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Abstract
In this study, 3-3 type cement-based piezoelectric composites were prepared by casting Portland cement
paste in porous lead zirconate titanate (PZT) ceramics, then the Polyvinylidene �uoride (PVDF) of N-
Methylpyrrolidone (NMP) solvent with concentration of 50-200 mg/ml was utilized to modify the PZT-PC
composites. The in�uence of PVDF concentration on the density, microstructure, dielectric, piezoelectric
and electromechanical properties were investigated. The results indicate that the density of PZT-PC
composites increased gradually with PVDF concentration for the increasing combined weight of PVDF
with the composites. The introduction of PVDF has also contributed to the reduction of leakage current
during the poling and testing process, which led to increased relative permittivity εr and longitudinal
piezoelectric strain coe�cient d33, while the dielectric loss tanδ and longitudinal piezoelectric voltage
coe�cient g33 demonstrated an opposite changing trend. Both the thickness electromechanical coupling
coe�cient Kt and planar electromechanical coupling coe�cient Kp of the PZT-PC composites increased
with PVDF concentration. The acoustic impedance (Z) of PVDF modi�ed PZT-PC composites ranged
from 6.89 to 7.65 MRayls, making it suitable for applications in the health monitoring of civil engineering.

1. Introduction
With the modern development of civil engineering, the smart material and structure is being introduced. In
a smart monitoring system, sensors and actuators are essential components for sensing and controlling
purpose. Cement-based piezoelectric composites, by virtue of their excellent piezoelectric properties and
good acoustic impedance compatibility with the civil engineering’s main structural material-concrete,
have been considered to be optimal candidate for smart materials in the �eld of civil engineering
monitoring[1–5]. In previous research studies, 0–3, 1–3 and 2–2 type (the �rst number represents the
connectivity of active piezoelectric phase and the second is that of passive cement phase) cement-based
piezoelectric composites have been widely investigated[6–9].

Compared to 1–3 and 2–2 type composites, the study of 0–3 type composites has made great progress
for the simplest fabrication procedure, which just mixes ceramic particles into the cement matrix by ball-
milling method, and then the mixed materials are pressed into disks with the required size[10, 11].
Nonetheless, the 0–3 type piezoelectric composites still have di�culty in obtaining good piezoelectric
properties due to the incomplete polarization of piezoelectric ceramic phase during the poling process.
For one thing, the electric current could not fully act on the piezoelectric phase on account of being
surrounded by the cement matrix, for another, the leakage current caused by the interface pore, the
cement matrix pore and their inner water also exerts a negative impact on the degree of poling. Therefore,
carbon nanotubes or carbon black are added as a third conductive phase to establish continuous
electrical �ux paths between the ceramic particles in the composites, and hence enable easier poling in
such composites[12–15]. However, it is found that the dissipation energy in ferroelectric hysteresis loops
and the dielectric loss in dielectric properties increase with the addition of conducting materials[16, 17].
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Our group, by casting Portland cement paste in the 3–3 type porous PZT ceramics with continuous
vibration, has successfully fabricated 3–3 type cement-based piezoelectric composites, where the porous
PZT ceramics were produced by combining the ultrastable particle-stabilized ceramic foams and
gelcasting method in previous research. Obviously, the connectivity of piezoelectric phase in composites
has contributed to the degree of polarization effect for the continuous electric current �ow, and thus the
promotion of piezoelectric properties. But it is very hard for the cement paste to �ll in the submicron pores
of porous PZT ceramics, so the interface pores between PZT ceramics and cement matrix still exist with
leakage current arising during the poling process. To solve this problem, polymer materials can be added
to the composites. As is known to all, polyvinylidene �uoride (PVDF) is a type of semicrystalline polymer
with pyroelectric and piezoelectric properties. Its low dielectric loss, low acoustic impedance and relatively
high piezoelectric coe�cients make it promising candidate for applications in ultrasonic transducer,
sensor, and actuator[17–20]. It is meaningful to utilize PVDF as a third-phase �ller to aid the poling of
cement-based piezoelectric composites.

