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Abstract

0-3 piezoelectric composites with good performances were prepared using a sulphoaluminate cement and PMN ceramic particles. Piezo-
electric and dielectric properties of the composites with different PMN contents were investigated. The influences of the cement hydration age
on the piezoelectric constant of the composites were analyzed. The results indicate that the piezoelectric coefficients and dielectric constants
of the composites rapidly increase as the PMN content increases. The piezoelectric characteristics of the sulphoaluminate cement-basec
piezoelectric composites are very different from those of the piezoelectric ceramics and polymer—ceramic piezoelectric composites. For the
latter, the piezoelectric properties decrease with the prolonging of time, while the piezoelectric properties of the sulphoaluminate cdment-base
piezoelectric composite are improved with increasing the cement hydration age. When the cement hydration age exceégis@ntisys
be constant.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction contrastto structural materials used in the other fields, such as
metals and alloys, which are produced in factories and are sta-
With the development of smart or intelligent structures ble in structure, concrete is castin site. Besides, the hydration
in civil engineering, the healthy monitoring and active vi- of cementis a long process and can last for decAdiegen-
bration control of the structures are being introdutéd.a eral, the changes of water status during hydration will cause
smart structure, sensors and actuators are essential compahrinkage or expansion of the concrete. While the traditional
nents for sensing and controlling. The piezoelectricity has piezoelectric materials do not contract synchronistically with
proved to be one of the most efficient mechanisms for the concrete, therefore, they are not suitable for civil engineer-
sensors and actuators in intelligent structdrd@®uring the ing applications. To meet the requirements, the cement-based
last few years, many piezoelectric materials have been fabri-piezoelectric composites that have good piezoelectric prop-
cated and used. However, the traditional piezoelectric materi- erties and compatibility with civil engineering structural ma-
als, such as piezoelectric ceramic, piezoelectric polymer andterials are desirabl:’
polymer based piezoelectric composite, have bad compati- It has been proved that cement matrix piezoelectric com-
bility with concrete, the main structural material in civil en- posites can overcome the matching problem mentioned
gineering. Itis known that in civil engineering, cement-based above. On the other hand, the 0-3 cement-based piezoelec-
materials are the most commonly used structural material. Intric composites have a slightly higher piezoelectric factor
and electromechanical coefficient than 0-3 PZT—polymer
* Corresponding author. composites with a similar content of piezoelectric ceramic
E-mail addressshifenghuang@163.com (H. Shifeng). particles. This will benefit the sensor application. Although
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the study of cement-based piezoelectric composite has made 2 2
greatprogress, alot of problems remain to be solved. Cement- o= }ﬂfs RC o= %
based piezoelectric composites with excellent sensorial effect 2 /i §

and different connectivity need to be studied and developed )
furtherd?® wherefs andfy, are the series frequency and the parallel res-

The sulphoaluminate cement not only possesses the fea®nance frequency, respectively, and are approximated by:
tures of rapid hardening, early strength, high strength,

and steadily strength, but also good corrosion and freez- I(t2 = T Jm tan (n fn fm)
ing resistancé® The PMN was employed instead of PZT 2 Jn 2 /o

or PT because of its excellent piezoelectric properties

(e.g. d33=550pC N Kp=66%, K{=41%). In this arti- fnz _ fr%

1
cle, the 0-3 cement-based piezoelectric composites with bet-Om = Eﬂfm RmCT
ter piezoelectric properties were obtained from PMN and a n
sulphoaluminate cement. The influences of the content of wheref,, andf, are frequency at minimum and maximum
PMN and the cement hydration age on the piezoelectric prop- electric impedance, respectiveRr, is the magnitude of the
erties of composites are also discussed. electricalimpedance &. The planar electromechanical cou-
pling coefficienp can approximately be evaluated using the
curve ofKy, versusAf/f,. The combination status of the PMN
2. Experimental procedures particles inthe composites were observed on a Hitachi S-2500
scanning electro microscope (SEM).
The 0-3 cement-based piezoelectric composites were fab-
ricated from PMN and sulphoaluminate cement through the
following procedure: initially, two raw materials were ball- 3. Results and discussion
milled for 30 min with ethyl alcohol in a resin mill. After
drying, the mixed materials were pressed into disks of 15 mm 3.1. Piezoelectric properties
diameter and 2 mm thickness under 80 MPa. The specimens
were putin a curing room with a temperature ofZ0and rel- The variation of piezoelectric coefficient as a function of
ative humidity of 100% for 3 days before measurements. Af- the content of PMN has been studied. The results are depicted
ter curing, the surfaces of the disks were polished and coatedin Fig. L FromFig. 1a, we can see a roughly nonlinear in-
with a low temperature silver paint, then the poling was car- crease of thelss values of the composites as a function of
ried out at 130C in a stirred silicone oil bath. The optimum  the PMN content. Initially there is slowly increase, but when
poling field was 4 kV/mm. In each kind of piezoelectric com- the content of PMN exceeds 70%, thgs; values increase
posite, the content of PMN is 60 wt.%, 70 wt.%, 80 wt.%, and much more sharply. With 80% PMN additioiss is up to

