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Cement/polyurethane based piezo composite was fabricated with 1-0-3 connectivity. Microstructural analysis
shows that polyurethane (PU) acts as a binder, reducing the porosity and improving the matrix adhesion to the
piezoelectric phase. Dielectric characterisation shows that PU strongly reduces both the interfacial polarisation
process and the ionic mobility in the matrix, thus decreasing the dielectric constant and increasing the values of
voltage constant (g33) and electromechanical coupling coefficient (k). The composite was surface mounted

on a porous concrete bar and evaluated as an acoustic emission sensor (AE). The results show that this
material is a highly sensitive sensor for AE detection in the frequency range 50-220 kHz.

1. Introduction

Recent advances in the development of sensors have made strong
contributions in terms of the use of non-destructive evaluation (NDE)
techniques, in fields such as aerospace structures and civil engineering
[1-5]. The rate of construction of large buildings for housing or in-
dustry is increasing, and information about the performance of these
buildings and data that can be used to predict their lifetimes are im-
portant, not only to prevent extensive damage and lower maintenance
costs but primarily to prevent loss of life.

Since the structure of a building deteriorates over time, monitoring
of structural integrity needs to be effective in terms of time and cost,
and must be feasible [6-9]. Sensors are essential components in mon-
itoring, and among of them piezoelectric sensors has appeared as one of
the most efficient for acoustic emission technique [7,10,11]. Although
PZT ceramic and polymer-based piezoelectric composites have been
studied and proposed as AE sensors for structural health monitoring
(SHM) [12,13], PZT ceramic and piezo polymers do not work well with
concrete, which is the main material used in civil engineering. This is
because of the differences in the dielectric constants and acoustic im-
pedances of structural and sensor materials [14]. To try to overcome
this problem, cement-based piezoelectric composites have been pro-
posed with varying connectivities [5,15-25]. Gong et al. [26-28], in
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an extensive work, has shown that inserting different conductive
particles into 0-3 piezoelectric cement-based composites can
promote not only an increase in the piezoelectric coefficient (ds3),
but also the voltage factors (g33). Qin [29], showed that 0-3 ce-
ment-based/PZT piezoelectric sensor has higher broad-band fre-
quency response compared with the sensor made of PZT. Dong
et al. [30], fabricated 2-2 cement based piezoelectric composites
by using arranging-casting method, and demonstrated that they
have properties of sensor and actuator with potential for appli-
cation in civil engineering. Dongyu et al. [31], fabricated lami-
nated 2-2 connectivity cement/polymer based piezoelectric com-
posites with varied piezoelectric phase distribution, showing the
influence of piezoelectric and matrix phases dimensions on gs3
and dielectric loss (tg ). Although advances have been made in
the development of cement-based piezoelectric composites since
the first publication performed by Li et al. [32], problems related to
the acoustic scattering arising from the porosity of cement, and the
mismatch in the dielectric constants and acoustic impedances of
structural and sensor materials, still persist. Of the numerous piezo-
electric cement-based composites that have been studied, we focus on
the 1-3 connectivity composites. These consist of ceramic rods em-
bedded in a cement matrix with a regular, ordered arrangement. Over
the last few years, these composites have been widely studied, mainly
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in terms of their use as transducers and sensors, due to their low
acoustic impedance (Z) and mechanical quality factor (Qp)
[5,16,18,20,22-24,26-29]. Contrary to the behaviour observed in 0-3
piezoelectric composites, the piezoelectric ceramic in 1-3 piezoelectric
composites is exposed to the direct action of the electric field of po-
larisation. This causes strong polarisation of the ceramic, resulting in
higher values of the piezoelectric coefficient (d33) within shorter times
and under smaller electric fields of polarisation. Depending on aspects
such as the matrix, geometry, conditions of preparation and composi-
tion, 1-3 piezoelectric composites may have a high k, which, together
with the high value of ds33, makes them excellent candidates for sensor
devices [5,16,18,20,22-24,26-29]. The literature provides a wide
range of techniques for the production of 1-3 connectivity composites,
including ultrasonic cutting, injection moulding, lost moulding, laser
machining, co-extrusion, lamination and fibre insertion methods
[5,18,20,22,33-39], which are expensive to carry out [37-39]. The
simplest techniques for producing 1-3 composites are the dice-fill and
rod placement methods. However, problems related mainly to the
conductivity of cement limit the polarisation of 1-3 composites directly
prepared by the rod placement technique; this means that the main
production technique for this type of composite is dice-fill, which re-
quires on average 14 days to obtain a functional composite
[5,16,18,20,22,24,25]. This paper reports a study of the use of a com-
posite cement/polyurethane matrix for the manufacture of 1-0-3 con-
nectivity composites, using PZT as piezoelectric phase, produced by the
rod placement technique. We propose the idea that the dielectric and
acoustic properties of the composite can be modified and adjusted by
the presence of polymer in the sample, thus improving the dielectric
and acoustic properties depending on the PU fraction, and reducing the
electrical conductivity, allowing direct composite polarisation for ear-
lier curing ages. A further aim of using this mixture is to bring the
electromechanical properties of the sensor closer to those of the struc-
ture, for better electromechanical matching and to reduce the acoustic
scattering by reducing the matrix porosity, contrary to the expected
effect.

