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Abstract

In this paper, studies on a new 0-3 type cement-based PZT (lead zirconate titanate) composite are presented. Using a normal
mixing and compacting method, up to 50 vol.% PZT ceramic powder can be easily incorporated into the composites. The behaviors
of the cement-based PZT composites under different polarizing conditions have been investigated on the piezoelectric properties
both theoretically and experimentally. It shows that cement-based PZT composites have their own unique characteristics. There is a
good potential for the application of 0-3 type cement based piezoelectric composites in civil engineering.
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1. Introduction

With the modern development of civil engineering,
the health monitoring of structures is being introduced
[1-3]. Real-time structural health monitoring systems
can provide instantaneous information on a condition
of a specified structure. This will result in a significant
increase of safety margin and reductions in maintenance
cost [3]. Different types of sensors have been designed
and used according to different applications. It is noted
that the sensors suitable for application in other engi-
neering fields, such as mechanical engineering, may not
be applicable in civil engineering due to the differences in
the properties between sensor and the host. For exam-
ple, the acoustic impedance, temperature coefficient and
shrinkage and creep characteristics of concrete, which is
the most popular material in civil engineering, are quite
different from those of the metal and alloy which are
frequently used in mechanical engineering. The sensors
used in mechanical engineering cannot be simply
transplanted into the civil engineering applications.
Thus a new kind of sensor should be developed to meet
the requirements of civil engineering applications.
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Among the techniques used in sensors and actuators,
piezoelectricity has been proved to be one of the most
efficient technology for most applications in smart
structures [4-7]. Piezoelectric materials have attracted
great attention in research activities towards the appli-
cations of sensors and actuators [8—14]. Piezoelectric
materials can be classified into three categories: piezo-
electric ceramics, piezoelectric polymers, and piezoelec-
tric composites. The piezoelectric composites are
especially noticeable in different fields. On the one hand,
they are becoming increasingly important as the mate-
rials for the study of charge transport and energy stor-
age in multi-component systems. On another hand,
there has been a rapid development in applications of
various devices. The most well known application of
such composites include electromechanical transducer
[15-20].

Lead zirconate titanate (PZT) has good pyroelectric
and piezoelectric properties and is used in a variety of
applications [21,22]. However, their incompatibility with
the construction materials limits their use in the civil
engineering. To develop a new kind of smart material
suitable for building and infrastructures, cement-based
piezoelectric composites incorporating lead zirconate
titanate (PZT) in cement paste matrix have been fabri-
cated and studied at HKUST [23]. Since this is the first
stage of the study for such a composite, the polarizing
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Table 1
Properties of PZT powder, hardened Portland cement paste, and normal concrete
PZT ceramics Cement paste Concrete

Piezoelectric strain factor ds; (10712 C/N) 513 \ \
Piezoelectric voltage factor gz (1073 Vm/N) 15.9 \ \
Dielectric constant ¢, (at 1 kHz) 3643 56 \
Electromechanical coupling coefficient Kp (%) 67 \ \
Mechanical quality O, 43 \ \
Elastic compliance s3; (10712 m?/N) 16.7 72 30
Density p (10° kg/m?) 7.5 2.0 2.4
Acoustic velocity ¥ (10° m/s) 2.83 2.64 3.73
Acoustic impedance pV (10° kg/m?s) 21.2 5.3 9.0

behaviors and piezoelectric properties of the composites
are focused.

The polarizing behavior and piezoelectric properties
are the characteristics of piezoelectric materials [24]. In
this study, the factors that affect the polarizing behav-
iors of cement-based piezoelectric composites are stud-
ied in details. The factors include polarizing voltage,
duration and PZT content. Their effects on the piezo-
electric properties are evaluated both theoretically and
experimentally.