In the present work, we have prepared 3–3 type cement-based PZT composites by casting cement paste
into the 3–3 type porous PZT ceramics, then the PVDF of N-Methylpyrrolidone (NMP) solvent with
different concentrations were produced, and brushed on the surface of PZT-PC composites to fabricate
the PVDF-modi�ed 3–3 type cement-based piezoelectric composites. The effect of PVDF concentration
on the microstructure, dielectric, piezoelectric and electromechanical properties were investigated.

2. Experimental Procedure

2.1 Materials
PZT-5H powders (BaoDing HongSheng Acoustics Electron Apparatus Co., Ltd, China) were employed in
the experiment. For the preparation of porous PZT ceramics, the short-chain amphiphilic molecules to
hydrophobize the ceramic particle surface were valeric acid (C5H10O2). Acrylamide (AM, C2H3CONH2) and
N, N’ -methylenebisacrylamide (MBAM, (C2H3CONH)2CH2) were selected as the organic monomers.
Ammonium persulfate (APS, (NH4)2S2O8, 35 wt%) as an initiator and N, N, N′, N′-tetramethylenediamine
(TEMED) as a catalyst were employed for the gelation process. Portland 42.5 cement (Taiyuan Lionhead
Cement Co. Ltd., China), polyvinylidene �uoride (PVDF) and N-Methylpyrrolidone (NMP) were adopted to
fabricate the piezoelectric composites, respectively.

2.2 Fabrication procedure
The preparation procedure of 3–3 type porous PZT ceramics is basically the same as our previous
research[21, 22]. Summarily, the suspension with valeric acid concentration of 70 mmol/L and solid
loading of 15 vol% was prepared by ball-milling quantitative PZT powder and valeric acid solution in the
premix solution (water: AM: MBAM = 85: 14.5: 0.5). Then the mechanical stirring was utilized to generate
bubbles in the suspension, during which, the catalyst and initiator were added with the amounts of
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0.5 vol% and 1 vol% to stimulate the polymerization. Finally, the green parts were dried and sintered at
1150 °C to obtain the 3–3 type porous PZT ceramics.

For the fabrication of cement-based piezoelectric composites, the Portland cement paste (water to
cement ratio (by weight) = 0.35) was cast in the porous PZT ceramics with constant vibration, and
subsequently cured in moisture (temperature 20 ± 1 °C, relative humidity ≥ 90%) for 28 days.

PVDF solution with concentration of 50, 100, 150 and 200 mg/ml were prepared by dissolving
quantitative PVDF powder in NMP solvent at 80 °C under constant rate of stirring to form a homogeneous
solution. Then the solution was brushed on both surfaces of the PZT-PC composites to produce the PVDF
modi�ed 3–3 type cement-based piezoelectric composites, and vacuum treatment was employed to
facilitate the pore-�lling process. This operation was repeated �ve times to ensure su�cient combination
of PVDF with the cement-based piezoelectric composites.

2.3 Characterization
The density of PZT-PC composites were measured by using the water displacement method based on
Archimedean principles (ASTM C-373). Phase characteristic of the composites were investigated by X-ray
diffraction (D/MAX-2400, Rigaku, Japan) using Ni-�ltered CuK radiation. The �eld emission scanning
electron microscope (FE–SEM) (MERLIN VP Compact; Carl Zeiss, Jena, Germany) were used to observe
the microstructure of the porous ceramics and composites. For dielectric testing, all samples were
machined to be disc-shaped with 20 mm in diameter and 5 mm in thickness. Both surfaces of the
samples were coated with low-temperature silver paint, then the poling process was carried out under a
poling �eld of 4 kV/mm for 30 min in silicone oil bath at 100 °C. The electromechanical, piezoelectric and
dielectric properties were measured using a quasi-static d33-meter (ZJ-3A; Institute of Acoustics, Chinese
Academy of Science, Beijing, China) and impedance analyzer (HP-4194A; Hewlett-Packard Development
Company, CA). The polarization-electric �eld (P-E) hysteresis loops were characterized at 100 Hz by a
Sawyer-Tower circuit (RT6000HVA, Radiant Technologies Inc., Albuquerque, NM).

