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Abstract

Lead zirconate titanate (PZT) ceramic was mixed with Portland cement (PC) to form 1–3 connectivity PZT–PC composite using a dice-and-fill

technique. Ferroelectric hysteresis behavior and dielectric properties of these composites were investigated using PZT volume content of 60%,

70% and 80%. The results showed that the dielectric constant of the composite materials increased with PZT content and the dielectric constant (er)

value is 781 for 80% PZT composite at 1 kHz. The dielectric loss tangent (tan d) was found to decrease with increasing PZT content and the tan d

value of 80% PZT composite is 0.06. Parallel and series models were also compared to the dielectric measurement results. For the hysteresis

measurements, the ferroelectric hysteresis loops can be seen for all composites. The ‘‘instantaneous’’ remnant polarization (Pir) was found to

increase with increasing PZT content from 3.20 to 4.28 mC/cm2 at 90 Hz when PZT volume content used was 60% and 80% respectively.
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1. Introduction

Lead zirconate titanate (PZT) is the most popular ferro-

electric material, which plays a remarkable role in modern

electroceramic industry [1]. Moreover, PZT has high dielectric

constant, high electromechanical coupling and high piezo-

electric coefficient and has been employed as sensors, actuators

and transducers [2–6]. Very recently, there have been

developments of piezoelectric materials in order to meet the

acoustic matching requirement such as those of piezoelectric-

cement based composites for smart concrete structures and civil

engineering application [7–16]. The first report work on the use

of a 0–3 PZT–white Portland cement composite was by Li et al.

[14]. Chaipanich [15] investigated the dielectric and piezo-

electric properties of 0–3 PZT–cement composite made from

ordinary Portland cement (ASTM type I cement) and PZT. Lam

and Chan [16] developed 1–3 piezoelectric ceramic/cement

composites with 0.25–0.77 volume fractions of PZT were

reported and it was found that the 1–3 composites have good
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compatibility with civil engineering structure materials while

being suitable for high sensitivity. The hysteresis study would

thus give an indicative of the remnant polarization and the

ferroelectricity behavior of the material. In addition, the

dielectric results of the composites with 1–3 connectivity were

compared to the parallel, series and cubes models and are

presented here in this paper.

In this research, it is therefore interesting to study the

ferroelectric hysteresis behavior and dielectric properties of 1–

3 connectivity PZT-cement composites.

2. Experimental

Lead zirconate titanate (Pb(Zr0.52Ti0.48)O3) powder was

initially produced from the two-stage mixed oxide method.

Starting precursors were lead oxide (PbO), zirconium oxide

(ZrO2) and titanium dioxide (TiO2) (Riedel-de Haën, >99%

purity). PbO and ZrO2 were thoroughly mixed and milled in

ethanol for 24 h. After that, the mixed powder was stirred, dried

and calcined in a closed alumina crucible at 800 8C for 2 h to

give PbZrO3. PbZrO3 and TiO2 powder were then calcined at

900 8C with excess PbO to give the PZT powder. In addition,
d.
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Fig. 1. Dielectric properties results of PZT–Portland cement composites at

1 kHz.

Fig. 2. Comparison of models with the dielectric results of PZT–Portland

cement composites.
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PZT ceramics were then produced by sintering PZT powder at

1200 8C for 2 h. 1–3 Lead zirconate titanate–Portland cement

composites of �2 mm thick and 12 mm in diameter were

fabricated using a dice-and-fill method [16,17]. PZT ceramics

of different PZT volume content of 60%, 70% and 80% were

used. PZT ceramic disc was cut in one direction (y axial) using

a diamond saw (Buehler ISOMET Low speed saw) with a

0.5 mm thick blade. Portland cement (PC) was cast as paste

(water/cement = 0.5) on the matrix phase. Thereafter, the

samples were placed for curing at 60 8C for five days under a

condition of relatively high humidity and cut in second

direction (x axial). After filling the second direction of cuts with

cement paste, the composites were cured at a temperature of

60 8C and 98% relative humidity for five days before

measurements. The dielectric properties of composites were

measured using an impedance meter (Hewlett Packard 4194A)

at room temperature. The dielectric constant (er) was then

calculated from Eq. (1)

er ¼
Ct

e0A
(1)

where C is the sample capacitance, t is the thickness, e0 is the

permittivity of free space constant (8.854 � 10�12 F m�1), and

A is the electrode area.

The dielectric constant results were also compared with the

composite models as follows:

� parallel model [18]

eC ¼ n1e1 þ n2e2 (2)

� series model [19]

1

eC
¼ n1

e1

þ n2

e2

(3)

� cubic model [20]

eC ¼
e1 � e2

ðe2 � e1Þ � n
�1=3
1 þ e1 � n

�2=3
1

þ e2 � ð1 � n
�2=3
1 Þ (4)

where e1 and e2 are dielectric constant values of the ceramics

phase and the cement phase, respectively, and n1 and n2 are the

volume percentages of the ceramics phase and the cement

phase, respectively.