85 wt.%, respectively. 25.4pCNL. B
After poling, the composites were aged for 24 h prior to This variation of piezoelectric coefficiedss for a com-
the measurements. The piezoelectric strain fatgwas di- posite system can be explained by the following relation given

rectly measured using a Model ZJ-33; piezometer. The by Furukawa et al'2
frequency of dynamic force is fixed at 110 Hz. At least six

measurements were made over the surface of the sample irg33 _ 15ve1dss
order to obtain an acceptable averdgevalue. Capacitance (1 —v)(2+ v)e2
(Cp) was measured at 1 kHz with a Agilent 4294A Impedance - , ) ,
Phase Analyzer. The dielectric permittivit§, and piezo- wheredsz anddss are the piezoelectric strain factors of the

electric voltage factogss of each specimen were calculated COMPosite and PMNy the volume fraction of PMNg, and
&2 the dielectric permittivity of the matrix and PMN, respec-

as: _ )
B tively. It can be seen thaks is dependent odsz, v, £1 andey.
r _ Cpt _ds3 Sincedass, 1 andes remain constant/sz is only influenced
£33 = Aco’ 833 = Lo by the volume fraction. Consequently/sz increase rapidly

with the increasing the content of PMN.
wheret and A are the specimen thickness and electrode  Dependence of the piezoelectric voltage faaes, on the
area, respectively. The thickness electromechanical cou-PMN content is showed iRig. 1b. It can be seen that in the
pling coefficientK; and Qn, were calculated from a plot range where the PMN content is less than 883sincreases
of electric impedance against frequency using the following with the increase of PMN content. On the contrary, when the

formulal! PMN content is over 80%g33 decreases rapidly. The main
reason is that upon increasing the PMN content, the increase
k2= TS an (77 Jo— fs) of the dielectric permittivity of the composites is much faster
tT2 o 2 fo than that of/s3, while gz is calculated agss = d33/¢zo.
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Fig. 1. Dependence of the piezoelectric constant on PMN content.
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Fig. 2. The influence of PMN content on the dielectric constant of the com-
posites.

3.2. Dielectric properties

As shown inFig. 2 the dielectric permittivity of the com-

posites increases with increasing the contents of PMN. In ad-

dition, the dielectric permittivity of the composites is much
smaller than that of the pure PMN. It is evidenced that when
the contents of PMN-PMN is 60%, the dielectric permittivity

decreases from 3350 for pure PMN to 76.41 for the compos-

ites. When PMN content is up to 80%, the dielectric per-
mittivity is 144.79. The variation of dielectric permittivity
with different PMN contents are evaluated by the follow-
ing relation, which was introduced by Yamada et%for

polymer-based piezoelectric composite system:

ng(e2 — 1)
ney+ (s2 —e1)(1 - q)
wheren is the parameter attributed to the shape of the el-
lipsoidal particle andy is the volume fraction of PMNz4
ande; are the dielectric dielectric permittivity of the matrix
and PMN, respectively. In our case, the experimentally mea-
sured values of dielectric dielectric permittivity at 1 kHz for
the sulphoaluminate cement & 8.55) and PMN4> = 3350)
and a value oh=8.8 have been used to evaluatét can be
seen fromFig. 2that there exists a remarkable good agree-
ment between the calculated values and the experimental val-
ues.

1+

e=¢e

3.3. Thickness mode electromechanical coupling
constant Kand planar coupling constantK

Fig. 3a—e are the impedance magnitude and the phase
spectra of the pure cement and the composites containing
60 wt.%, 70 wt.%, 80 wt.%, and 85 wt.% PMN, respectively.