3. Results And Discussion

3.1 Microstructure and Phase characteristics
Figure 1 shows the detailed pore morphology and interconnection of porous ceramics and cement-based
piezoelectric composites. As can be seen in Fig. 1(a), macropores with an average size of approximately
226 µm were formed in the porous PZT ceramics, and interconnected structure of open-cells were
resembled, which was helpful for the cement paste to �ll into the inner parts of porous ceramics.
Figure 1(b) demonstrates the fracture surfaces of cement-based piezoelectric composites without being
modi�ed by PVDF yet, while the PZT ceramic particles were surrounded by the cement hydrated products
such as calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)2), the PZT-PC composites were
formed with signi�cant enhancement of strength. However, there still existed some pores with an average
size of 5 µm in the hydrated cement and at the interface binding between PZT particles and hydrate
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cement, which would generate leakage current during the poling process and deteriorate the polarization
effect. The microstructure of PVDF-modi�ed 3–3 type cement-based piezoelectric composites with
100 mg/ml of PVDF is shown in Fig. 1(c), it can be found that not only the PZT piezoelectric ceramic
particles were embraced by hydrated cement matrix, the PVDF polymer also in�ltrated into the inner
domain of composites as a connecting third phase and occupied the pore space between PZT ceramics
and hydration products of cement. The existence of PVDF phase succeeded in reducing the defects in the
composites and contributed to the improvement of poling process.

Figure 2 shows the density of PVDF-modi�ed cement-based piezoelectric composites with different
concentration of PVDF solution. It can be observed that with the increase in the concentration of PVDF
solution, the density of PZT-PC composites was in the range from 3.43 g/cm3 to 3.61 g/cm3, which
means an increase of ~ 5% and more PVDF occupying the pore space of cement-based piezoelectric
composites. This result also indicates that the density of composites varied and could be easily tailored
in a range to possess excellent piezoelectric properties by adjusting the concentration of PVDF solution.

Figure 3(a) reveals X-ray diffraction patterns of PVDF-modi�ed cement-based piezoelectric composites
with different concentration of PVDF solution. It is noted that the characteristic peaks appearing in the
XRD traces of all PZT-PC composites were attributed to PZT ceramics where the peaks resembled those
of a PZT ceramic matching JCPDS �le no. 33–0784. Besides that, the main crystal hydrated products of
tricalcium silicates (3CaO.SiO2 or C3S) in cement such as calcium hydroxide (Ca(OH)2) and the
amorphous glassy phase of calcium silicate hydrates (C-S-H) were detected, but they were not as
dominant as those of PZT due to both the preferred orientation of PZT and the relatively greater quantity
of PZT ceramics. Calcium carbonate (CaCO3), the reaction product of CO2 and Ca(OH)2 due to the
sample exposure to air, was also detected. More importantly, the characteristic peaks corresponding to 2θ
values around 18.37° and 19.93° revealed the existence of α and γ phase of PVDF. In general, the
ampli�ed diffraction peaks can be used to characterize the phase variation of PVDF modi�ed cement-
based piezoelectric composites. Therefore, the correspondingly ampli�ed XRD patterns in the 2θ range of
17–21° are presented in Fig. 3(b). With increasing concentration of PVDF solution, the intensity of
diffraction peaks nearby 18.37° and 19.93° increased gradually, which implies the increasing combined
quantity of PVDF with the PZT-PC composites and is constant with the variation trends of density in
Fig. 2.

3.2 Dielectric and piezoelectric properties
Figure 4 shows the relative permittivity (εr) of the PVDF-modi�ed cement-based piezoelectric composites
in the range of 100 Hz-2 MHz. As expected, the relative permittivity of all PVDF-modi�ed cement-based
piezoelectric composites decreased with increasing frequency and demonstrated ordinary ferroelectric
property, it could be explained as follows: the dipole relaxation connected with domain walls motion of
the ionic particles have made it hard for the electron hopping to follow the alternative �eld, for another,
the inhomogeneities of PZT-PC composites gave rise to a frequency dependence of conductivity for the
accumulating charge carries at the boundaries of less conducting regions, which led to the interfacial
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polarization and the frequency shift of dipole lagging behind the electric �eld[23]. As far as to the effect
of PVDF concentration on the relative permittivity, it is noted that the εr increased remarkably with the
increasing concentration of PVDF solution, and the εr values at a frequency of 1 KHz were in the range
from 360 to 406. It could be attributed to the in�ltration of PVDF into the micron-sized pore space, the
substitution of PVDF for air-�ller pores has reduced the leakage current chie�y caused by the interface
pore and cement matrix pore, and was in favor of high capacitance and the corresponding relative
permittivity of PZT-PC composites[24].