The ferroelectric hyteresis (P–E) loop behaviors of the

composites were measured using a computer controlled

modified Sawyer–Tower circuit at room temperature.

3. Results and discussion

The dielectric constant (er) of PZT–PC composites is plotted

against the PZT content in Fig. 1. The dielectric constant of the

composites can be seen to increase with increasing PZT content

and the dielectric constant is highest at 781 for 80% PZT

composites at 1 kHz. In addition, dielectric loss (tan d) of

composites showing the effect of PZT content can also be seen

in Fig. 1. The dielectric loss (tan d) is found to reduce with
increasing PZT content and the tan d value of 80% PZT

composite is lowest at 0.06 ( f = 1 kHz).

Furthermore, the parallel and series models were compared

with the results taken from the measurements as shown in

Fig. 2. The dielectric results of 1–3 can be seen to fit closest to

that of the parallel model and the results are shown to be higher

than 0–3 connectivity composites. This is because the 1–3

connectivity is more closely related to the 2–2 parallel models

with the complete phase of PZT ceramic in the Y direction. In

the case of 0–3 connectivity composites, PZT were randomly

distributed particles surrounded by Portland cement matrix and

thus the 0–3 composites are more closely related to the series or

cube models.

Measured hysteresis loops of the PZT–PC composites are

shown in Fig. 3. For comparison, we can define the y-axis

intercept at a given applied field as the ‘‘instantaneous’’

remnant polarization (Pir) and the x-axis intercept is called the

‘‘instantaneous’’ coercive field (Eic) [10]. From Fig. 3, an



Fig. 3. Effect of external electrical field on the hysteresis loops of the 1–3

connectivity PZT–PC composites at (a) 60% PZT, (b) 70% PZT and (c) 80%

PZT.

Fig. 4. Effect of PZT contents on instantaneous remnant polarization (Pir) and

instantaneous coercive field (Eic) of PZT–Portland cement composites.
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increase in the amplitude of the external electrical field make

the P–E loops larger and increases its angle to the E axis of

inclination [12]. At frequency of 90 Hz, the Pir value can be

seen to increase from 0.46 to 3.20 mC/cm2 (60% PZT), 0.59 to

3.84 mC/cm2 (70% PZT), and 0.41 to 4.28 mC/cm2 (80% PZT)

when the electric field increases from 9 to 15 kV/cm,

respectively. The Eic value can be seen to increase with

increasing external electrical field for all composites.

The effect of PZT contents on instantaneous remnant

polarization (Pir) and instantaneous coercive field (Eic) of PZT–

Portland cement composites is shown in Fig. 4. The Pir value

can be seen to increase with increasing PZT content from 3.20

to 4.28 mC/cm2 at 90 Hz when PZT content increases from

60% to 80%, respectively. On the other hand, the Eic value is

11.60 kV/cm for the composite with 60% PZT and 9.48 kV/cm

for the composite with 80% PZT.

However, the loop shape characteristic also changes with

PZT content in that the Pir value of 60% PZT is far lower than

that of 80% PZT, while the Eic value of 60% PZT is higher than

that of 80% PZT. It is due to the fact that a loss from the cement

can be seen to be more sensitive at lower PZT volume content

and when an external electrical field acts many weak

conducting ions such as OH�, Ca2+ and Al3+ in the cement

matrix begin to migrate besides the polarization of electron,

these ions cause higher conducting loss in the composites

[10,12,21–23]. Moreover, cement matrix is non piezoelectric

and numerous defect in the composite, such as lattice distortion,

and phase boundary and pores of cement matrix, which usually

cause a leakage current and distortion of hysteresis loops

[10,12,21,22].

4. Conclusions

The dielectric and hysteresis properties of 1–3 PZT–

Portland cement composites were investigated. The results

obtained from the measurements show the dielectric constant of

the composites increased with increasing PZT content and that
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the dielectric constant was highest at 781 for 80% PZT

composites at 1 kHz. The dielectric results of 1–3 were found to

fit closest to that of the parallel model and the results are shown

to be higher than 0–3 connectivity composites. This is because

the 1–3 connectivity is more closely related to the 2–2 parallel

models with the complete phase of PZT ceramic in the Y

direction. Dielectric loss (tan d) was found to reduce with

increasing PZT content and the tan d value of 80% PZT

composites was lowest at 0.06 for composite at 1 kHz. The

‘‘instantaneous’’ remnant polarization (Pir) was found to

increase with increasing PZT content. The hysteresis loop

can be seen for all composites.

Acknowledgements

The authors would like to express their sincere gratitude to

Prof. Tawee Tunkasiri and Dr. Sukum Eitssayeam for their

advice and help throughout this research work. The Thailand

Research Fund (TRF), Office of the Higher Education

Commission (Thailand) and the graduate school of Chiang

Mai University are gratefully acknowledged for the financial

support of this research.