2. Methods
2.1. Materials

Nonionic aliphatic polyether-based PU was kindly supplied by
Chemtura S.A. in a water dispersion form called PUW320. Lead zirco-
nate titanate (PZT) powder was purchased from American Piezo
Ceramics — APC, identified as PZT 851. Cement Portland CP II Z32
(Itat) was utilised as the matrix and silver ink MhCondux MY203 from
MHNano was utilised as the electrode.

2.2. Experimental

2.2.1. PZT wire
PZT wire was obtained from PZT powder mixed with PUW320
aqueous dispersion, using the relation below:

P )
Me= Mpi(l =y )
p\1- 2.

@

Where M is the mass, p is the density and ¢, is the mass fraction. The
subscripts ¢ and p refer to the ceramic and polymer phase, respectively.
The density of PZT 851 was 7.6 g/cm® and that of PUW320 was 1.04 g/
em?®, according to the manufacturers. PZT powder was mixed with the
PU solution (99/1 w/w) and the product was extruded in the form of
wire onto a hot glass substrate and dried for 20 min in an oven at 70 °C
(Fig. 1). After drying, the PZT wire was cut into the desired size and
placed into an alumina container with an appropriate amount of lead
oxide. Thermal treatment was applied at 350 °C over 4h at a heating
rate of 5°C/min to remove organic matter. Following this, the
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temperature was increased to 1260 °C for 2 h to achieve sintering. The
mean PZT rod diameter after sintering was 1.7 mm, with an aspect ratio
of 0.97.

2.2.2. Composite preparation

PZT rod was placed in a square Teflon mould with dimensions
20 x 20x3.5mm and filled with a mixture of cement paste (water/
cement ratio = 0.5) and PU polymer in proportions of 10.5 and 21% w/
w. The w/c ratio was maintained at a constant value for all the mix-
tures. The composites were cured for seven days, and were then po-
lished on both surfaces to a thickness of around 1.0 mm. The surfaces of
the sample were then cleaned with acetone and a thin layer of silver
paint was coated on the surfaces to form electrodes (Fig. 1). The spacing
of the ceramic rods was 1 mm, and the volume fraction of PZT was kept
at 25%. For identification, the composites were designated CP (X%),
where X indicates the weight fraction of PU.

2.3. Composite characterisation

The poling process of the composites was carried out using a Trek
High Voltage Power Supply model 610, in a silicone oil bath at a
controlled temperature. An electric field of E =1.0 MV/m was applied
for 30 min at 50 °C for polarisation. After poling, the longitudinal pie-
zoelectric coefficient d;3 was measured with a ds3 piezo tester. Three
samples were used in order to obtain mean values. The dielectric
properties of the manufactured composite samples were measured
using an SI 1260 Solartron impedance analyser with 1296 dielectric
interface. The impedance characteristics of the composites were col-
lected in the frequency range 10°-10° Hz at room temperature. The
voltage applied was 1 pV.

