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Abstract

In-situ acoustic emission (AE) sensors have been developed from an initial concept
through to their application in detecting Lamb waves in laminate plates. Composite
piezoelectric sensors have been fabricated from Calcium modified lead titanate (PTCa)
and two polymer matrices (i.e., polar polyvinylidenefluoride-trifluoro-ethylene P(VDF-
TrFE) and a nonpolar epoxy with a mixed 0-3 and 1-3 connectivity. Their dielectric
and electroactive (i.e., piezoelectric) and other acoustic properties have been
characterized. The applicability of these materials for use in surface mounted AE
sensors has been investigated and their performance has been found to be compatible
with those of a commercially available electroceramic sensor. Sensors of monomorph
and bimorph design were embedded in unidirectional glass fibre reinforced epoxy
plates and were seen to be capable of detecting and distinguishing between the

extensional and flexural plate-wave modes of propagation.

Modelling of ultrasonic sensors, using ABCD matrices, based on the analysis of lossy
transducers proved successful for the composite materials by accurately simulating
high frequency acoustic pulses. An attempt has also been made to develop a finite

element method for the modelling of composite piezoelectric sensors.




FINAL REPORT

1. Introduction

Ferroelectric ceramic and polymer composite films have been fabricated by dispersing
electro-ceramic powder, calcium modified lead titanate (PTCa) with a composition of
Pbo.76Cag24 [(CoosWo.s)004T0096]035 + Mn0, into two different polymer matrices,
including a polar thermoplastic copolymer, polyvinylidene fluoride and
trifluoroethylene, P(VDF-TrFE) and a nonpolar thermosetting epoxy (Epikote 828,
shell resins). PTCa ceramic powder of ~ 10 um grain size was obtained from GEC-
Marconi Materials Research Laboratory at Caswell, UK. This particular ceramic
powder was chosen for its appropriate dielectric constant and piezoelectric properties
with its high electrochemical anisotropy. The polar P(VDF-TrFE) with a nominal 24%
by weight of TrFE was supplied in fine powder form by Piezotech S.A., Saint-Louis,
France. The epoxy resin Epikote 828 is a medium viscosity liquid epoxide, produced
from bisphenolA and epichloro-hydrin with the curing agent, K61B, and was supplied
by the Anchor chemicals, UK.

Composite films of PTCa/P(VDF-TrFE) of 50/50, 60/40 and 65/35 vol% compositions
and PTCa/epoxy of 50/50, 55/45 and 60/40 vol% compositions of 0-3 and 1-3 mixed
connectivity were fabricated and polarized with an externally impressed electric field of
appropriate magnitude by methods described elsewhere [1-5] and will not be repeated
here. The thickness of the composite films was in the range of 40-100 pum with
approximately 10% thickness variation over a 10cm” area. In a 0-3 connectivity, the
first digit represents the ceramic phase in which the ceramic grains have no intra-
connectivity throughout the composite in the x, y and z-directions whereas the second
digit, which represents the polymer phase which possesses the full intra-connectivity in
these directions. With 1-3 connectivity the ceramic particles are self-connected in 1
direction only. For thin composite films, where the ceramic grains size is comparable
to the film thickness and for high ceramic volume content, the composite tends to have
a mixed 0-3 and 1-3 connectivities. Piezoelectric sensors were produced with these

composite films and their dielectric, piezoelectric and other relevant transducer




properties were measured [1-8] and are given in this report from which it may be
observed that PTCa/epoxy sensors appear to be superior to PTCa/P(VDF-TrFE) by
exhibiting a higher value of dg-product where d and g represent the piezoelectric strain

and stress coefficients respectively (see the Third Interim Report).

Unfortunately, it was not possible to fabricate composite sensors with PTCa/Polyether-
ether Ketone (PEEK) due to practical difficulties including sensitive thermal behaviour

of this high temperature polymer.

Surface mounted acoustic emission (AE), based on conventional ultrasonic transducer
design, were constructed and their frequency response characterized using a face to
face method [9] and a pulse-echo method, commonly used in the evaluation of
hydrophone performance [5]. The nature of broad bandwidth, extending above 20
MHz and the relative sensitivity of these transducers were established. Furthermore,
simulation of the response of the composite transducers in the frequency and time
domain was successfully accomplished by considering the transducer as a one-
dimensional acoustic transmission line using parameter values obtained from near
resonance measurements of free resonators in air [5, 8, see also 6th and 7th Interim

Report].

Composite sensors embedded in fibre reinforced polymer (FRP) laminate showed that
they are capable of detecting simulated AE source Lamb waves [see 5th and 6th
Interim Reports and ref. 8]. In addition, bimorphs, constructed of two monomorphs,
exhibiting a dual mode of operation, have been employed to distinguish between
different modes of propagation of Lamb waves within the FRP laminate plates [2nd

Interim Report and ref. 8].

An attempt has been made to use the Finite Element Method (FEM) in the modelling
of piezoelectric polymer sensors, particularly in the calculation of natural frequencies

and the results are included in this report (see Appendix 1).




Finally, the above work has culminated in the PhD degree of Dr. M.P. Wenger with his
thesis, entitled “Ferroelectric Ceramic/Polymer Composite Sensors for In-Situ
Acoustic Emission Detection”. A copy of this thesis has been sent to Dr. P. Blanas, of
the US Army Weapons and Materjals Research Directorate, Aberdeen Proving
Ground, MD21005-5069. Additional copies of this thesis are not submitted with this
report for cost considerations and b'revity. However, additional copies of this thesis

can be supplied on request.

What follows is a brief summary of the seven interim reports together with a discourse
on our programme with the Finite Element Modelling of embedded sensors (see
Appendix 1). Also included in this report are copies of publications arising from the

present work (see Appendix 2).

2. Characteristic Properties of Composite Sensors Fabricated in the Present

Work and their Comparison with those of PTCa and P(VDF-TrFE)

The dielectric permittivity €, and the piezoelectric strain coefficient d; were measured
for the composite sensors in this work. The first suffix i represents the direction in
which charge is generated and the second suffix j, indicates the direction of the applied
stress. The piezoelectric stress coefficient g coefficient is related to the dij coefficient

thus [see 4th Interim Report].

d,
_jj =[&08.]; (D)
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ie. g_: =[£085], (2

where g is the permittivity of free space and T the stress. Similarly, for the converse
effect, the piezoelectric strain coefficient e; and the stress coefficient h;; are also related

thus,
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where s is the strain. Furthermore, we also have

Z_J, =[], e
hif —_
and g_,, = [Yif]o ..(5)

where E is the electric field, D the electric displacement and Y the modulus of
elasticity. As these coefficients are not independent of each other, once the values of
d; and h;; along with € have been measured, the other piezoelectric coefficients (i.e. e-
and g- coefficients) and the modulus of elasticity Y, at a constant D or E can be
determined. It may also be noted that the dielectric permittivity €; and the

electromechanical coupling coefficient k; are related thus,
[€1], :[33311(1_1‘323) ~(6)
The hydrostatic dy and g, coefficients are related thus,
dy = d33 + 2ds; ‘ e
and gh =833+ 285 ..(8
In the present work the piezoelectric dis-, gs1- and hs,-coefficients, the dielectric
permittivity €33 (at 1kHz) and the electromechanical coupling coefficient k, (in the

thickness) were measured. The details of the measurements are given in the interim

reports and will not be repeated here. From data on the k, measurement, the




mechanical quality factor Qm and the magnitude of acoustic impedance z, were

determined.

Table 1 gives the values of €’ and tan§ at ~25°C and 1kHz for poled samples of PTCa,
P(VDF-TrFE), Epoxy together with the composites of varying ceramic volume
fractions. It may be observed that from these figures that the permittivity (¢') increases
with the increasing volume fraction of the ceramic. PTCa/Epoxy composite exhibit

-lower permittivities than PTC/P(VDF—TrFE) for the same ceramic volume fraction.

A composite with mixed connectivity can be represented by a cube model where the
ceramic is represented by a cube dimension m, in series with a polymer together with a
parallelepiped of base dimension of a fraction n of the ceramic cube, extending
between both surfaces of the unit cube (see figure 1), in the three direction [1, 5, 10].
In this mixed connectivity model [1] of the composite, the value of n determines the

degree of 1-3 connectivity and the volume fractions are given by,

¢°=m’ + (nm’)(1-m) ..(9)

¢%er =m ..(10)
¢ par = 0°m’ .(11)
o =m’(1-n>) - ..(12)

where ¢° is the total volume fraction of the ceramic, ¢eries the volume fraction of the
ceramic in the series branch, ¢°. the volume fraction of ceramic with parallel
connectivity and ¢** the volume fraction of the series branch in relation to the volume
of the whole cube. In this model the dielectric and the piezoelectric properties of the
composite cube as a whole are found from calculating the properties of the series
branch alone, thus, knowing the series branch properties, the properties of the series
branch in parallel with the polymer is calculated. We have two degrees of freedom [1,

10] in this model, i.e. m and n, and the composite properties are related to these two




parameters. Thus the properties can be represented by the contour plots in the m-n
planes. Here, n = 1 represents a purely 1-3 connectivity for each value of m and n = 0
provides 1-3 connectivity. Figure 2 shows the permittivity contour plots in the m-n
plane [5] of the mixed connectivity model for PTCa/P(VDF-TrFE) and PTCa/Epoxy
composites. Figure 2 shows that the value of n increases with volume fraction of the
ceramic (dashed-lines), the calculated permittivity contours being given by the solid
lines. In this figure the measured data are represented by the dark circles. The average
thickness of the PTCa/Epoxy composites was generally larger than that of
PTCa/P(VDF-T1FE) composites. Thus the increase in the n- parameter value in the
former composite can be explained as an increase in the ceramic connectivity

throughout the thickness of the composite as the ceramic volume increases [5].

Table 2 shows the values of ds;- and gss-coefficients and those of their constituent
phases. It may be observed that the ds; values of the composites are lower than that of
the ceramic alone, whereas the g- coefficients are larger for the composites due to the
relatively lower permittivities of the composites with respect to the ceramic. The
piezoelectric figure of merit (FOM) ds; g3; appears to increase steadily for
PTCa/P(VDF-TFE) with increasing volume fraction of the ceramic content, and it
reaches a maximum for the PTCa/Epoxy composite with 55 vol% of ceramic loading.
The decrease in this FOM value as the ceramic volume increases from 55 to 60% is
thought to arise from limitations of the fabrication method including the higher
viscosity in the precured state. It may also be observed that the PTCa/Epoxy
composite exhibits a larger value of ds; g1 product than the PTCa/P(VDF-TIFE)
composite for identical loading of the ceramic volume fraction which is due to the

lower g- value of epoxy than that of the polar copolymer.

Figure 3 shows [5] the ds; contour plots in the m-n plane of the mixed connectivity
cube model [1] for PTCa/Epoxy composites. These contour plots were determined by
considering the d- coefficient of the polymer as zero, which is a valid assumption as
€poxy plays no role in the electroactivity of this composite. For the PTCa/P(VDF-
TrFE) the corresponding ds3 contour plot in the m-n plane show also good agreement

with experimentally determined values and those calculated from mixed connectivity




mode by assigning reduced values due to the presence of polar copolymer [5]. An
important conclusion arising from the above observation is that within the composite
system the polar copolymer plays an active role in the electroactivity, as opposed to

behaving as a passive compliant component as was previously thought [1].

Table 3 shows the values of ds;- and gs;-coefficients together with the ds;g;; product
values. The hydrostatic d, and g, values and the dngn product are given in Table 4 for
the composites and those the electroceramic, polar and nonpolar polymer constituents.
It may be observed from Table 3 that the ds; values for the composites are relatively
constant with ceramic volume fractions for each of the two composite systems,
depending mostly on the d;;- value of the ceramic and little on the polymer. Other
workers [11] have reported similar values to those given in Table 3 for a similar
composite systems. A plot of d3; contours on the m-n plane show once again a good
agreement with the experimentally determined ds;- values with the corresponding
theoretical values [1] determined from the mixed connectivity model [5]. However,
appropriate corrections have to be incorporated for the polar copolymer composites,

as stated earlier [5].

From Table 4 it may be seen that the PTCa/Epoxy, with 55 vol% of ceramic, shows
the largest dug, value, although this value is lower than those of PTCa and P(VDF-
TrFE) respectively. In the hydrostatic mode of operation the advantage of composites
over either the ceramics or the polymers are the large anisotropy associated with the
ceramic and the formability and flexibility of the polymers. The dy coefficients of the
composites are larger than that of the polymer and the gn coeflicients larger than that

of the ceramic.

The typical electro-mechanical coupling coefficient, k- values along with other
properties, i.e. mechanical quality factor Qm, acoustic impedance Z,, acoustic velocity
Vi, elastic constant Cs;, converse piezoelectric stress coefficient hs3 and density p, of
the composites, PTCa, P(VDF-TIFE) and epoxy (density only) are given in Table 5.

The values of k;, Z,, V,, Qm and C;, were obtained from impedance measurement [5].

The composites exhibit a lower k.- value than those of the copolymér and the ceramic.




The k- value of the PTCa/Epoxy (55/45 vol%) is comparable with that PTCa/P(VDF-
TrFE), 65/35 vol%).

For the PTCa/Epoxy composites the, Qm- value increases with increasing ceramic
volume fraction. As Qm is related to the frequency response of a transducer, it is of
advantage to have low Qm- values which provide a wide bandwidth response. It may
be observed from Table 5 that the Qm values of this composite are lower than those of
PTCa/P(VDF-TIFE) which make the former composite more attractive for wide band

transducer materials.

The acoustic impedance Z, of PTCa/Epoxy appears to be independent of the ceramic
volume fraction. Although the density of the composite increases with increasing
ceramic volume fraction, the measured acoustic velocity Vs, decreases, thus resulting
in a stable Z,- value (=V,P). The hys-coefficient of this composite is also relatively
constant and the same is also true for the elastic coefficient CJ over the range of

ceramic volume fraction employed in the present work.

From the above observations it may be argued that PTCa/P(VDF-TtFE) composite
system is suitable as an actuator whereas PTCa/Epoxy system would prove a good
piezoelectric sensor. Comparing the dg- product of the two composite systems
investigated in this work, it appears that PTCa/Epoxy system (digs; = 305 Tpa™;
dzigs1 = 52 x 10 Tpa™; dng, = 1.7 Tpa™) is superior to the PTCa/P(VDF-TrFE)
system (dasgss = 2.41 Tpa™; daigs = 26.1 x 10° Tpa; dygw = 1.5 Tpa™) for

transmitter/receiver material.

3. Surface Mounted Acoustic Sensors

The design of our AE Sensor is shown schematically in figure 4[5]. The transducer
consists of a grounded stainless steel case, cylindrical in shape containing a backing
material consisting of epoxy and tungsten composite materials. An electrical feed-

through is incorporated into the side of the case enabling connection to the back face




of the electro-active composite transducer film which is fixed to the backing material
using a very thin epoxy layer. Electrical connection is made to the electrode using a
conductive epoxy applied to the central portion of the backing. The outer electrode is
connected to the electrical ground of the metal case by evaporating gold or aluminium
over the top surface of the transducer. The role of the backing materials is to reduce

the magnitude of the acoustic ringing [12].

Experimental evaluation of three PTCa/P(VDF-TrFE) with 65/35 vol% and two
PTCa/Epoxy with 55/45 vol% and 58/42 vol%, having thicknesses of active elements
138um and 146pm respectively was carried out to investigate their frequency
responses. The performance of these composite transducers were observed to be
comparable with that of commercially available piezo-ceramic AE transducer
(Parametric V109) in the frequency range 500kHz to 2MHz. In this work the
composite transducers have been modelled to determine their response to a mechanical
input, viz., the elastic response of a laminated plate. The transducer has been
considered as a ‘black box’ containing the equivalent circuit of ABCD representation a
linear three-part network [1, 5, 13, 14], i.e., two mechanical ports and one electrical
port, where the voltage and current of the electrical port are related to the forces and
velocities of the mechanical ports. A detailed analysis has been given in the 6th and

7th Interim Report and will not be repeated here.

The surface mounted composite transducers were applied to the detection of waves
generated by simulated acoustic emissions in thin plates. The simulated acoustic
emission source was a pencil lead break on the surface of the plate. The transducers
were located on the surface of thin plates of aluminium and glass fibre reinforced
plates. Acoustic coupling was achieved using a very thin layer of silicone grease
applied to the transducer face prior to contact with the plate face. Figure 5 gives the
transfer function of the PTCa/P(VDF-TrFE) and PTCa/Epoxy transducers. The
output response of the transducer was calculated from the convolution of the
frequency response of the plate, to a simulated lead break, with the transfer function of
the transducer. Since both of these are in the frequency domain, the convolution is

obtained by a simple multiplication of the vector elements. The time response of the

10




transducer is then obtained by an inverse fast Fourier transform. Figure 6 shows
typical results, i.e., transducer AE detected response to a lead break on the surface of
an orthotropic fibre reinforced plate (FRP) with the PTCa/Epoxy, 55/45 vol%
transducer. Similar results were also ,obtained with the PTCa/P(VDF-TrFE), 65/35
vol% transducers. Throughout the simulation of the transducer responses, parameter
values have been obtained from experimental measurements on the transducer

materials and from the properties of the plates, published in literature.

The experimental results show that the surface mounted composite transducers are
well suited for the use of AE sensors for the detection of acoustic waves in thin plates.
Furthermore, the modelling of surface mounted transducers via a one dimensional
analysis, implementing the use of well established electrical network theory in the form
of ABCD matrices has proved to be suitable for predicting the response of these

transducers.

4. Bimorph Sensors

Piezoelectric composite films can be used as monomorph or bimorph transducers.
Bimorphs have been studied in the present work with respect to their enhanced sensing
and actuating properties over monomorphs. A bimorph transducer can be configured
from two monomorphs in four different ways, depending on the monomorph
polarization direction and electrode configuration (see figure 7 and 2nd and 4th Interim
Reports). The first two configurations of figure 7 are for a bimorph constructed from
two monomorphs with polarization opposing each other, their equivalent
cbnﬂgurations being shown to the right of the figure. Configurations 3 and 4 are for a
bimorph constructed from two monomorphs whose directions of polarization are the
same. To investigate their properties, monomorphs and series and parallel configured
bimorphs were constructed from the PTCa/P(VDF-TrFE) and PTCa/Epoxy

composites.
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When a bimorph acts as a sensor there are essentially two modes in which it can sense.
These modes are termed here as the thickness and bending modes respectively. In
configuration 1 of figure 7, an application of stress normal to the film, i.e., on the
thickness of the bimorph, will result,in a cancellation of the signals from the two
monomorphs arising from the piezoelectric gi; coefficients as the signals will be

opposite signs due to the opposite polarizations of the bimorphs.

An application of a bending moment will result in the signals from the two
monomorphs, arising from the respective gs; coefficients, complimenting each other.
When the bimorph is bent, the monomorph making up the top half of the bimorph will
be under extension (or compression) while the other monomorph, making up the lower
half of the bimorph will be under compression (or extension). Thus the signals will be
of the same polarity due to the applied stresses being of opposite sign. Hence, in this
configuration 1 the bimorph will only be sensing in the bending mode as the thickness

mode will produce a zero response.

With configuration 2, where the outer two electrodes of bimorphs are connected
together and the signal is sensed between the inner electrode and the outer electrodes,
it can be seen that t‘he opposite is true. With this configuration the bimorph will be
working in the thickness mode only as the bending mode will produce the null result.
Thus a bimorph has a dual mode of operation and the sensing mode will be dependent
on the electrode arrangement. The properties of configuration 1 is equivalent to the

configuration 4 while configurations 2 and 3 are equivalent in figure 7.

If we consider configuration 2, for example, it may be assumed that there will be an
amplification of the signal due to the fact that we are using a bimorph instead of a
monomorph. This is, of course, incorrect, as an application of a normal stress will
produce a charge displacement in both monomorphs, resulting in doubling the charge
on the central electrode, but the voltage will be the same because the capacitance of
the system has also doubled. There will, however, be an amplification of current in the
external circuit as the total resistance will have been halved. For an actuator it is

possible to produce twice the displacement or force, in a bimorph as opposed to a

12




monomorph with the same amount of voltage, although with a corresponding cost in

current.

The 2nd Interim Report has provided the theory of monomorphs and bimorphs for two
applications, ie., operations in a cantilever mode (i.e., clamped at one end) and
clamped at both ends respectively and will not be discussed in detail again here. The
results of these measurements show that the signal to noise ratio of monomorphs
appear to be greater than that of the bimorphs. The values of hs; calculated from the
measurements of monomorphs agree well with the values calculated from results of the
measurements on the bimorphs. A typical hs; value at 7Hz for a bimorph is 1.31
Mvm™ for an output voltage of 24.80 mV and the corresponding figures for a
monomorph are 0.74 Mvm™ and 60.65 mV respectively [5].

S. Embedded Sensors

Many recent studies have been undertaken on embedded sensors in laminate structures
using embedded piezo-ceramics in laminate structure [15] and using modal analysis to
detect any damage which has occurred within the laminate [16], or have concentrated
on active vibration control by embedded piezo-ceramic [17]. Some researchers have
embedded optical fibres for use on vibration sensors and have looked at propagating
Lamb waves generated from surface mounted ultrasonic transducers [18] and
simulated AE source [19]. To the author’s knowledge, prior to the present study, the
use of embedded electro-ceramic polymer composite sensors for the detection of AE

signals, has not been previously undertaken by other workers.

In this section the performance of composite film sensors embedded in glass fibre
reinforced polymer laminates for the detection of simulated acoustic emission sources
will be' discussed briefly. A comparison between the performances of embedded

monomorphs and bimorphs and their relevant advantages will also be addressed.
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The laminate material, often called pre-preg, consists of parallel glass fibres in an
epoxy matrix. The orientation of each ply can take on any number of directions with
respect to each other. A typical laminate structure would have a thickness of
approximately 20 - 30 plies with relative orientations of 0, +45, £60 or 90°. The
relative orientation of the plies is not critical, but they should be such that the laminate
structure is symmetrical about the neutral axis plane to avoid distortion during the
curing process. The composite sensor film must be placed between two plies of the
same orientation to avoid damage to the film due to local distortions of the laminate
structure during curing. Figure 8 shows an exploded view of a laminate structure

containing an embedded transducer [51.

Bimorphs and monomorphs were constructed with circular electrodes, 1 c¢cm in
diameter and these were embedded in the laminates for us by Dr. P. Blanas at the US
Army Laboratory. The characterization of the embedded sensors was, however, made
in our laboratories. Preliminary investigations were performed on a small 30cm x
30cm plate constructed from E-glass FRP composite with 16 plies containing two
embedded sensors, a PTCa/Epoxy 60/40 vol% and a PTCa/P(VDE-TIFE) 65/35 vol%
monomorphs, located at the centre of the plate, Scm away from each other. Both
transducers were located between the second and third ply with 0-0 orientations.
Measurements were made using these transducers to detect lead breaks on the laminate
surface 10cm away from the embedded sensors in direction 0° and 90°to the fibre axis.
As can be seen from figures 9 and 10[5], both embedded sensors were able to detect
the plate waves without any need for amplification. However, it was necessary to
provide electrical screening of the circuit to enhance the signal/noise ratio. The signal
produced by PTCa/Epoxy sensor (figure 10) was able to detect and distinguish both
the extensional and flexural modes of a plate wave travelling in the 0° direction,
whereas the corresponding signal for the extensional mode in the 90° direction is less
discernible than that in the 0°- direction. It may also be observed from figure 9[5] that
the response of the PTCa/P(VDF-TIFE) embedded sensor has a small magnitude,
although discernible for the extensional mode for both 0° and 90° degree orientations.
Now a signal produced by surface mounted AE sensors is a direct response of the da;-

coefficient in contrast to that generated by an embedded sensor whose response will be
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affected by both the di3- and ds;-coefficients. The effect of the latter coefficient will be
to reduce the amplitude of the signal, since the value of d;;-coefficient of PTCa/Epoxy
is less than that of PTCa/(P(VDF-TrFE), then the contribution to the signal due to the
stresses in the 1-direction will be less for the former composite than for the latter one.
The embedded PTCa/Epoxy sensor produces a signal comparable to that of a surface
mounted transducer where stresses normal to the film surface is dominant. From a
frequency analysis of the signals from the embedded transducers it was observed that
in the 0°-direction, the extensional modes were centred at 200kHz and 260kHz for the
PTCa/P(VDF-TiFE) and PTCa/Epoxy sensors respectively. The flexural mode

frequencies were predominantly lower than 30kHz for both sensors.

It is to be noted that the same theoretically derived wave, used for the surface mounted
case, was employed for the comparison of the results of both the embedded
transducers. It can be seen that the experimentally observed waveforms (see figure 11)
agree well with each other as far as time of arrival and peak positions are concerned;
however, their fast Fourier transform (FFT) spectra show slight differences in.the
locations of peak frequencies. The high frequency components observed at the leading
edge of the experimental waveform are attributed to the detection of the extensional
modes of propagation. The experimentally derived waveforms differ from the
theoretically derived waveform in appearance with regard to peak positions. However,
the frequency spectra in (d) and (f) resemble closely that of (b) in figure 11[5]. The
difference in appearance between the theoretical and experimental results may be
explained by the choice of material parameters of the plate used within the algorithm.
However, the limitations of the classical plate theory, by neglecting the effects due to
rotational inertia and transverse shear are most probably the cause of the discrepancies.
Furthermore, the material parameters for the plates were taken from the
manufacturer’s literature on the pre-preg material used in its construction. The
characteristics of the cured plates would be different significantly depending on cure
cycle, length of time of pre-preg storage before use, and minor variations in resin

chemistry and fibre volume content.
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Further results were obtained from two composite plate specimens with embedded
monomorph and bimorph sensors. The plates were fabricated from prepeg materials of
s-glass continuous reinforcing fibres in an epoxy (NCT-301) matrix. The laminate
plates were fabricated, both containing four embedded sensors and consisting of 25
plies with a unidirectional stacking of (0°) and a normal thickness of approximately
0.3cm. The in-plane dimensions of the two unidirectional laminates were 56 x 56 cm
and 70 x 70cm respectively. Once again the fabrication of the laminate plates and the
embedding of the four sensors, supplied by us, were made by Dr. P. Blanas and his
group at the US Army Laboratory. Figure 12[5] shows schematically the embedded

monomorphs and bimorph sensor locations in the two laminate plates.

The response of the embedded bimorph PTCa/Epoxy sensor with configuration 2 of
figure 7 is shown in figure 13[5], in which the two plate-wave modes of propagation is
clearly seen. Fast Fourier transform (FFT) analysis, performed on the signal with a

Hanning window gives the spectrum shown in figure 14[5].

In figure 15 the response of the same bimorph, with eiectrode configuration 1 of figure
7, is shown along with its FFT frequency spectrum given in figure 16[5]. The
immediate noticeable difference between the two configurations is the greatly
attenuated signal in the second case (i.e., bimorph electrodes with configuration 1 of
figure 7), in which the flexural modes have been attenuated more than the extensional
modes by a factor of 18dBV as opposed to 8dBV. A slight shift in peak frequencies
was also observed between the two responses, but this is believed to be due to the

resolution of the FFT.

The extensional modes, which are sometimes termed “stress waves” [20], cause
particle motion within the middle or neutral plane of the plate, performing purely
longitudinal oscillations. In the case of flexural modes, which are termed “bending
waves” [20], the particle motions of the neutral plane are purely transverse oscillations,
Particles away from the neutral plane oscillate in an elliptical manner for both modes of
oscillations. The embedded bimorph sensors are able to differentiate between the two

modes of propagation by sensing the longitudinal and bending stresses within the
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laminate plates with monitoring signals obtained with different configurations of
monomorph polarities and electrodes together with sensor dimensions. The dimension
of the sensor compared to the wavelength of the flexural mode ultimately decides the
type of stress the sensor will experience. If the sensor dimensions are comparable to
half the wavelength of the flexural waves, it will experience a bending stress resulting
in an output due to the bending piezoelectricity of the bimorph. If, however, the
sensor dimensions are much smaller than the wavelength of the flexural waves, the
stresses experienced by the sensors will predominantly be transverse in nature,

resulting in an output from thickness mode piezoelectricity of the bimorph [5].

Similar responses were also obtained for an embedded PTCa/P(VDF-TrFE) sensor
which again identified the two propagation modes for both 1 and 2 electrode
configurations of figure 7. Again, the flexural mode signal was attenuated by 27dBV
in comparison with 18dBV for the case of PTCa/Epoxy , whereas the attenuation of
the flexural mode was comparable for the two cases. The difference in signal
attenuation between these two types of bimorphs can be understood by considering
their electroactive and dielectric properties.  The measured piezoelectric ds;-
coefficients are 4.5 and 0.4 pCN™! and the dielectric permittivities are 45 and 26 for the
PTCa/P(VDF-TrFE) and PTCa/Epoxy sensors respectively. These figures would
indicate an appropriate 20dBv difference in a signal arising from the g;; coefficients

(see equation 1) as would be the case for the bimorph sensing in its bending mode.

The approximate wavelengths found for the extensional and flexural modes are 1.4 and
11.0 cm respectively for a plate wave travelling along the direction of the fibres in a
unidirectional composite plate. It may be noted that the dimensions of the bimorph
transducers are comparable to those of the extensional modes. With configuration 1
(figure 7) of the bimorph electrodes, the bimorph device will be sensing in its bending
mode as stresses experienced on the thickness of the bimorph will cancel. It is
suggested that as the extensional modes of the plate wave are sensed by the bimorph, a
sufficient bending moment is applied to it giving rise to the signal, whereas the bending
moment applied to the bimorph by the flexural mode is somewhat reduced due to the

greater wavelength involved, and thus the signal being produced is greatly attenuated.