References

[1] Z. He, J. Ma, R. Zhang, Investigation on the microstructure and ferroelec-

tric properties of porous PZT ceramics, Ceramics International 30 (2004)

1353–1356.

[2] R.E. Newnham, A. Amin, Smart systems: microphones, fish farming, and

beyond—smart materials, acting as both sensors and actuators, can mimic

biological behavior, Chemtech 29 (1999) 38–47.

[3] K. Uchino, Materials issues in design and performance of piezoelectric

actuators: an overview, Acta Materialia 46 (1998) 3745–3753.

[4] R. Ranjan, R. Kumar, B. Behera, R.N.P. Choudhary, Effect of Sm on

structural, dielectric and conductivity properties of PZT ceramics, Mate-

rials Chemistry and Physics 115 (2009) 473–477.

[5] S.T. Lau, K.W. Kwok, H.L.W. Chan, C.L. Choy, Piezoelectric composite

hydrophone array, Sensors and Actuators A: Physical 96 (2002) 14–20.

[6] T. Zeng, X.L. Dong, S.T. Chen, H. Yang, Processing and piezoelectric

properties of porous PZT ceramics, Ceramics International 33 (2007)

395–399.
[7] S. Huang, J. Chang, L. Lu, F. Liu, Z. Ye, X. Cheng, Preparation and

polarization of 0–3 cement based piezoelectric composites, Materials

Research Bulletin 41 (2006) 291–297.

[8] A. Chaipanich, N. Jaitanong, T. Tunkasiri, Fabrication and properties of

PZT–ordinary Portland cement composites, Materials Letters 61 (2007)

5206–5208.

[9] A. Chaipanich, N. Jaitanong, Effect of polarization on the microstructure

and piezoelectric properties of PZT–cement composites, Advanced Mate-

rials Research 55–57 (2008) 381–384.

[10] A. Chaipanich, N. Jaitanong, R. Yimnirun, Ferroelectric hysteresis be-

havior in 0–3 PZT–cement composites: effects of frequency and electric

field, Ferroelectric Letters Section 36 (2009) 59–66.

[11] N. Jaitanong, A. Chaipanich, T. Tunkasiri, Properties 0–3 PZT–Portland

cement composites, Ceramics International 34 (2008) 793–795.

[12] N. Jaitanong, R. Rianyoi, R. Potong, R. Yimnirun, A. Chaipanich, Effect

of PZT content and particle size on ferroelectric hysteresis behavior of 0–3

lead zirconate titanate–Portland cement composites, Integrated Ferro-

electrics 107 (2009) 43–52.

[13] A. Chaipanich, Effect of PZT particle size on dielectric and piezoelectric

properties of PZT–cement composites, Current Applied Physics 7 (2007)

574–577.

[14] Z. Li, D. Zhang, K. Wu, Cement-based 0–3 piezoelectric composites,

Journal of the American Ceramic Society 85 (2002) 305–313.

[15] A. Chaipanich, Dielectric and piezoelectric properties of PZT–cement

composites, Current Applied Physics 7 (2007) 537–539.

[16] K.H. Lam, H.L.W. Chan, Piezoelectric cement-based 1–3 composites,

Applied Physics A: Materials Science & Processing 81 (2005) 1451–1454.

[17] H.L.W. Chan, J. Unsworth, Mode coupling in modified lead titanate/

polymer 1–3 composites, Journal of Applied Physics 65 (1989) 1754–

1758.

[18] S. Mindess, J.F. Young, D. Darwin, Concrete, second ed., Prentice-Hall,

Pearson Education, Inc., United States of America, 2003.

[19] D.H. Yoon, J. Zhang, B.I. Lee, Dielectric constant and mixing model of

BaTiO3 composite thick films, Materials Research Bulletin 38 (2003)

765–772.

[20] F. Xing, B. Dong, Z. Li, Dielectric, piezoelectric, and elastic properties of

cement-based piezoelectric ceramic composites, Journal of the American

Ceramic Society 91 (2008) 2886–2891.

[21] C. Xin, S. Huang, C. Jun, L. Zongjin, Piezoelectric, dielectric, and

ferroelectric properties of 0–3 ceramic/cement composite, Journal of

Applied Physics 101 (2007) 094110.

[22] R. Yimnirun, Change in the dielectric properties of normal and relaxor

ferroelectric ceramic composites in BT-PZT and PMN-PZT systems by an

uniaxial compressive stress, Ferroelectrics 331 (2006) 9–18.

[23] A. Chaipanich, N. Jaitanong, R. Yimnirun, Effect of compressive stress on

the ferroelectric hysteresis behavior in 0–3 PZT-cement composites,

Materials Letters 64 (2010) 562–564.


	Ferroelectric hysteresis behavior and dielectric properties �of 1-3 lead zirconate titanate-cement composites
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