2. Experiment

In this study, lead zirconate titanate (PZT) ceramic
Powder (Shanghai Keda Electronic Ceramics Co. Ltd.)
and white Portland cement (H.S.L. Enterprises Co.
Ltd.) were used to prepare the 0-3 type cement-based
piezoelectric composites. The properties of The PZT
ceramic are listed in Table 1. The particle size distribu-
tion of PZT ceramic and white Portland cement were
measured by a laser particle size analyzer (LS 230,
Coulter Corporation, USA). Fig. 1 shows that the mean
diameter of PZT ceramic is 153.6 pm with median of
83.52 pum, mean the diameter of white Portland cement
is 15.32 pm and median of 12.55 um.
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Fig. 1. Particle size distribution of PZT powder and white Portland
cement.

PZT ceramic powder and white Portland cement are
mixed together to make the 0-3 type piezoelectric
composites. In order to improving the fluidity of the
fresh mixture, a superplasticizer (W19, W. R. Grace)
was used. Using a normal mixing (mixing duration is
about 2 min) and vibrating (using small shaking table)
method (vibrating duration is about 1 min), up to 50%
volume content of PZT ceramic powder could be
incorporated into the composites. The mixing propor-
tions are listed in Table 2. To achieve a uniform mixture,
cement and PZT particles were mixed thoroughly first,
then water and superplasticizers were added into the
mixture. The mixing process was continued until the
mixture became uniform. Then the mixture was com-
pacted into the glass (or plastic) model. After casting,
the specimens were put in the curing room with a tem-
perature of 65 °C and relative humidity of 98% for 24 h.
After curing, the specimens could be polarized imme-
diately. Before polarization, the specimens were cut into
square slices of 8 x8x 1.5 mm? (or cube of 8 x 8 x 8§ mm?,
seeing Fig. 2). Then the surfaces of the slices were pol-
ished and coated with silver paint (AGAR Scientific
Ltd.). In order to ensure the reliability of experiment
results, three specimens are tested for every kind of
composites and take the average value of test results as
its property index.

A key technique for fabrication of piezoelectric
materials is polarizing procedure. Polarizing was carried
out in a silicon oil bath with a temperature of 160 °C.

Table 2
The mixing proportions of cement-based PZT composites
C18 C30 C50?
Ceramic (g) 100 100 100
Cement (g) 76.76 41.33 17.71
Water (g) 38.38 20.67 8.85
ADVA? (g) 0.64 0.34 0.30

C18, C30 and C50 are used to identify the specimens of cement-based
piezoelectric composites. The numbers (18, 30 and 50) are the indica-
tion of volume fraction of PZT powder in whole system.

#For C50 specimens, the ratio (w%) of ADVA/Water = 1%; other
two kinds of specimens, the ratio (w%) of ADVA/Water =0.5%.

A type of Superplasticizer (water solution, the solid content is 30
wY%0).
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Fig. 2. The specimens of 0-3 type cement-based PZT composites.

After polarization the specimens were immersed in cold
silicon oil to for fast cooling in order to maintain the
status of polarization. Then the polarized specimens
were wrapped with aluminum foil to eliminate remnant
charge generated during polarizing process.

Piezoelectric strain factor dz; was measured with a
piezo ds; meter (model ZJ-3B, fabricated by Institute of
Acoustics of Academia Sinca). The impedance spectra
were measured with a Hewlett Packard impedance/gain-
phase analyzer (model 4194A) at 1 kHz. The entire tests
were carried out at 22 °C temperature and 50% relative
humidity.

3. Results and analysis
3.1. Polarizing behavior of the composites

The 0-3 type cement-based PZT composites were
polarized in a silicon oil bath at the temperature of 160
°C. Different polarizing parameters were selected to
study.

3.1.1. The aging influence on polarizing behavior

Fig. 3 shows the dependence of piezoelectric factor
ds; on aging for ceramic/cement composites and cera-
mic/polymer composites. It can be seen that ds; value of
cement-based PZT composites improved with the curing
time before reaching saturation. On the other hand
ceramic/polymer composite presented opposite trend. Its
ds; value decreased with the aging procedure. And the
final ds; value of ceramic/cement composites is much
higher than that of ceramic/polymer composites [24].
This interesting phenomenon shows that the ceramic/
cement composites may have a coupling effect between
ceramic powder and cement particle.