17




Measurements were conducted with simulated AE sources at varying distances from
the embedded sensors. Figure 17[5] shows a plot of signal amplitude as a function of
source to detector distance measured with an embedded PTCa/Epoxy sensor. The
attenuation coefficients of -6.03 and -8.77m™ were found for the flexural and extension
modes respectively. The difference in attenuation coefficients reflects the frequency

dependence of the elastic wave attenuation.

The embedded sensors constructed with PTCa/Epoxy show higher amplitudes, by a
factor of approximately 5§ (ie, 14dBV) than those with PTCa/P(VDF-TrFE).
Although this is expected because the g-coefficient of the former sensor is greater than
that of the latter one, however, a superiority of 14dBV would indicate other factors
affecting the response, viz., a close match of acoustic properties of the plate and the

PTCa/Epoxy sensor.

The results given above have shown that the embedded composite sensors are capable
of detecting plate waves in laminate structure. Their broad bandwidth nature has
allowed them to detect and distinguish between both the low frequency flexural modes
and the higher frequency extensional modes associated with Lamb waves and the

dispersive nature of the waves has been identified.

6. The Modelling of Composite Piezoelectric Sensors Using a Finite Element
Method.

The finite element method for an approximate solving of differential equations has been
applied to many areas of engineering. The freedom it allows in defining the geometry,
material properties and boundary condition within the region of space of interest,

makes it a valuable analytical tool.

Within the last fifteen years this method has been applied to the modelling of two

phase (i.e., ceramic and polymer) composite piezoelectric transducers. The amount
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and manner in which the phases of such composites are connected has a significant
effect on the performance of the transducer. Particular interest has been given to
composites having 0-3 connectivity, where one phase is connected to itself in one
dimension throughout the material, while the other is connected to itself in three

dimensions.

In the present work, the concepts of finite element method are applied to simulate the
response of a ceramic and polymer composite piezoelectric transducer under different
loading conditions. The thickness mode and hydrostatic mode of operation have been
considered in order to emulate a surface mounted or an embedded transducer
respectively.  Composites having different connectivity patterns have also been
considered and results are given. A computer algorithm has been written following
existing finite element libraries to solve mechanical stress/strain problems with
adaptation to the solution of a coupled electromechanical problem. The response of
the open circuit sensor against frequency has been calculated for difference

connectivity patterns and results are given and compared.

The details of the modelling have been included in Appendix 1.

Conclusion

Ultrasonic piezoelectric sensors were produced with PTCa/P(VDF-TrFE) and
PTCa/Epoxy materials. The PTCa/P(VDF-TrFE) sensor shows a wider bandwidth
response, approximately 50% fractional bandwidth than PTCa/Epoxy sensor with a
fractional bandwidth of approximately 20%. This reflects the higher value of the

mechanical quality factor Qm for the former composite than that of the latter one.

The work presented in this Contract has shown that embedded film sensors are capable
of detecting and distinguishing the extensional and flexural modes of propagating plate
waves. Embedded monomorph PTCa/Epoxy sensors appear to be superior to
PTCa/P(VDF-TiFE) sensor. Embedded bimorph sensors are able to sense both
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bending mode and thickness mode. Bimorphs operate in a similar manner to

monomorphs in the thickness mode.

The benefits of using bimorphs as embedded sensors is in their dual mode of operation,
enabling the determination of the extensional and flexural modes of plate wave

propagation.

PTCa/P(VDF-TFE) composites appear to be more efficient as actuators than
PTCa/Epoxy composites which is a good receiver. A comparison of the monomorph
signals to bimorph signals, where the monomorph is essentially operating in a
hydrostatic mode and differentiation between the plate wave propagation modes could
be made by signal processing, the bimorphs would appear to be the more cost effective
way of detection due to their inherent nature of operation which reduces the need for

post processing of signals.
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TABLES AND FIGURES




&' (1 kHz) tan 6, (1 kHz)
PTCa 209 0.012
P(VDF-TIFE) 8.1 0.019
Epikote 828 3.9 0.003
PTCa/P(VDE-TTFE) 50/50vol% 36 0.013
PTCa/P(VDEF-TIFE) 60/40vol% 44 0.014
PTCa/P(VDE-TrFE) 65/35v0l% 51 0.011
PTCa/Epikote 828 50/50vol% 17 0.008
PTCa/Epikote 828 55/45vol% 25 0.009
PTCa/Epikote 828 60/40vol% 36 0.008

Table 1 Permittivities and dielectric loss tangents for the constituent materials and

composites taken at 1 kHz and at room temperature.




&, d, g5 d,.g,,
[PCN]  [mVm/N] [p(Pa)’]

PTCa 209 68 36 2.40
Epikote 828 .3.9 - - -
P(VDF-TIFE) 8.1 -34 -474 10.88
PTCa/P(VDF-TIFE) 50/50vol% 40 27 76 2.05
PTCa/P(VDF-TrFE) 60/40vol% 49 31 71 2.20
PTCa/P(VDF-TrFE) 65/35v0l% 51 33 73 2.41
PTCa/Epikote 828 50/50vol% 17 19 126 2.40
PTCa/Epikote 828 55/45vol% 25 26 117 3.05
PTCa/Epikote 828 60/40vol% 36 30 94 2.82

Table 2 Piezoelectric d,; and g,, properties of composite systems and their constituent

phases.




& dy & dy 8y
[PCN]  [mVm/N]  [f(Pa)"]

PTCa 209 -3.1 -1.21 3.75
Epikote 828 ¢ 39 - - -
P(VDF-TrFE) 8.1 10.7 149 1590
PTCa/P(VDF-TrFE) 40 -3.60 -10.2 36.7
50/50v0l%
PTCa/P(VDF-TIFE) 49 -3.57 -8.23 294
60/40vol%
PTCa/P(VDF-TrFE) 51 -3.43 -7.60 26.1
65/35vol%
PTCa/Epikote 828 50/50v01% 17 -2.74 -18.2 49.9
PTCa/Epikote 828 55/45vol% 25 -3.38 -153 51.7
PTCa/Epikote 828 60/40vol% 36 -3.59 -11.3 40.6

Table 3 Piezoelectric d;,, g, and d, g, properties of composite systems and their

constituent phases.




& d, g d,g,
[PC/N]  [mVm/N]  [p(Pa)’]

PTCa 205 61.8 33.6 2.1
Epikote 828 3.9 - -
P(VDF-TIFE) 8.1 -12.6 -176 22
PTCa/P(VDF-TrFE) 50/50v0l% 40 19.8 55.6 1.1
PTCa/P(VDF-TTFE) 60/40vol% 49 24.0 54.5 1.3
PTCa/P(VDF-TrFE) 65/35vol% 51 26.1 57.8 1.5
PTCa/Epikote 828 50/50vol% 17 135 89.6 1.2
PTCa/Epikote 828 55/45vol% 25 19.2 86.4 1.7
PTCa/Epikote 828 60/40vo1% 36 22.8 71.4 1.6

Table 4 Hydrostatic piezoelectric d,, g, and d,g, of the composite systems and their

constituent phases.




k, Q. Z, v, c’ b, P
[MRayls]  [km/s] [GPa] [kg/m’]

PTCa 0.47 1200 30 435 183 6.6 6890
P(VDEF-TrFE) 0.30 20 4.5 2.4 11 -4.7 1880
Epoxy - - - - - - 1160
PTCa/Epoxy 0.15 11 11 2.77 31 2.1 4025
50/50

PTCa/Epoxy 0.22 15 11 2.51 27 2.3 4312
55/45

PTCa/Epoxy 0.19 20 11 242 27 2.1 4598
60/40

PTCa/P(VDF- 0.21 8.2 16 3.06 48 2.5 5136

TrFE) 65/35

Table 5 Table of k, and other composite properties gained from measurements on the

electrical impedances of the composite films acting as free resonators.
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Figure 1. Mixed Connectivity Cube Model for Composites
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Figure 2 Permitivity contour plots in the m-n plane of the mixed connectivity cube
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experimental points.
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Figure 6 (@) Predicted normal velocity component of the response to a lead break
on the surface of an orthotropic FRP plate and (b) the FFT spectrum of the predicted
Sflexural plate wave propagating along the fibre axis. (c) Inverse FFT of convoluted
signal to produce the predicted output from a PTCa/Epoxy 55/45vol% surface
mounted transducer, (d) corresponding frequency spectrum. (¢) Output response of a

real transducer and (f) corresponding frequency spectrum.
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APPENDIX 1




Al

Finite Element Modelling of Embedded Sensors

1 Introduction

The Finite Element Method (FEM) has been proved a useful method in the modeling of
piezoelectric transducers, particularly in the calculation of natural frequencies. Its main
advantage over other methods is the modeling of complex geometries, which is well
suited for composite transducers. In fact, the basic concept of FEM is that of founding
an integral equation, defined in the transducer volume, that is equivalent to the
piezoelectric equations and takes into account the static (via the elastic, dielectric and

piezoelectric constants) and dynamic (via the density) properties of the material.

The integral form of this equation allows to decompose the sensor in little domains,
called elements, and to define a specific set of material properties inside each element.
In this way it is possible to define the connectivity of the material simply assigning the
ceramic properties to a defined pattern of elements and the polymer properties to the

others.

Moreover, the unknown functions - the displacement and the electric potential - inside
one element are expressed in terms of their value at certain points, called nodes, of the

element itself.

As a result, a set of linear algebraic equations is obtained, instead of partial differential
equation. The solution of these linear equations is a vector whose components are the
values of the unknowns at nodal points. The value of the unknowns between two nodes
next to each other is expressed as a function of the unknowns themselves, linearly
variable with the spatial coordinates. Because the size of the elements determines the

distances of the nodes, it determines how good is the approximation.

The aim of the present work is to calculate the first resonant frequency of the sensor as a
function of connectivity and ceramic volume fraction. However, the present study is

confined to polymeric sensors only.




2 The NAG library

In the development of a Finite Element model, the first problem is given by the quite
complicated mathematical theories, whose applications can be of difficult solution: first
of all, the geometry of the problem, which will in turn affect the elements and nodes
numbering, the shape function determination , the right hand side vector building and

the numerical integration method.

1. For this reason it is a good help to the programmer a library of subroutines that
gives the building blocks for a wide variety of problems and allows the relatively easy
variation of the main program. Considering various software packages commercially
available, the Nag (Numerical Algorithm Group) Finite Element library (NAGFE) has
been chosen; it is a FORTRAN library containing subroutines that allow the modeling
in two or three dimensions, in circular or orthogonal geometry, and with different kinds
of system matrices (symmetric, banded, general). Furthermore, some example
programs which solve purely mechanical problems have been used as the background

for the construction of the model. The solution of the system equation is found using

the more common Nag routines for the solution of multiple linear equations.
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3. The embedded sensor

The transducer is modeled as a thin-film piezoelectric material of thickness 100 pm and
surface area lcm’ (figure A/1). One electrode is kept at zero potential by grounding,

thus the potential between the electrodes is equal to the potential of the other electrode.

1cm

... Electrodes

100 km

N
~+ Piezoelectric film

— V=0

Figure A/1 Cross section of the piezoelectric film sensor

The embedded sensor is operating under hydrostatic pressure, that is a spatially uniform
pressure (constant amplitude) is acting over its six surfaces (figure A/2); this pressure
will be made sinusoidally variable, and the electric potential developed between the two
electrodes will be calculated for different frequencies, giving the response of the sensor

over the range of interest.

Hydrostatic Pressure

> . -
A

e

Figure A/2 Piezoelectric material under hydrostatic pressure

Because of the complexity of calculations involved in a Finite Element Model, some

others conditions are initially applied in order to simplify the program that will simulate
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the sensor. Removing these conditions will not affect the basic structure of the

program, as it will be discussed further.

First, the transducer is modeled in two dimensions. It is assumed that this
simplification, while strongly reducing the number of equations for a given lateral
extension of the elements, will not affect the frequency and connectivity dependence of
the potential; then a lossless case is considered in order to render real the matrix
equations that model the sensor, reducing in this way the amount of memory required to
run the program. Furthermore, the electrodes are not electrically connected, thus the
complex impedance of the external circuit will be ignored. From the last condition

follow that no free charge is allowed in the electrodes.

3 The application of these simplifications will have a strong influence
on the sensor response, but can give good results in terms of the
calculation of resonant frequencies of the sensor, especially for their
dependence on the connectivity of the piezoelectric film material. It is
intended in this work to give a good basis for the further development
of a model more complete and closer to the real sensor (i.e. the addition
of mechanical and electric losses and the external circuit).The Holland-

EerNisse Variational Principle

As pointed out in the introduction, an integral equation equivalent to the piezoelectric
equations is needed in order to consider each element on its own in the build up of the
system matrix. This was first founded in the form of a variational principle by the
Holland and Eer-Nisse who used a trial and error procedure. Its general form is rather
complicated, and a simpler form given by Allik is usually preferred in the field of

acoustic sensors:

H.HJST'C'S—5ST'6-E—6ET-eT-S—é‘ET-g.E+

Vol

—Su" - F+p-u-ii+6p- Jav - [[auT-Tds+ (A-1)
5

+ [[64-5'dS-6u-P+54-0=0
5,
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where S, u, ¢, E, €, e, ¢ are respectively the strain, the displacement, the elasticity
matrix, the electric field, the dielectric permittivity, the piezoelectric coefficient and the
electric potential inside the material; F, T, P, o, ¢’, Q are the body force, the component
of stress orthogonal to the surface (pressure), the point force, the free body charge, the
free surface charge and the point char‘ge; S1 and S2 are that part of sensor surface in
which respectively the orthogonal component of stress and the free surface charge are
known; finally, two dot on top of a symbol means double derivation on time and the

symbol § represent a virtual displacement applied to quantities that follow it.

Because of the simplifying conditions introduced in section 1, which lead to zero free
surface charge, plus the additional simplification of considering the body and point

forces and charges neglectable, equation 6.1 take the following form:

[[{p-8um iix 657 c-5 &5 e E— BT e -5+
Vol )
~6ET-6-E Jav - [[6u”-Tds=0

Sy

in which only the external pressure appear as a known variable.

In this application, the electrical potential and the mechanical displacement are more
significant quantities than the electric field and the strain; thus the following equations

are considered:

E=-V¢ A-3)

S=Vu (A-4)

where

(A-5)

h
Y RN
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From these equations and equation 2,we obtain the following:
[[[46u" (it + 97 cTu) + 8u™ (V7 eV ) + 5p(V e Tu) +
Vol
(A-7)

~84(VeVg)yav - ([ - Tds =0

which is the form that will be used in the FEM approximation. The solution of this
equation is compatible with the piezoelectric equations. Notice that the integral form of

the above equation allows to write:

de=Zde (A-8)

Vol i=1 ol

[..as=3 [[..ds (A-9)

Sup i=1 Sup;

4 in which the subscript i refers to the elements (» is the total number

of elements), and thus each element, each with its own properties (i.e.

each element can be defined as made by a different material, by means
of its constitutive properties), can be considered by itself to calculate
the integral, and a subsequent summation over the elements will give

the integral on the volume of the piezoelectric sensor as a whole.
5 Elements, nodes and numbering system

5.1 Partition of the sensor in elements

As mentioned above, the transducer volume (or area in the two-dimensional case) is

divided in an arbitrary number of elements. Each element has a number associated with
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it, and is then referred using this number. For instance, suppose that the transducer area
is divided in four elements, each with the same extension in the axis directions (figure

A/3), the elements will be numbered in the order given by following the z and x

directions in turn, starting from z=0 and x=0.

Figure A/3 Division of transducer in subdomains (elements)

¥

The extension of the elements in the two directions, xx and zz, determine the total
number of elements and the resolution obtainable by the approximation in terms of

wavelength and thus frequency, as will be explained later.

5.2 Nodes and discretisation of the integral equation

In order to obtain an approximation of the solution, the unknown functions u(x,z,t),

d(x,z,t) are substituted by the following sum of functions:

k
u(x,z,0) = f,(x,2,0) 1, (A-10)
j=1

¢(x,z,t)z¢3=2f#(x,z,t)~¢j (A-11)
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In these equations, u; and ¢, refer to the value of displacements and potential at one
point of the sensor, f,; and f,; are functions of space and time related to the same point.

In the theory of FEM these points are referred to as nodes.

As stated in the last section, the left hand sides of equations 8 and 9 can be evaluated
element by element and summed together before the solution procedure. In this way it
is possible to give to each element the desired set of material properties, thus
determining the material connectivity. WE can therefore consider only one element and

define standard procedures for the calculation of one element integral.

Substituting equations 10 and 11 in one term of equation 8 we obtain:

[Ifweay plia)+ [&a 1197, 1 el V7, a) + (6T 197, T e[ f, [4] +

+[SPIIVS, 1" e VS, 1] + (A-12)
~[6B1IVS, T LVF, g1V - [[16a) -L£,1(T1dS =0

in which the square brackets refer to a vector whose components are the values of the
quantity at each node of the sensor. Because the values of u and ¢ at one node are not

anymore function of space, we can take them out of the integral and write:

[al [ M1[#]+[5a] (K, [#]+
+[62]"[K,, [ #1+[SB1(K , 1[a]+ (A-13)

631K, [ 1~ [ LS T] =0

with

(M= [[[dr T LrDav | (A-14)

Vol

(K= [[[a¥r 1719, pav | (A-15)

Vol

(&)= [, Flevy,yav (A-16)

Vol
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[Kul=[K,]" (A-17)

(81= [[if;14s (A-18)

As aresult of the integration, the coefﬁéients of the matrices are numbers, not functions
of space. The spatial information is contained in the index j, that refers to a precise
point of the sensor, and the coefficients that multiply the variables of index j are a result
of integration in the elements that contain the node, thus in a region of space near the

point considered.

The electrical potential at one node, as well as the two components of displacement, can
be considered as another variable of the node, so we can define a generalized

displacement as:
ux

a=\u (A-19)

whose components are referred to as degrees of freedom of the node. Moreover, as we

are considering sinusoidally variable functions on time, the double derivation of time

takes the form:
. d'u
Uu= —d 5 = —a)zu (A"ZO)
t

Considering the two equation above and equation 13 we can write

([K]- @’ [M'Da]l=[S], (A-21)
where |

[K]= [1; ?] (A-22)
du 9




e
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M 0

[M']= 0 0 (A-23)

and T, is a scalar representing the amplitude of the pressure.

The equations to be solved are now linear algebraic equations, and can be solved (if
possible) using standard methods for linear algebra. The procedures to obtain the

matrices will be discussed in the following subsections.

Notice that the matrix associated with one node is a 3*3 matrix, and this structure is

reflected in the system matrix, that is symmetric by blocks, as will be discussed later.
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5.3 Nodes numbering

Each node is identified by two numbers: one is the internal (to the element), which
follow from the need to build, for each element, standard procedures that take into
account the fact that elements have all the same structure; the other is the global
number, which is different for each node and uniquely identify it in the overall system.
Next figure shows the internal and global numbering systems for our example, while the

arrays that keep those information in the program are shown in the following tables.

2 3 7
e R .
1‘ """"""""""""" . """""""""""" '
4 8
6 9
. ......................... .
"2 3
: Element 4
2 s
; @ @

Figure A/4 Global and internal numbering system; the top picture shows the global

numbering system, while the bottom picture shows global and internal numbers for nodes in

element 4

The subroutine TOPOL creates the arrays ELTOP (element topology), that contains six
integer numbers: the first define the material (0 for polymer, 1 for ceramic) the second

is the number of nodes for the element (4) and the other four are the global nodes
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numbers arranged in an internal order; for instance, in the case shown in the above

figure, the array has this form:

ELEM. | MATER. NODES NODE1 NODE2 NODE3 NODE 4
1 0 4 l1 2 3 4
2 0 4 2 5 6 3
3 0 4 4 3 7 8
4 0 4 3 6 9 7

Table A-1 ELEMENT TOPOLOGY : type of material, nodes per element, global
number of nodes in internal order. The numbers of the nodes contained in the
array are the global numbers, while the position (column) in the array identifies

the internal numbers.

The subroutine build another array, COORD, whose row i correspond to the node

whose global number is i, and the columns are the space coordinates of the nodes:
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GLOBAL NUMBER X Y
1 0 0
2 ., 0 7z
3 XX zz
4 XX 0
5 0 2%zz
6 XX 2%zz
7 2*xx zz
8 2*xx 0
9 2*xx 2*z7

Table A-2 COORD Global coordinates of the nodes.

These arrays are subsequently used to build the right hand side vector and to change the
system matrix in order to take into account the fact that the nodes corresponding to one
electrode have all the same potential. This is done first building four vectors that
represent the four external lines of the sensor, those opposite to the axis: sx1 and sx2 are
those orthogonal to x axis, at x=0 and x=2*xx respectively; in a similar way are defined
sz1 and sz2, which are associated with the two electrodes. In our example the

subroutine SURFACES creates the following vectors:

sx1=[12 5]
sx2={7 8 9]
sz1 =[1 4 8]

sz2=[5 6 9]
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6 Matrix elements and right hand side vector

6.1 Element matrix and system matrix

Because each node has three degrees of'freedom, a term in a matrix in equation 13 isa
block of dimension 3*3. The position of a block in the element matrix correspond to a
couple of nodes: the block with indices i and j correspond to nodes with internal number
i and j. The element matrix has therefore dimension 12*12, because each element has

four nodes.

Once the element matrix has been built, its contribution to the system matrix is made
through the link between internal and global numbering. If the global number of this
nodes is 4 and k respectively, the element block of indices 7, j will contribute to the
system block occupying the position 4, k in the system matrix. One node belongs
generally to more than one element, thus the total contribution to the system block will
be the sum of the blocks that belong to the elements containing the two nodes of global
numbers # and k. Moreover, the block of indices k£ and 4, having indices corresponding
to the same couple of nodes, will be the same as the former one, and the resultant

system matrix will be symmetric by blocks.

6.2 Internal coordinates

The fact that the elements have all the same structure (the only differences being the
position and the constitutive properties), is used in order to calculate the integration in

the same way for each element.

As for the numbering system, we need a way to refer to each element in the same way,
when referring to nodes and coordinates inside the element. Internal coordinates are

defined in the following way:

£= 2(x—xy) 1
= (A1)
;_ 2(Z ZO) 1

zz
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and their meaning is easily understood from figure 5

4
1
Zo+zz ......................................... .
¢
A Va -1 1
3 »
S .|
X : :
0 T X, XoHxx

Figure A/5 Internal coordinates

A generic element has the following set of internal coordinates for its nodes:

INTERNAL NUMBER £ 4
1 -1 -1
2 -1 1
3 1 1
4 1 -1

Table A-3 Internal coordinates

The integral over an element is calculated using the following formula, valid for each

transformation of coordinates:

([ £ xsy,2ydxdyaz= [[[ £ (&,m (&m0 dcdnds (A-25)




Al6

where
& 4
d& ¢ dE
_ d 4
J(Gng)=detE o £ (A-26)
& b d '
d¢  dc  dc

The functions f(€,y,{) are expressed in terms of nodal functions and parameters:

[ n,a=§ﬁ(§, n.)a, (A-27)

where the functions f; can be made equal for each node and for each degree of freedom.
In fact if the function f is for instance the potential inside an element, we can suppose

that it has the following form:

AE n,5>=§(1+4i§)(1+4@ (a9)

where (&;, ;) are the internal coordinates of the node i

As can be observed by the above equation, the function value is 1 on the node 7 and 0 on
the other nodes; thus it satisfies automatically the condition that the potential has the
value ¢; at node 7, while in all other points inside the element it varies linearly with the
coordinates. Moreover, these functions satisfy the condition of continuity over the
element boundary. It is then satisfied the condition of continuous electric potential and

mechanical displacement over the elements boundaries.

6.3 Numerical integration

The integration is carried out numerically following the formula

[[[r&noar =h};w,,f<f,,,m,4,> (A29)

where the integral of a function over an element volume is evaluated multiplying the

value of the function at a point inside the volume by a weight and then summing over a
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set of points. In this case eight points have been taken at distances proportional to those

of the nodes of the element, by a factor of (1/3)"?, as shown by next figure.

node

Integration pomt

. 1/31/2

0 1/3%# 1

Figure A/6

7 The application of boundary conditions
There is a certain set of physical conditions over the boundaries:
1) The points of the boundary that belong to the electrodes are at constant potential.
2) One electrode is set as reference for the potential (V=0).
3) The pressure is uniform over the boundary.

As a consequence of the third condition (which is equivalent to the condition that the
resultant of the external forces is zero), the center of mass of the sensor will not move.
Calling x_,, and z_, the coordinates of that point, the following equations will be valid as

a consequence of condition number 3:
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1 n
Xpy=—) x;m; =0 A-30
MZ; (A-30)
z -LG:zm =0 ' A-31
cm M "% (' )

where M is the total mass of the sensor, x;, z; and m; are the coordinates and the mass of

the node whose global number is i.

These two equations can be used to express one node coordinates as function of the
others nodes coordinates, allowing the reduction of the system matrix from an n*n to an

(n-2)*(n-2) rank (subroutine REDSTIFF).

The second condition is equivalent to put all the values of the potential at the nodes that
belong to the surfaces szl to zero; the routine REDPOT sums the rows of the system
matrix whose index, say &, correspond to the potential at nodes contained in szl to the

rows above them, and afterwards delete row and column & from the matrix.

Concerning the electrode corresponding to sz2, we only know from condition number 1
that it is constant, but this potential is what we are looking for, that is the potential
difference between the two electrodes. The fact that the potential is constant over this
surface, will allow to sum the variables corresponding to the potential and to consider
them as one variable. The subroutine REDPOT sum the column corresponding to the
potential at the nodes contained in the vector sz2 to that corresponding to sz2(1), which
will be taken as reference for the potential at the electrode. Then it reduce the matrix in

the same way it does for sz1, considering all points but the first one in sz2.

After the routines REDSTIFF and REDPOT have been run, the matrix will have

dimension (n-2-2*nx +1).

8 Frequency response

Once the system matrices [K] and [M’] have been calculated, it is possible to solve
equation 21 for different values of the frequency. The subroutine SOLVE makes this
calculation, accepting as parameters the starting frequency ,, the frequency step Aw

and the number of iterations v. The frequency response of the embedded sensor,
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defined as the potential developed across the electrodes by an application of an

hydrostatic pressure as input, is then computed for the frequency range o,-0,+vA®.

9 Comparison with the ABCD matrix approach

During the present work the ABCD matrix method has been successfully used to

calculate the theoretical response of the transducer.

A comparison between the FEM approach and the ABCD matrix one has been made. In
order to do so the same parameters for the transducer and the backing material have
been used, the only difference being considering the losses in the ABCD matrix

approach. The forces and velocities of the faces of the transducer (see figure A/7) are

X
z
z=0 z=1
V1=V(O)
—_— |
F1=-AT(O)
—_—
A I
—o0 V o——

Figure A/7 Piezoelectric resonator showing

the electrical and acoustical terminal variables.

related to the voltage and current of the electrodes by:




F Z, cot(y-l) Z, csc(y-l) —z— ,

F,|=-i-|Z, csc(}/-l) Z, cot(;/ -l) L2 v,

v i h T s
e o, wC|
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(A-32)

where Z_ is the acoustic impedance of the resonator, ¥ is a complex wave propagation

constant describing the acoustic wave and h=e/s® is the piezoelectric strain

coefficient, C° is the capacitance of the sample.

If the forces applied to both faces of the transducer are the same, is
F,=F,

and, therefore,
V=V,

From the first equation of 32 is

F=F1=Fz=—i-Za.(cot(}/-l)-w+csc(7-l)-v:+%l) =

= —i-Za([COt(?"l) + °s°(7"l)] ¢ +£Ij
Asitis

cosx 1 cosx+1
+ —

cotx +cCcscx =—; ; = .
sinx sinx sin x

we can reduce 32 to a two-dimension ABCD matrix:

Zcos(}/-l)+1 h
F - “ sin(1-0) o ||
vV h 1 I
2_ ———
w w-C

If the external electric circuit between the two electrodes is open, is obviously

(A-33)

(A-34)

(A-35)

(A-36)
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I=0
From the first of 36, we obtain
. 1 sin( ¥ -l)
—l.v_Za'cos(a)-l)+1. (A-37)
and, from the second,
2h ,
= (-i-v) (A-38)
Substituting 37 in 38, we finally get
2h sinly -/
V= (7/ ) (A-39)

_Za'w'cos(}/-l)+1‘

The plot for such an output voltage calculated for a P(VDF-TrFE) sensor (Figure 0.8a)
shows a peak at 7.8MHz. A similar plot is given in figure 0.8b for a PTCa sensor.

10 Results

The program for the FEM method now exists in two versions: one is three-dimensional
and the other is two-dimensional. The three-dimensional version is also available in
three forms: a polymer sensor, a ceramic sensor and a composite (0-3) sensor. The last

two versions don not produce useful results, although the reason for this is not clear.

The polymer simulation, on the contrary, presents a resonance at 7.8 MHz (as shown in

figure 0.9), which is the same value obtained using the ABCD matrix approach.

The two-dimensional version of the program is not giving significant results. One
possible reason is the wrong application of the boundary conditions and the subroutines

that reduce the system matrix.
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Subsequent work should improve the resolution obtainable, considering the two-

dimensional case or applying the principles of sparse matrices. It is also important to

consider the losses of the material, and the external electric circuit.
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" ABRSTRACT

produced by dispersing ceramic powder of caicium modified lead titanate into the matrix
of three different host polymers. The piezoelectric coefficient and the dielectric consiant
as well as the electromechanical coupling factor of the composite films are determined.
Two piezoelectric transducers have been constructed Tsiiig these films. The composite
piezoelectric sensors were used to monitor strain and acoustic eimission levels during
tensile testing of fiber reinforced composite laminates.