The effect of PVDF concentration on the dielectric loss (tanδ) of PVDF-modi�ed cement-based
piezoelectric composites is shown in Fig. 5. The dielectric loss factor demonstrated a peaking behavior
for all PZT-PC composites, which could be attributed to the dielectric relaxation phenomenon for many
ferroelectrics. Moreover, owing to the insulating effect of the PVDF phase, the tanδ values at a frequency
of 1 KHz decreased from 0.04 to 0.02 with the increasing PVDF concentration.

Figure 6 shows the correlations of longitudinal piezoelectric strain coe�cient (d33) and longitudinal
piezoelectric voltage coe�cient (g33) with concentration of PVDF solution. The d33 values of PZT-PC
composites increased almost linearly from 270 to 289 pC/N in the PVDF concentration range of 0-
200 mg/ml. As is known, when the external electric �eld acts on the PZT-PC composites during the poling
process, the weakly conducting ions (such as Ca2+, OH− and Al3+) in cement phase tend to generate
depolarization and make a shielding electric �eld to weaken the effect of external electric �eld[25].
Furthermore, the effect of leakage current that arises from micropores in the PZT-PC composites should
not be neglected. Under the combined action of the two factors, the degree of poling process was brought
down and the d33 values were reduced. When the PVDF phase was combined with the PZT-PC
composites, it acted as an insulator with optimum effect and less conducting path connecting the
porosity or conducting ion in the system, which resulted in greater electrical current �ow to PZT phase
and increasing values of d33. The g33 value is de�ned as the ratio of d33 to εr·ε0, so the change in the g33

value depends on both the d33 and εr values. When the PVDF concentration ranged from 0 to 150 mg/ml,
the g33 value decreased from 84.7 to 80.7 mV·m/N, and then increased when the PVDF concentration
went higher. It is believed that the descending trend of g33 values upon increasing the PVDF
concentration to 150 mg/ml was mainly due to the faster increasing trend of εr than that of d33. When
exceeding the PVDF concentration of 150 mg/ml, the d33 value increased at a more rapid rate than εr, so
the g33 value increased appropriately.

The ferroelectric hysteresis (P-E) loops were characterized to investigate the effect of PVDF concentration
on the piezoelectric properties of PZT-PC composites. From Fig. 7, it is shown that all specimens
exhibited typical P-E hysteresis loops at room temperature. The addition of PVDF exerted a signi�cant
in�uence on the remanent polarization Pr and coercive �eld Ec. With increasing the concentration of PVDF
solution, the remanent polarization Pr and coercive �eld Ec increased. When the PVDF concentration

increased from 0 to 200 mg/ml, the remanent polarization Pr increased from 1.05 to 5.91 µC/cm2, and
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the coercive �eld Ec increased from 1.29 to 6.01 kV/mm. Obviously, the leakage current caused by defects
in the composites promoted the hysteresis loop to be less developed during the poling process and
degraded the ferroelectric properties. Therefore, both the remnant polarization (Pr) and the longitudinal
piezoelectric strain coe�cient (d33) of the 3–3 type cement-based piezoelectric composites could be
improved as a function of PVDF modi�cation. It should also be noticed that when the PVDF
concentration was between 0 and 100 mg/ml, there was an obvious gap at the direction of the negative
remanent polarization, which is still deduced to be caused by the leakage current. When the PVDF
concentration increased to 150 mg/ml, the in�ltration of PVDF into the pores reduced the leakage current
and prevented the distortion of the hysteresis loops[26].