Polarizing voltage: 43Kv/imm Polarizing time: 30min

50

45 [ |

] g— 91— —n__g N_g
|

40 u i

, ceramic/cement composite with 30vol% ceramic powder

| |
354 |
|
304/
25

20

L ceramic/cement composite with 18vol% ceramic powder

) N ./.—0-0—0—0-0—0 -
\./’

Piezoelectric strain factor d;3(10-2C/N)

ceramic/polymer composite with 22vol% ceramic powder
0 T T T T T T T

T T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (day)

Fig. 3. Aging influence on piezoelectric factor ds; for cement-based
piezoelectric composites and ceramic/polymer composites.

3.1.2. The influence of polarizing voltage on polarizing
behavior

Fig. 4 shows the polarizing voltage dependence of
piezoelectric strain factor ds; for 0-3 type cement-based
composites (C50) with 50% volume content PZT cera-
mic powder. It can be seen that with the voltage
increasing, ds; rises greatly. Low voltage cannot polarize
the composites effectively. For example, when the volt-
age is about 3.3 kV/cm, d;3 value is quite low. The peaks
appeared in the figure are the results caused by remnant
charge in the composites during the polarizing proce-
dure. It is clear that the larger the polarizing voltage, the
higher the peaks in the figure. After removing the rem-
nant charge, ds; values are reduced. However, with
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Fig. 4. The effect of polarizing voltage on ds; for 0-3 type cement-
based PZT composites.
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Fig. 5. The effect of polarizing duration on ds; for 0-3 type cement-
based PZT composites.

aging, the ds; values go up again. For the whole process,
the specimen polarized with higher voltage shows
superior d3; values to that with lower voltage.

3.1.3. The influence of polarizing duration on polarizing
behavior

Changing the polarizing duration also affects the
piezoelectric properties of the composites obviously.
Fig. 5 gives the results of time dependence of ds; for 0-3
type cement-based PZT composites. The curves dem-
onstrate a similar trend with the results in the Fig. 3. It
can be seen from the figure that for samples polarized 2,
10 and 30 min, the longer the polarizing duration, the
higher the ds; values. However for samples polarized for
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Fig. 6. The effect of PZT content on ds; for 0-3 type cement-based
PZT composites.

120 min, their ds; values are lower than those polarized
for 10 min. This phenomenon may be attributed to a
partial breakdown of the saturated piezoelectric mate-
rials.

3.1.4. The influence of PZT content on polarizing
behavior

Fig. 6 shows the polarizing behavior of 0-3 type ce-
ment-based piezoelectric composites with different con-
tent PZT ceramic powder. It can be found in the figure
that the higher the content of PZT ceramic, the larger
the ds; value. It can be easily understood that as a
functional phase in the composites, higher PZT ceramic
content is beneficial to the piezoelectric performance of
0-3 type cement-based PZT composites.

4. Piezoelectric properties of the composites

By utilizing the impedence analyzer, the capacitance
of the cement-based piezoelectric composites can be
determined. After obtaining the capacitance, relative
dielectric constant can be calculated according to the
plate condenser Eq. (1):

& €S
1
: (1)

where S is the area of the specimen and d is thickness of
the specimen. ¢ is the vacuum dielectric constant
(¢ = 8.855 x 1072 F/m). The relative constant values
calculated by Eq. (1) are listed in the Table 3. Basically,
& increases with PZT contents increase. In the Fig. 7, the
dielectric constants for samples polarized for 30 min are
plotted against PZT content in the composites. In the
figure, the theoretical predictions are also provided
based different models. In the calculation, it is assumed
that the polarization of PZT particle is saturated. It is
clear that the experimental results are close to the the-
oretical value of the cubes models, which means that the
PZT particles in the composites are well dispersed. This
conclusion is confirmed by the result of SEM image for
the composites. From the backscatter scanning elec-
tronic microscopy (SEM) image (Fig. 8), uniform dis-
tribution of PZT particles can be observed.