Polymer/ceramic composiid piezeelectric matedals with 0-3 connectivity have been

INRGCDUCTION ’

Piezoelectricity is the phencmencn that couples the elastic and electric fields in
piezoelectric materials. In general, materials exhibiting piezoelectricily have the ability to
convert mechanical to electrical enzrgy but also exhibit the converse electrostrictive effect.
These properties enable piezoelectrics 10 perform both sensing and actuating functions thus
classifying thern as smart or intelligent materials.

At present, the standard piezoelectric materizals used as sensors Or actuators in a variety
of applications, such as hydrophones, non-destructive evaluation transducers and shape
control, are ferroelectric ceramics notably lead zirconate titanate (PZT) and some
modifications of lead titanate (PT). However, these materials present some disadvantages
such as acoustic irapedance mismatch, high dielectric constant and lack of flexibility as
well as the coupling of different vibraticn modes and narrow bandwidth. New m terials in
the form of ferroelectric polymers such as polyvinylidene fluoride (PVDF) and its
copolymer poly(vinylidene fluoride/trifluorethylene) (P(VDF/TIFE)) and ferroelectric
ceramic/polymer composites have emerged which atiempt to bridge such disadvantages.

By mixing a ferroelectric ceramic into a polymer matrix, the compliance of the
composite material increases and thus the acoustic impedance decreases to a value which
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depends on the ceramic loading. Also, because of the enthanced damping provided by the
polymer matrix, the mechanical logges increase and the transverse modes are attenuated.
As a corfSequence, the longitudinal piezoelectric coefficient can be tailored depending on
the ceramic conient. Three main,variables affect the performance of a piczoelectric -
polymez/ceramic composite material: its connectivity, the properties of the constituent”
phases and the relative magnitude of the phases.

In this study we report on 0-3 connectivity composites made of ceramic powder
dispersed in a polymer matrix which lends itself to easy fabrication of large area, flexible
and formable piezoelectric materials. Calcivm modified lead titanate (PTCz) has been
used as the filler ceramic because of its low dielectric constant and highly anisotropic
piezoelectric properties. A powder of this ceramic has been obtained through a queaching
process which produces ceramic grain size of ~10 pm with low intamal stress.

Three different polymer matrices have been used: Polyetheretherketone (PEEX),
epoxy and P(VDF/TrFE). PEEK has been choszn for its high temperature capabilities thus
extending the temperature range of cperation of the composite iransducers. The upper
working temperature for a composite transducer using this polymer is thus the Curie

temmperature (T,) of the ceramic which is 255°C for PTCa. Epoxy resins are commonly
used as the matrix phase of fiber reinforced polymer compositz materials. Therefore,
epoxy/ceramic. composite scnsors .would be compatible with and could be utilized in a
wide class of fiber reinforced composites. Finally, P(VDF/TTFE) a ferroelectric polymer
has also been used as the polymer host. Its polar character, which is responsible for iis
ferroelectricity, imparts the highest dielectric constant known in polymers peaking at £=50

at its Curie temperature which is around 125°C for the copolymer used. This allows for
easier poling of the ceramic grains near T, due to a beiter dielectric constant matching
between the phases.

Polymer/ceramic composite piezoelectric materials developed from this work are to te
employed as multi purpose sensors for the nondestructive monitoring of fiber reinforced
composite laminates. In their final configuration these films could be either surface
bonded or embedded in composite laminates to monitor strain levels or be utilized as
ultrasonic or acoustic emission (AE) transducers.

FADRICATICN OF THE CERAMIC/POLYMER COMPOSITE FILMS WITH 0-3
CONNECTIVITY.

The mechanical, thermal and dielectric properties togeiher with the connectivity of the
two constituent phases are important factors in the choice of the most appropriate method
for the fabrication of a particular composite. Many thermoplastics, i.e. polyvinylidene
fluoride and its copolymers, are soluble in organic solvents and soften at some particular
leraperature range in such a way that they regain their properties when cooled down. The
thermoset polymers, i.e. epoxy, are network polymers with mostly amorphous structure,
that cannot be hot worled. In a 0-3 composite the ceramic powder is randomly distributed
in the matrix of a host polymer and it is easier to fabricate in comparison with the 1-3
composites consisting of pillars of ceramic rods that are regularly spaced in the polymer.

Calcium modified lead titanate /polyvinylidene fluoride-trifluoroethylene composites,
PTCa/P(VDF-TrFE), were prepared by the solvent casting technique. The copolymer
P(VDF-TrFE) dissolves well in methyl ethyl ketone. The following equations have been



L]

Lnizlligent Pigzoelectric Composite Maeric!s for Sensors: 439
used to calculate the material quantities to obtain a given volume fraction, ¢, of the
cerarnic in acomposite -+ e .. Tmro R e e e

Mg=¢pV (1)
where M and p is the mass and density of the ceramic and V the total volumeé of the
composite. The subscript ¢ refers to the ceramic. Similarly,

t

My=¢p,V o (2)

where the subscript p refers to the polymer. The cornposite density o, i.g‘given by, '
p=gpe+(1-)p, (3)
Veighed materials of the ceramic and the polymer were raixed in an agate mortar and

the solvent, methyl ethyl ketone, was poured over the mixture until all the copolyrmer
powder was dissolved. The slurry was stirred with a pestle until a uniforra solid was
formed due to the evaporation of the solvent. This solid mass was then used to form the

composite films using the hot pressure ( 1706°C, 4-9 tonnes ) casting technique. The F1Ca

particle size was in the range of 5-10um and the thickness of composite films was
~50pm.

For the PTCa/Epoxy composite films, Epixoie €28 (Shell) epoxy resin and XK61B
(Anchor Chemicals) curing agent have bzen used to produce the host thermoset polymer.
A few drops of the curing agent were added to one cc of the epoxy resia in a small
container and the mixture was stirred to ensure uniformity. A measured amount of
“= ===~ Gardfnic powder (PTCa) was then graduaily added to the epoxy stirring continuousty until
all the ceramic had been added and the mixture attained a smooth consistency. The
cornposite was then placed on a clean and smooth piece of aluminum foil and outgassed
for two hours in a vacuum oven at 60°C. Following the degassing the composite material
was removed from the oven together with the aluminum foil and located onto a milled
plate with thin shims placed along tie edges. Another piece of clzan and smooth
aluminum foil was placed on top of the composite and another milled plate was locatec on
top of the second aluminum foil. The entire assembly was then placed in the hot
mechanical press (60°C, 2-6 tonnes) until the metal plates were tight against the thin
shims. The cornposite film thus produced, was allowed to cure for a further period of four
hours at 60°C. The composite film (80-300um) was then removed from the asserably.

For the PTCa/PEEK composite, the host polymer was unoriented PEEX with the trade

-~y

name Victrex (ICI) with a crystalline volume fraction = 0.8. The raeliing temperature of
PEEX is ~330°C and this polymer is not readily soluble in safe organic solvents and it
.also shows excellent resistance to inorganic solvents. Appropriate amounts of PTCa and
PEEK grains were mixed in the solid p’nzléa and heated to 330°C when the mixture
became soft. It was then stirred for one liour at this teraperature and then cooled to room
temperature. This material was used to produce composite films in the hot press at 370°C

and at 8 to 10 tonnes pressurs.
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A scanning electron microscope (SEM) study of the morphology of these composite
films showed that the ceramic grains were isolated from each other indicating a true 0-3
connectivity.

POLING OF COMPOSITE FILMS-. . -

For a composite with 0-3 connectivi'ty éonsisting of sphériczﬂ ceramic grains dispersed
in a polymer matrix, the ceramic particles sense only a part of the externally applied poling
field. The field E,, acting on an isolated spherical grain for such a case is given by (Von
Hippel 1954),
| Ey =3¢,E[(ec +£,) (4)

where E is the externally applied field and €. and €, are the dielectric constanis of the
ceramic and the polymer respectively. A DC field acting on a two layer capacitor, may be
represented by

E, o, .

—=— (5)

E, o .

where ¢, and ¢, are the conductivities of the polymer and the ceramic respectiveiy.
Above observations indicate that for a 0-3 connectivity system in which the dielectric
constant and the conductivity of the ceramic are high and low respectively in comparison

with those of the polymer host, the electric field acting on_the_ceramic_piezoelectric .

pariicles; E,; will be quite low and insufficient to pole ceramics efficienty. It has been
claimed (Sa-Gong et al, 1986; Les, Halliyal and Newnham, 1989) that an inclusion of a
small volume fraction of conductive filler particles, e.g. silicon, carbon or germanium, as a
third phase will provide a continuous electric flux path and thus enhance the conductivity
of the host polymer. Unfortunately, such a procedure will lower the effective electrical
breakdown field E,, of the composite. In this respect, an approach to match tae
resistivities of the two phases may not achieve its expected reward. For this reason, no
attempt has been made so far in this work to match the resistivity of the two constituent
phases. The vacuum electroded samples were poled by a DC field in the range of
1-2.5x10” Vm™ in a bath of insulating silicone oil at a temperature of 100°C for 30
minutes. The magnitude of the poling field was limited by the electrical breakdown

strength, i.e. Es.

Pa

DIELEC"I'RIC 'AND PLEZOELECTRIC'CHARACTERIZATION: RESULTS AND
DISCUSSION | ' : ’

Composite films of PTCa/P(VDE-TIFE): 65/35 vol%, PTCa/Epoxy: 60/40 vol%, and
ceramic discs of PTCa have been studied extensively so far to determine their dielectric
constant, the piezoelectric ds3 coefficient and the electromechanical coupling factor k;.

The dielectric constant £ and the loss factors were evaluated from measurements of the
sample capacitance and conductance by using a conventional capacitance bridge (General
Radio, Model 1621) at [kHz s§ room temperature and the resulis are given in Table 1. The
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uncertainty in the values of the dielectric data, which arises from the non uniformity in the
sample thickness is approximately 15%. It was observed, as expected, that for a given
composite, the diclectric constant increased with the increasing volume fraction of the
ceramic loading whereas the magnitude of tan & decreased correspondingly. For example,
for PTC2/P(VDF-TTFE) the £ value increased from 21 to 67 when the ceramic volume
fraction was increased from 21 vol% to 65 vol%, whereas the tan § decreased from 0.018
to 0.013 for the same range of increase in the ceramic loading.

The piezoelectric dj3 coefficient was measured by a Pennebaker 8000 instrument
that bas a range of 0 to =1200 pC/N. The instrument is supplied with a calibrated lead
titanate piezo ceramic. An internal capacitor, 0.1uF, is connected in parallel with the test
sample and a voltage is developed across this capacitor by the piezoelectric sample for an

applied stress and the calibrated instrument provides directly the magnitude of the ¢5;
ccefficient which is the ratio of the product of the voltage and the capacity to the applied
stress. It may be observed from Table 1 that the d33 value of PTCa/P(VDF-TTTE) 65/35
vol% is comparable to that of PTCa whercas the corresponding value of PTCa/Epoxy
60/40 vol% is approximately 70% of that of the ceramic.
The piezoelectric charge coefficient d (C/IV), and the voltage ccefficient g (m/V), are
related thus,
R d
— =EgE, ( 6 )

4

_where € is the vacuum permittivity and £, the dielectric constant of the material. -Thus -

the value of the g- coefficient may be evaluated provided the values of the d- coefficient

TABLE I - PIEZOELECTRIC AND OTHER RELEVANT PROPERTIES OF
PTCa AND ITS COMPOSITES WITH P(VDF-TrFE) AND EPOXT

PTCa/P(VDF- PTCa/Epoxy
Propezty PTCa TFE) 65/35 vol% 60740 wgl%
Density, p (xg/m”?) 6390 5130 4500
Dielectric constant 230 67 23
Er (at 1kHz) '
tan O (at 1kHz) 0.006 0.013 0.010
Piezoelectric
d3s coefficient 63 _ 43 32 -
(x1072CI N) - o
Electromechanical 047 . 0.21 0.19

, coupling factor k, '
FOM: d33 X833 224 3.90 5.03
1 xt07? pa™h 80

Mechanical Quality 4.3 . 21.7
Factor @~
Acoustic Impedance 29.6 16.5 11.0
Z.(x10°Rayls) -
Acoustic Velecity ¢ 4300 3200 2418
(m/s) f
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and €, are kno“/n Furtherroore, the figure of menL, FCM, of a pxe"oelectnc transduccr is -
given by the dg (Pa ") product. Thus, .- : AR :

) 2 .., : R
-.d= =g*co, - - - .

& = 868,. g &o&/ , ' (7 )

It may be observed from Table I that the values of the dg product of the composites
Fl'Ca/(VDF-TrFE) 65/35 vol% and PTCa/Epoxy 60/40 vol% are 3.9%1072 Pa™' jpg
5.03x 1072 Pa™ respectively. Generally, a piezoelectric material with an enhanced 4-
coefficient tends to have a reduced g- coefficient so that the dg product tends to be of a
compensating nature. It may also be observed from Table 1 that the dg product of the
ceramic (PTCa) is 2.24 %1072 Pa™!, Thus, a composite transducer enjoys a superior FOM
value in comparison with their ferroeleciric ceramic. The dg product decreases with
increasing value of the dielectric constant. Hence the composite PTCa/Epoxy €0/40 vol%
appears to be an attractive transducer material for operation in the thickness mode. The

hydrostatic d and gx coefficient are related thus,

dy =ds+2d3 ‘ - ' (8)
gx =gu+281n (9)
d,

p—] =£0Z, (= Eo€m3) (10)

"~This the hydrostatic figure of merit FOM of a cer ”vc/pol"ru tr‘.nsduuer wdl a.L)O be
saperior to that of a ceramic device for the reasons stated above. In addition, in the
fabdcation of the composite, dj; and dj; coefficients are decoupled, thus further
enhancing the dj; value.

The electromechanical coupling factor k,, is an important quantity to characterize a
transcucer and it is defined thus, - ' '

Electrical (mecahnical) energy converted to mechanical (electrical) energy
Total input electrical (mechanical) energy

k2 = (11)

4

k,z is of course always less than unity. For most applications a high value of k; is
desirable as it enables a transducer to convert energy efficieatly from one form into
ancther. A piezoelectric sensor may be represented by an electrical equivalent circuit that
may resonate in the thickness mode at an appropriate frequency. The. k, value may be
deiermined from the measurement of the complex electrical impedance of a piezoelectric
sample standing free in air in the frequency range around the resonance fo. For such a
cace it may be assumed that the forces acting on the faces are close to zero. The electrical
impedance Z, resonating in its thickness mode, is equal to the sum of two terms, ie., the
electrical impedance Z, () of the simple capacitance and the acoustic impedance Z, (@)

(Chigashi, 1988). The real Re[Z(w)], and imaginary parts Im[Z(®)], of the frequency
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dependent total complex impedance of a piezoelectric lossy transducers are given by (Bui
and Shaw, 1977, Platte, 1991; Dias and Das-Gupta, 1992; Dias et al, 1993),

ztmm.("_wj[wsm(-@)+ZSinh(—WmJ] L
reloel] =@%R'*‘A(%) — . 2l (1
)eGo Tl [ 7o )

(W 4 4)[005(@0 -%-c:osh(—zm0 ):I

(13)

: 2 tzmh(ﬂ,-) 2sin(ﬂ)—lys' n Z¥9
-1 (coo) 4 o 2w,
= A -
T

© :
J(w?+4 cos[ J-x— cosh(m/wﬂ
L (OF 20)0

where @o =275, Co the sample capacitance, A the maximum value of the real part of the

~——

- . . . -1
‘acoustic impedance at resonance, ¢ the dielectric loss and w the mechanical 10ss (=0,
Q. being the machanical quality factor). From equations 12 and 13 it may be shown that,

k} =§w0C0A (l{/z +4) tzmh[%w) (14)

T T iis thus necessafy todetetming o, Gy, A dnd Win order to evaluate k%,.
A network analyzer, Model HP8702A was used to raeasure the real and imaginary

<

components of the total impedance of the ceramic and the composite materials in the
frequency range of 3.0x 107 Hz to 5.0x 107 Hz. Prior to the measurement, a calivration

1638003 T : T 1398 + 03
a8 -
\x ——=— Real Impsdancs
. % ™ Imaginary Impedanca =
fg LW . -+ 1258 b3 §
£ 7.0E 4027 o+ B =
S g
8 £
s 5 ‘H\h . T 280Erez §
§ 4 "‘,,.,'* ’ .E:
E N Z
. <= e + 5508402 §
- . ) E
- . c‘._—_«:én%?:ﬂ;;rf-—\..—“‘—";- W&CW
1.00€ +02 2.00¢ +22

2302+ 23 3.48E 408 4.8GE + 83 S HE+08 $.20E 408 T.0E+93
Frequency (Hz)

Figure 1. Real and Imaginary part of measured impedance of PTCa/Epoxy (60:40 vol%) film
Initial estimates; A=584.94 Ohms, f, =3.57 x10° Hz, y=0.057, k, =021
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Figure 2. Real and Imaginary part of measured and calculated impedances of PTC/Epoxy (60:40 voit)
Optimizead values; A=611.66 Ohms, f, =3.58 x10° Hz, y=0.046, k, =0.19

proecedure was undertaken to ensure that the true impedance of the sample was measured
with ro contribution from the capacitance of the cables or connectors. The experimentally

deterrzined impedance as a function of frequency yields the values of the resonance”

" frequency fo, the peak amplitude of the real part of the acoustic impedance A and the

mechanical loss y which is given by the full width of the resonance at half height

measured from the base line. The behavior of the real part of the electrical IILIPEleI‘.-n,
with frequency is, of course, given by the base line. Figure 1 shows the typical behavior
of the real and imaginary parts of the complex total impedance in the frequency range of
2.0x10°® Hz to 7.0x 10° Hz for a PTCa/Epoxy film with a composition of 60/40 vol%
It may be observed from the resonance behavior of the real part of the complex impedance
that fo is located at approximately 3.57x10°® Hz for this particular film of thickness
333um and that the values of A and y are 534.94 ohms and 0.057 respectively. Using

these values of fo, A and y and with the knowledge of Co and equation 13, &, was found
to be 0.21.

The measured data of the real and imaginary cornpone'n.s of figure 1 around the
resonant frequency fo were also analyzed using a computer algorithm to fit equations 12
and 13 of the theoretical model. The fitting process requires a prior estimation of the
parameters fo, A and v from figure 1. The optimization process then undertakes a finer
tuning to miniriize the discrepancy between the experimentally observed and ' the
calculzted curves. Figure 2 shows that there is a goocd agreement between the
experiraentally observed and the corresponding observed data that provide the best fit with

equations 12 and {3. The optimized values of fo, A and k, were within 0.2%, 5% and
10% res; ecuvely with the experimentally determined values, whereas the optimized value

of ¥ (= Qm ) was significantly different (=24%) from the experimentally determined
magnitude. The exact reason for this large discrepancy is not known yet and further work
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is in progress in this respect. A similar analysis of the impedance data for PTCa/P(VDF-
TrFE) composite with 65/35 vol% composition yielded a value of 0.21 for k,.

Mow the piezoelectric d- coefficient and the electromechanical coupling factor %, are
related thus, ‘ .
d=k,\JEoE,S (15)

where S is the compliance (m2/N=Pa“) which has the same dimension as the dg-
product. Thus, :

dz 2 B
=k’S 1
co, (16)
Using equations 7 and 16, we get,
. d?
=dg =k’S (17)
EOE[
dg 2
or —S—-_—k‘ ( 18 )

The compliance for a givea material does not change significanty with frequency and it

2, .
_may thus be argued that X, _is proportional to-the dg product. -~ ——-==== = === ==
The acoustic impedance Z,, is defined thus,
- Zs=pYs (19)

where p is the density and V; is the acoustic velocity in the medium. The latter pararaeter
is given by,

Vs =2lfo (20)

v/here 1 is the sample thickness. With the knowledge of Jo (figure 2), composite deasity
equation 3) and the samp!* thickness, the calculated valve of the acoustic impedances of
PTCa/P(VDE-TIFE) 65/35 vol% and PTCa/Epoxy 60/40 vol% were found to be 16.5 and
11 MRayls respectively (see Table 1). It may be observed from Table 1 that the
PTCa/Epoxy composite w.th 60/40 vol% composition is superior to the PTCa/P(VDFE-

TrFE) composite with 65/35 vol% composition. Now the transmitter efficiency Y7, in the
thickness mode is given by (Silk, 1934) )

; 2 -
k; 8( .
AL s 21

T 1-%(%) (2

'
Similarly the corresponding expression for the receiver efficiency Yg, is,

Ve = k.l

) _— (22)
4 (V,E,)l/2
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It may be observed from equations 21 and 22 that it is ¥ general beneficial to have a large
value of &, for a transmilter whereas for a receiver, a low value.of €, is preferable, other

things being equal. The performance of a single probe is given by the YrYz product for a
transmit receive operation and, '

-k
Yz _W (23)

From equation 22 2nd using the appropriate values of the parameters given in Table 1,
it appears that the PTCa/Epoxy composite is approximately 64% more efficient as a
transducer receiver material in comparison with the PTCa/F(VDF-TrFE) composite for the
same thicknass of the material. It should be pointed out that the overall synergy effects of
k, V,, p and &, are compiex and not necessarily complementary and care should be
exercised in the choice of a receiver material with optimum performance.

Finally, a preliminary study of the piezoelectric ds3 coefficient of PTC«&/PEEK with
45/55 vol% composition has provided a value of 21 pC/AM that may be cue to an
appropriate mixing of the two phases that does not conform to a proper 0-3 connectivity.
Further work is in progress in this respect.

MOMITORMNG OF COMPOSITE LAMINATES: RESULTS AND DISCUSSICOM

Some preliminary experiments have been conducted to show the feasibility of the
polyraer/ceramic films to serve as mulli purpose sensors for the nondestructive rmonitoring
—-of fiter reinforced compdsite structures. In these experiments the composite sensors ave
been used for strain measuremenis under cyclic loading, and for the detection of acoustic
emission in composite laminates under tensile leading. Initial results and conclusions from

these experimments are outlined in this section.
DYMAMIC STRAIN MONITORING

The strain induced in an S2-glass/epoxy [0, /45,/-45,/90]5 laminate by cyclic loading,
was monitored using composite films of PTC«/P(VDF-TIFE) and PTCa/Epoxy, of various
ceraaic contents, as sensors. Poled and electroded composite sensors ~10mm in diameter
viere bonded onto the specimens using cyanoacrylate (LOCTITE 401). Using an Instron
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Figurc 3. Response of PTCa/Epoxy senser under cyclic load
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1

testing machine the specimens were ramped to a mean load of 1000 Ibs and immediately
cycled using a sinusoidal load of 700 1bs in amplitude at a frequency of 2 Hz. A typical
response from a PTCa/Epoxy composite sensor is shown in figure 3. In this case the
signal from the composite sensor has a peak to peak amplitude of ~2 mV which is
measurable with conventional equipment. These preliminary resuits indicate that these
sensors could be utilized to monitor strain in composite laminates under cyclic loading.

EVALUATION AS ACOUSTIC EMISSION SENSORS

Two piezoelectric transducers have been constructed using PTCa/P(VDE-TIFE) 65/35
vol% and PTCa/Epoxy 60/40 vol% composite films as sensors. The design of these
transducers consists of a grounded stainless steel case, the composite sensor an epoxy-
tungsten backing and a gold-plated brass wire aciing as ihe live electrode. The backing
material consists of tungsten powder loaded epoxy in the range of 15-35/85-65 vol% ratio.
The composition of the backing material was chosen appropriately to match the acoustic
impedance of the ceramic/polymer composite film.

These transducers were evaluated for potential application in the detecticn of acoust
emission in composite materials. Two of the sensors were used to monitor glass/epoxy
(SP250/E-glass) specimens during tensile testing. Each sensor was mounted on a
specimen, along with a conventional Physical Acoustics Corporation (PAC) R1S acoustic
emission sensor. This sensor has a piezoelectric lead-zirconate-titanate ceramic eleraent,
and is resonant at 150 KHz. The sensors were mounted on opposite faces of the specimen
with vacuum grease couplant, and held by a constant force spring. They viere connected
to PAC 1220A preamplifiers with 100-300 KHz filtérs,and d PAC LOCAN 320 Acousiic
Emission System. Preamplifier gain of 40 dB was used for the conventional sensor; 60 dB
was used for the prototype scnsors. The specimens were loaded in an Instron tensile testing -
rnachine at 0.02 inches per minute, to approximately 50% of their estimated breaking
strength. .

Acoustic ernission data were monitored for each sensor on separatz channels of the A=
system. A portion of the data is shown in figures 4 and S, plotted as histograms of number
of AE hits, or signals detected by each sensor, vs. amplitude. Figure 4 shows data from the
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Figure 4. AE dam for sensor 3 - §5% ceramic in Figure 5. AE data for sensor 4. 6§% ceramic in
copolymer (Hits vs. Amiplitude (dB)) epoxy (Hits vs. Amplitude (dB))
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65% ceramic in copolymer sensor; figure S shows data from the 65% ceramic in epoxy
sensor. The amplitude is on a dB scale where 0 dB represents 1 microvolt at the sensor
with 40 dB preamp gain (10 microveits at the sensor with 60 dB preamp gain). The
prototype sensors are less sensitive than the conventional AE sensors, but very similar to
one another. They detected many fewer signals, and the amplitude of the signals was
significantly less. The signals from the prototype sensors ranged in amplitude from 25 to
32 dB; 25 dB is the lowest amplitude detectable above the system noise. The same signals
were detected by the conventional R-15 sensors at amplitudes of 94-100 dB, the upper
portion of the range, as shown in figures 4 and 5. These data indicate that the prototype
sensors may find application with conventional, commercial acoustic emission systerms
where only higher amplitude signals are of interest. Other applications may require high
gain, low noise preamplification.

The sensors were also evaluated by measuring their response to a pencil lead break on
a graphite/epoxy plate. The lead break is a commonly used technique for generaiing a
repeatable stress wave in a structure, and closely approximates an impulse load (ASTM,
1993). Figure 6 shows the response of four sensors to lead breaks on the surface of the
plate. The signals were digitized at 6.25 MHz, and filtered from 20 KHz to 1.5 MHz. The
units on the vertical axes are arbitrary.

The signal in figure 6¢ is from a Harisonic SMHz ultrasonic sensor. It is resonant at
5MHz, but has a relatively flat frequency response at the frequencies considered here. It
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Figure 6. Waveforms from pencil lead breaks on the surface of a thin graphite/epoxy plate.
Arbitrary units vs number of points digitized.
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has been shown by Gorman (Gorman, 1990) that AE signals from pencil lead breaks on
the surface of a thin aluminum or graphite/epoxy plate propagate as extensional and
flexural plate modes. Prosser (Prosser, 1991) has shown, by compzmno it to laser
interferometer used to measure surface displacement, .that the response of this type of
sensor closely follows the surface displacement of the plate and shows both the low
dnphtude extensional wave, followed by the higher amplitude flexural wave. The signal
in figure 6d is from an R15 sensor, and clearly shows the resonant nature of the sensor,
Figure 6a shows the response of the 50% ceramic in copolymer; figure 6b is the 65%
ceramic in copolymer. In both cases, both the extensional and flexural wave modes can ke
seen. A reflection of the extensional wave from the edze of the plaie can also be seen in
figures 6a and 6b resulting from the pencil lead break near the edge of the plate. The
former signal was acquired with 56 dB gain before the digitization, and the electronic
ncise is evident in the signal. The latter signal was acquired with 50 dB gain. The noise is
less, and the response to the flexural mede wave is much greater, due to the higher

* piezoelectric coefficient. These sensors are better suited for characterizing plate waves
than are the conventional AE sensors.
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Abstract

The resuits of a study of the dieleciric, piezo- and pyroeleciric properties of calcium modified
lead titanate (PTCa), and its composites with (i) copolymer vinylidene fluoride -
Triflucroethylene (VDF-TrFE) and (ii) Epoxy (Epicote 828) are reported.  The latter
composite, i.e. PTCa/Egikote 828 with 60% vol% ceramic loading appear to have superior
propersties for piezoeleciric transducer-seceiver application in compariscn with the
PTCaP(VDF-TrFE) with 65 vol% ceramic loading.

1 _Introduction

Ferroeleciric ceramic/polymer composites enjoy the unigue blending of the high electro-
active{piezo- and pyroeleciric and charge storage) properties of eleciro-ceramics and the
mechanical flexibility and formability (at a low cost) of organic synthetic polymers. These
composites provide an aiternative to convestiona ceramic sensor matesials for transducer
applications. Combining materials to fatricate diphasic ccmposite fiims invclves choosing
judiciously the components with desired electroactive properies and also couriing them in the
optimum way (i.e., the nature of the connectivity berwesn the two phases). For transducer
agplication composites with 1-3 and 0-3 cornectivities are mostly used. In the 1-3
ccrnectivity a polymer fiils the space berwesn the ceramic racs arranged in a thres-dimensional
matrix whereas for the 0-3 case discrete cerzmic paricles are introduced in a thres dimensional
pclymer matrix. In the cornectivity concegpt, the first dig! refars to the cerarmic phase.
The present work reports the results of a stucy of the dieleciric, piezoelectric and pyroeleciic
roperties of modifed lead titanate (PTCa) cerzmic panicles inrroduced in the matrix of (i)
vinylidene fluoride-trifluoroethylene (VDF-TrFE) and (if) epoxy (Epikote 828) with the 0-3

ccnnectivity.
2._Experimental

The method of fabrication of the composite fiims of 0-3 connectivity has been described
elsewhars (1, 2] and will not be given here. The range of the thickness of the comgosite fims

0-7803-1939-7/94/$ 4.00 © 1994 IEEE
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was 60-90um. Aluminium electrodes were vacuum deposited on both surfaces of the fiims.
The following samples have been investigated in this work.

