3

Electroceramic fibres and composites for
intelligent apparel applications

HELEN LAI-WA CHAN,
KUN LIand CHUNG LOONG CHOY

The Hong Kong Polytechnic University, Hong Kong

3.1 Introduction

Piezoelectric ceramics are smart materials commonly used in mechatronic devices
and smart systems.” They can be used to sense changes in pressure and strain in
the environment and can generate electrical responses. These electrical signals can
be input to feedback systems to stimulate movements in actuators, to trigger alarms
or to switch the systems on or off. They are widely used in devices such as
accelerometers, microphones and ultrasonic transducers to detect vibrations,
acoustic waves and ultrasound. These electroactive ceramics can be fabricated into
fibre form using either the viscous suspension spinning process (VSSP) or by the
sol—gel process.>2* Sol—gel lead zirconate titanate (PZT) fibres have been incorpo-
rated into carbon fibre/polymer composites'*-'5 to be used as sensors and actuators
in smart structures for aerospace applications. To overcome the brittleness of
ceramic fibres and to increase the versatility of their applications, ceramic fibres
are often incorporated into polymer matrices to form 1-3 composites.” 1 11 17-24
Figure 3.1 shows a schematic diagram of a 1-3 ceramic fibre/polymer composite
consisting of one-dimensionally connected ceramic fibres embedded in a three-
dimensionally connected polymer matrix.'*? The advantages of 1-3 composites
are that, compared to piezoceramics, they have a lower acoustic impedance (Z =
density x velocity), which is closer to the acoustic impedance of water and human
tissues. Hence, when used in medical ultrasound and underwater acoustics, 1-3
piezoelectric ceramic/polymer composites can enhance the efficiency of energy
coupling. In addition, they can decouple the thickness mode from the lateral modes
and enable the input energy to propagate in the direction of thickness.> In this
chapter, the fabrication of samarium and manganese doped lead titanate
(Pb, ,Sm Ti, , Mn, O,, PSmT) ceramic fibres by a sol-gel process is described.
The fabrication, characterisation and theoretical modelling of ceramic fibre/
polymer 1-3 composites are given. Possible ways of using these electroceramic
fibres and composites in intelligent apparel applications are also suggested.
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3.1 Schematic diagram of a ceramic fibre/polymer 1-3 composite.’®

3.2 Fabrication of samarium and manganese doped
lead titanate fibres

Lead zirconate titanate (PZT) and lead titanate (PT) are electroceramics widely
used in transducer and sensor applications as they can be doped with various
dopants to modify their properties. The fabrication of PZT fibres has been
described in previous reports.® 10111516 17.21.23 Tpy thig work, the fabrication of
samarium and manganese doped lead titanate (Pb,,Sm  Ti,  Mn O, PSmT) by
a sol-gel process!??% 2224 js described. PSmT is a piezoelectric ceramic with large
anisotropy. It has a high thickness electromechanical coupling coefficient k and a
low planar electromechanical coupling coefficient kp. Its kékp ratio is about 10:1
and it has a low relative permittivity (~180). In other words, when a PSmT ceramic
disk vibrates in the thickness (z) direction, it has a minimal Poisson’s ratio effect
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3.2 Block diagram showing the preparation of PSmT gel fibres."®
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3.3 The fibre spinning machine (OneShot lll from Alex James &
Assoc., Inc, USA) and the spinnerets.’®
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3.4 Photograph of PSmT gel fibres.™
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and will only induce negligible vibrations in the planar (x and y) directions. Hence,
nearly all of the input energy can be delivered in the thickness direction.

In the sol-gel process, as shown schematically in Fig. 3.2, lead acetate trihydrate
(with 2% Pb excess), manganese acetate dihydrate and samarium acetate hydrate
were heated at 135°C for 8 h to remove the water of hydration, and then dissolved
in methoxyethanol (MOE). Titanium n-butoxide was added to the solution and
stirred for 30 min to form a samarium and manganese modified lead titanate
solution. The solution was then filtered and concentrated. A mixture of water,
methoxyethanol and propionic acid (in a molar ratio of 1:5:3) was added. The
solution was refluxed for 30 min at 124°C and then evaporated until a gel-like
texture had been attained. The gel was poured into the sample chamber of a Model
III spinning apparatus manufactured by Alex James and Associates, Greenville,
USA. It was extruded into fibre through the die or spinneret (Fig. 3.3) with a
100 um diameter pinhole (the size of the pinhole can be varied to produce fibres of
different diameters) at ~70°C. The fibre was then collected on a spindle. Figure 3.4
shows a bunch of PSmT gel fibres. The gel fibres were tied together, dried and
hydrolysed at room temperature for more than a week before being dried at 60—
80°C for 48 h. To allow the organic components inside the fibres to escape in a
controlled way, the fibres were placed on top of a layer of ceramic powder with the
same composition as the fibres. A spoonful of carbon black was scattered around
the fibre bundle to reduce the oxygen pressure during heating. The whole setup
was then covered with a crucible to pyrolyse at 400°C for 1 h and at 550°C for 1 h.
The pyrolysed fibres were calcinated at 850°C for more than 2 h to achieve a
complete reaction of the oxides to form PSmT and to densify the fibres.