The dielectric constant €, and piezoelectric voltage factor gs; for
each sample were calculated using the following equations:

cd
T 6A @
_ s
857 e, 3

where d and A are the thickness and electrode area of the sample, re-
spectively; and g, is the vacuum permittivity (8.85 x 102 F/m). The
capacitance C was measured at 1 kHz. The thickness electromechanical
coupling coefficient k, was calculated from the plot of electric im-
pedance versus frequency, using Eq. (4).

k= ££tal’l,[z—fp _fs]

2f, 2 Jp @

where f; and f, are the series and parallel resonance frequency, re-
spectively, and can be approximated by

k2= Z£tan[z—f" _fm)
C2f 2 )

The electrical conductivity in the dc regime was obtained by the
two-probe method using a voltage/current source (Keithley Instruments
model 247, high voltage supply). A voltage was applied to the sample
for 10 min and the current measurement was then performed. For
acoustic emissions testing, the piezo sensor was surface-mounted on a
porous cement block with dimensions of 190 X 90 x 50 mm. A pencil-
lead break (also known as the Hsu-Nielsen method) conforming to
ASTM standards was used as a simulated AE source. The detected sig-
nals were recorded directly using a digital storage oscilloscope Agilent
model DS06012A with no amplification. The sensors were also tested
using a ball-bearing drop as a simulated AE source, which produces
high-amplitude and low-frequency stress waves. The ability of the
sensors to detect AE at different distances from the source and with
different energies was analysed.
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Fig. 1. Schematic diagram for fabrication of 1-0-3 type PZT/cement composite.

3. Results

Fig. 2 shows composite micrographs as a function of the polymer
insertion, with an emphasis on the interface region between the ceramic
rods and the matrix. It can be observed that the cement matrix has a
porous structure with small fibrous crystals characteristic of the for-
mation of hydrated calcium silicate (C-S-H gel). The low level of in-
teraction between the matrix and the ceramic column can clearly be
seen from the division and presence of spaces between the phases, as a
result of the reduced adhesion between them. It can be observed that at
lower concentrations of polymer, the matrix acquires the typical porous
structure of the cement, and exhibits the formation of acicular crystals
in large quantities corresponding to the presence of hydrated calcium

trisulfoaluminate, also known as ettringite (C-A-S-H). In the same way,
the low interaction between the matrix and the ceramic rods can be
detected in the CP (10.5%) composites based on the division and pre-
sence of spaces between the phases (Fig. 2). In contrast, the CP (21%)
composites have small pores, indicating a smoother matrix with higher
adhesion to the surface of the ceramic rods, clearly due to the presence
of PU.

Table 1 shows the values of the electrical conductivity for the CP (X
%) composites and their individual phases. The electrical conductivity
obtained for Cement Portland CP II Z32 after seven days of curing was
0 = 1.44 x 10”7 S/cm. Conductivity values measured for later periods
(14 days) showed a reduction of one or two orders of magnitude, which
is in agreement with the values reported in the literature [26,40-46].

PZT Rod

Cement + PU

Cement + PU

PZT Rod

/

interface

| CP (0%) ” CP (10.5%) || CP (21%) |

PZT Rod

PZT Rod

Fig. 2. Composite micrographs at the interface region between the ceramic columns as a function of PU content.
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Table 1
Values of ¢,, 33 and ds3 for cement, PU and 1-3 and 1-0-3 composites.
Sample e (1kHz) g33 (mV.m/ dss (pC/  tgd o (S/cm)
N) N) (1 kHz)
PZT 1950 25 400 0.015 9.25 x 1071
Cement 69 - - 0.8 1.44 x 1077
PU 6 - - 0.04 1.98 x 10712
CP (0%) 282 - - 0.22 1.52 x 1078
CP (10.5%) 424 67 251 0.14 1.07 x 107
CP (21%) 225 127 253 0.12 3.75 x 10711
10000
1000 4
w
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CP(21%)
10 . : . . - . .
0,1 1 10 100 1000 10000 1000001000000 1E7

Frequency (Hz)

Fig. 3. Relative permittivity of the cement, 1-3 and 1-0-3 composites as a
function of frequency. Inset: CP (21%) sample photo and SEM micrographs
highlighting the PZT/matrix interface.
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Fig. 5. Impedance and phase of CP (21%) as a function of frequency.