S1:  PTCa/P(VDF-TIFE) 65/35 vol%
S2:  PTCa/P(VDF-TrFE) 50/50 vol%
$3:  PTCa/P(VDF-TrFE) 40/ vol%
S4: PTCa/Epikote 828 60/40 vol%
S5:  PTC«/Epikote 828 50/50 vol%
S§6:  PTCa

S7:  P(VDF-TrFE)

The dielectric data were obtained in the temperature range of ~ 20°C to 120°C at 1kHz. The
nature of the behaviour of the real (¢') and imaginary (¢") parts of the complex permirtivity was
also investigated in the frequency range 105 Hz to 105 Hz. A General Radio Bridge (Mode!
1621) was used to evaluate ¢’ and " from 10Kz to 105 Hz. The low frequency behaviour of ¢
“ below 10Hz to 10-SHz was determined from the time dependent discharge current da:a and
an appropriate truncated Fourier transform operation.

The composite samples were poled by the conventional thermal poling technique. The
piezoelectric Ds;- coefSicient was measured with a Pennebaker apparatus (Mode! 8000). The
evaluation of the eleziromechaniczl coupiing coefficient was made from the measurerment of
complex impedance in the range of 300 kHz to 50 M= using a nerwork aralyser (Mode!
EP8702A). Finally the pyroeleciric coefScient was determined both by the direc: (5] and the
dynamic methods [4],

Results and Discussion

The dieleciric properies of constituent matedais of a cormposite will have a signiScant
irfluence on the eleciroactive properties of a composite. Table 1 shows the vaiues of the
dielectric constant and tanG of some of the fabricated composites and their constituent
materials offer poling at 30°C, 1kHz (5, 6].

Table I: Dielectric Properties of Comgosites and their Constituent Marerals at
30°C at 1kHz (after poling).

Material Ceramic Volume £ tand
fraction %

PTCa 220 0.006
P(VDF-T{FE) 79 0.011
PTCaP(VDE-T(FE) 65 67 0.013
PTCa/P(VDF-TiFE) 50 40 0.021
PTC2/Ezikote 828 50 24 *0.009

PTCa/Ezikote 828 60 30 0.010

~F




All the materials show an enhancement of permittivity with temperature, the highest variation
occurring with P(VDF-TrFE). The composites with a higher volume fraction of ceramic show
a higher permittivity as is expected. In the low temperature range at ~ 10°C the compasite S1
with 65% vol. loading shows a relaxation peak (e") which is attributed to the B- relaxation of
P(VDE-TrFE). The €”- values of composites decreases in the low temperature range following
an analogous behaviour of the copolymer, whereas in the high temperature range the dielectric
loss rises as in the case of PTCa.

Table 2 shows the values of the piezoelectric constants of the composites and the constituent
materials [5].

Table 2: Piezoelectric Constants D33 and k, of Composites
Material Ceramic Volume ds3 ky
fraction % p.c./N

PTCa 63 0.47
P(VDF-TrFE) -33 030
PTC2/P(VDF-TrFE) 65 48 0.24
PTCa/P(VDF-TrFE) 50 25 0.09
PTCa/Epikote 823 50 24 0.14
PTCa/Epikote 828 60 30 0.19

The largest D33- and k¢ values are provided by the PTCxP(VDF-T(FE), 65/35 vol%
composite. However, the acoustic impedancs for this comgosite is also largest (16.5 MRayl).

ki~ values were determined from the measurement of the elecirical impedance of a poled
composite vibrating as a free resonator. Now the transmirier ef ciency yr, of a piezceleciric
transducer is given by [7],

o= (o1, (1)
1-%

:

and the cerresponding expression for the recsiver eSiciency vy, is (7],

k.1 -
Ya= T -(2)
(ve)
where v, is the acoustic velocity in the medium ard / tke sample thicknecs. It is thus necsssary

to have a high value of ¢, for a transmitter, whereas for a receiver, a small value of e, is

praferable.  The measured values of v, for PTC2P(VDF-TIFZ), 63/35 vol®%, and

PTCa/Epikote 828, 60/40 vol%% are 3200 m/s and 2418 m/s reszecsively, Using these values of
¥ * * g =

v, and the approprizte magnitude of &, (ses Table 1), it acsears that PTCa/Ezikote 823
composite is approximately 64% more eficient as a recsiver than PTC2/P(VDF-TIFE)
composite {7].

~p
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Table 3 shows [5] the values of pyroelectric coefficients and the figure of merit (FOM)p of
PTCa, P(VDF-TrFE) and PTCa/P(VDF-TrFE) compasites.

The pyroelectric coefficients, shown in Table 3, were obtained by using the direct method {31

Table 3: Pyroelectric coefficients of the two constituents and the compoasites
Material Ceramic Volume p at 30°C (FOM)p
fraction % (1C/m2k) at 30°C
(pC/mzk)
PTCa 330 1.75
P(VDF-TrFE) 17 2.1
PTC&/P(VDF-TIFE) 65 130 1.94
PTC4/P(VDF-T(FE) 50 79 1.97
PTCa/Epikote 828 50 20 0.84
PTCa/Epikote 828 60 30 0.99

(FOM)p'-'p/Er, is roughly proportional to the responsivity of a detector. It is necessary to have
a high p- value and low &, in order to obtain a high (FOM)p.

The observed piezo- and pyroeleciric properties of the composites can be expiained by a
modified S, 8] cube mode! {9].
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Abstract

Electroactive ceramic/polymer composites with 0-3 connectivity pattern
have been studied recently in view of their artractive properties for smart
sensors applications.

Sol-gel is a convenient technique to obtain ceramics of high purity and
molecular homogeneity. A further advantage is the use of lower
processing temperatures than that of the conventional mixed oxides
route. In this work we have synthesized lead titanate (PT) and calcium
modified lead titanate (PTCa) ceramic powders by this technique. Various
techniques have been used to evaluate the characteristics of the resulting
cerarmics.

Introduction

The work presented here stems from an effort to produce calcium
modified lead titanate (PTCa) powders via the sol-gel method for use in
the formation of ceramic/polymer composites for sensing materials.

PTCa has long been know to possess ferroelectric characteristics which
are more suitable to practical applications than lead titanate (PT) alone
[1]. High Curie temperature Tc, low permittivity er, large anisotropv of
the electromechanical coupling coefficients d33 and d3 | and high
pyroelectric coefficient p. all make PTCa an appealing material for use in
various transducers.

The addition of a ferroelectric ceramic powder to a polymer matrix with
0-3 connectivity, produces materials which combine the desirabie
ferroelectric properties of the ceramic with the good properties of the
polymer. Polvmers possess lower dielectric constants with respect to
ceramics. acoustic impedances closer to that of water which makes
composites appealing to ultrasonic diagnosis and sonar applications. as
well as having the added property of being easily formed into a variety of
shapes or large area thin films.

The sol-gel method for preparation of ferroelectric cerarnics can offer
many advantages over conventional processing techniques. Cerarnics
produced via the sol-gel method show high degrees of purity and
homogeneity. can produce fine powders as well as being able to be
formed into a variery of structures and they possess the ability to be
processed at lower temperatures.

0-7803-1838-7/84/3 4.00 © 1994 IEZZ
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Thin films of composite materials using PTCa. produced by conventional
mixed oxide processing methods, and PVDF-TrFE have been produced
and shown to be of practical use as sensor materials [2]. This paper
reports on the production of PTCa powders via the sol-gel method for use
in ceramic/polymer composites.

Experimental Methods

In this work we have prepared PT and PTCa ferroelectric ceramic
powders, using complexed alkoxide precursors, formed by the reaction of
lead acetate trihydrate, Pb(CH3COO}2-3H20, calcium acetate hydrate.
Ca(CH3C00)2-nH20. with titanium isoproxide, Ti(OC3H7)4.

Gel of PT was prepared by the following method. The lead acetate
trihydrate and titanium isoproxide were dissolved separately in solutions
of propanodiol-(1,3) in a 0.05M ratio of total reagents to solvent. Once the
acetate had dissolved completely the two solutions were mixed together
and water for hydrolysis was added. This solution was left to reflux at
80°C and a viscous gel was formed in approximately two hours. The
amounts of metal-alkoxides were chosen to achieve a 1:1 molar ratio of
lead to titanium and the amount of water added was calculated using a
method described by Lipeles, Coleman and Leung (31-

A gel of PTCa was also prepared using this method and the amounts of
metal-alkoxide reagents were chosen so as to form (Pb).xCax)TiO3 with a
value of x=0.24.

The gels were dried under vacuum at approximately 809C to remove
excess solvents. The gels were then allowed to dry for one week in the
open air. After one week the gels showed shrinkage and had become solid
like i.e.. would not flow. These gels were then heated in an oven at various
temperatures in order to obtain the crystalline ceramic powders. The
drving of the gels was performed in stages to ensure the removal of
excess solvents and unwanted organics. therefore the initial heating was
performed very slowly.

The gels were analysed by TGA and DTA methods and the ceramic
powders studied by X-ray diffraction methods and DSC analysis.

Resul
Thermal gravimetric analysis (TGA) and differential thermal analysis
(DTA) techniques were performed on the gels which had been left to dri
whilst exposed to the atmosphere. A heating rate of 50C/min was used fcr
both techniques. The TGA analysis shows a loss of weight due to solvent
waporation at temperatures below 250°C for both PT and PTCa. The DTA
results indicate a crystallisation temperature of 240-280°C, of the
amorphous gel, due to a sharp exothermic response. for PT and PTCa.

The powders of the ceramics after being prepared at various
temperatures were formed into pellets which enabled X-ray diffraction tc
be performed using Cu-Ka radiation. The resuits showed that both
ceramics possess a high degree of crystallinity, corresponding to a
perovskite phase. when fired above 5009°C. It was observed that the
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powders crystallised at about 250-300°C for PT and PTCa. below which
the powders were amorphous. This agrees with the DTA results
indicating the crystallisation temperatures. The resulting diffraction
patterns can be seen in figure 1 for various times and temperatures (PT:
2h at 150°C. 2h at 4500C, 2h at 800°C; PTCa: 2h at 1500C, 15 min at
! 4509C, 2h at 800°C).
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Figure 1. - X-ray diffraction paterns (CuKg): a) lead titanate: b) calium
modified lead titanate.
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The tetragonality (c/a ratio) of the crystal lattice was calculated from the
002 and 200 diffraction peaks and are shown in table 1. The value of the
c/a ratio for PT is.in good agreement with other published results [4].
The value for PTCa is lower than that of PT but differs from other results
from similar ceramics of calcium modified lead titanate [5]. This could be
due‘to a difference in stoichiometry.

PT PTCa
Te OC 487 412
tetragonality 1.066 1.052

(c/a)

Table 1. - Curie temperature and tetragonality for PT and PTCa.

Differential scanning calorimetry (DSC) analysis was performed on
powders which had been fired at temperatures above 500°C.
Endothermic peaks, corresponding to the derection of a ferroelectric
transition from the tetragonal to cubic crystal structures, were observed
for both PT and PTCa ceramics. The transition temperature for PT was
observed to be approximately 4379C which agrees with regoried dat on
lead titanate [6]. The observed eadothermic peak for PTCa was
approximately 1/35 of the inteasity of that for PT and appeared at 4120C
as can be seen frem fig 2.
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Figure 2. - DSC of ceramic powders fired above 500°C: a) lead titanate. b)
calcium modified lead titanate.

Conclusion

It has been shown that PTCa can be svnthesised via sol-gel method. used
in the past for the production of PT. The results of X-ray, TGA and DSC
analysis show that PTCa produced in this way posses a perovskite
structure and a comparable temperature of crystallisation to that of PT.
The anisotropy of crystal lattice has been reduced by the addition of
modifier ions of Ca2+ within the crystal lattice which produce a cerami
less susceptible to cracking during cooling through the Curie
temperature.

The observed Curie temperature from DSC measurements of (Pb]-
xCax)TiO3 (x=0.24), produces a broadened peak which could be due to a
spread of x values. Varying x values would have the efect of reducing the
homogeneity of the bulk ceramic and therefore resulting in a ceramic
with a less well defined Curie temperature. This could be explained by a
difference in the hydrolysis rates of the various alkoxides {7].
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Further work is being undertaken to the control of the hydrolysis-
condensation reaction by the study of the kinetics of the multicomponent
sol-gel process to improve the stoichiometry of PTCa. The results of
combining these ceramics into polymer matrices with 0-3 connectivity to
form pyro- and piezoelectric composites and the effects of other isovalent
substitutions will be reported at a later date.
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Abstract

Thin films of ferroelectric ceramic and epoxy composites with 0-3 connectivity have been
produced by dispersing a ceramic ﬁowder in a thermosetting epoxy resin. Calcium Modified
Lead Titanate [PTCa] powder with grain size of less than 10tm was mixed with an epoxy resin
and curing agent and then formed into thin films of approximately 100um. The pyroelectric
behaviour of these composites with 50% and 60% volume loading of ceramic is reported in this

present work.

Introduction

The use of the piezoelectric and pyroelectric properties of ferroelectric ceramic and polymer
composites as sensors in transducers has gained much interest in the past years. Ferroelectric
ceramics have a tendency to possess high pyroelectic coefficients and a correspondingly high
permittivity. Polymers can be either ferroelectric or not, but tend to have low values of
permittivity. The suitability of a pyroelectric material as a detector is usually determined by its
Figure of Merit (FOMp) and is defined for a thin film composite as

FOM, =2 (D)
€

where p is the pyroelectric coefficient and € the permitivity of the composite. The FOMp for a
composite material can thus be determined by the properties of the constituent materials and
reflects the responsivity of the material. The permittivity, due to the ceramic alone will be
lowered by the inclusion of the ceramic into'a low permittivity polymer matrix. The
corresponding pyroelectric coefficient will also be lowered but the value of the FOMp may be

greater than that of the constituent materials alone.

Other determining factors in the choice of materials for certain applications can be the size of the
sensing material. Composite materials possess an advantage over ceramics alone in their ability
to be formed into large area targets. The use of a thermosetting epoxy as a polymer matrix
provides ease of composite manufacture as well as providing low manufacturing cost.

0-3194-1700-9/94/$6.00




Fabrication of Composite Films

In a 0-3 connectivity ¢eramic/polymer composite, ceramic powder is dispersed randomly in 3
polymer matrix. The quantity of the ceramic can be calculated using the following equation

{0
M, (l-qm)p‘V" .-(2)

to obtain the mass M, of the ceramic for a given ceramic volume fraction ¢, where p, is the
density of the ceramic and V, the volume of the epoxy resin used. The subscripts ¢ and p refer

to the ceramic and the polymer respectively. The composite density is then given by
p=0p.+(1—9)p, (3

where p, is the density of the polymer.

Epikote 828 (Shell) and curing agent K61B (Anchor Chemicals) were used to produce a matrix
of a thermoserting polymer. A few drops of the curing agent were added to 1 cc of the epoxy
resin in a small container. The measured amount of the ceramic powder was gradually added to
the epoxy whilst stirring continuously to ensure an even distribution of ceramic throughout the

polymer.

The composite mixture was placed in a vacuum chamber and outgassed at room temperature fe-
two hours. At this stage it was removed from the container and placed on a clean, smooth piecz
of aluminium foil and replaced into the vacuum chamber. The composite was outgassed for
further two hours at 60°C.

The composite was then removed from the vacuum chamber, together with the foil, and another
piece of foil was placed on top of the composite. These were located between two milled stee.
plates and the assembly was placed in a temperature controlled mechanical press at 60°C. A
maximum pressure of 250 kg cm-2 was gradually applied. The composite was left to cure fe-
another 2 - 4 hours at 60°C. :

The cured material was removed from the assembly and the foil gently peeled away to €Xpose &
smooth thin film, (80 - 300ptm). Aluminium electrodes were evaporated onto the surface of the
films which were poled by applying a DC electric field in the range of 15 - 30 MVm~1 besweez
the electrodes. The pofing process was performed with the sample immersed in 2 bath o
insulating silicon oil at 100°C. The magnitude of the poling field was limited by the electrice

breakdown strength of the composite.



Pyroelectricity: Results and Discussion

Composite films of PTCa/P(VDF-TrFE) and PT Ca/Epoxy of varying ceramic volume fraction
have been studied extensively so far to determine their piezoelectric and pyroelectric properties.
The piezoelectric properties of these composites have been reported [1] and their suitability as
sensing materials in transducers has been ¢onsidered.

The pyroelectric properties of these composites were measured using a direct method [2]. The
phenomenon of pyroelectricity arises from the temperature dependency of the spontaneous
polarisation presént in ferroelectric materials. Thus a change in temperature produces a change
in spontaneous polarisation which manifests itself as surface charge on the electrodes of the
sample. If the electrodes are short circuited a current will flow from one electrode to the other
via the external circuit. The pyroelectric coefficient, P in this configuration is defined as

SORCIRE
EX E.X EX

where P is the polarisation of the sample, Q the surface charge produced, A the area (assumed
not to vary significantdy) and T the temperamre. The subscripts E and X refer to the electric and
swess flelds respectively which are kept constant. By suitable manipulation of equation (4) the

pyroelectric coefficient becomes

S, 4,

where t is the time. Therefore while knowin g the rate of change of temperature and measuring

the current, the pyroelectric coefficient can be determined.

The samples were placed in a cryostat and heated/cooled at a constant rate of 1.5 OC/min
between 10 - 70 ©C. The electrodes of the samples were shorted circuited via a Keithley 616
Digital Electrometer to monitor the current. The output of the elecrometer was read directly by a
computer via an analogue to digital converter at temperature intervals of 0.5 ©C. The

temperature ramp was controlled by an Eurotherm 818P Model.

Iz

This procedure is the same for the Thermally Stimulated bischarge Current measurements and
therefore it was necessary to ensure that the contribution due to space charge was kept to a
minimum. The sample was therefore annealed, for an extended period of dme by keeping the
electrodes short circuited whiiSt the temperature was held above the measuring temperature (@
80 OC). A number of temperature cycles were performed to ensure the value of the pyroelectric
coefficient was reversible on the heating and cooling part of the cycle (figure 1).
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. Figure 1 - Plot of the pyroelectric coefficient against temperature on a heating cycle and cooling cycle for

PTCa/Epikote 60/40v0l%. True reversibility can be seen from the graph.

As stated earlier the pyroelectric figure of merir, FOMp can be used to characterise the
suitability of a material for use as a sensor. The permitivity of the samples were obtained from
measurements of their capacitance and conductance by using a conventional capacitance bridge
(General Radio, Model 1621) at 1 kHz at a variety of isothermal temperatures. Values of the
pyroelectric coefficient, permittivity and FOMp for composites of PTCa/Epoxy and their
individual constituent materials can be seen in table 1.

Material D @ 309C (x10-3) &@1kHz FOM,
"~ PTCa 380.0 220.0 1.73
Epikote 828 - 4.1 -
PTCa/Epikote 50/50vol% 204 24.0 0.85
PTCa/Epikote 60/40vol% 29.7 30.1 0.99

Table 1 - Pyroelectric properties of PTCa. Epikote 828 and composites of the constituent materials at
50/50vol% and 60/40vol%.
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Abstract

Polymer/czramic composite marerials have been produced by mixing calcium modified
lead titanate powder into two different polymer marrices. Thin fiims of the composites
have been obtained and characierized to derermine their dielecrric and piezoelecrric
properties. Furthermore, an initial evaluation of the piezoelectric fiims as multipurpose
sensors for the nondescructive monitoring of fiber reinforced composites has been made.

1.INTRODUCTION

Smart materials and structures can be defined as those possessing the capability to
respond in an advantageous manner to their environment. As such, these siructures must
in general have the ability to sense a stimulus, compute a reaction and actuate the
structural systém. Curreatly, smart structures incorporate passive and active components
to perform their function. In many instances the passive. load carrying comgonents
consist of advancad fiter reinforced composites. Reliable nondeswructive evaluation
methods to tmonitor the integrity of these components are necessary. The active
components of the smart structure can be utilized for the nondestructive structural health
monitoring of the composite parts.

Piezoelectric materials have the ability to convert mechanical to electrical energy but
also exhibit the converse electrosirictive effect. These properties enable piezoelectrics

to perform both sensing and actuating functions thus classifying them as active or smart

materials. The standard piezoelectric materials used as sensors or actuators in a variety

of applications. such as nondestructive evaluation transducers, are ferroeleciric ceramics

notably lead zirconate titanate (PZT). However, these materials present some

disadvantages such as acoustic impedance mismatch, high dielectric constant and lack

of flexibility as well as the coupling of different vibration modes and narrow bandwicth.

New materals in the form of ferToelectric polymers such as polyvinylidene fluoride

(PVDF) and ferroelecTic ceramic/polymer composites have emerged which attermpt to

bridge such disadvantages [1.2].

By mixing a ferroelecic ceramic into a polymer matrix, the compliance of the composite

material increases and thus the acoustic impedance decreases to a value which degends

on the ceramic loading. Also. because of the enhanced damping provided by the polymer

matrix. the mechanical losses increase and the transverse modes are attenuated. As a

consequence, the longitudinal piezoelectric coefficient can be tailared depending on the

ceramic content. :

[n this study we regort on mixed connectivity composites made of ceramic powder

dispersed in a polymer matrix which lends itself to easy fabrication of large area. flexibie "
and formable piezoeleczric materials. Calcium modified lead titanate (PTCa) has beza

Yo
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used as the filler ceramic because of its low dielectric constant and highly anisoropic
piezoelectic properties.

Two different polymer matrices have been used; Epoxy and P(VDF/T tFE). Epoxy resins
are commonly used as the matrix phase of fiber reinforced polymer composite materials.
Therefore, epoxy/ceramic domposite seasors would be compatible with and could be
utilized in a wide class of fiber reinforced composites. Finally, P(VDF/TrFE), a
ferroelectric polymer, has also been used as the polymer host. Its polar character, which
is responsible for its ferroelectricity, imparts the highest dielectric censtant known in
polymers peaking at € = 60 at its Curie temperaturs which is around 125°C for the
copolymer used. This allows for easier poling of the ceramic grains near T, dueto a
better dielectric constant matching betwesn the phases.

In this paper we report on the piezoelectric constants and dielectric properties obtained
for the ceramic/polymer composites with various ceramic conteats. We also report on
their application as multi purpose seasors for the nondestructive monitoring of laminated
fiber reinforced composites. The response of these sensors to cyclic loading is
investigated and results from the detection of acoustic emission signals in composite
plate structures are presented.

2. FABRICATION OF FERROELECTRIC CERAMIC/POLYMER
COMPOSITE FILMS

A great deal of versatility in the properties of ferrroelectric ceramics is obtained by
introducing suitable dopants so that the Curie temperature T, dielectric consiant & and
polarization P,, can be manipulated. Lead titanate (PT) has a perovskite teagonal
structure with T, =490°C, € ~ 150 and P, = 0.6 Clm*(3]. Due to its high texagonal
distortion, considerabie internal stresses are induc=d during the phase transition which
fractures the czramic [4]. It was observed that by doping PT with calcium oxide (CaO)
appropriately, the sinterability of the caramic improves [5]. An optimum doping of 24
mol% of Ca together with a medification in the B-site with one of the following pairs.
Ni-Nb., Co-W or Fe-W provides an optimum electromechanical anisotropy [3] with an
er-value in the 200 range. The modified PTCa employed in this work. contains this mol%
of Ca together with Co-W doping.

The copolymer based PTC&/P(VDF-TcFe) composites were pregared by the solvent
casting technique. The composition of the copolymer P(VDE-TrFz) was 73-27 mol%.
Weighted amounts of the two constitueats were dissolved in methyl-ethyl ketone. i.e.
butanone, and a uniform slurry was formed. The slurry was stirred to form a solid which
was used to cast films of thickness in the range of 50-80 pmin a hydrostatic press at a
temperature of 170°C and pressure of 9 MPa. The PTCa particie size was in the range
of 5-10 pm. The following equations were used to obtain a desired volume fraction. @.

of the ceramic in the composite fiim.

M.=@p. V (1)
M,=(1-9)p,V €
(3)

and p=¢p.+ (1 -9)p,

where M, p and V are the mass, density and total volume. Subscripts ¢ and p refer to
the caramic and polymer respectively. ‘ .

Epicote 828 (Shell) epoxy resin and K61B (Anchor Chemicals) hardener wers gsed to
produce the host thermoset polymer for the PTCa/Epoxy comgosite. After mixing the

g
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ceramic into the epoxy, an outgassing procedure, in a vacuum oven both at reom
temperature and 60°C, was followed to remove air trapped during mixing. Thin films of
the composite were then obtained by the above discussed method.

3. CONNECTIVITY OF THE COMPOSITE FILMS

The composites of ceramic/polymer are a mixture of two components, i.e. phases. and
the concept of connectivity [6] classifies different types of mixwres. In a two phase
composite each phase may be spatially self<contained in zero. one, two or thres
dimensions. The diphasic composite films, produced by dispersing randomly fine
ceramic grains, as in the present case, are expected to have a 0-3 connectivity in which
ceramic grains are isolated from each other. O-dimension, with the polymer phase around
them, 3-dimension. If the ceramics are well connected with each other in the polymer,
the composite material will have a 1-3 connectivity. The scanning electron microscopy
of the composite films used in the present work. shows a presence of both 0-3 and 1-3
pattern of mixed connectivity which possibly originates from the wide distribution of the
ceramic particle size and a possible agglomeration of the ceramic grains. This is not
detrimental as the electro-active properties are expected to be enhanced by the presence

of 1-3 connectivity.

4. POLING OF THE COMPOSITE FILMS

Aluminum electrodes of ~1 pwm thickness were vacuum deposited on both surfaces of
each film sample which was poled ata DC field of | = 2.5 x 10" Vi ™' for 30 minutes at
100°C. The magnitude of the poling fieid was restricted by the electrical breakdown
saengthof the sampies. Inorder to prévent Paschen discharge and/or surface breakdown.
the samples were immersed in insulating silicone oil during the poling process.

With a 0-3 connectivity the ceramic grains in the composite will only sense par: of the
applied poling field. The magnitde of the induced polarization will thus be dependent
on the connectivity pattern. volume fraction of the ceramic phase and the relative values
of the resistivity of the constituent phases. In a mixed connectivity case the two phases
may exist simultaneous!y both in series. 0-3 case. and parallel. 1-3 case. connections.
The ceramics in the parailel branch will cemainly be subjected fully to the poling fizld
and will be polarized provided the poling field is greater than the coercive field. usually
a few MV / m. For the series case, however. the composite may be described as a two
layer capacitor in which the fleld will be shared thus,

o )

E. G,

where E and care the poling field and the electrical conductivity respectively. In
general. G, < < G.,.and as a result, the voltage drop across the pelymer phase is much
higher than that across the ceramic phase. For exampie. at 90°C the resistivities of PTCa
and P(VDF-TrFe) are 6.5 x 10° ohm-meter and 4.5 x 10° ohm-meter respectively. Such
a large difference in resistivity will produce a voliage drop across the polyvmer
approximately 690 times greater than that across the ceramic phase. The imporance of
the connectivity of the phases with respect to the poling efficiency can thus be
appreciated. Attempts have been made to improve the degre= of poiing by decreasing
the resistivity of the polymer by doping with carbon. silver. silicon or germanium [7].
However, this approach has been unsatisfactory as it increases the dielectric loss of the
ses its signal-to-noise ratio. An increase in ceramic resistvity

composite and thus decrez :
tro-active properties are generally maximized and dielectric

is not an option as its elec
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. TABLE 1
Piezoelectric and other relevant properties of PTCa and its composites
PTCa/P(VDF-TrFe) and PTCa/Epoxy.

Property PTCa PTC2/P(VDF-TrFe) PTCa/Evoxy
50/50 65/35 50/50 60/40
vol% val% vol% vol%

Density (g/¢cm’) 6.89 4.40 5.13 403 4.60

Dielestric constant 230 40 67 17 23

& at IkHz RT

Tand, at 1¥5z, RT 0.0C6 0.013 0.013 0.009 0.010

PiezoelecTic

diz coefficient 68 43 48 28 32

(x1072C/ N) '

Elecromechanical 0.47 0.09 0.21 0.15 0.19

coupling facior k,

FOM: dyy X 21y 2.24 520 | 3% | sa 5.03

(x107? p2™)

Mechanical Quality 80 4.1 43 11.0 217
Facwor Qm

Acoustic Irzpedance 29.6 13.8 16.5 11.0 11.0
Z, (x10°Rayls)

Acoustic Velocity (m/s) | 4300 3100 3200 2767 2418

loss minimized.