In Fig. 9, the test results of piezoelectric strain factor
ds3 of the composites polarized for 30 min are plotted
against PZT content in company with the theoretical
curves of different models. The experimental results

C =

Table 3
Capacitance and relative dielectric constant value of the composites
Specimen codes Cl18 C30 C50
Size of specimen 8x8x1.5 8x8x1.5 8x8x1.5
mm? mm? mm?
Capacitance (pF) 38.4 63.8 112.5
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Fig. 7. Comparison between experimental and theoretical values for
dielectric constants of composites with different vol.% content PZT
particle. Theoretical values are based on parallel, series, cubes and
spherical models.

confirm that the polarizing behaviors of the 0-3 type
cement-based PZT composites can be well described by
the cubes model. The theoretical equations of cubes
model for the relative dielectric constant (g;) and pie-
zoelectric strain factor (d33) in two-phase systems are as
following [12,24]:

Theoretical equation of cubes model for the dielectric
constant:

lo 24
€33+ "€33

£33 =

+ &3 - (1 - IV’%>
(2e33 — less) - ly=d gy - 1y3

(2)
Theoretical equation of cubes model for the piezoelec-
tric strain factor:

d33 = 1d33 :

15KV

Fig. 8. Backscatter SEM image of 0-3 type cement-based PZT com-
posites.
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Fig. 9. Comparison between experimental and theoretical values for
piezoelectric strain factor ds; of composites with different vol.% con-
tent PZT. Theoretical values are based on parallel, series and cubes
model.

Table 4
Comparison the relative dielectric constant and piezoelectric strain
factor with PZT/polymer and PZT/cement

Material & ds3

Ceramic PZT 3000 500

PZT/PVDF 120 20

PZT/rubber 55 35

PZT/POM 95 17

PZT/cement 300 55
where

e33. the relative dielectric constant of composites,

e33: the relative dielectric constant of PZT ceramic,

&33: the relative dielectric constant of cement paste,

v: the volume ratio of PZT particle in the compos-
ites,

ds3: the piezoelectric strain factor of the composites,

ld;3: the piezoelectric strain factor of PZT ceramic.

From Eq. (3), it can be obtained easily that the larger
ds; value of the PZT/cement composite compared to the
PZT/polymer composite can be simply attributed to the
larger dielectric permittivity of cement. Comparing
the relative dielectric constant and piezoelectric strain
factor of the PZT/polymer and PZT/cement composites
(Table 4), the piezoelectric properties of PZT/cement
composite seems to be much different with to those of
PZT/polymer composites.

5. Conclusion

In this study, the polarizing behaviors and piezo-
electric properties of the cement-based composites are
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studied. The following conclusions can be drawn from
this study:

(1) 0-3 type cement-based PZT composites can be fabri-
cated using normal mixing and compacting method.
It is an easier procedure as compared to those
methods for producing PZT/polymer composites.

(2) The polarizing behavior of cement-based piezoelec-
tric composites performs different from the cera-
mic/polymer piezoelectric composites. With the
aging, ds; value of cement-based piezoelectric com-
posites increases while d3; values of cement/polymer
composites show a decrease trend according to liter-
ature.

(3) The polarizing conditions largely influence the pie-
zoelectric behavior of cement-based piezoelectric
composites. The piezoelectric properties are better
when a higher voltage and longer duration are ap-
plied. Provided that they are under the threshold
of breakdown.

(4) Higher content of PZT ceramic is beneficial to the
piezoelectric performance of 0-3 type cement-based
PZT composites.

(5) The relative dielectric constant ¢ and piezoelectric
strain factor ds; obtained from experiment are close
to the predictions of the cubes model, which mani-
fests that the PZT particles in the composites are
uniformly dispersed. This conclusion is confirmed
by SEM image.

(6) Comparing the relative dielectric constant and pie-
zoelectric strain factor of the PZT/polymer and
PZT/cement composites, the piezoelectric properties
of PZT/cement composite seems to be much differ-
ent with to those of PZT/polymer composites. Add-
ing the excellent chemical and physical stability of
cement and the simple polarizing conditions, ce-
ment-based PZT composites have great potential
for application, especially in civil engineering.
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