The electrical conductivity of the cement is related to the ionic con-
centration in the liquid phase, pore density, and also to its structural
change. The CP (0%) sample had a value of 0 = 1.52 X 10® S/cm, one
order of magnitude lower than the cement matrix. This difference in
conductivity can be attributed to the type of connectivity system

Table 2
Electroacoustic characteristics of cement, PZT and PZT/PU/cement composite.
Cement  PZT CP (0%) CP (10.5%)  CP (21%)

px10°% (kg. m~3) 3.15 7.6 4.90 3.20 3.09
N, (m.s™1) 1587 2040 2074 1704 1513
Zx10° (kg.m~2s")  "10 31 10 10 9.38
k; (%) - 51 - 64.63 69.26
Qm - 80 - 5.13 5.23

making polarisation of the CP (0%) sample impossible. However, the
addition of up to 21% w/w of PU to the composites allowed the pro-
portion of PU in the composite to interrupt the conduction path of the
ionic charges, decreasing its conductivity and allowing the samples to
be polarised after seven days of curing.

The average values of the longitudinal piezoelectric constant dss,
the dielectric constant at 1 kHz and the voltage piezoelectric constant
g33 are also shown in Table 1. It can be observed that both composite
samples have almost the same values of dss, indicating a saturation
threshold for polarisation.

The dielectric constant behaviour of the cement and composites
with different PU weight fractions as a function of frequency is shown
in Fig. 3. High values of e,, reaching values of up to 10%, can be ob-
served for cement for frequencies lower than 1 kHz. These values of the
dielectric constant for pure cement cannot be attributed solely to in-
terfacial polarisation phenomena arising from the microstructures of
the cement and from the ionic movement into the porous or electrode
polarisation. Coverdale et al. [47] observed a similar result, attributing
it to the existence of amplification mechanisms originating from the
existence of conducting channels (capillary pores) that extend
throughout the geometry of the sample, obstructed only by thin in-
sulating barriers. Thus, each channel contributes an extremely high
capacitance in terms of the dielectric sample response, and this tends to
decrease with curing time and the formation of hydration products.
When the frequency is increased, the dielectric constant decreases due
to the lower contributions of interfacial and ionic polarisation, or even
electrode polarisation. In CP (0%), the high conductivity term of the
cement phase contributes significantly at lower frequencies. For the 1-
0-3 composites, the dielectric constant showed a lower variation as a
function of frequency compared to cement and the CP (0%) sample. In
addition, was verified a loss tangent (tan §) reduction by adding
PU in the composite (Table 1).These behaviours were attributed to
the PU fraction in the matrix, which reduces both the porosity and the
amplification mechanisms based on capillary systems. PU acts as a
binder, strongly reducing both the interfacial polarisation process and
the ionic mobility in the matrix. An increase of gs;3 occurs with a re-
duction in the dielectric constant (Table 1), meaning that the sensitivity
to the received voltage increases, which is a desirable characteristic for
a piezoelectric sensor. It is important to note the influence of PU on the
composites with increasing PU content. In a frequency range of above
1 kHz, the relative permittivity of the composite becomes closer to the
relative permittivity of the pure cement, the main structural material
used in civil engineering. A dielectric constant of the sensor that is close
to that of the material to which it is attached is very important, since
this generates less distortion and reduction of the received signal.

Figs. 4 and 5 show the impedance and phase spectra of the CP
(10.5%) and CP (21%) composites. In both composites, the impedance
initially decreases sharply and then changes smoothly with an increase
in the frequency. Moreover, the shape of resonant peak becomes more
irregular as the PU content increases, as shown in the inset to Figs. 5
and 6. The electromechanical coupling coefficients k, was determined
from the resonance peak using Eq. (4), and the results are shown in
Table 2. It was found that the k, value of the composites was higher
than for pure PZT, and this was attributed to the design of the com-
posite [48]. The ability of the matrix to allow deformations along the
thickness of the ceramic allied to the own composite surface
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Fig. 6. a) Sensor response to a pencil-lead break in the time domain; b) fast Fourier. Transform.
Table 3
Comparative electroacoustic properties of 1-3 composites.
Vol. (%) e, (1kHz) g33 (mV.m/N) dz3 (pC/N) Zx 10° (kg. m~2s") k; (%) Reference
BNT 30% 170 " 67 45 "8 "16 [24]
BaZrg 05Ti0.0503 40% 450 20 79 9 - [25]
BaTiO3 30% 300 23 60 - - [18]
PMN 22.7% 277.79 - 250 10 53.26 [16]
PZT8 25% - - "115 "10.5 55 [51]
CP (21%) 25% 225 127 253 9.38 69.26 this work
15 incorporated polymer causes a lower energy transference to the ceramic
10.7 .
= 621 anU [33]. However, high values of N; were observed for the CP (10.5%)
L] A 43mJ composite compared to cement. This was attributed to the effectiveness
S04 of the porosity reduction produced by PU, which acts as a binder at this
8 ° proportion. A PU fraction of above 10.5% promoted greater long-
2 | itudinal wave scattering in the composite, reducing the N, values and
@ A . . A .
= - directly reducing the acoustic impedance of the composites. However,
g 5 ° even for a PU fraction of 21.0%, the acoustic impedance of the com-
(2} . . . P .
= posite sample is close to that of the cement matrix, giving a high sen-
1 H sitivity of the sensor due to the low acoustic wave scattering in the
2 y 8
composite/structure interface as a result of better impedance matching.
0 T T T T T Table 3 shows the values of some electroacoustic properties of ce-
5 10 15