5. RESULTS AND DISCUSSION: DIELECTRIC AND PIEZOELECTRIC
CHARACTERIZATION
Composite fiims of PTC&/P(VDF-TrFz} with 63/35 and 50/50 vol% and PTCa/Epoxy
with 60/40 and 50/50 vol% compositions have bezn investigated to determine their
dielectric constant €., piezoelectric dis-coefficient and the elecromechanical coupling
factor k. The dielecTic properties were evaluated from capacitance and conductance
measurements at 1 k= and room temperature (RT) using a capacitance bridge (General
Radio Mode! 1621). The results are given in Table 1 and are an extension of our previous
work [8]. It may be observed that for a composite, the €, value increases with increasing
volume fraction of the ceramic conteat which is to be expected.
The piezoelectic ds;-coefficient was measured with a Pennebaker Piezo-Tester (Mode!
8000) and the results are also given in Table 1. Now the piezoelectric d- and g-
coefficients are related thus,

d . o
—=¢&,¢& : 3
g

where €, is the free space perminivity. The g- coefficient values were calculated using

~F




472 Smart Ceramic/Polymer composites materials for sensors

the measured values of €,, d- coefficient and eqn 5, and are given in Table 1. Furthermore,
the piezoelectric figure of merit, FOM, is given by,

d33 -2 B
&,E,—g &E, (6)

FOM (m'/N=Pa™")=dy g3 =
The FOM values are given in Table 1 from which it may be observed that the ceramic
polymer composites are superior to ceramics for piezoelectric transducers in the receiver
mode of operation. The ceramics with high €, values. on the other hand are desirable for
piezoelectric transducers for application in the transmitter mode of operation. In general,
a piezoelectric material with a high d- coefficient, tends to have a low 8- coefficient so
that the d- product is of compensating nature.

An important parameter of a piezoelectric material is the electromechanical coupling
factor k which is a measure of the efficiency of mechanical. or electrical, to electrical,
or mechanical, energy conversion. This physical quantity is a tensor so that its magritude
depends on the direction of the stress and electric fields. The electromechanical coupling
factor in the thickness direction is denoted by k, and is an imporant parameter in the
design of hydrophones and other piezoelectric detectors.

A piezoelectric sensor may be represented by an electrical equivalent circuit that may
resonate at a frequency f,. The &, value may be determined from a measurement of the
real and imaginary paris of the complex impedance of 2 piezoelectric sample standing
fres in air in the frequency range around £, [9]. It may be shown [8-12] that,

K =20 c, AV +4) anh (’—"w %)
4 €

where @, = 2nf,, C, the sample capacitance, A the maximum value of the real partof the
impedance at resonance and y the mechanical loss (= 05 '), where Q. is the mechanical
quality factor. A network analyzer, Model HP$702A was used to measure the real and
imaginary parts of the compliex impedance in the frequency range of 10° - 10°Hz. Figure
1 shows the typical behavior of the real and imaginary parts of the compiex impedancs
of a PTCa/Epoxy film with a composition of 50/50 vol from which it may be observed
that A = 19.15 ohms, measured from the base line. f, = 1.34 x 10" £z and w =0.09. The
calculated value of k, for this composite is 0.15. The k, values of PTCa and the composite

are given in Table 1.
It may be shown that [8],

=k )

u|&

where §is the compliance which has the same dimension as that of the dg- product. The
compliance of a material does not change appreciably with frequency and it may thus be
7. . . - . . .

argued that k” is also a measure of a piezoelectric sensor. Tne acoustic velocity V, in a
medium is given by,

Vi=2If, ®
where [ is the sample thickness. With the knowledge of £, (Fig. 1) the magnitude of the
acoustic velocity was calculated. Using this value of V, the magnitude of the acoustic
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Figure 1. Real and Imaginary part of measured and optimized impedances of PTCaEpoxy 50:50
vol%

impedance Z, was determined. The values of V, and acoustic impedance Z; for PTCa
and the composites are also given in Table 1. It should be noted that the ovemll synergy
effects of €., d- and g- coefficients, , and V, values are complex because of their
frequency dependence in an active piezoelectric mawsial and care should be exercised
in the choice of intelligent matedals in order to obtain an optimum performancs [8].

6. NONDESTRUCTIVE MONITORING OF COMPOSITE LAMINATES

One of the objectives of this effort is to employ the ceramic/polymer ferroelectic
materials as multipurpose intelligent sensors for the nondesaructive monitoring of fiber
einforced comgosites. The monitoring function will be enhanced when the sensors are
incorporated within the composite laminate. In that respect, the resulting structure
becomes an integrated smart system with seasing as well as health monitoring
capabilities. The composition of the piezoelezmic composites can be varied to achieve
the desired coupling betwesn the mechanical and electrical fields and also match the
matrix phase of the fiber reinforced comgosite. Comgosite seasors have besn embedded
in glass/epoxy laminates to study their cyclic load and acoustic emission monitoring
capabilities. In this section some data obtained from the composite sensors will be
presented and some inidal results and conclusions wiil be outlined.

7. DYNAMIC RESPONSE

Both epoxy and copolymer based ceramic/polymer seasors were utilized to monitor the
response of quasi-isotropic S2-glass/epoxy laminates to cyclic loading. The laminate was
subjected to a tensile sinusoidal load of 7C0 Ibs in amplitude at a frequency of 2 Hz.
Typical responses from the PTCa/P(VDF-TrFe) and PTCa/Epoxy sensors are shown at
Figs 2 and 3 respectvely. The signals produced from the composite sensors have
amplitudes of ~2 mV and ~7 mV, for the egoxy and copolymer composite respectively,
which are sufficient for monitoring with conventional equipment. These preliminary
results indicate that the composite seasors could be utilized as specaum or ransient load
monitoring devices.

g
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Figure 3. Response of PTCa/Epoxy 50:50 vol% to sinusoidal load (2 K:)

8. ACOUSTIC EMISSION

Acoustic emission (AE) can be defined as the transient elasdc waves generated in
materials by the release of energy due to changes in the localized stress and strain fields.
Such acoustic emission events can be initiated in fiber reinforced composites by damage
mechanisms such as mamix cracking and fiber breakage [13]. Acoustic emission
transducers have bean conszucted by using the composite thin fiims as sensors. These
transducers were utilized with a conventional, commearcial AE system and wers
compared to commercial acoustic emission transducers. - Acoustic emission signals in
composite materials during tensile testing were monitored and their AE parameters
identified. Results showed that these prototype sensors could be used with commercial
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Figure 4. Response of PTCyP(VDF-TrFE) 63:35 volS sensor to lead brezk on the surfacs of a
thin glass/egoxy plate

AE systems, especially when higher amplitude signals are of interest (8]

It has been suggested that plate waves can be used to dezect and quantify damage in
composite plate like szuctures {13,14]. The prototype composite transducers have tez2n
also used to capture plate waves generated by lead breaks (Hsu-Nielsen source). Raslis
showed that the composite sensors have broad bandwidth charactedstics and high
seasitivity [8]. In this paper we report on the feasibility of embedded composite sensors
to monitor acoustic emission events in composite laminates. Composite seasors of
PTCa/P(VDE-TrFz) with a csramic volume fraction of 63%, wers embedded in a
glass/epoxy [0:/90]; laminate. The poled composite fiims, with thici&ess of ~130 pm.
were embedded in betwesn the plies. Pexcil lead breaks on the suriace of the thin
glass/epoxy plates, 8 cm away from the seasor, were used to generate simulated acoustc
emission signals. It has besa shown [15] that these types of AE signals propagats as
extensional and flexural plate modes. A typical response of the emt edded sensor to tie
lead break is shown in Fig. 4. Both the extensional and flexural wave modss can be
identified in this figure. However, the extensional mode is quite small and electronic
noise is evident on the signal. Further work is in progress to bezer characzerize the
embedded ceramic/polymer films as acoustic emission sensors. It sesms, however, that
the embedded seasors ars capable of characterizing plate waves and as such can be
utilized for detecting such waves generated by AE events in plate like soructures.
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Abstract Thin composite films of calcium modified lead titanate (PTCa)/copolymer
of vinylidene fluoride-trifluoroethylene P(VDE-TrFE) and PTCa/Epoxy have been
produced and their piezoelectric d33- and electromechanical coupling coefiicient ky,
have been measured. These composite sensors have been used to monitor strain
induced in a glass/epoxy laminate produced by cyclic loading. PTCa/P(VDF-TIFE)
was embedded in a laminate structure to detec: acoustic emission (AE) signals
generated on the surface of the laminate by a conventional lead-break technique.
The results show that the composite sensor is abie to detect AE signals over a wide
bandwidth:

INTRODUCTION

The principal objective in the design of ferroelectric ceramic/polymer composites, which
could provide both sensing and actuating functions for intelligent structural systems, is to
achieve optimum mechanical, electroactive (i.e., piezoeleciric and pyroeleciric) and
thermal properties together with appropriate coupling between these properties. The
desired properties of the composite sensor material are achieved by an appropriate choice
of the two constituent components, (viz., electroceramic and polymer), their relative
amounts and connectivityl.2. By introducing a ferroeléctric ceramic into a polymer
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matrix, the compliance of the compésite material increases in comparison with that of the
ceramic alone and thus the acoustic impedance decreases to a value which depends on the
ceramic loading. However, the mechanical losses increase resulting in an attenuation of
transverse mode propagation. As a consequence, the hydrostatic piezoelectric coefficient
can be tailored depending on the ceramic content. The concept of connectivity 1.2 is that
each phase in a mixture may be self connected in zero, one, two or three directions.
Hence, ceramic particles, randomly dispersed and separated from each other will have a
connectivity of zero while the host polymer surrounding them has a connectivity of three.
Such a composite material has 0-3 connectivity. Similarly, a composite material
consisting of arrays of ceramic rods extending between the major surfaces of a polymer
block will have 1-3 connectivity.

The present work reports the results of characterization of piezoelectric and other
related properties of two different composite materials of 0-3 connectivity which were
prepared by dispersing fine grains of ferroelectric calcium modified lead titanate (PTCa)
ceramic in the matrices of (i) thermoplastic and ferroelectric copolymer of vinylidene
fluoride-trifluoroethylene P(VDF-TrFE) and (ii) thermosetting epoxy. Both types of
composite films were used to detect tensile cyclic loading of a laminate structure. The
ability of these materials to detect acoustic emission signals is investigated and the resuits
of these studies are also reported in this paper.

EXPERIMENTAL

The chemical composition of the PTCa, which was kindly provided by GEC-Marconi

(UK) s

Pbo.mcao.:a[( CO, Wy )o.m Tio,%]oa +Mn0,

Its Curie temperature T is 260°C and the grain size was in the range 10-60um. The
copolymer P(VDF-TrFE) with a composition of 75:25 mol% was obtained from
Piezotech. The epoxy resin was Epikote 828 (Shell) and the curing agent K61B was
obtained from Anchor Chemicals. Thin films (>60um) of PTCa/P(VDF-TrFE) were
prepared by a hot-rolling and high pressure casting technique, described in our earlier
work3-5 and will not be described further here. PTCa/Epikote films were prepared by
manual mixing followed by high pressure casting and curing at 60°CS. The minimum
thickness and the maximum area of the composite fiims prepared in this work are 60um

~F
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and 10cm x 10cm respectively. The ceramic loading for each of the two types of
composite films was varied in the range of 20-65 vol%. Scanning electron microscopy
(SEM) was employed to study the morphology of these films. An aluminium electrode of
lcm in diameter and 1000°A in thickness was vacuum deposited on each surface of a film.
The electroded samples were subsequently poled by a dc field in the range 1-2.5 x 107'
Vm-lin a silicone oil bath at 100°C for 30 minutes and cooled down to room temperature
before the field was removed.

Extensome:er
110, Gauge

o “Acau.amen
- Svitem

Acznec Lzac (InsirIn:
s

FIGURE 1 Setwp for strain monitoring experiments.

The piezoelectric d55- coefficients of the poled fiims were measured at room
temperature #sing a Pennebaker Model 8000 instrument which is supplied with calibrated
lead metaniobate ceramics which allow repeatable measurements up to a djs- value of
1200 x 10-12CN-1. The electromechanical coupling coefficient k; was determined from
the measurement of the real and imaginary parts of the complex electrical impedance by a
Nerwork analyser (Mode! HP8702A) around the fundamental resonant frequency f,, of
the samples in the frequency range of 105Hz - 5.0 x 107 Hz.

The strain induced in a S2-glass/epoxy (05/45,/-45,/90)¢ laminate by a cyclic
loading was monitored using composite films of PTCa/P(VDF-TrFE) and PTCa/Epoxy
andlthe results compared with that from an extensometer (see figure 1). The test was set

to run at 2Hz on an Instron testing machine (Model 1331). The specimens were ramped

! The notation (X;y1/Xzy-/etc.)s describing the lay-up of glass reinforced epoxy laminates indicates the
direction of the glass fibre by the X value and the number of subsequent layers by the y value. The
symmetry of the system is then given by the value of S.

>
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to a mean load of 455 Kg and immediately cycled using a sinusoidal load of 318kg
amplitude at a frequency of 2Hz. Each test was run for a total of 30 cycles. The
feasibility of the PTCa/P(VDF- -TrFE), 65/35 vol% composition as an acoustic emission
detector has also been studied by embedding it berween two 0° piles of a glass laminate
structure (0,/90)s of area 20cm? (see figure 2). The source was located at a distance of
8.5cm from the embedded sensor. A commercially available transducer (PAC R15) was
located on the surface of the laminate plate at the same distance from the AE source. A
2H pencil lead of diameter 0.5mm protruding 6.7mm from a convex plastic receptacle was
used to generate the AE signal by breaking it against the surface of the laminate. A digital
storage oscilloscope (Gould 4050) was used to monitor the detected AE response.

Transaucer
\ Q9

Eiectncat
contacts / /’7_1 200
= —

Prepreg plies

FIGURE 2 Exploded view of a laminate strucrure conrtaining a composite transducer.

RESULTS AND DISCUSSION

A great deal of versatility in the properties of ferroelectric ceramics is obtained by
introducing suitable dopants to manipulate the relative dielectric constant g,, the Curie
temperature Tc, and the saturation polarisation Ps. Lead titanate (PT) has a tetragcnal -
Perovskite structure with lead at the A-site. Its ¢, and Ps values at room temperature” are
~ 300 and 0.6 Cm2 respectively. Its Tc is ~ 490°C and it has no major transitions at
lower temperatures. Due to its structure, a considerable internal stress is induced during
the phase transition which tends to fracture the ceramic3. By doping PT appropriately
with calcium oxide (Ca0), the sinterability of the ceramic improves 9. A doping of 24
mol% of Ca together with a modification of B-Site with Ni-Nb, Fe-W or Co-W provides
an optimum electrochemical anisotropy” with an €~ value of ~200. The modified PTCa,
empioyed in this work, contains this mol% of Ca together with Co-W doping. Although
the composite films were fabricated with ceramic loading in the range of 20 vol% to a
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maximum of 65 vol% and characterised, the best piezoelectric responses were observed
with 65/35 vol% for PTCa/P(VDE-TrFE) and 60/40 vol% for PTCa/Epoxy sensors and
only their dielectric and piezoelectric propgrties are reported here.

FIGURE 3 Morphology of PTCa/Epoxy composite (60/40 vol%). Film thickness
228um. Magnifications x2640 and x7920.

Figure 3 shoes a typical SEM micrograph of PTCa/Epoxy (60/40 voi%) film of
thickness 228um. The left half of the figure was taken at a magnification of X2640
whereas the right half is the micrograph of the white bordered in-set section but with a
magnification of X7920. Similar micrographs were also taken from both types of the
composites fabricated with different loading (vol%) of the ceramic powder showing that
with low volume fractions, most of the ceramic particles are separated from each other by
polymer layers, indicating a good 0-3 connectiviry. However, with increasing volume
fracnon and particularly with large particle sizes of the ceramic, the connectivity betwesn
the ceramic grains increases, smaller grains clustering between the larger grains, which
thus brings about a presence of 1-3 connectivity in addition. "This is not detrimental as

such because its presence provides an enhanced piezoelectric responsel®. Voids and

g
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defects were not observed provided the pressing operation was performed correctly.
Figure 3 also shows that there wis a wide distribution of the ceramic grain size. The
piezoelectric voltage coefficient g(V-mN-1) was determined from a knowledge of the
measured values of piezoelectric charge coefficient (CN-1) and the relative permittivity
using the expression, | '

d

E= EyE, (1)

The piezoelectric figure of merit (FOM) was determined from,

FOM(m*N™ = Pa™) = d g =:’—;= gL -2

0=,

The measured values of g, and d53 and the calculated values of g55 together with
the FOM- values of PTCa, PTCa/P(VDEF-TrFE), 65/35 vol% and PTCa/Epoxy, 60/40%
are given in Table 1 from which it may be observed that the larrer composite has the
highest (FOM)- value. For receiver applications, a high g- value is desirable although in
general, a material with a high g value tends to have a low d value depending on it’s
permittivity. .

A piezoelectric sensor may be represented by an equivalent circuit of a free
resonator at its resonance frequency f, 11,

It may be shown!0-13 that the real (j.e. Re{Z(0)]) and imaginary (i.e. Im{Z(0)])
parts of the frequency dependent total complex impedance are given by

mnh(ﬂ{‘!’ sin(@)+ Zsinh(m’uw)
2 4 w 2w
Qﬁ ° 0

2 ()

___B (
Re[Z(w)] = —E——+ 4 r :
(B4 1)ac ¢ V(Wl + 4)[005{112) + cosh(mpw J
\w, 20,
2 mnh(ﬂ)[Z sin(ﬂ) -V sinh(ww)}
-1 1) 4 , 2(1)0
Im[Z(w)] = + A(-—“ . (#)

+1 © —
. (/3 )aJC Ve +4 cos(’;m
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where B is the dielectric loss tangent (i.e. tang,), o, = 2nf,, C the capacitance, A the
maximum value of the real part of the acoustic impedance at resonance and y the
mechanical loss (i.e. tan &, = Q-1 Qm being the mechanical quality factor). The
magnitude of y is given by the full width at the half height of the maximum value of
Re[Z(0g)]. This method requires the determination ©o, A and y which gives the best fit
to the impedance curves. The relationship between these parameters and ky is,

k= %mOCA,/(W: +4) tanh(gvl) .(5)

The values of f,, A and Y can be determined from a plot of the real part of the
measured electrical impedance against the frequency, the magnitude of v being given by
the full width at half height of the resonance curve. The value of k, with Qq was thus
determined in this work and are given in Table 1 for the two composites and PTCa.
Figure 4 shows a typical complex impedance/frequency plot of PTCa/Epoxy, 60/40 vol%
composite with A = 584.94 Ohms, fo=3.57 x 106Hz, y = 0.057 and k;=0.21. It should
be noted that the value of k2, which is always less than 1, does not represent the absolute
efficiency of a transducer but the ratio of useful converted power to the input power. The
efficiency may be lower than k.2 at lower frequencies and higher than k.? at resonance.
However, k2 is proportional to the dg- product if the compliance of a material does not
change significantly with frequency as in the case of a ceramic. For such cases k,2- value
may also represent a figure of merit criterion.

In a 0-3 composite with a wide distribution of ceramic grain size, as in the present
case, the particles will resonate at slightly different frequencies and as a result the
mechanical quality factor will be reduced. This has been observed, particularly with
PTCa/P(VDF-TIFE) composite (see Table 1), in the present work. It should be noted
that the overall synergy effects of the £, d and g coefficients, k, and v, values are
complex because of their frequency dependence in an active piezoelectric material. Care
should be exercised in the choice of materals in order to obtain an optimum
performance!4,
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FIGURE 4 Real and imaginary part of measured and calculated impedance of 60/40
vol% PTCa/epoxy composite thin fiim.

The measured values of d33- coefficient, €, and k, of the composites agree well with
the mixed connectivity modet!® which is an extension of the modified 'Cube' mode! due to
Banno!5.16. Tt should be noted that PTCa/Epoxy composites have been extensively
studied by other workers!7-20 who have reported of the dependence of the piezoelectric
activity on the grain size of the ceramic particles. It has been observed that similar to the
PZT composite case, a higher grain size to thickness ratio was beneficial to the
piezoelectric properties?!. Furthermore, piezoelectric properties may also depend on the
alignment of the long axis of the nonspherical grains along the perpendicular direction to
the composite film surface?2.23,

The resonance frequency f, of a freely resonating piezoelectric material is given by,

£, = vy/2l .(6)

where vg is the velocity of sound in the material at fy and [ the thickness of the

material. From a knowledge of f,, obtained from the impedance measurement for the

determination of k;, vg was calculated and the acoustic impedance Z;(=pvy) was
- determined, p being the density of the material. The composite density p, is given by,

g
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4

p=¢p.+(1-¢)p, ‘ A7)

where ¢ is the volume fraction of the ceramic and the subscripts ¢ and p refer to the
ceramic and the polymer respectively. The values of vs and Z, are also given in Table 1
for PTCa, PTC&/P(VDF-TrFE), 65/35 vol% and PTCa/Epoxy, 60/40% composites. It
may be observed that the values of vg and Z, and d33g53 for the PTCa/Epoxy composite

would make if it an attractive sensor material for ultrasound applications in comparison
with PTCa.
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FIGURE 5 Response of PTCa/P(VDF-TrFE) 65/35 vol% to sinusoidal load (CHz).

Figure 5 shows a typical response of PTCa/P(VDE-TrFE) 65/35 vol%, sensors for
the tensile load tests and similar results were also observed for the PTCa/Epoxy
composite sensors!*, the signal amplitudes being ~7TmV and 2mV respectively for the two
cases. These signals are comparable to that of an extensometer which was also mounted
simultaneously on the specimen under test with each of the composite sensors. These
preliminary results indicate that the composite sensors are suitable for transient load
monitoring devices.

One of the objectives of this effort is to employ ceramic/polymer sensors as
multipurpose intelligent sensors for the non-destructive monitoring of fibre reinforced
composite. The monitoring function will be reinforced when the sensors are incorporated

within the composite laminate. In this respect the resulting structure becomes an
integrated smart system. Figure 6 shows the response of a PTCa/P(VDE-TFE) sensor
embedded into a test piece of glass fibre reinforced epoxy plate to an acoustic emission
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signal generated by a lead break on the surface of the test plate at a distance of 8.5cm
away from the composite senspr. This technique of generating AE signals is commonly

[l
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FIGURE 6 Response of an embedded ceramic/copolymer composite transducer to a
lead break on the surface of the epoxy plate a distance of 8.5cm from the transducer.

used to provide repeatable stress waves in a structure and it closely approximates an
impulse load??. It has been suggested that plate waves may be used to detect and quantify
damage in composite plate like structure25-26 and it has been shown that AE signals
propagate as extensional and flexural plate modes?”. Both the extensional and flexural
modes can be identified in figure 6 which shows the output of the composite embedded
sensor directly recorded on a digital oscilloscope at a sampling rate of 20MHz. The
extensional modes have higher velocities than the flexural modes, which have frequencies
predominantly above 300kHz as compared with those of the flexural modes with
frequencies less than 300kHz. The higher frequencies of the extensional mode suffer from
greater attenuation than those of the flexural mode. The response, shown in figure 4
agrees with the above observation, the frequencies of the flexural and extensional modes
in the present case being 120kHz and 660kHz respectively. This ability to discern the
differences in frequency from mode to mode exhibits the wideband nature of the
composite sensor. Further work is in progress to improve the ability of the embedded
bimorph sensor to detect plate waves in composite structure and to fabricate transducers

with composite sensors and front matching layer.

7
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Poperty PTCa PTCa/P(VDE- PTCa/Epoxy
' TrFE) 65/35 vol% 60/40 vol%

Density, p (kg/m3) 6890 5130 4600
Dielectric constant, 230 67 23
g, (at 1kHz)
tan § (at 1kHz) 0.006 0.013 0.010
Piezoelectric d33 68 33 26
coefficient (x10-12C/N)
Electromechanical 0.47 0.21 0.19
coupling factor, k;

' FOM: d33 X £33 224 1.84 332
(x10-12 pa-1)
Mechanical Quality 80 43 21.7
Factor, Qm,
Acoustic Impedance, Z, 29.6 16.5 11.0
(x106 Rayls)
Acoustic Velocity (m/s) 4300 3200 2418

TABLE 1 Piezoelectric and other relevant properties of PTCa and its composites with
P(VDF-TrFE) and Epoxy.
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Acoustic Emissioln Signal Detection by
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in Glass-Epoxy Laminates
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Piezoelectric composites, consisting of a ferroelectric ceramic powder of calcium-
modified lead titanate dispersed in two different polymer matrices. viz. from vinyli-
dene fluoride trifluoroethyiene and an epoxy. have been fabricated. The composites
show a mixed connectivity structure. and the resutlts of electromechanical charac-
terization are given. Thin films of these materigls have been incorporated into
surface mounted acoustic emission sensors and their frequency response and
ability to detect plate waves. generated by a simulated acoustic emission source.
has been examined. In situ transducers embedded into glass-reinforced laminate
plates have also been examined and have been shown suitable for acoustic emis-

sion sensors.

INTRODUCTION

Imelligem (i.e. Smart) materials have the capability
to respond to changes in their environment and ac-
tuate a desired response in an advantageous manner.
Ferroelectric materials can convert mechanical and
thermal energies into electrical signals (i.e. piezo- and
pyroelectric effect). These materials can also exhibit
the converse effects and hence can be regarded as
intelligent materials. The conventional piezoelectric
and pvroelectric sensors and actuators are ferroelec-
tric ceramics. notably lead zirconate, lithium tantalate
and lead niobate which offer high values of the piezo-
electric charge (i.e. d-) coefficient. electromechanical
coupling (k-) coefficient. pyroelectric (p-) coefficient.
relative permittivity () and low dielectric loss (tans).
These advantageous properties have been exploited in
diverse applications including underwater, biomedi-
cal and thermal imaging. However, these electroce-
ramics have some disadvantages. such as high acous-
tic impedance, mechanical quality factor, low piezo-
and pyroelectric figure of merit and a lack of mechan-
ical flexibility. Ferroelectric polymers. viz., poly(vinyli-

dene fluoride) (PVDF) and its copglymer. vinylidene -

fluoride trifluoroethylene P(VDF-TrFE), and ferroelec-
tric ceramic/polymer composites have emerged as
new electroactive and intelligent materials, which at-
tempt to bridge some of the disadvantages of the elec-

' signal. Nondestructive evaluation (NDE) of mater.z

troceramics mentioned above (1-3). By introducinz
ferroelectric ceramic in a polar or nonpolar poly
martrix. the compliance of the composite. compare<
the ceramic alone. increases and thus the acous:
impedance decreases to a value which depends or:
ceramic loading. Also. because of the enhanced da=
ing provided by the polymer matrix. the frequen
dependent mechanical losses increase and the traz
verse mode of the acoustic wave propagation is atiz:
uated. As a consequence. the longitudinal piezcel:
tric coefficient. d,,. can be tailored.

Most materials designed to withstand high siTs:
levels emit acoustic energy when stressed. Suuctur
rearrangements at a molecular and/or atomic lev:
which occur within a material during deformazz:
delamination. bond breaking and cracking proc:
elastic waves. An acoustic emission sensor detects =

dynamic motion resulting from acoustic emission {~

. and converts the detected motion into a voltage-t.=

—

using the AE method. employs the detection of =
elastic waves generated by the rapid release of energ
from localized sources within the material. AE diffz:
from most other NDE methods in two significant wa:
First, the energy detected is released from within <
material under test. rather than being supplied ex:z
nally. Second. the AE method is capable of detect=

~
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the dynamic processes associated with the degrada-
ton of structural integrity. AE monitoring of fiber re-
inforced composite materials is an attractive method
for the detection and location of fiber breakage, del-
amination and other types of structural degradatipn.
Most commercially available AE sensors are used to
detect the motion of the surface of the material at a
noint some distance from the source of emission.

Many structures tested using the AE method are
nlate-like in geometry, i.e., the thickness of the struc-
ure is much smaller than the other two dimensions.
When considering only linearly elastic displacements
away from the source, the propagating waves will be
Joverned by Lamb’s homogeneous equations (4), the
-olutions to which are known as Lamb waves. In the
‘imit when the wavelength is much larger than the
nlate thickness, a simpler set of governing equations
~an be used to understand the motion. In this case the
vaves are called plate waves and are derived from

lassical plate theory. There are two dominant modes
. propagation. the extensional and the flexural. The
symmetrical extensional mode has the larger of its two
lisplacement components in the plane of the plate,
vhile the asymmetrical flexural mode has its larger
omponent perpendicular to the plane of the plate.
Joth modes have components in the plane of the plate
:nd perpendicular to the plate. Conventionally, the
coustic emission method detects the out of plane
;ompornent as the transducers are usually situated on
the surface of the material. Most commercially avail-
able AE transducers employ piezoelectric ceramics as
$2NSOrS.

This work reports the results of a study of the di-
eiectric. piezoelectric and pyroelectric properties of
o different types of composite films that have been
abricated in our laboratory. The composite marerials
- re calcium-modified lead titanate (PTCa) with a co-
: olymer of vinylidenefluoride-trifiuoroethylene, P(VDF-
" rFE) in a 65/35 vol% and PTCa/epoxy with a 60/40

’1%. Both composites possessing 0-3 and 1-3 mixed
onnectivity (1, 5). Furthermore. surface mounted AE
ransducers have been fabricated from PTCa/P(VDF-
TFE) 65/35 vol% and PTCa/epoxy 60/40 vol% com-
:nsites. The transducers have been comparatively
~-aluated to determine their frequency response over
- :e frequency range 300 kHz to 50 MHz using a face-
- -face technique previously used by other workers
‘l. The performance of the composite transducers
-"ave been compared to the performance of a commer-
«1ally available AE sensor, (Panametrics V109-RM), in
‘leir ability to detect the mndes of propagation of plate
vaves. Embedding of composite transducers in glass
-sinforced epoxy laminate plates has been achieved
-1d the ability of these sensors to detect plate waves
-+nerated by a simulated acousti¢ emission source
::as been studied. ;!