It can be seen that the impedance of the pure cement is
quite high and the phase changes smoothly with the fre-
quency. Compared with the pure cement, the impedance
of the composites with different content of PMN signif-
icantly decreases. At the same time, some peaks appear
in all phase curves. This means that the addition of PMN
brings an electromechanical coupling behavior to the com-
posites, which is caused by the direct and inverse piezo-

Table 1

The electromechanical coupling properties of the composites

PMN content (wt.%) fm (kHz) fn (kHZz) Rm (kS2) Af (kHz) Kp (%) Kt (%) Qm
60 15003 15128 2576 125 144 1421 3648
70 14254 14378 1525 124 147 1457 4041
80 13628 13753 1018 125 152 1490 3879
85 12753 13903 580 150 160 2156 1984
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Fig. 3. The impedance magnitude and the phase spectra of the hardened cement paste and the composites: (a) the hardened cement paste; (b) 60 wt.% P
() 70wt.% PMN; (d) 80 wt.% PMN; and (e) 85wt.% PMN.

electric effect. Moreover, the larger the PMN content, the  The results of the electromechanical coupling coefficients
higher the peaks in the spectra, which means a larger PMNof the composites are summarizedlable 1 It can be seen

content brings a higher piezoelectric effect to the compos- that theK; values for all the composites range from 14.21%
ites. to 21.56%Kp values from 14.4% to 16.0%. Moreover, both
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Kt andKp increase with increasing the PMN-PMN content, . . —=—60% PMN  —&—70% PMN
which means an efficient conversion between the electrical —0—80%PMN  —@—85% PMN
and mechanical energy is mainly influenced by the PMN con- ~ *° *—

—e °
tent. It can be also seen that mechanical quality faQqr 30 [
varies from 19.84 to 40.41. _ o5 b — g
p=4
Qo f A —aA
3.4. Effect the hydration ages of the sulphoaluminate ;g . K“‘—A—A{“—/—f
cement on piezoelectric properties
10

The phenomenon that the piezoelectric performances of ¢ | /
piezoelectric ceramics or piezoelectric composites change
with the time going after the poling is usually called the
aging phenomenon. As to piezoelectric ceramics, during
the poling process, the poling field forces the® 96rro-
electrics domain, which are disordered in the unit cell, Fig.4. The influence of ages on the piezoelectric strain fattpconstant
to orient in parallel with the field. In addition, the axis of the composites.

C changes its direction, accompanying with great stress,
which causes great internal strain. After removing the pol-

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Age/days

ing field, this kind of internal strain will cause disequilib- The effect of hydration age of the sulphoaluminate ce-
rium force inside the grains, ferroelectrics domain walls. ment on the piezoelectric strain factiys is shown inFig. 4.
So under the internal strain, parts of the diverted 86- It can be seen that before 4 days, the value of piezoelec-

roelectrics domains recover to a disorder state and releasdric composites increase at a faster rate as the hydration age
the strain. The disordered ferroelectrics domains increaseincreases; between 4 days and 8 daysdthealue presents

as the time goes on. Hence the remanent polarization re-certain waves, but the amplitude is not significant. After 8
duces continuously which causes decrease of the piezoelecdays, thaizs value tends to be constant.

tric performances of the composites. For the polymer ma-  For a two-phase composité:

trix piezoelectric composites, the piezoelectric properties de- Jns — dLvLed
crease with the time going on because the polymer matrix 3= ¢Lrleds

age easily, resulting in looseness of the combination be-where¢ andd; are the volume fraction and the piezoelec-
tween the polymer matrix and piezoelectric ceramic particle. tric constant of the PMN, respectively, ahg andLg, the
However, as it will be illustrated in the following section, local stress and field. It is clear that and d; are con-
the piezoelectric characteristics of sulphoaluminate cement-stant andLg is unchangeable after the poling. Therefore,
based piezoelectric composite are very different from those dz3 is only dependent obr. Lt is the ratio of the effective

of piezoelectric ceramic and polymer—ceramic piezoelectric strain exerted on the PMN ceramic particles to the external
composites. strain.

Cement matrix

Cracks

Grains

10Um ' Electron Image 1 10um 'Electron Image 1

Fig. 5. SEM micrographs of the fracture surface of the composites: (a) early hydration and (b) last hydration.
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At the early stage of the hydration process, there are usu-(4) In contrast to piezoelectric ceramic and polymer—
ally some big pores in the cement matrix. Moreover, the in- ceramic piezoelectric composites, the piezoelectric prop-
terfaces between the cement matrix and the piezoelectric ce-  erties of the sulphoaluminate cement-based piezoelectric
ramic particles are not perfect, some interfacial cracks have = composite are improved with increasing the cement hy-
been observed (sefig. 5a). These pores and interfacial dration age. When the cement hydration age exceeds 8
cracks play a role as a stress buffer and remarkably diminish ~ days,dz3 tends to be constant.
the local stres¢t applied on PMN particle, resulting in a
smallerdss value.
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4. Summary



	Piezoelectric and dielectric properties of piezoelectric ceramic-sulphoaluminate cement composites
	Introduction
	Experimental procedures
	Results and discussion
	Piezoelectric properties
	Dielectric properties
	Thickness mode electromechanical coupling constant Kt and planar coupling constant Kp
	Effect the hydration ages of the sulphoaluminate cement on piezoelectric properties

	Summary
	Acknowledgment
	References


