezoelectric composites is a little smaller than
that of the 0-3# piezoelectric composite because of the
effects of cement/polymer matrix.

It is known that the electromechanical coupling coefficient
is an important parameter of ultrasonic transducer; therefore,
the desired piezoelectric ultrasonic transducer can be fabri-
cated in terms of the varied distribution of piezoelectric ce-
ramic phase in the composite. In this research, the novel 2-2
connectivity cement/polymer based piezoelectric composites
were designed and fabricated. However, the local distribution
characteristics of dielectric, piezoelectric, and electromechani-
cal coupling properties of the composites were not discussed.
Besides, further investigation on fabrication technology and
properties of the piezoelectric transducers made of this com-
posite should also be performed in the future work.

IV. CONCLUSIONS

The 2-2 connectivity cement/polymer based piezoelec-
tric composites with varied piezoelectric phase distribution
were designed based on the dimensional variations of piezo-
electric ceramic layer and matrix layer. The piezoelectric
composites were also fabricated by using PZT piezoelectric
ceramic as active phase and mixture of cement powder and
epoxy resin as matrix phase. The piezoelectric ceramic
volume fraction shows varied distribution in the composites
according to the dimensional variations of piezoelectric ce-
ramic and cement/polymer matrix. Therefore, the desirable

composite properties can be obtained. The novel 2-2 connec-
tivity cement/polymer based piezoelectric composites might
have potential applications in fabricating piezoelectric trans-
ducers with specific distribution of surface vibration
amplitudes.
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