EXPERIMENTAL

A great deal of versatility in the properties of ferro-
~.ectric ceramics is obtained by introducing suitable

dopants so that the Curie temperature T,. the permy;.
tivity € and the saturation polarisation P,, can be
manipulated. Lead titanate (PT) has a perovskite tet-
ragonal structure with values of T,, ¢, and P, of 490°¢
250 and 0.6 C/m? respectively (7). Owing to its higl;
tetragonal distortion, considerable internal Stresses
are induced during the phase transition, which frac.
tures the ceramic (8). By doping PT with calcium oxide
(CaO) appropriately, the sinterability of the ceramic
improves (9). An optimum doping of 24 mol% of Ca
together with a modification in the B-site with one of
the following pairs Ni-Nb, Co-W or Fe-W provides an
optimum electrochemical anisotropy (7) with an .-
value ~230. The modified PT employed in this work
{(GEC Marconi) contains this mol% of Ca together with
Co-W doping. The electromechanical properties of
PTCa/P(VDF-TrFE) composites have been invest-
gated with respect to their ceramic volume content
(10). It was found from these studies that a ceramic
volume fraction of 65% produced the highest piezo-
electric figure of merit. The PTCa/P(VDF-TrFE) com-
posites in this study have thus been chosen with this
ceramic volume fraction. As the ceramic is the only
electroactive phase in the composites of PTCa/epoxy.,
a volume fraction of 60% was chosen. which was the
maximum volume fraction obtainable. A volume frac-
tion greater than this produced films of unacceptable
electrical and mechanical properties.

The ceramic/copolymer composite PTCa/P{(VDF-
TrFE) was prepared by a hot-rolling technique (11.
12). The composition of the copolymer P(VDF-TrFE!
was 73-27 mol%. Epikote 828 (Shell) epoxy resin and
K61B (Anchor Chemicals) hardener were used to pro-
duce the host thermosetting polymer for the PTCa.’
epoxy composite (13).

An aluminum electrode of ~10004 thickness was
vacuum deposited on each suriace of the composite
films which were subsequently poled in a DC field of
1-2.5 X 107 V/m for 30 min at 100°C in an insulating
silicone oil bath. The dielectric properties. the piezo-
electric d,- coefficient, the electromechanical cou-
pling factor k,, and the pyvroelectric coefficient p. were
then determined for these films (14). The dielectric
properties were evaluated from the capacitance and
the conductance measurements at 1 kHz and room
temperature (RT) using a capacitance bridge (Genera:
Radio Model .1621). The pyroelectric cocefficient of
these cornposi‘te films were determined using a direct
method (15).

The surface mounted AE sensors were fabricated
using the composite transducers. The poled compos-
ite material was cemented to a backing material by a
thin layer of epoxy adhesive. The backing material was
constructed from a tungsten powder dispersed in an
epoxXy matrix. so as to match the acoustic impedance
of the composite film (16, 17). Electrical connections
were made to the electroactive film by way of a live
electrode running through the center of the backing
material and to the earthed stainless steel casing (Fig.
1).
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Fig. 1. Construction of a surface mounted AE transducer.

The frequency response of the surface mounted AE
_transducers were studied using a face to face method
{6). The face of the transducer under test was acous-
tically coupled to the face of a driving transducer
(Panametrics V109-RM) with known frequency re-
sponse. The frequency response of the transducer un-
der test was evaluated by deconvolution of the drive
signal frequency spectrum. the driving transducer re-
sponse and the detection electronics response.

One of the objectives of this work was to employ the
ceramic/polymer films as multipurpose intelligent
sensors for the nondestructive monitoring of acoustic
emissions in fiber reinforced laminates. The ability of
the composite transducers to detect plate waves ina
glass/epoxy laminate plate was studied. The plates
used measured 381 X 507 X 2.5 mm and were con-
structed so the fibers were all along one direction from
laver to layer. Such a lay-up is known as a 0,6 lay-up.
{.e.. the fiber direction was along the 0° direction with
16 layers. The source of the simulated acoustic emis-
sions was produced by breaking a pencil lead on the
surface of the plate. This method of generating acous-
tic emission sources is known as the Hsu-Nielsen
method and requires the lead to be from a mechanical
pencil (0.5 mm diameter lead. 2H} held within a
Nielsen shoe [ASTM: E 976-84]. The plate was simply
supported at its edges and the source to detector dis-
tance was 10 cm. The plate waves were detected in
directions along the fiber axis (0°) and perpendicular
to the fiber axis (20°). The output signals from the
surface mounted transducers were recorded directly,
or after preamplification by 40 or 60 dB. on a digital
storage oscilloscope (Gould 4050) with a sampling rate
of 5 MHz. Each mode of propagation was indepen-
dently analyzed using fast Fourier transform (FFT)
techniques to determine the frequencies present.

The nondestructive monitoring of fiber reinforced
laminates will be enhanced when the sensors are in-
corporated within the laminates structures. In such a
case the resulting structure becomes an integrated
smart system which can perform both AE detection
and health monitoring of the laminate structure. The
poled composite sensors i.e.. PTCa/P(VDF-TrFE) and
PTCa/epoxy were embedded in between 0°-0° plies of

© coneacts’

glass-epoxy laminates with 0,4 structure (Fig. 2). En |

bedded transducers. constructed from the piezoele:
tric composite films and of approximately the sam
dimensions as the surface mounted transducers, we:
used to detect plate waves within a laminate glass
epoxy plate. Measurements were completed in tt
same way as for the surface mounted AE sensors. Tt
dimensions of the plate were 304.8 X 304.8 mm wit
an average thickness of 1.9 mm. Two transduce:
have been embedded in the plate following the methc
described in previous work (14). These transduce:
were situated at positions of 152.4 mm along tk
length of the plate and 127 mm in from each side. Or
transducer was constructed from a PTCa/P(VDI
TrFE) 65/35 vol% composite, while the other was fat
ricated from a PTCa/epoxy 60/40 vol% composite m:
terial.

RESULTS AND DISCUSSION

The ceramic/polymer composites are a mixrure ¢
two components i.e. phases and the concept of cor
nectivity (5) classifies different types of mixtures. In
two phase composite each phase may be spatially sel
connected in zero. one. two or three dimensions. Tk
diphasic composite films. produced by dispersing rar
domly fine ceramic grains, as in the present case. ar
expected to have a 0-3 connectivity in which the ct
ramic grains are isolated from each other (O-dimer
sions) with the polymer phase. self-connected in 3-d
mensions. around them. If the ceramics are we
connected with each other in one direction. in th

polymer matrix. the composite material will have 1- .

connectivity. The scanning electron microscopy of th
composite films used in the present work. showed

presence of both 0-3 and 1-3 pattern of mixed connec
tivity (14) which possibly originates from a wide dis
tribution of the ceramic particle size. a high cerami
volume fraction and an agglomeration of the cerami
grains. It may be argued thart the observed presence ¢
mixed phase connectivity in our composite sensors i
not detrimental as the piezo- and pytoelectric prope:
ties are enhanced (1). The mixed connectivity mode! i
a two parameter model described by Dias and Das
Gupta (1). The experimentally observed dielectric dat

- Transducer —

Pl

Eectrical

Prepreg
plies

Fig. 2. Exploded view of a laminate structure containing
composite transducer.
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were fitted with this model to determine the magni-
tudes of the volume fractions of 1-3 and 0-3 connec-
tivity. Within these composites films the typical
amount of 1-3 connectivity is between 10 and 20 vol%.

Table 1 gives the measured values of permittivity,
tand and the ds;- coefficient of the two compdsites
PTCa/P(VDF-TrFE) and PTCa/epoxy (14) and of the
ceramic PTCa. The values of the piezoelectric figure of
merit, (FOM),,,.,,. were calculated using the measured
values of dy; and ¢, from

2771 = _ das 2

(FO[”)p!ezc (m N ) = dSSgGS = : = g33€0€, (1]
r
where ¢, is the permittivity of free space, g,, the piezo-
electric voltage coefficient and e, the relative dielectric
constant. These values are given in Table 1 from which
it may be observed that the ceramic/polymer compos-
ites can be superior to PTCa for piezoelectric trans-
ducers in the receiver mode of operation. The ceramics
with high ¢- values. on the other hand. are desirable
for piezoelectric transducers for application in the
transmitter mode of operation. In general. a piezoelec-
tric material with a high value of d- coefficient. tends
to have a low g- coefficient so that the dg product is of
a compensating nature.

The values of k,. the electromechanical coupling in
the thickness mode. for these composite films were
determined from measurements of the complex elec-
trical impedance of a sample vibrating as a free reso-
nator around the first resonance peak f, (14). The k,
values and those of Q,.. the mechanical quality factor.
of the composites and PTCa are also given in Table I.
The values of v, and Z,, the acoustic velocity and im-
pedance respectively, were found from knowiedge of
the sample thickness and the resonant frequency f,. It
should be noted that the overall synergy effects of ..
d- and g- coefficients. k.- and v, values are complex
because of their frequency dependence in an active
piezoelectric material and care should be exercised in
the choice of intelligent materials in order to obtain an
optimum performance (18).

The pytoelectric coefficients p of the composites
have been measured using a direct method (15). The

PTCa are given in Table 1. The piezo- and Pyroelee
coefficients, ¢, values and values of other param
of PTCa, shown in Table 1. are from Dias (10), j;
be observed from Table 1 that the PTCa/P(VDF_TrF::Y.
composite has the highest (FOM),,, value anqd heng l__,:;_
the best responsivity amongst these three mater{a]s, 1:t ;
may also be observed that the (FOM),., value of
PTCa/epoxy is superior to those of the other two my. -
terials which would make it attractive for piezoelectyy, -
receiver applications. It may also be noted that g pi-
ezoelectric receiver should have low mechanical qual.
ity factor Q. which provides a wide bandwidth ang
reduced dielectric heating. In this respect PTCa,
P(VDF-TrFE) appears to have an advantage over the '
other two materials. However, an ideal piezoelectric
receiver should have a high k- value and the twg
composites appear to be significantly inferior to PTCy °
in this respect. The measured values of the relative
permittivity ¢. the piezoelectric dy;- and k- coeffi- :
cients and the pyroelectric coefficient p agree with the
respective theoretically calculated values using the
mixed connectivity Cube model (1), which is a modifi-
cation of a model by Banno (19). Using the mixed
connectivity model (1), it has been shown that the
(FOM),,., is quite significantly dependent on the degree
of poling of the series connectivity branch whilst the
electromechanical coupling factor k, is mostly depen-
dent on the ceramics connected in parallel.

There are review papers published on the piezo- and
pyroelectric properties of several ceramic/polymer
composites with 0-3 connectivity and their applica-
tions ((20~24), and the references contained therein).
Among these composites it appears that PTCa/P(VDF-
TrFE) enjoy the highest k.- value and the most reliabie
pyroelectric response. The (FOM),,,,, for the PTCa/ep-
oxy composite is also the highest for such composites
and the observed magnitudes of its electroactive re-
sponses are in agreement with those of other workers
(25-28). However, it should be stressed that ceramic/
polymer composites with 1-3 connectivity will have
superior piezo- and pyroelectric responses.

To evaluate the frequency response of the surface
mounted AE sensors. consructed from the composite -

tri
etef‘*

values of p and (FOM),,,

for the two composites and ,

materials. the electrical signal produced from the out-

Table 1. Typical Piezoelectric, Pyroelectric and Other Relevant Properties of PTCa and Its Composites PTCa/P(VDF-TrFE} and

PTCa/Epoxy.
PTCa/P(VDF-TrFE} PTCa/Egoxy
Property PTCa 65/38 vol% 60/40 voi%
Density (g/em®) . 6.89 . 5.13 4.60
Relative Permittivity ¢, @ 1 kHz 230 : 67 22
tané @ 1 kHz, RT 0.008 0.013 Q.010
d., coefficient (pC/N) 68 33 26
d,, coefficient (pC/N) -3.1 4.6 0.4
Electromechanical Coupling Factor, k, 0.47 0.21 0.19
(FOM)0midsy X G35 (X107 Pa™!) - 2.24 1.84 3.32
Mechanical Quality Factor, Q., 80 4.3 21.7
Acoustic Impedance, Z, (x10° Rayls) 29.6 16.5 11.0
Acoustic Velocity, v, (m/s) 4300 - 3200 2418
Pyroelectric Coefficient, p (x107% C/m*K) @ 30°C 380 130 30.1
1.65 1.94 1.30

(FOM),,,, (x10"%/m?K)
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put of the transducer (TO) under evaluation can be
considered to be a convolution of the electrical drive
signal (EI). the output response of the driving trans-
ducer (DR), the input response of the sensing trans-
ducer (TR) and the response of the input and output
electronics (DE). Assuming the coupling layer and im-
pedance mismatch between the two transducers pro-
duce negligible losses of acoustic energy and the
transducers behave in a reversible manner, then the
output from the transducer is

TO=El ® DR ® TR ® DE (2)

Further assumptions are made that the detection
electronics and the transducers behave in a linear
fashion. with the response of the detection electronics
being flat and equal to unity throughout the frequency
range of interest. Then in the frequency domain the
convolution becomes a straightforward product

TO(f) = EI(f) X DR(f) X TR(f) (3)

To determine the frequency response of the driving
transducer DR(f) two nominally identical transducers
were used. one for the driving transducer and the
other for the receiving transducer. Thus Eq 3 becomes

TO(f) = EILf) X [DR(/)]? (4)

giving the driving response from

ﬁO(f)

DR(f) = \‘—_EI(f)

(5)
With knowledge of the output of the driving trans-
ducer then. the response of the transducer under test
can be evaluated from

TO(f)

TRU) = Enfy < DRU) (8)

and if the logarithmic responses are considered. the
response in decibels is given by

log(TR(f)) = log(TO(f)) — log(EI(f)) — log(DR(f))
(7)

The electrical driving signal was derived from the out-
put of a network analyser [HP8702A] set at 18 dBm.
The input to the driving transducer was essentially a
constant power signal over the frequency range from
300 to 50 MHz. The frequency was increased in a
stepwise manner with 400 points within the frequency
range. The output from the transducer under test was
fed into the input of channel two of the network ana-
lyzer and the logarithmic amplitude was recorded. The
output of a V109-RM transducer was recorded after
being driven by another similar V1 09-RM transducer.
The driving response of these transducers were then
found using Eq 5. The outputs and subsequently the
deconvolved frequency responses of the composite
transducers were then recorded and calculated.
Plate waves generated by AE sources propagate in
two distinct modes. extensional and flexural. The ex-

POLYMER ENGINEERING AND SCIENCE, DECEMBER 1996, Vol. 36, No. 24

tensional mode is a nondispersive mode of propaga-
tion with higher velocities and frequencies than the
dispersive flexural mode. Because of this mismatch in
mode velocities the signal produced, when a sensor
detects an elastic plate wave originating from an
acoustic emission. will comprise of two distinct com-
ponents. The extensional mode, which has a higher
velocity, will arrive at the sensor a time, depending on
the distance from the source, before the flexural mode.

A broad bandwidth sensor should be abie to detect
the arrival of the extensional mode comprising of
higher frequencies before the arrival of the flexural
mode with its correspondingly lower frequencies.
There are a number of factors affecting the form of the
acoustic signals produced by lead breaks. The relative
amplitudes of the two modes depend greatly on the
orientation of the lead break. Gorman (29) has shown
that a lead broken on the surface of the plate will
result in an acoustic signal with a high amplitude
flexural mode and smaller amplitude extensional
mode. While lead breaks conducted on surfaces at
varying angles to the plate surface will produce greater
extensional mode amplitudes and lesser flexural mode
amplitudes. the highest extensional/flexural ampli-
tude ratio being when the lead is broken on the edge of
the plate. Also within a O, laminate the anisotropy
resulting from the unidirectional nature of the fibers
has an effect on the overall form of the acoustic signal.
The acoustic velocities of both modes are proportional
to the direction of propagation within the laminate
plate. This results in a separaton in time of arrival
berween the two modes. which is dependent on the
angle. with respect to the fiber axis. of the direction of
propagation. Owing to the absorbent nature of the
epoxy matrix of the laminate the acoustic waves are
attenuated rapidly with distance. the higher fre-
quency extensional modes being attenuated more rap-
idly than the flexural modes.

The frequencies encountered within plate waves are
predominantly <1 MHz. The commercially available
transducer used as a comparative standard in this
work has a peak frequency of approximately 5 MH:z
whilst the composite transducers have peak frequen-
cies in the range 5-12 MHz. It is believed that in the
frequency range O-1 MHz. which is far away from the
peak frequency. the transducers will have a relativel

flat frequency response. Typical frequency responses
_of the composite transducers compared to the com-

parative standard are shown in Figs. 3 and 4. their
respective peak frequencies and bandwidths art
shown in Table 2. The amplitude scales of Figs. 3 anc
4 refer to 1 mW into a 50 Q load. The responses shou

. ‘the characteristic broad bandwidth nature of these

transducers. The peak of the frequency response be-
ing centered on their respective resonarnt frequencies
A peak corresponding to the third harmonic- reso-
nance can also be seen in these figures. A good exam-
ple of this can be seen in Fig. 3 corresponding to tht
frequency response of a PTCa/P(VDF-TrFE) trans-
ducer. The peak frequency is ~8 MHz with the thirc
harmonic occurring at ~24 MHz.
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Table 2. Measured Peak Frequencies and Bandwidths of the

Surface Mounted Transducers: f,—Peak of Free Resonance,

FF—Face to Face Method Peak Frequency, FFBW—Face to
Face Bandwidth.

f, FF FFBW
Transducer [MHz]  [MHz] [MHz]
Panamerrics V109-RM - 3.2¢ 4.98

PTCa/P(VOF-TrFE; 65/35 vol% 7.53 8.24 4.96
PTCa/epoxy 60/40 vol% 12.08 10.85 3.62

As can be seen from Figs. 3 and 4 and from Table 2.
he composite transducers performances are compa-
rable with the performance of the commercially avail-

“able AE transducer with respect to sensitivity and
bandwidth. It is noted that the sensitivity of the PTCa/

. PLVDF-TrFE) composite transducer, at its peak is ac-
tually higher than the commercial transducer at its
Ywn respective peak. Both of the composite transduc-
¢rs, shown in the Figures, show enhanced sensitivity
Jver the commercial transducer at their respective
neak frequencies.

M. P. Wenger et al.

The detected signals from the surface mounteq
transducers, used to detect simulated AE in laminate
plates, were recorded on a digttal storage oscilloscope
at a sampling rate of 5 MHz and analyzed using Foy-
rier techniques to determine the frequencies present
within the two modes of Propagation. The results of
these measurements can be seen in Figs. 5-7. The
signals from the Panametrics transducer and the
transducer made from PTCa/P{VDF-TrF E} composite
materials have been recorded directly from the trans-
ducer without amplification. Preamplification of the
signals from the PTCa/epoxy transducer was neces-
sary for efficient observation of the signal. The pream-
plifier used [Physical Acoustics part no. 1220A] acted
as a bandpass filter with bandpass between 20 and
1200 kHz with a gain of 40 or 60 dB.

From the signals it was seen that the composite
transducers were able to detecr lead breaks 10 cm
away, in directions of 0° and 90° to the fibers. on the
surface of the plate. Only the signals from the 0° dj-

is

Output Voltage [mV)
-]
|
B
~—~—_
|

0 SO 1C0 150 200

Time {us]
(aj
60
o /\ :
——a— Flerurat Mooce
: -+ = - - Extersiony Moce
20
u - \ b
- -
E ” T s
20 : : At
.
Y\
-0 v
60

0 02 0.4 0.6 08 1
Frequency [MHz]
(bj
Fig. 5(a). V109 response to a lead break on the surface of a
glass/epoxy laminate plare. Source to detector distance 10 cm
@ 0° to the fiber axis.
Flg. 5(b). Flexural and extensional plate wave modes. de-
tected by a Panametrics V109 transducer, tn a 0,6 glass/
epoxy laminate plate.
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Fig. 6{a). PTCa/P(VDF-TrFE) transducer response to a lead
break on the surface of a glass/epoxy laminate plate. Source
to derector diszance 10 cm @ 0° to the fiber axis.

Fig. 6(b). Filexural and extensional plate wave modes. de-
tected by a PTCa/P(VDF-TrFE) transducer. in a 0, glass/
epoxy laminate plate.

rection have been shown. The PTCa/P(VDF-TrFE)
transducer shows signals similar to the Panametrics
transducer but with higher ampiitudes for the two
modes. It should be noted here that the later part of
the signal contains detected reflections from the edges
of the plate and this information is ignored. The po-
larity of the signals is also noted to be reversed which
only depends on the construction of the transducer.
i.e. the direction of polarization of the piezoelectric
material. .

Figure 7 shows the output from a PTCa/epoxy
transducer that has been amplified by 40 dB before
detection. It is noted here that the extensional/flex-
ural amplitude ratio for this transducer, which has

been preamplified. is higher than those of the trans- -

ducers that have not been amplified: This is believed
to be due to the amplifier involved, 4nd not a charac-
teristic of the transducers, because the gain of the
amplifier is greater at higher frequencies in compari-
son with that at lower frequencies..
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Fig. 7(a). PTCa/epoxy transducer resgonse to a lead break ¢
the surface of a glass/epoxy laminate plate. Source to detect
distance 10 cm @ 0° to the fiber axis. Preamplification of +
dB.

Fig. 7(b). Flexural and extensional plate wave modes. cr
tected by a PTCa/epoxy transducer. in a 0, glass’epox
laminate plate.

For each of the signals recorded. the modes of prot
agation were separated and analyzed using Fourie
techniques to determine the frequency component
present. For propagation along the fiber axis. the fre

quencies present in the flexural and extension: :

modes centered around 74 kHz and 288 kHz respec

tively for the transducers used in the test. All th
transducers could be seen to determine the respectiv

. frequencies of the two modes as can be seen fror
Table 3. For the flexural mode. the Panametrics trans

ducer produces the lowest value of 32 kHz wherez
the composite transducers produce consistent
higher values. For propagation along a direction 90° t
the fiber direction it was found that the signals prc
duced by all the transducers were less clearly define’
in terms of the mode frequencies. The frequencie
present In the extensional mode appeared to cente

around 142 kHz, while the frequencies within the flex
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Table 3. Peuaic Frequesicins of (he Propagation Modes of Plate Waves, Within a Laminate Plate, Detected by Surface Mountegd AE

Sensors.
Extensional Mode Flexural Mode
| 0° direction 90° direction 0° direction 90° direction
. L . ecti
Panametrics \"‘1?9';'-’: 251 kHz 159 kHz 32 kHz 61 kHzon
rTCa/P VO TFE) 6525 iTs 269 kHz 146 kHz 63 kHz 67 kHz
CTCo Ay 30/80Y vel% 263 kHz 203 kHz 80 kHz 72 kHz
]
Wi ml mode sppear<d to be (.= sa.ne as when the wave 1 ;
vropagates alouyg che fiher sugds.
The ciangde Lt [requencies sceit in the extensional 10 , . ]
mode wirr nontorec alor. Jifferent directions _ : :
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Fig. 9(a). Embedded PTCa.eroxy sensor response to a lead
break on the surface of a glass/epoxy laminate plate. Source
to derector distance 10 cm @ 0° to the fiber axis.

Fig. 9(b). Flexural and exrersional plate ware modes. de-
tected by a PTCa/epoxy embedded sensor. in a 0,5 glass/
epoxy laminate plate.

need. however, to ensure enough electrical screening
of the circuit, because of the placement of the leads.
Once this was done the signal/noise ratio was ade-
quately increased. As can be seen from Fig. 8(a), the
PTCa/PVDF-TrFE) transducer produces a very small.,
although observable. signal from' the extensional
mode traveling along the fiber axis. The signal pro-
duced from the flexural mode can be seen to have
completely adequate amplitude for detection. In the
90° direction with the wave detected as it travels in a :
direction perpendicular to the fiber axis, the signal :
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produced by this transducer failed to distinguish the
extensional mode but again produced an adequate
signal for the flexural mode.

The signal produced by the PTCa/P(VDF-TrFE)
transducer shows that this transducer has been able
to detect and distinguish both the extensional and
flexural modes of a plate wave traveling in the 0° di-
rection. In the 90° direction again the extensional
mode appeared less discernible than in the 0° direc-
tion. From the frequency analysis of the signals from
the embedded sensors it can be seen that in the 0°
direction, for both the sensors the extensional mode is
centered on 200 kHz for the PTCa/P(VDF-TrFE) sen-
sor and 260 kHz for the PTCa/epoxy sensor. The flex-
ural mode has produced signals with frequencies pre-
dominantly <30 kHz for both the sensors.

The obvious difference between the two sensors is
that of the signals produced by the extensional mode.
When using a surface mounted AE sensor, which has
been acoustically coupled to the plate by means of a
thin liquid film. to detect AE on the surface of the
plate. only compressional stresses are transmirted
into the sensing material. Because the liquid film can-
not support shear stresses any shear stresses existing
in the surface of the plate will not be transmitted into
the transducer. Therefore the signals produced by the
surface mounted AE sensors are a direct response of
the d,, coefficient. When a piezoelectric film is embed-
ded in a glass/epoxy laminate plate the signals pro-
duced. upon detection of an AFE or lead break. will not
be due solely to the d,; coefficient hut also the d,, and
d,. coefficients.

The typical measured values for the d,, coefficients
of the two composites can be seen in Table 1. It was
observed that the composite of PTCa/P(VDF-TrFE).
having a d,, coefficient of 4.6 pC/N, showed the lower
response to the extensional mode of the plate wave.
Owing to the nature of the extensional mode. there will
be appreciable stress in the 1-direction. therefore.
when detecting the extensional mode the value of the
d,, coefficient will have an effect on the response of the
transducer. Depending on the characteristics of the
wave the effect of the d,, coefficient will be to reduce
the amplitude of the signal. Since the value of the d,,
coefficient for the PTCa/epoxy composite is much
lower than that of the PTCa/P(VDF-TrFE) composite
then the contribution to the signal due to the stresses
in the 1-direction will be less. The result is that the
embedded transducer produces a signal comparable
to that which would be produced by a surface
mounted transducer. where the stresses normal to the
film are dominant.

CONCLUSION

Through this work it has been possible to fabricate
good quality films of PTCa/P(VDF-TrFE) of maximum
size 8 cm X 6 cm having high electroactivity. The
maximum electroactivity was found with a ceramic
volume fraction of 65% with values of d,; and dy, being
33 and 4 pC/N respectively and a k, value of 0.21. The
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pyroelectric coefficient of these films was found to t
130 uC/m3K. Fxlrnap{ P,ICa/cpowhq;yc shovm then
selves to produce good electroactive propemes wit
the highest values-bemg Biverrby = ceramic volurr
fraction of 60%. Piezoelectric ceefficients dy, and dy, «
26 and 0.4 pC/N respectively with a ke, value of 0.1
and a pyroelectric coefficient ot’ 30 #Cﬁmzh “The ma:
imum attainable size at presenti’s -5 '

For the application.of AE-detection within lamina
plates. surface mounted transducers fabricated fro;
composite films of P’I‘Ca/P(VDE TrFE) have prove
themselves to be the mosg suxted Th& scn51tmtv !
these transducers xs hldhﬁst aL the resonance fr
quencies. which in turn 1s dowe"ncd by the thxckne<
of the piezoelectric matcnal While Lhese composm
show the higher plezoelecmc dys coefﬁcxen: _the
would also benefit from’ the transducers’ be‘nd fabr
cated from thicker films in an attempt to ma:ch tr
peak sensitivities to the frequencies of interest. [n tt
case of the embedded transducers the PTCa/epO\
films seem to be the’ bette" choice of transducing m:
terial. producing swnals corﬁparab le in amplitude :
those of an embedded PTCa/P(VDF-TrFE) film by
more clearly de(med
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Two different mixed connectivity composites, consisting of a ferroelectric ceramic
powder of calcium modified lead titanate (PTCa) dispersed in a polymer matrix, have
been fabricated and their ferroelectric properties have been investigated. Hysteresis
measurements have been conducted on composites of PTCa with a polar polymer of
polyvinylidene trifluoroethylene (P(VDF-TrFE)) and PTCa with a thermosetting epoxy
resin to determine the coercive fields and remanent polarisation of the two different
composites. The composites show noticeable differences in their behaviour during poling
along with the values of their piezoelectric coefficients, with the composite of
PTCa/P(VDF-TrFE) showing enhanced piezoelectric activity over that of PTCa/epoxy.
This paper reports on the polarisation properties and the microstructural namure of the

composites.

INTRODUCTION

he health monitoring of some of today's

structures through nondestructive
evaluation (NDE) techniques has become an
integral part of their working lives. The
faithful monitoring of the dynamic stresses
produced by damage mechanisms can be used
to determine the state of health of a structure
via techniques such as acoustic emission (AE)
detection and acousto-ultrasonics. These
techniques rely heavily on sensor technology
for detecting damage, fatigue or corrosion of
the structures. Piezoelectric and ferroelectric
materials have long been used as
electromechanical transducers in a variety of
applications for the production and detection of
ultrasound.

Typically ferroelectric ceramics, such as
lead zirconate titanate (PZT), lead titanate (PT)
and barjum titanate have been used as the
transducer material in such sensors. Ceramics
due to their inherent nature are invariably stiff
brittle materials whose response is of a
resonant nature due to the high quality factors
associated with these materials. On the other
hand, electroceramics usually posses high
piezoelectric and electromechanical coupling
coefficients making them attractive as
electromechanical transducing materials. A
composite material, fabricated by the
dispersion of a ceramic powder into a
compliant polymer matri®, although displaying
a reduction in the piezoélectric properties will
however show improved mechanical
properties. The compliance of the composite
materials will be lowered from that of the
ceramic alone whilst the frequency dependent
mechanical losses will increase, producing a
sensor with a broad bandwidth response. The

coupling of the piezoelectric coefficients, d,,

and d;,, will also be lowered thus providing a

high hydrostatic 4, coefficient. Within this
study composites of a ferroelectric ceramic,
calcium modified lead titanate, and two
different polymer hosts, a thermoset epoxy
resin and a thermoplastic polar polymer were
prepared and investigated.