Distance (cm)

Fig. 7. Sensor response to ball-bearing drop AE source.

deformation caused by the displacement of the ceramic columns gives
the 1-3 composites high values of k. of between 0.6 and 0.7 [36,48-50].
With presence and an increase in the PU content, the matrix becomes
softer and the movement of the PZT rods is facilitated, resulting in a
rise in the electromechanical coupling factor k, for the 1-0-3 composite.
However, this fact means that other modes of coupled vibration may
intensify in the composite with increasing PU content, as shown in
Fig. 6.

The values of acoustic impedance are quite different for ceramic and
cement, and this causes a high energy loss between the structure and
the sensor in the interface region, reducing the monitoring performance
of the PZT as an AE sensor. The acoustic impedance can be calculated
from the equations

Z = pC, = 2pN, (6)

=fit

where C. is the longitudinal wave velocity in the composite; p is the
composite density; N is the constant of frequency; f; is the frequency of
minimal impedance; and t is the thickness of the composite sample.
The low value of N; for cement compared to PZT was attributed to
strong wave attenuation as a consequence of the waves being scattered
by the porous and irregular microstructure of cement. Since the elastic
modulus of the polymer is lower than that of the cement, we would
expect an attenuation of acoustic waves in the cement as the

mentitious 1-3 composites found in the literature, as compared to the
CP (21%). In our work the k; values is higher of those found in the
literature for 1-3 composites, showing the effectiveness of the PU
addition.

For use in AE sensors monitoring structures in civil engineering, the
piezoelectric composite must have a broadband frequency response and
low mechanical quality, and its acoustic impedance and dielectric
constant should match the acoustic impedance of the structural mate-
rial. Fig. 6a shows the response of the 1-0-3 sensor CP (21%) in the time
domain for a pencil-lead break (the Hsu-Nielsen method). A fast Fourier
transform (FFT) was applied to obtain the response in the frequency
domain, as shown in Fig. 6b. It can be seen that in the frequency range
50 kHz-220 kHz, the signal does not drop off and is relatively flat; this
is a good characteristic for an AE sensor.

Fig. 7 shows the behaviour of the sensor in response to impact en-
ergy. A steel ball of mass 21.4 g was dropped onto the porous cement
block, with varying energies and distances from the sensor. At 15cm
away from the AE source, the sensor response was around 2.0V for a
lower energy used (4.3mJ). The noise level can be assumed to be
around 2.0 mV, and it can therefore be concluded that the sensor is able
to detect the stress wave occurring in the block. The sensor response is
inversely proportional to distance, and it can therefore be shown by
extrapolation that the sensor can detect an AE signal at a distance of
around 18.5cm away from the source, even for only 4.3mJ. The
maximum detection distance is limited by the porous structure of the
cement block on which the sensor is located.
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4. Conclusions

Cement-based piezoelectric composites were fabricated with 1-3
and 1-0-3 connectivity using a rod placement technique. The in-
troduction of the PU into the cementitious matrix allowed the polar-
isation of the composite within the initial period of cure (seven days),
giving a value for the piezoelectric coefficient dz3 of 253 pC/N. The
reduced porosity allowed stronger adhesion of the matrix to the ceramic
column, making the matrix softer and increasing the k; factor above the
value for PZT. The addition of PU also changed the dielectric constant
and consequently the gs; values, bringing the properties of the com-
posite material closer to those of the structural material (cement block).
In addition, the characteristics of the composite, such as mechanical
quality factors, acoustic impedance and dielectric constant, become
better than that of the PZT ceramic for the detection of acoustic emis-
sions.
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