3.3 Electromechanical and acoustic properties
Figure 8 shows the impedance magnitude of the PZT-PC composites with different PVDF concentration. It
can be seen that the impedance of the composites increased with PVDF concentration for the insulating
property of PVDF phase. Meanwhile, there also appear some resonance peaks in all curves, which means
that the PZT-PC composites possessed an electromechanical coupling behavior from the piezoelectric
effect and inverse piezoelectric effect. The planar resonance peak of the composites was at the
frequency zones between 50 kHz and 80 kHz, while the thickness resonance peak appeared around
200 kHz. With the increase of PVDF concentration, both the series resonance frequency and the parallel
resonance frequency decreased accordingly, which resulted in the change of electromechanical coupling
property.

In this study, the thickness electromechanical coupling coe�cient Kt of the PVDF-modi�ed cement-based
piezoelectric composites were calculated from the impedance measurements according to the following
formula[25]:

where fs and fp are the series resonant frequency and the parallel resonant frequency, respectively, which
can be replaced by the frequencies at the minimum and maximum impedances (fm and fn) in the
fundamental resonant region of impedance spectrum. The planar electromechanical coupling coe�cient
Kp can approximately be evaluated using the curve of Kp versus △f/fs.

The acoustic impedance (Z) of the composites can be obtained by the following equation:

where d and ρc are the thickness and density of the composites respectively.
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The electromechanical coupling coe�cients of the PZT-PC composites with different PVDF concentration
are summarized in Table I. It is observed that the thickness electromechanical coupling coe�cient Kt

increased from 30.83–42.02%, and the planar electromechanical coupling coe�cient Kp increased from
22.53–32.25% with the combination of PVDF phase, which indicated higher resolution factor and
thickness electromechanical transformation ability for the PVDF-modi�ed cement-based piezoelectric
composites to be used as the transducer. The acoustic impedance (Z) of PZT-PC composites decreased
from 7.65 to 6.89 MRayls with the increasing PVDF concentration for the gradual introduction of the
PVDF phase. The lower value of Z was close to that of concrete structures (~ 6.9 ~ 11.23 MRayls), which
is bene�cial in improving acoustic matching and helpful for application in civil engineering.

4. Conclusion
In this work, PVDF modi�ed 3–3 type cement-based piezoelectric composites were fabricated by �lling
the pores of 3–3 type PZT-PC composites with PVDF solution, while the PZT-PC composites were
produced through casting cement paste into the 3–3 type porous PZT ceramics. The PVDF phase acted
as a third phase in the PZT-PC composites and led to an increased density due to PVDF �lling of the
pores in the PZT-PC composites. As for the dielectric and piezoelectric properties of PVDF modi�ed
cement-based piezoelectric composites, the value of εr and d33 increased with the increasing PVDF
concentration, while tanδ and g33 exerted an opposite changing trend due to the reduction of leakage
current by introducing PVDF phase. With increasing the PVDF concentration, both the thickness
electromechanical coupling coe�cient Kt and planar electromechanical coupling coe�cient Kp of the
PZT-PC composites increased accordingly. The acoustic impedance (Z) of PVDF modi�ed PZT-PC
composites ranged from 6.89 to 7.65 MRayls, remaining close to that of concrete structures.
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Figure 1

Scanning electron micrographs of (a) porous PZT ceramics, (b) cement-based piezoelectric composites
and (c) PVDF modi�ed cement-based piezoelectric composites with concentration of 10 mg/ml.

Figure 2

Variation in density of PZT-PC composites with PVDF concentration.



Page 12/16

Figure 3

XRD patterns of PVDF modi�ed cement-based piezoelectric composites with (a) 2θ=15°-70°, (b)
2θ=17°-21°.

Figure 4
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Variation of relative permittivity with frequency for PZT-PC composites modi�ed with different
concentration of PVDF solution.

Figure 5

Variation of dielectric loss with frequency for PZT-PC composites modi�ed with different concentration of
PVDF solution.
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Figure 6

Longitudinal piezoelectric coe�cient (d33) and piezoelectric voltage coe�cient (g33) values of PZT-PC
composites modi�ed with different concentration of PVDF solution.
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Figure 7

P-E hysteresis loops of PZT-PC composites vs concentration of PVDF solution.
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Figure 8

Impedance spectra of the PZT-PC composites with different concentration of PVDF solution.