A composite material where a ceramic powder
has been randomly dispersed in a polymer
matrix, can be made to be ferroelectric through
a process known as poling. An application of a
large electric field to the material will cause the
spontaneous elecwric polarisation of the
ferroelectric phases to orlentate so as to oppose
the direction of the electric field lines. A
reversal of the applied electric field will cause
the aligned elecmic dipoles to switch their
direction of orientation to that opposing the
new field. Observation of the spontaneous
polansation reversal cam be made by the
application of a sinusoidally varying field
whilst continuously monitoring the polarisation
reversal current and/or charge. From these
measurements a determination of the remanent
polarisation, when the applied field is zero, of
the material can be made along with the
magnimude of the field needed to cause dipole

switching, i.e. the coercive field. At very low

fields and very high fields the ferroelectric

. material acts essentially as an ordinary

dielectric although with a high value of the
dielectric permittivity. As the applied field is
increased and approaches the value of the
coercive field polarisation reversal occurs
giving rise to a large dectric non-linearity
and hysteresis loss. At large fields the value of
the spontaneous polarisation tends to saturate.
Experimental results from an investigation into
the hysteresis measurements on composites of
PTC«/P(VDF-TrFE) have previously been

- reported in a paper by Dias et al (1). This




paper reports on the results from a study on the
hysteresis measurements on composites of
PTCa/Epoxy and discusses the comparison
between these composites and composites of
.PTCa/P(VDF-TrFE).

TECHNIQUES OF HYSTERESIS
MEASUREMENT

Various techniques have been used to measure
the ferroelectric hysteresis of low polarisation
materials with high permittivity * and/or
conductivity such as is the case with
composites. A widely used method for

measurement of the electric displacement, D,

versus field, £, hysteresis curves of
ferroelectric polymers has been the Sawyer-
Tower (2) method and its modifications (3, 4).

Here, the sample, with capacitance C, is
connected in series with a much larger

capacitance C,. The conductance G of the
sample is compensated for by a conductance

G, in parallel with C,, (figure 1). Another

technique (5) uses the values of the current at
maximum field to make estimates on the
resistance of the sample, the capacitance of the
sample is then estimated from the values of the
current, with the resistive component removed
and in the absence of ferroelectric switching.
Other methods which have produced good
results without the need to make estimates on
the resistive and capacitive components of the
current, have been to measure the bipolar and
unipolar currents either sequentially (5) or
simultaneously (1). The current measured is a
combination of the currents due to the
polarisation reversal and the resistive and
capacitive components which is given by

1=A_T+_+C_ N

Polarisation reversal only occurs when the
polarity of the poling field is reversed,
therefore, the component of the current due to
this mechanism only occurs during a bipolar
cycle of the applied field. During a unipolar or
rectified cycle of the applied field the
expression for the current, (equation 1), will
only contain the terms due the resistive and
capacitive components, which are possibly
non-linear at high fields, thus allowing the
removal of these terms by a subtraction of both

the positive, /,, and negative, /_, unipolar
currents from the bipolar current.

EXPERIMENTAL

The composite materials were obtained
through two different processes depending on
which of the two polymers were to be used as
the host matrix for the ceramic powder. The
ceramic used here was calciurn modified lead
titanate (PTCa) with the following composition

PB0.3,Caga[(C0usWas) o4 Tiase |O; + MnO,

supplied by GEC -Marconi Materials Research
Laboratory. The two polymers were a
thermosetting epoxy resin (Epikote 828, Shell
Resins) with a curing agent (K61B, Anchor
Chemical) and the thermoplastic polar

copolymer of vinylidene fluoride and
trifluoroethylene, P(VDF-TIFE) (Solvay). The
composites of the ceramic with the epoxy,
PTCa/Epoxy, were prepared by gradually
adding the ceramic powder to the resin whilst
stiring  continuously to ensure an even
mixture. Thin films (~100um) of the
composite material were cast between two
polished metal plates in a thermally controlled
mechanical press at a temperature of 60°C. A
full description of the preparation method has
been described in a previous paper by Wenger
et al (6). The composites containing the
ceramic with the copolymer host of P(VDE-
TrFE) were prepared by a solvent casting
technique. Here the copolymer, which was
supplied in fine powder form, was mixed
thoroughly with the dry ceramic to produce a
even mixture of the two powders. A sufficient
amount of acetone was tt:n added to the dry
powders to dissolve the poiymer and produce a
thick slurry of ceramic with dissolved polymer.
The mixture was then stirred continuously until
all the acetone had evaporated leaving behind
the solidified composite material. This was
allowed to dry completely within a vacuum
environment for approximately 24 hours to
remove completely the solvent. Thin films
(<100 pm) were produced by hot pressing the
material between two polished stainless steel
plates at the softening temperature of the
copolymer (~170°C). Once thin fiims of the
composite materials had been fabricated
circular aluminium electrodes of 1 cm diameter
and approximately 1000 A thickness were
deposited by vacuum (<10° mbar)
evaporation onto the surfaces. ,
Hysteresis measurements, similar to the
method used by Dickens (35), were performed
on the composites by applying a sinusoidal
varying electric field whilst measuring the
current flowing through the sample. This
method is analogous to the method used by
Dias and Das-Gupta (1) where they
simultaneously measured the current through
thres similar samples whilst applying a bipolar
field to one sample and unipolar fields to the
other two. The advantage of the method used
here is that errors arising due to dissimilarities
in the thickness and/or elecwrode areas of the
samples do not have to be compensated for
within the apparatus. The measurements were
conducted by immersing the sample in silicone
oil, which was used for prevention of electrical
arcing and whose temperature was controlled
by a hot plate, whilst an electric field was
applied across the thickness of the sample.
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%ig. 1. Circuit diagram of the Sawyer-Tower
method for measuring ferroelectric hysteresis

(3).
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Fig. 2. Hysteresis measurements by
monitoring the bipolar and unipolar currents.

Electrical comnections were made to the
sample electrodes from a high voltage
amplifier (TREK 610C) which amplified the
electrical input, from a sinusoidal signal
generator, in a ratio of 1000:1. The HV
amplifier was capable of monitoring the
current through the high tension side of the
circuit and producing a proportional voltage
output which could be monitored on a suitable
storage oscilloscope.  Ancther proportional
voltage output was available to monitor the
high voltage applied to the sample. The
proportional values of the current and the
. voltage were monitored on a digital storage
oscilloscope (DSO) (GOULD 4050) and
downloaded to a computer for further analyses.
A mechanical switch was mounted into the HT
side of the circuit to enable the introduction of
high voltage diodes (GP02-40, Radio
Supplies), as shown in figure 2.

The current through the sample consists of
three components; the capacitive and resistive
components, which are possibly non-linear at
high fields and a component due to the
switching of the spontaneous polarisation
orientation, equation 1. It is the polarisation
current which is of interest in this study in
order to observe the ferroelectric hysteresis.
With the composites the resistive component of
the current can be quite large compared to the
polarisation  component, the capacitive
component is usually small due to the low
frequencies involved, therefore, there is a need
to eliminate the unwanted resistive and
capacitive components of the current as they
can obscure the true value of the polarisation
current. This was accomplished by measuring

the total current, I, as a full wave sinusoidal
field was applied to the sample, with further

measurements of /, and /. as positive and
negative half-wave rectified fields,
respectively, were applied. The polarisation

current, [, will then :f)e given by
ly=5~(I,+1) @

The three current measurements and the
voltage measurements were recorded on the

DSO and downloaded to a computer. The
polarisation current density was calculated
from knowledge of the electrode area and
through integration the polarisation charge was
found. This enabled a ferroelectric hysteresis
loop to be drawn, from which the remanent
polarisation and coercive field could be
determined.

RESULTS AND DISCUSSION

Within composite systems the manner in
which the phases are coupled together is
known as their connectivity (7). For diphasic
composites consisting of a ceramic phase and a
polymer phase there are ten possible
combinations of phase connectivity which are
usually described by using two digits, the first
denoting the connectivity of the ceramic and
the second, that of the polymer with itself in
each case.  Relevant examples of these
connectivity patterns are 0-3 and 1-3 where the
ceramic is connected to itself in zero directions
and one direction, respectively, throughout the
composite and the polymer is connected to
itself in three directions for both patterns. The
connectivity of the constiruent phases of the
composite materials has a large effect on their
electroactive properties compared to those of
the phases. Pardo et al (8) reported on the
hysteresis properties of mixed connectivity
composites formed by the dispersion of
ceramic particles into a polymer matrix, where
0-3 composites having grain sizes comparable.
to their thicknesses possessed a certain amount
of 1-3 connectivity. It was noted by these
workers that the ceramic with 1-3 connectivity
will acquire a polarisation value close to that of
the ceramic alone under the same field.
whereas, the ceramic within the 0-3
connectivity portion of the composite wiil
experience a lower local field, due to the
shielding of the polymer, and will therefors:
acquire a lower polarisation. The amount of 1-
3 connectiviry will depend greatly on the ratio
of ceramic grain size to composite thickness
and also the ceramic volume fraction of the
composite.
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Figures 3 and 4 show hysteresis loops for
varying applied electric fields of 10, 15, 20 and
25 MVm™ for composites of PTCa/P(VDF-
TrFE)  and  PTCa/Epoxy  respectively
containing 60 and 65 volume percentage of
ceramic respectively.  These loops were
obtained by measurements at 80°C, the
softening temperature of the epoxy, and at a
frequency of 0.1 Hz. The sample thicknesses
were 60 pum for the copolymer composite and
157 pm for the epoxy composite, the grain
sizes of the ceramic being predominantly in the
range 10 - 20 um. The two main differences
between the two sets of hysteresis curves are
their relative magnitudes and apparent shapes.
For the same poling conditions the saturation
polarisations at 25 MVm™' are 0.10 and 0.05
Cm? for the composites of PTCa/P(VDF-
TrFE) 65/35vol% and PTCa/Epoxy 60/40vol%
respectively. The apparent shapes of the two
sets of hysteresis loops are indicative of a
difference in the amount of 1-3 connectivity
present in each composite, if we assume that
the main electroactive component is the
ceramic phase and the copolymer conmibutes a
relatively small amount to the ferroelectric
properties of it's composite. The permittivities
of the ferroelectric copolymer and the non-
polar epoxy are 12 and 4 respectively. It
would thus be anticipated that the copolymer
matrix will wet the electroactive ceramic more
effectively than the epoxy which was
evidenced from scanning electron microscopy
(SEM) studies. As a result the volume fraction
of the interfaces between the ceramic and
polymer for the former case would be
considerably lower than for the epoxy
composite. It is well established that at such
interfaces charges will accumulate and provide
a space-charge conduction through the bulk
(9). The roundness of-the hysteresis loops,
which indicates conduction through the
sample, for the composite of PTCa/Epoxy
60/40vol% is typical for 0-3 connectivity
composites. The effect of the decreased local
field can also be noticed in the values for the
coercive fields, which for the epoxy composite
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are relatively higher than those for the
copolymer composite with the same applied
field. A reduction in the local field
experienced by the ceramic not only arises
from the polymer shielding but also from the
greater dielectric mismatch of the permimivities
of the constituent phases (10).

The slopes of the hysteresis curves in figures
3 and 4, as the field decreases from the
maximum to zero, can be seen to be relatively
flat indicating that the resistive current does not
conmribute to the polarsation current. An
enhancement of the polarisation is seen for
both composites as the field decreases from the
maximum to approximately 22 MVm™' and 18
MVm™ for the composite of PTCa’P(VDE-
TrFE) and PTCa/Epoxy respectively, with no
further enhancement seen for lower fields. The
variation of the coercive field and the remanent
polarisation with applied field for the
composite of PTCa/Epoxy 60/40vol% are
shown in figures 5 and 6. It can be seen that
both these properties increase approximately
linearly with increased applied field in the
range 10 - 25 MVm", the higher field being
close to the breakdown swength of the
composite. The behaviour of the remanent
polarisation and coercive fieid of a similar
composite with 52% ceramic volume loading
with temperamure is seen in figures 7 and §
respectively. It can be seen here thar for low
temperatures ‘the value of the coercive field is
lower than that at respectively higher
temperatures where the value is relatvely
independent of temperature.  The lower
coercive fileld is believed to be due to
inefficient poling, as hindrance of domain wall
movement at lower temperatres prohibits
dipole alignment which results in the lower
remanent polarisation. The remanent
polarisation appears to vary linearly with
temperature over the range 30 - 90°C above
which the value would be expected to decrease
as the temperature of the polymer exceeds that
of the phase transition of the polymer.

The ferroelectric  behaviour of 0-3
composites as a function of frequency is of
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interest when optimisation of poling efficiency
is being sought (10). The local field
xperienced by the series connected ceramic in
a 0-3 or mixed connectivity composite will
depend on the resistvides and the
permittivities of the constituent phases. At low
frequencies the magnitude of the local field.

E..., will be dictated by the resistivites, 2,
of the ceramic and the polymer as in equation 3
p < E.chiied -
= 3)
‘ocal

mp, +(1=m)p,

where the subscripts ¢ and p refer to the
eramic and polymer respectively and the
parameter m represents the volume fraction of
the series connected ceramic (11). At higher
frequencies the magnimde of the local field

will be governed by the value of the
permirtivities, €, as in equation 4
E = __i’ﬁ“’__ (@)
local T s
ME, s + (1= M)E,

Figure 9 shows theoretcally derived local
field magnitudes experienced by the series
connected ceramics in a composite of
PTCa/Epoxy as a function of frequency for
varying temperatures. The values were derived
from measurements on the elecwrical properties
of the constituent phases over the temperature
range 20 - 100°C. Figure 10 shows the
hysteresis loops for a composite of
PTCa/Epoxy 50/50vol% measured at various
frequencies in the range 0.1 Hz to 1 Hz. For
frequencies below 0.1 Hz the low value of the
polarisation current compared to the total
current made it difficult to observe a clearly
defined hysteresis loop. In figures 11 and 12
the remanent polarisafion and coercive field are
shown as functions of frequency. From figure
11 it can be seen that the remaneat polarisation
falls off as the frequency increases, from 0.1 to
1 Hz. With higher frequencies an alignment of
the domains is reduced, hence the remanent
polarisation is reduced, as the time allowed for
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the polarisation to switch becomes shorter than
the time required by the dipoles to reorientate
themselves. From figure 9 it can be se=n that
the series connecied ceramic. at $§0°C, would
experience a lower local field with frequencies
lower than approximately 0.1 Hz. thus it is
assumed that the remanent polarisation would
bezin to decrease again as the frequency is
lowered below this value  although
measurements of the hysteresis loops at low
frequency with this method are difficult. The
coercive fileld is seen to  decrease
approximately  linearly with  increasing
frequency due to the inefficient poling at the
higher frequencies, (figure 12).

A simple relaxadon mode! proposed by~
Landauer et al (12) for the polatisanon reversal
Is given by -

dP
[, = E

where the polarisation £ changes towards it's
saturation value P, at a rate Vv dependent on
the applied fleld £. v, is a rare constant

independent of the applied field and £, is
known as the actvaton field. As the
polarisation switches there is an instant where
its value is zero, therefore, ar this instant

I, = VDPSE_:'/‘E: (6)

where £, is the coercive field and [/, the

current at zero polarisaton. By ploting the
relationship berween Ln([o) and I/E. the
value of the actvation field £, may be

obtained from the slope and the value of v,7
from the ordinate on the vertical axis. From
the data presented in figures 3 and 4, values of
I, and E, for different applied fields were
found for both the composite samples. (figure
13). Table 1 lists the calculated values for the

= V(P) —P) = voe‘f“s(P_: —P) (Y]




Table 1. Activation fields and rate constants for PTCa/P(VDF-TrFE) 63/35vol% and
PTCa/Epoxy 60/40vol% composites.

Poling Fieid 25 MV.m"

“

Composite E, MV m'l) v,B, v, (Hz)
PTCa/P(VDF-TIFE) 25.1 0.67 7.2
PTCa/Epoxy 32.9. 0.05 1.1
10° 3 -
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Fig. 13. Plotof In(!,,) versus the inverse of the

coercive fleld for composites of PTCa/P(VDF-
TrFE) 63:35v0l% and PTCasEpoxy 60/40vol%.
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Fig. 14. Remanent polarisarion as a function of
ceramic volume for composites of PTCa/Epoxy.

activation field and the product v, P, for an
applied field of 25 MVm' along with the

values for v, where the estimated values of the

saturation polarisations have been taken from
figures 3 and 4. From the values given in table

1, the rate constants vV for the composites of
PTCa/P(VDF-TrFE) 63/35vol% - and
PTCa/Epoxy 60/40vol% are found to be 2.64
and 0.30 for a step input applied field of 25
MVm'' respectively, indicating an approximate
increase by a factor of 8 in the switching times
berween the two samples respectively.

The variations of remanent polarisation and
coercive field with ceramic volume fraction are
shown in figures 14 and 15 respectvely. It can
be seen that the coercive field is relatively
independent of volume fraction of the ceramic
berween 40 and 60% while the remanent
polarisation increases steadily as the ceramic

Table 2. Summary of the poling properties of the composite systems PTCa/P(VDF-TrFE) 63:35vol%

°

43 50 H L 65
Ceramic Volume Fracaion {4}

3

Fig. 15. Coercive field as a function of ceramic .

volume for composites of PTCa/Epoxy.

volume fracton increases. The limiring value
of the ceramic volume fraction was 60%. With
ceramic volume fractions higher than 60% the
composite films fabricated were of low quality
and not suitable for poling. For fiims with
thickness approaching the grain size of the
ceramic it is believed that the remanent
polarisation would increase due to an increased
amount of -3 connectivity although these are
difficult to fabricate. The results found from
this study are summarised in table 2. The
electrical, mechanical and eleczoacuve
properties of these composites and their
suitability as NDE sensors have besz recorted
in a previous paper by Wenger et. al. (13).

CONCLUSION .

It has been preseated here the results of a study
on the poling properties of mixed connecaviry
composites of calcium modified lead titznate
with two different poiymer mamices.
polvvinylidene trifluoroethyleze and an ecoxy.
The paper has concentratec on the results
found for the composites of PTCaEgoxy and
have shown that for efficient poling or the
electroactive ceramic a high applied fleld is
needed as the polymer producss a large amount
of electrical shielding. A fleld close to the
elecmical breakdown strength is the most
suitable. Poling at an elevated temgerawre
enhances the remanent polarisation aithough
care must be taken when arproaching the
epoxy glass transition temperzmure as distortion
of the sampie will occur. The optimurz poling

and PTCa/Epoxy 60/40vol% at 80°C.

PTCa/P(VDF-Trt k) 03/533vo1Ye

PTCaskpoxy oU/4Uvot7e

~

Remanent Polanisation 0.10 0.0
( E.Jpplied =25 Wm‘) [Cm.Z]
& % 54 36
p [MQm)] 600 3C0
tand 0.019 0.009
EC [erm‘l] 17 21
33 20

dy, [pCN']




frequency at 80°C appears to be approximately
0.1 Hz to efficiently pole the series connected
ceramic.
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Characterisation and Evaluation of Piezoelectric Composite
Bimorphs for in-situ acoustic emission sensors
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Mixed connectivity composites consisting of a ferroelectric ceramic powder of
calcium modified lead titanate dispersed in a polymer matrix have been fabricated

into piezoelectric bimorph sensors.

The piezoelectric, dielectric and

electromechanical coupling coefficients of these sensors have been measured and
a full characterisation of the electromechanical properties are reported. The
suitability of these bimorph transducers as in-sizu acoustic emission sensors.
embedded into glass-epexy laminate plate like structures. has been investigated.
A comparison of the performance of these sensors to those of previously
investigated monomorph sensors fabricated from the same material has besh

made.

INTRODUCTION

1 acoustic emission (AE) transducer senses

the dynamic swess waves propagating
through a swructure, which have been generated
by the release of energy due to a failure
mechanism. Within a fibre reinforced epoxy
composite structure acoustic emissions can be
generated by processes such as fibre breakage.
delaminations. fibre-mawix debonding and
martrix cracking, all of which will or are
expected to produce distinct waveforms (1, 2).
The inherent anisowopy of composite
smuctures also means that the direction of
propagation of the waves will also have an
effect on the received signal. To effectively
determine the position and nature of the
damage mechanism through a non-destructive
evaluation method such as AE detection the
technique needs to gain as much knowledge as
possible of the source of AE. Often an AE
sensor will be situated on the surface of the
structure some distance away from a possible
AE source. The structure on many occasions
may need to be removed from its working
environment or continuous testing may not be
practical, therefore, monitoring of the health of
the swucture may only be done after the
damage has occurred or a decision must be
made to replace or repair the structure prior to
potential failure. All the above points make it
an expensive and uncertain process to monitor
the health of the structure. An in-situ AE
sensor, where the sensor has become an
integral part of the structure would facilitate it's
continuous monitoring without any lapse of
time. The continuous monitoring of the
dynamic degradation of the structure would
thus enable an informed decision to be made
whether or not to replace or repair, all or parr,
of the smucture.

With fibre reinforced epoxy composites the
structures are predominantly plate like, i.e. two
dimensions are large compared to the third.
The elastic waves propagating away from an
AE source will, therefore, propagate in distinct
modes known as plate modes or lamb waves
(3). The two prominent modes of propagation

are referted to as the extensional and the
flexural modes, (figure 1). The extensional
mode of propagation Is essendally a
longirudinal wave which travels faster than the
flexural mode which is essentially a transverse
wave. The speed of propagation of the flexural
mode is dependent on it's freguency and.
therefore. is a dispersive mode. Due to the
mismatching of propagation velocites there is
a dispersion berwesn the two sets of modes
depending on the sensor locaron with respect
to that of the source. The extensional modes
will be sensed prior to the flexural modes at a
time which will depend on the disiance, from
the source. thar the plate waves have
propagated.
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Fig. 1. Schemaric representation oi 2xrensioral
and flexural -plate waves showing their firs:
three modes.

Piezoelectric composite wansducers
consisting of a ferroelectric cerzmic powdear
dispersed in a polymer mawix can be fabricared
to take advantage of the desired propertes of
the constituent materials. The strong
piezoelectric and elecwomechanicai properties
of the ceramic phase are combined with the
mechanical strength and low dielectic
permittivity of the polymer to enhance the




overall properties of the composite (4). Along
with the tailoring of the properties by the
judicial choice ~of materals and their
construction, composites can be formed into a
variety of sizes and shapes to take advantages
of the nature of the application at hand. A
single film of composite material, referred to
here as a monomorph, can be used as an
acoustic emission sensor. It can be
Incorporated into a surface mounted AE sensor
(5), where the electroactive composite is
adhered to a backing material of th¢ same
acoustic impedance and electrical contacts are
made to both faces, or be embedded into a fibre
reinforced epoxy laminate structure (6). Two
or more monomorphs can be incorporated into
one sensor to form a bimorph or multimorph
respectively. Previous work on bimorphs and
multimorphs  has concentrated on their
actuation properties (7) either configured as
cantilevers (8, 9) or as stacks (10). The present
work is concerned with the sensing properties
of piezoelectric bimorphs constructed from 0-3
connectivity (11) ceramic/polymer composites
embedded into laminate structures. Simple
bimorph sensors differ from monomorphs in
their ability to work in either of two modes of
operation, i.e. a thickness mode of operation or
a bending mode of operation. A study on the
ability of embedded monomorphs to detect
simulated acoustic emissions has previously
been completed and reported in a paper by
Wenger et. al. (12). This paper will report the
results obtained from a study on the ability of
the embedded bimorph sensofs to detect and
distinguish simulated AE sources and a
comparison will be made between the sensing
properties of the monomorphs and the
bimorphs.

FABRICATION

Two different compositions of piezoelectric
composites have been used in this work. The
ceramic used was calcium modified lead
titanate (PTCa), which was supplied by GEC-
Marconi Materials Technology (Caswell) in
fine powder form with average grain size
approximately 10-20um. The two different
polymer matrices were a polar copolymer,
polyvinylidene  trifluoroethylene (P(VDE-
TrFE)) 75/25 molar percentage supplied by
Sclvay in fine powder form. and a non-polar
epoxy resin, Epikote 828 (Shell Resins), with
hardener, K61B (Anchor Chemical).
Fabrication of the PTCa/P(VDF-TrFE)
composite material consisted of dry mixing the
ceramic and polymer powders until an even
distribution was formed where upon enough
acetone was added to the powder mix to fully
dissolve the polymer. Continuous stirring of
the mixture within a fume cabinet enabled the
solvent to evaporate leaving behind the Q-3
composite material.  Further drying of the
material to ensure total evaporation of the
acetone was completed in a vacuum chamber.
Thin films (~100um thickness) of the material
were then formed by pressing the material, at
the softening temperature (~170°C) of the
polymer, in a mechanical press. The
compesites of PTCa/Epoxy were fabricated
(13) by gradually mixing the ceramic powder
into the epoxy resin and hardener mix whilst
continuously stirring by hand.  Once the

correct amount of ceramic had besn mixed
with the resin, trapped gasses were removed by
placing the mixture within a vacuum chamber
and reducing the pressure. Further out-gassing
was performed at the epoxy cure temperature
~60°C) prior to casting the composite
materials into thin films ~100-150pm
thickness) by pressing the material in a
temperature controlled mechanical press.

The connectivity (11) description of the
composites indicates the manner in which the
constituent phases comnect to themselves
throughout the bulk of the material, The
connectivity patterns for two phase composites
are represented by two digits, the first
representing the ceramic while the second the
polymer. A composite where the ceramic
particles are dispersed randomly in a polymer
matrix possesses 0-3 connectivity, where the
ceramic is connected to itself in zero directions
and the polymer in 3 directions. For high
ceramic volume fractions or where the
thickness of the fiim approaches the
dimensions of the ceramic grains  the
connectivity of the ceramic, in the thickness
direction, increases, thus producing a
proportion of 1-3 connectivity where the

eramic is connected to irself through the
thickness of the sampie. The 0-3 composites
fabricated in this studv are believed to possess
a certain amount of 1-3 connectivity and are
known as mixed connectiviry composites (14).

Circular aluminium elecrodes of lem
diameter were deposited onro the surfaces of
the fiims by evaporation of aluminium wire at
a low pressure (< 1070 mbar). The elecrrodes
consisted of a circular porton. which would
define the electroactive area. and a small side
lobe for electrical contact. The elecrodes on
both sides of the composite fiim coincided
through the thickness of the film except for the
side lobes which were offset from one another.
Poling of the films was performed by appiving
an electric field of up to 25 MVm~! across the
thickness of each sample whilst holding it's
temperature at 100°C, for the composites of
PTC&/P(VDF-TIFE), and 80°C, the epox+
softening temperature, for the composites of
PTCa/Epoxy. Poling time was approximatelv
30 minutes and the sample was allowed 1o cooi
in the presence of the field  Sample
temperature was maintained and electrical
breakdown across the surface avoided by
submerging the sample in silicone oii.

Bimorpis were consiructed by adhering two
monomorphs together using an epoxv giue
(*Araldite Rapid). Two different paysical
configuratons  of  bimorph  can  be
accomplished by using two monomorphs.
Series connected bimorphs were conswucted by
adhering two monomorphs together such that
their directions of polarisation are opposing
one another, (figure 2). Parallel connected
bimorphs were constructed in a similar manner
except the directions of polarisation were the
same for the two individual monomorphs. The
adhesive layer between the monomorpas was
made to be as thin as possible. This was
accomplished by coating one surface of one
monomorph with the epoxy resin whilst the
corresponding . surface  of the second
monomorph was coated with the hardener.
Sufficient time was left for both the liquids to




wet their respective surfaces prior to being all
but totally removed by a blade. The mating
surfaces were then placed face to face and the
epoxy was allowed to cure whilst light pressure
(~1Pa) was applied by placing the bimorph
between two polished metal plates.  The
"bimorphs were constructed in such a way so
that electrical contacts could be made to all
three electrodes, the centre two electrodes, in
contact with each other, acting as one.

Monomorphs

Directions of
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Fig. 2. Schemaric representation of bimorph
configurarions.

Acoustic wave detection results reported in
this paper were obrained from two composite
plate specimens with embedded sensors. The
plates were fabricated from prepreg material of
S-Glass conrinuous reinforcing fibres in an
epoxy (NCT-201) mawix supplied by Newport
Adhesives and Composites, Inc. (U.S.A).
Two laminate piates were fabricated, both
containing four embedded semsors and
consisted of 25 plies with a stacking sequence
of [0l and a nominal thickness of
approximately 0.3 cm. The in plane
dimensions of the unidirectional laminates
were 56 x 56cm and 70 x 70cm respectively.
The sensors were embedded using different
configurations for each plate and away from
the edges to avoid signal reflection problems.
Two monomorphs and two bimorphs were
embedded in each piate for a total of eight
sensors. In the smailer plate the sensors were
embedded in a 10cm square array at the cenme
of the plate and two layers down from the
surface, (figure 3(a)), consisting of two
bimorphs constructed from composites of
PTCa/P(VDF-TrFE) 65/35vol% and
PTCa/P(VDF-TrFE) 60/40vol% respectively
with thetr respective monomorph polarides
opposing and two monomorphs fabricated
from the two composite systems. The sensors
in the larger plate, (figure 3(b)), were
embedded in line, 10cm apart from each other,
along the fibre direction, 0°-axis, at the plate
centreline and S layers down from the surface.
The bimorphs and monomorphs were
constructed as those in the smaller plate except
that the polariies of the monomorphs
comprising the bimorphs were in the same
direction. After the sensors had been
embedded, the plates were cured in an
autoclave at 80°C and 0.55 MPa for 6hrs
according to the manufacturers specifications.
A low temperature cure cycle was used in this
case because it was desired to stay below the

poling temperature of the composite films, thus
avoiding depoling problems. The composite
plates so obtained had 60% fibre volume and a
tensile modulus of 56.5 GPa (NCT-301
Product Data Sheet).
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Fig. 3. Schemaric diagram showing the
embedded bimorph sensor locations within the
composite plates.

CHARACTERISATION

The composite fiims were characterised with
respect to their piezoelectric and electrical
properties. The piezoelectric d,; coefficients
were measured using a Pennebaker Model
8000 Piezo d,, Tester which gave the values
directly in pCN'. The dielectric permirivites
and dielecmic loss tangents were found from
measurements on the sample capacitances and
conductances using a General Radio Bridge
(Mode! 1621) at a frequency of 1kHz. The 4.,
coefficients for the composites were measured
(13) by suspending a weight from the lower
end of a sample, measuring lcm x 4cm , which
was rigidly clamped at it's upper eand. The
weight was almost instantaneously removed by
means of a solenoid lift and the charge
developed across the sample electrodes was
recorded on a storage oscilloscope. The 4,
coefficieat is then given by

, CVe

d,=—

Img
where C in the sample capacitance, ¥ the
developed voltage, ¢ the sample thickness. /
the length of the elecirode and mg the force
appiied by the weight. The electromechanical

(D

coupling coefficient, k,, of the composites
was found from an analysis of the impedancs
spectum measured by a nerwork analyser (EP
87024). ‘The composite sampies were
suspended freely in air and their electrical
impedances measured over the frequency rangs
300 kHz to 50 MHz where the total impedance
at resonmance is given by the sum of the
elecoical impedance and the acoustic
impedances (14, 16-18). The piezoelecmic,
electrical and elecoomechanical coupling
coefficients for these composites have besn
reported in previous papers (6, 12), typical
values seen in the composite materials are
given here in table 1.

The embedded bimorph sensors were
characterised by their response to a simulated
AE source. Simulation of an AE source can be
accomplished by the breakage of a pencil lead




on the surface of the test structure (19). The
method, known as the Hsu-Nielson method,
requires the pencil lead (0.5 mm diameter) to
be held within a Nielson-Shoe, fixed on the end
of a mechanical pencil, with approximately 2
to 3 mm of lead protruding from the shoe.
When the lead breaks, there is a sudden release
of stress on the surface of the plate where the
lead was touching. The release of the stress
produces an acoustic wave which can be
efficiently reproduced by always ensuring the
lead is broken at the same point on the plate
with the same angle and orentation of the
pencil.  The output of the sensors were
recorded directly on a digital  storage
oscilloscope for analyses. :

RESULTS AND DISCUSSION

A bimorph transducer can be configured
from two monomorphs in four different ways
depending on the monomorph polarisations
and the electrode configurations, (figure 2).
The first two configurations, shown in figure 2,
are for a bimorph constucted from two
monomorphs  with  their directions of
polarisation opposing one another, their
equivalent capacitor circuits are shown to the
right of the figure. Configurations three and
four are for a bimorph constucted from
monomorphs whose directions of polarisations
are the same.

When a bimorph acts as a sensor there are
essentially two modes in which it can sense.
These modes are termed here as the thickness
mode and the bending mode respectively. In
configuration one of figure 2 an application of
a swess normal to the film, i.e. on the thickness
of the bimorph, will result in a cancellation of
the signals from the two monomorphs arising

from the piezoelectric g,, coefficients as the
signals will be of opposite signs due to the
opposite polarisations. The piezoelectric g,

coefficient relates the elecwic field developed
on the electroactive material to the applied

swess, the subscript indices, / and 7,
indicating the direction of the response and the
applied stimulus respectively. Application of a
bending moment will result in the signals from
the two monomorphs, arising from the
plezoelectric g, coefficients, complimenting
each other. When the bimorph is bent the
monomorph making up the top half of the
bimorph  will be under extension (or
compression) while the other monomorph
making up the lower half of the bimorph will
be under compression (or extension), thus, the
signals will be of the same polarity due to the
applied stresses being of opposite sign. It can
be seen that in this configuration the bimorph
will only be sensing in the bending mode as the
thickness mode will produce a null response.
With configuration two, where the outer two
electrodes of the bimorph are connected
together and the signal is sensed between the
inner electrode to the outer electrodes, it can be
seen that the opposite will be true. With this
configuration the bimorph will be working in
the thickness mode as here the bending mode
will produce the null result. Therefore, for one
configuration of monomorph polarisations the
sensing mode can be defined by the electrode

arrangement, i.e. the bimorph has a dual mode
of operation. Further examination of figure 2
will reveal that there is a cermain equivalence
between the various configurations.  The
properties of configuration 1 can be seen to be
equivalent to the properties of configuration 4
while configurations 2 and 3 are equivalent in
their own right. The preceding discussion has
assumed that the properties of the individual
monomorphs are the same and the thickness of
the glue layer is negligible. Furthermore, it
needs to be stated that the sensors themselves
must not be too thick to Jeopardise signal
cancellation in the bending mode. However,
the thickness of the sensors must not be too
thin either in relation to the thickness of the
plate to maintain appropriate signal strength in
the bending mode.

If we consider configuration 2, for example,
it may be assumed that there will be an
amplification of the signal due to the fact thar
we are using a bimorph instead of a
monomorph. This is of course incorrect as an
applicarion of a normal stress will produce a
charge displacement in both monomorpns.
resulting in double the charge on the cenmal
electrode, bur the voltage will be the same as
the capacitance of the system has also doubled.
There will, however, be an ampiificaton of
current in the external part of the circuit as the
total resistance will have been halved. For an
actuator it is possible to produce twice the
displacement or force, in a bimorph as opposed
to a monomorph, with the same amounr of
voltage, although with a corresponding cost in
current.

For an acoustic wave to propagate as a
Lamb wave (3), the matedal in which it
propagates must be plate-like, ie. it must
possess two dimensions which are large
compared to it's thickness. If this crteron is
met Lamb waves with wavelengths in excess of
the thickness of the mareral will propagaze.
There are two general types of Lamb (or piawe:
waves depending on the particle moton within
the material as the wave propagates through the
plate. Figure 1 shows a representation of the
first modes of the symmemical (extensional)
and asymmetrical (flexural) plate waves along
with the second and third modes. The
symmemical or extensional plate wave
velocites are independent of frequency, i.e.
non-dispersive, whereas the asymmerical or
flexural plate wave velocities are dispersive in
namre with a square root dependence on the
frequency of the wave. The extensional plate
waves propagate faster and with higher
frequencies than the slower and lower
frequency flexural waves. Elasic waves

‘generated by acoustic emission sources in a

plate-like structure will propagate as plare
waves. . Therefore, if the wave is sensed some
distance from the AE source, the extensional
moedes will be sensed some time before the
slower flexural modes.

The plate wave velocities within the
composite plates were found by measuring the
time taken for the waves to propagate along a
10cm distance through the plate. Two surface
mounted sensors were situated 10cm apart and
a lead break was made on the surface of the
plates 10cm away from the first sensor. The
arrival times of the plate waves were recorded
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Fig. 4(a). Outpur response of an embedded
PICa/Epoxv bimorph sensor with electrode
configuration 2 to a simulared AE source 10cm
away, 0° to the fibre axis in an unidirecrional
S-glass reinforced epoxy composite plate.

Fig. 4(b). FFT frequency analysis, using a
Hanning window, on the signal shown in figure
4(a).

from which the plate wave velocites were
deduced. Table 2 outlines the wave velocities
of the extensional and flexural modes of
propagation for E- and S-glass reinforced
epoxy composite plates. Their corresponding
approximate wavelengths are also shown
which were found from the peak frequencies of
the modes. Surface mounted sensors were only
used to characterise the plates with respect to
their plate wave velocires.

Responses of embedded bimorph sensors to
simulated AE sources a distance 10cm away
can be seen in figures 4 and 5. Figure 4(a)
shows the response of an embedded
PTCa/Epoxy bimorph with configuration 2,
(figure 2). It can be clearly seen from this
figure the two plate wave modes of
propagation. The oscilloscope was triggered
on the arrival of the extensional mode which is
seen as the higher frequency component to the
signal amriving before the lower frequency
compenent from the flexural modes. Fast
Fourier transform (FFT) analyses performed on
the signal with a Hanning window gives the
spectrum shown in figure 4(b). From this
figure the two distinct frequency components,
associated with the two types of wave
propagation, are clearly  distinguished.
Although not shown here, this signal is
equivalent to a signal given by a single
monomorph in response to the same input (12).
In figure 5(a) the response of the same
bimorph, but with electrode configuration 1, is
shown along with its FFT frequency spectrum
shown in figure S5(b). The immediate
noticeable  difference  between the two
responses is that of attéhuation. The latter
response showing a greatly attenuated signal to
that of the former. Upon examination of the
corresponding frequency spectra it can be seen
that the flexural modes have been attenuated
more than the extensional modes, by a factor of
18dBV as opposed to 8dBV. A slight shift in
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Fig. 5(a). Outout response of an embedded
PTCa/Epoxy bimorph sensor with electrode
configuration I to a simulated AF source [0cm
away, 0° to the fibre axis in an unidirectioncl
S-glass reinforced epoxy composite plate.

Fig. 5(b). FFT frequency analysis. using a
Hanning window, on the signal shown in figure
5(a).

peak frequencies was also observed berwesn
the two responses, but this is believed to be due
to the resolution of the FFT and not an artefac:
of the response.

Similar responses are shown in figures 6 and
7 for an embedded bimorph consmucted from
PTC«/P(VDF-TIFE) composites. Again the
two modes of propagation can clearly be
defined from the signal observed ~with
configuration 2 of the bimorph elecrrodes
(figure 6(a)), the higher frequencw extensional
modes armiving before the lower frequency
flexural modes.  Figure 6(b) shows the
corresponding frequency specqum for this
signal. Figure 7(a) shows a signal from the
same bimorph but with electrode configuration
1. Again it can be seen that the signal has been
greatly atenuated as with the PTCaEpoxy
bimorph but from examinadon of the
frequency spectrum of figure 7(b) it can be
seen that the flexural modes have been
attenuated by 27dBV whereas the extensional
modes have only been attenuatred bv 6dBV.
The difference in signal artenuarions berween
the two types of bimorphs can be undersiood
when considering their respective coupiing
coefficients. The measured piezoeleczic d.,
coefficients are 4.5 and 0.4 pCN*' and their
dielectric permirttivities are 43 and 26 for the
composites of PTCxP(VDF-TFE) and
PTCa/Epoxy respectvely. These figures
would indicate an approximare 20dBV
difference in a signal arising from the g,
coefficients as would be the case for a bimorgh
sensing in it's bending mode.
From table 2 it can be seen that the
approximate wavelengths found for the
extensional and the flexural modes are 1.4 and
11.0 cm respectively for a plate wave travelling
along the direction of the fibres in a
unidirectional composite plate. It is noted here
that the dimensions of the bimorph transducer
are close to 'those of the wavelengths of the
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Fig. 6(a). Output response of an embedded
PTCa/P(VDF-TrFE) bimorph sensor with
elecrrode configuration 2 to a simulared AE
source 10cm away, 0° to the fibre axis in an
unidirecrional ~ S-glass  reinforced  epoxy
composite plate.

Fig. 6(b). FFT frequency analysis, using a
Hanning window, on the signal shown in figure
6(a).

extensional modes.  With configuration 1
(figure 2) of the bimorph electrodes the
bimorph will be sensing in it's bending mode as
swesses experienced on the thickness of the
bimorph will cancel. It is suggested thar as the
extensional modes of the plate wave are sensed
by the bimorph a sufficient bending moment is
applied to it giving rise to the signal, whereas
the bending moment applied to the bimorph by
the flexural mode is somewhat reduced, due to
the greater wavelengths involved, therefore, the
signal being produced is greatly attenuated.
Further work is being made on the acousto-
ulrasonic properties of the embedded sensors,
where an embedded bimorph is excited
electrically to produce an acoustic wave for
detection by another embedded sensor ar a
distance or by the same sensor upon reflection
and on the positicning of the sensors to
optimise their response to plate waves.

CONCLUSION

From the above results the dual mode of
operation of bimorph sensors has been
illustrated. The signals have shown that the
embedded bimorphs have detected plate waves
generated by a simulated AE source in a S-
glass reinforced epoxy plate. The bimorphs
have essendally differentated between the two
types of plate wave propagation, although the
differentiation has been determined by the
wavelength of the acoustic wave compared to
the sensor dimensions. Comparison of
monomorphs signals to bimorph signals, where
the monomorph is essentally operating in a
hydrostatic mode and differentiation berween
the plate wave propagation modes could be
made by signal processing, the bimorphs would
appear to be the more cost effective way of
detection due to their inherent namre of
operation which reduces the need for post
processing of the signals.

Sensor OP [mV)

Anplitude (dBV]

Fig. 7(a). Output response of an embedded
PTCa/P(VDF-TrFE) bimorph sensor with
electrode configuration | to a simulated AE
source 10cm away, 0° to the fibre axis in an
unidirectional

composite plate.
Fig. 7(b). FFT frequency anclvsis. using a
Hanning window, on the signal shown in figure

7(a).
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Abstract. Acoustic emission detection is gathering favour among the non-destructive testing
techniques avaiiable nowadays, especially for smuctures fabricated from fiere re:nforced
composites. Composite piezoelectric materials have come about from a nesd to taiior the
electrical. mechanical and acoustical properties of sensing matenals to enhance their overall
performance. Normal piezoelectric monomorpns. fabricated from ferroelecinic composite
materials. have shown themselves to be adequate for detecting simuiated acoustic emission
sources within figre reinforced compesite plates. both as suriace mounted and embedded
sensors. Piezoelecmic bimorphs. however, not only can be used in a thickness or hvdrostauc
mode but can also be used in a bending mode by suitable confizurations of the:r elzciuodes.
This paper repons on the results of a swdy to detzrmine the suiwbility of embedded

piezoelectric bimorph sensors for the detection of acoustic emissions within fibre reinforced
composite plate struciures.

1. Introduction

An acoustic emission (AE) transducer senses the dvnamic siress waves prepagating through
a structure. which have besn generated by the release of energy due to a failure mechanism.
Within a fibre reinforced epoxy composite structure acoustic emissions can be generated by
processes such as fibre brezkage. delaminations. fibre-matrix debonding and matnx

Fare

cracking. all of which are expected to produce distinc: waveforms [1}. To effectiveiv
determine the position and nature of the damage mechanism through a non-desguciive
evaluation method. such as AE deteczicn. the technique nesds to gain as much knowiedge as
possible of the source. Often an AE sensor will be situated on the suriace of the soucturs
some distance away from a possibie AE source. The structure on many occasions may nesc
to be removed from its working environment or continuous testing may not be pracucal.
therefore. monitoring of the hezith of the structure may oniy be done after the damags has
occurred or a decision must be made to replace or repair the structure prior to potential
failure. An in-situ AE sensor. where the sensor has become an integral part of the structure

would facilitate its continuous monitoring without any lapse of time. The continuous

~F
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monitoring of the dynamic degradation of the structure would thus enable an informed
decision to be made whether or not to replace or repair, all or part, of the structure.

Piezoelecmric composite transducers consisting of a ferroelectric ceramic powder
dispersed in a polymer matrix can be fabricated to take advantage of the desired properties
of the constituent materials. The strong piezoelectric and elecromechanical properties of the
ceramic phase are combined with the mechanical sorength and low dielecmic permittvity of
the polymer to enhance the overall properties of the composite [2]. Along with the tailoring
of the properties by the judicial choice of materials and their construction, composites can be
formed into a variety of sizes and shapes to take advantages of the nature of the application
at hand. A single film of composite matenial, referred to here as a monomorph, can be used
as an acoustic emission sensor. It can be incorporated into a surtace mounted AE sensor [3]
or be embedded into a fibre reinforced epoxy laminate smucwre [4]. Two or more
monomorphs can be incorporated into one sensor to form a bimorph or multimerph
respectively. Previous work on bimorphs and multimorphs has concenmated on their
actuation properties. The present work is concemed with the sensing properiies of
piezoelectric bimorphs constructed from 0-3 connectivity [3] ceramic/polymer comrosites
embedded into laminate smuctures. Simple bimorph sensors differ from monomorphs in
their ability to work in either of two modes of operation. i.e. a thickness mode or operation
or a bending mode of operation. A study on the ability of embedded monomorphs to detec:
simulated acoustic emissions has previously besn completed and reported in a parer by
Wenger et al. [6]. The piezoelectric. elecmical and elecmomechanical coupling coerficients
for these composites have besn reported in previous papers [4, 6]. This paper will regort the
results obtained from a study on the ability of the embedded bimorph sensors to dezect and
distinguish simulated AE sources and a comparison will be made berween the sensing
properties of the monomorphs and the bimorphs.

2. Experimental

Two different piezoelectric composites have been used in this work. The-ceramic. calcium
modified lead titanate (PTCa), was supplied by GEC-Marconi Materials Technoiogy
(Caswell) in fine powder form with average grain size approximately 10 - 20 pm. The two
different polvmer matrices were a polar copoiymer, polyvinylidene fluoride
trifluoroethylene (P(VDF-TrFE)) 75/25 molar percentage supplied by Solvay in fine powder
form. and a non-polar epoxy resin. Epikote 828 (Shell Resins), with hardener. K61B
(Anchor Chemical). Fabrication of the PTCY/P{(VDF-TrFE) composites consisied of dry
mixing the powders prior to the addition of acetone to dissolve the polymer. Continucus
stirring of the mixture within a fume cabinet enabled the solvent to evaporate leaving behind
the 0-3 composite material. Thin films (~100 pm thickness) of the material were formed by
pressing the material. at the softening temperature (~170°C) of the polymer. The comgosites
of PTCa/Epoxy were fabricatedby gradually mixing the ceramic powder into the epoxy resin
and hardener mix whilst continuously stirring. Trapped gasses were removed by piacing the
mixture in a vacuum at the epoxy cure temperature (~60°C) prior to casting the comrosite
material into thin films (~100 - 150 um thickness) in a temperature conzolled press.

The connectivity [5] description of the composites indicates the manner in which the
constituent * phases connect to themselves throughout the bulk of the material. The
connectivity patterns for two phase composites are represented by two digits. the first
representing the ceramic. the second the polymer. A composite where the ceramic purticles
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are dispersed randomly in a polymer matrix possesses 0-3 connectivity, where the ceramic is
connected to itself in zero directions and the polymer in 3 directions. For high ceramic
volume fractions or where the thickness of the film approaches the dimensions of the
ceramic grains, the connectivity of the ceramic, in the thickness direction, increases, thus
producing a proportion of 1-3 connectivity where the ceramic is connected to itself through
the thickness of the sample. The'0-3 composites fabricated in this study are believeq 0
possess a certin amount of 1-3 connectivity and are known as mixed connectivity
composites [7]. ’

Circular aluminium electrodes of lcm diameter were deposited onto the surfaces of
the films by evaporation of aluminium wire at low pressure { 10 mbar). Poling of the films
was performed by applying an electric field of 25 MVm® across the thickness of each
sample whilst holding its temperature at 100°C, for the composites of PTCa/P(VDF-TIFE),
and 80°C, the epoxy softening temperature, for the composites of PTCa/Epoxy. Poling time
was approximately 30 minutes and the sample was allowed to cool in the presence of the

field.
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Fig. 1 Schematic representation of bimorph configurations.

Bimorphs were constructed by adhering two monomorphs together using an epoxy
glue (@ Araldite Rapid) with their respective directions of polarisations opposing one
another. (fig. 1). The adhesive laver between the monomorphs was made to be as thin as
possible. This was accomplished by coating one surface of one monomorph with the epoxy
resin whilst the corresponding surface of the second monomorph was coated with the
hardener. The liquids were all but totally removed by a blade prior to the mating surfaces
being placed face to face. Eiectrical contacts were made to all three electrodes. the ceatre
two electrodes. in contact with each other, acting as one.

A composite plate with four embedded sensors. two monomorphs and two bimorphs
was fabricated from prepreg material of S-Glass continuous reinforcing fibres in an epoxy
(NCT-301) marrix supplied by Newport Adhesives and Composites. Inc. (U.S.A.) consisting
of 25 plies with a stacking sequence of [0],, and a nominal thickness of approximately 0.3
¢m. The in plane dimensions of the unidirectional laminate were 56 x 56 cm. The sensors
were embedded in a 10 cm square array at the centre of the plate. away from the edges to
avoid signal reflection probiems and two layers down from the surface. The sensor array
consisted of two bimorphs constructed from composites of PTCa/P(VDE-TrFE) 65/35vol%
and PTCa/P(VDF-TrFE) 60/40vol% respectively with their respective monomorph polarities

g
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opposing and two monomorphs fabricated from the two composite systems. After the
sensors had been embedded, the plate was cured in an autoclave at 80°C and 0.55 MPa for 6
hrs. A low temperature cure cycle was used to stay below the poling temperature of the
composite films, thus avoiding depoling problems. The composite plate obtained had 60%
fibre volume and a tensile modulus of 56.5 GPa (NCT-301 Product Data Sheet).

The embedded bimorph sensors were characterised by their response to a simulated
AE source. Simulation of an AE source was accomplished by breaking a pencil lead on the
surface of the plate [8]. The method. known as the Hsu-Nielson method, requires the pencil
lead (0.5 mm diameter) to be held within a Nielson-Shoe, fixed on the end of a mechanical
pencil. with approximately 2 to 3 mm of lead protruding from the shoe. When the lead
breaks, there is a sudden release of swess on the surface of the plate where the lead was
touching. The release of the swess produces an acoustic wave which can be efficiently
reproduced. The output of the sensors were recorded directly on a digital storage
oscilloscope for analyses.

3. Results and Discussion

A bimorph transducer can be configured from two monomorphs in four different ways
depending on the monomorph polarisations and the elecrode configurations. Figure 1 shows
two elecwode configurations for a bimorph with opposing monomorph polarites with

guivalent capacitor circuits. Similar configurations can be constructed from bimorphs with
monomorph polarities in the same direction.

When a bimorph acts as a sensor there are essentially two modes in which it can
sense. These modes are termed here the thickness and bending modes respectively. In
configuration 1 of figure 1 an application of a stress normal to the film will result in a
cancellation of the signals from the two monomorpns arising trom the. piezoelectric g,
coefficients as the signals will be ot opposite signs due to the opposite polarisations. The
piezoelecmic §, coefficient relates the elecmic field developed to the applied stress. the
subscript indices. i and /, indicating the direction of the response and the applied stimulus
respectively. Application of a bending moment will result in the signals from the two
monomorphs. arising from the piezoelecmic g,, coefficients. complimenting each other.
When the bimorph is bent the monomorph making up the top halt of the bimorph will be
under extension (or compression) while the other monomorph making up the lower half of
the bimorph will be under compression (or extension). thus. the signals will be of the same
polarity due to the applied stresses being of opposite sign. It can be sezn that in this
configuration the bimorph will only be sensing in the bending mode as the thickness mode
will produce a null response. With configuration two, where the outer two elecrodes of the
bimorph are connected together and the signal is sensed between the inner electrode and the
outer electrodes. it can be seen that the opposite will be true. With this configuration the
bimorph will be working in the thickness mode as here the bending mode will producs the
null result. Therefore. for one configuration of monomorph polarisations the sensing mode
can be defined by the electrode arrangement. i.e. the bimorph has a dual mode of operation.
The preceding discussion has assumed that the properties of the individual monomorphs are
the same and the thickness of the glue layer is negligible. Furthermore, it nesds to be stated
that the sensors themselves must not be too thick to jeopurdise signal cancellation in the
beanding mode. However. the thickness of the sensors must not be too thin either in reluation
to the thickness of 1he plate to maintain appropriate signal strength in the bending mode.
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Fig. 2 Schemartc representation of extensional and flexural plate waves.

For an acoustic wave to propagate as a Lamb wave [9], the material in which it
propagates must be plate-like. i.e. it must possess two dimensions which are large compared
to it’s thickness. If this criterion is met. Lamb waves with wavelengths in excess of the
thickness of the material will propagate. There are two general types of Lamb (or plate)
waves depending on the particle motion within the material as the wave propagates through
the plate. Figure 2 shows a representation of the first modes of the symmeTical (extensional)
and asymmetrical (flexural) plate waves. The symmemical or extensional plate wave
velocites are independent of frequency, i.e. non-dispersive, whereas the asymmerrical or
flexural plate wave velocities are dispersive in nature with a square root dependence on the
frequency of the wave. The extensional plate waves propagate faster and with higher
frequencies than the slower and lower frequency flexural waves. Elastic waves generated by
acoustic emission sources in a plate-like structure will propagate as plate waves. Therefore.
if the wave is sensed some distance from the AE source. the extensional modes wiil be
sensed some dme before the slower flexural modes.

Responses of embedded bimorph sensors to simulated AE sources a distance 10cm
away can be sezn in figures 3(a) and 4(a). Figure 3(a) shows the response of an embedded
PTCa/P(VDF-TrFE) bimorph with configuration 2. (fig. 1). It can be clearly seen from this
figure the two plate wave modes of propagation. The oscilloscope was riggered on the
arrival of the extensional mode which is seen as the higher frequeacy component to the
signal arriving before the lower frequency component from the flexural modes. Fast Fourfer
transform (FFT) analyses performed on the signal with a Hanning window gives the
specum shown in figure 3(b). From this figure the two distinct frequency components.
associated with the two types of wave propagation. are clearly distinguished. Although not
shown here. this signal is equivalent to a signal given by a single monomorph in response to
the same input [6]. In figure 4(a) the response of the same bimorph. but with electrode
configuration 1, is shown along with it’s FFT frequency spectrum shown in figure 4(b). The
immediate noticeable difference berween the two responses is that of attenuation. The latter
response showing a greatly attenuated signal to that of the former. Upon examination of the
corresponding frequency spectra it can be seen thar the flexural modes have been atienuated
more than the extensional modes. by a factor of 27 dBV as opposed to 6 dBV. A slight shift
in peak frequencies was also observed between the two responses. but this is believed to be
due to the resolution of the FFT and not an artefact of the response.
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Fig. 3 (2) Output response of an embedded PTCa/P(VDE-TrFE) bimorph sensor with
electrode configuration 2 to a simulated AE source 10 em away. 0° 10 the fibre axis in an
unidirectional S-glass reinforced epoxy composite plate. (b) FFT frequency analysis, using
a Hanning window. on the signal shown in figure 3(a).

Similar results were se=n for bimorphs constructed from PTCua/Epoxy, but the
relative attenuations were 18 and 8 dBV for the flexural and extensional modes respectively
for a change in the elecmode configurations from 1 to 2. The differen e in signal
attenuations between the two types of bimorpns can be undersiood when considering their
respective coupling coefficients. The measured piezoeiectic d,, coefficients are 4.5 and 0.4
pCN" and their dielectric permittivities are 45 and 26 for the composites of PTCa/P(VDEF-
TrFE) and PTCa/Epoxy respectively. These figures would indicate an approximate 20 dBV
difference in a signal arising from the 8, coetficients as would be the case for a bimorph
seasing in its bending mode.
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Fig. 4 (2) Ourput response of an embedded PTCa/P{VDF-TFE) bimorph sensor with
eleuirode configuration 2 to a simulated AE source 10 cm away, 0° to the fibre axis in an
unidirsctional S-glass reinrorced epoxy composite plate. (b) FFT frequency analysis. usiny
a Hanning window. on the signal shown in figure 4(a).

From measurements on the wave velocities of the two-.modes. approximate
wavelengths found for the extensional and the flexural modes were 1.4 and 11.0 cm
respectively for a plate wave travelling along the direction of the fibres.in a unidirectional
composite plate. It is noted here that the dimensions of the bimorph transducers were close
1o those of the wavelengths of the extensional modes. With configuration 1 (fig. 1) of the
bimorph electrodes the bimorph senses in it's bending mode as stresses experienced on the
thickness of the bimorph will cancel. It is suggested that as the extensional modes of the
plate wave are sensed by thé bimerph a sufficient bending moment is applied to it giving
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rise to the signal, whereas the bending moment applied to the bimorph by the flexural mode
is somewhat reduced, due to the greater wavelengths involved, therefore, the signal being
produced is greatly attenuated.

Further work is being made on the acousto-ultrasonic properties of the embedded
sensors, where an embedded bimorph is excited electrically to produce an acoustic wave for
detection by another embedded sensor ar a distance or by the same sensor upon reflection.

4. Conclusion

From the above results the dual mode of operation of bimorph sensors has been illustrated.
The signals have shown that the embedded bimorphs have detected plate waves generated by
a simulated AE source in a S-glass reinforced epoxy plate. The bimorphs have essentially
differentiated between the two types of plate wave propagation, although the differentiation
has been determined by the wavelength of the acoustic wave compared to the sensor
dimensions. Comparison of monomorph signals to bimorph signals. where the monomorph
is essendally operating in a hydrostatic mode and differentiation betwesn the plate wave
propagation modes could be made by signal processing. the bimorphs would appear to be
the more cost effective way of detection. due to their inherent nawure of operation which
reduces the need for post processing of the signals.
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