After calcination at 850°C, the fibres were sintered at 1150°C for 1.5 h. Figure
3.5 (a) to (d) shows the scanning electron micrographs (using a SEM Leica Stereo
Scan 440) of the surfaces and the cross sections of a PSmT ceramic fibre. It can be
seen that the PSmT fibre is relatively dense without many pores and the average
grain size is ~6 um. The X-ray diffraction (XRD) patterns (Fig. 3.6) measured
using an X-ray diffractometer (Philips X’pert PW 3710) show how the crystalline
phases of the PSmT ceramics evolved with different heat-treatment temperatures.
It can be seen that the PSmT ceramic fibre that was annealed at 750°C for 1 h has
started to form a tetragonal structure. When sintered at 1150°C, it has a tetragonal
crystal structure with c/a ~1.0439 (where a and c are the axes of the tetragonal unit
cell), which is comparable to that of the bulk PSmT ceramics.

3.3 Fabrication of ceramic fibre/epoxy 1-3
composites

A bundle of the sintered ceramic fibres was inserted into a plastic tube with its axis
aligned parallel to the tube axis. The tube was then filled with epoxy (e.g. Spurr
epoxy, hardness B, Emersion & Cumming, USA). After curing at 70—80°C for 8 h,
a ceramic fibre/epoxy 1-3 composite rod was formed. The volume fraction of
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3.5 SEM micrographs of the PSmT ceramic fibres, which were fabri-
cated by hydrolysing gel fibres at room temperature for two weeks and
at 60-80°C in moist air for 48 h. The dried fibres were pyrolysed at
400°C for 1 h and at 550°C for 1 h before they were calcinated at 850°C
for 2 h and then sintered at 1150°C for 1.5 h. (a) and (b) show the
surface; and (c) and (d) the cross sections, of the PSmT ceramic fibre.®

ceramics ¢ can be adjusted by changing the number of fibres inserted, and ¢ was
calculated by the following equation:

pP=0p+(1-9)p [3.1]

where P, p and P are the density of the composite, ceramics and epoxy, respec-
tively. The density of the samples was determined by applying the Archimedes
principle. The composite rod was sliced into disks in the direction perpendicular to
the rod axis. The composite disks were polished and chromium/gold electrodes
were deposited on both sides of the disk. To elicit the piezoelectric properties in the
fibres, they need to be polarised by applying an electric field to align the dipoles
inside the ceramics. The poling was carried out at 110—120°C under an electric
field of 4.5 kV mm for 15 min. The poled disks were short circuited for more than
two days before they were measured using an HP4294A impedance/gain phase
analyser and a d,, meter. Figure 3.7 shows the SEM micrograph of a PSmT fibre/
epoxy 1-3 composite with a 0.4 volume fraction of PSmT. The ceramic fibres in
this 1-3 composite have an average diameter of ~ 46 um. To increase the ceramic
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3.6 X-ray diffraction (XRD) patterns of the PSmT bulk ceramics and the
PSmT ceramic fibres (crushed into powder before taking XRD patterns)
heated at different temperatures.’®
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(a)

3.7 SEM micrographs of a PSmT ceramic fibre(46 um)/epoxy 1-3
composite disk. The ceramic volume fraction is 0.4. (a) is an enlarged
view of (b)."®
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volume fraction ¢ in the composite, it was necessary to tie the ceramic fibres tightly
together using rubber tape on the outside of the plastic tube. The highest ¢ attained
was 0.68. The volume fraction of ceramics ¢ can also be measured by integrating
the area of the fibres under a scanning electron microscope. From the ratio of the
area of the fibre and the epoxy, ¢ can be estimated.

3.4 Electromechanical properties of ceramic fibre/
epoxy 1-3 composites

Figure 3.8 shows the impedance and phase spectra of a PSmT fibre/epoxy 1-3
composite disk with a 4.5 mm diameter containing 35 um diameter fibres in the
frequency range of 10—100 MHz. The volume fraction of PSmT was 0.68. A strong
thickness mode resonance was observed and other resonances were very weak.
The thickness electromechanical coupling coefficient 7(1 can be evaluated from
data obtained from this resonance peak following IEEE standards.* It is noted that
the impedance at the resonance frequency decreases as the thickness is reduced. In
fact, the electrical impedance of the composite can be adjusted to be compatible
with that of the driving electronics at the frequency of operation (e.g. adjust to 50
Q). This is done by changing the ceramic volume fraction, thickness and surface
area of the composite. The relative permittivity €7, ., piezoelectric d,, coefficient,
elastic compliance s¥,; and 7¢t of 1-3 composites with different volume fractions
of PSmT fibres were measured. The experimental data are compared with the
modelling results in the following section.

35 The modified parallel and series model of
ceramic/polymer 1-3 composites

In order to use the composite materials in designated applications, it is important
to be able to predict their performance. There are a number of proposed models >
29-33, 36, 38-40. 45. 96 to evaluate the overall performance of ceramic/polymer 1-3
composites. Here, a modified parallel and series model ?-33¢:3% is described, as this
simple model can give reasonable predictions of the materials parameters of 1-3
composites with ¢ > 0.1. It can be used to calculate the material parameters of
PSmT fibre/epoxy 1-3 composites. These figures can then be compared with the
experimental data if we assume that the ceramic fibres have properties similar to
those of the bulk PSmT ceramics. Alternatively, we can use the measured param-
eters of the composite and estimate the materials properties of the PSmT fibres by
the model calculation.

In this analysis, the material parameters of epoxy are denoted by a double bar
on the top of the parameters, while the effective material parameters of the
composite are denoted by a bar. The following assumptions have been adopted in
the model:**3¢
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3.8 The electrical impedance and phase spectra of PSmT fibre/epoxy
1-3 composites with different thickness t. The 4.5 mm diameter
composite disk contains 35 um diameter fibres and the ceramic volume

fraction is 0.68."°

(1) The mechanical displacements are parallel to the coordinate axes, so that all
shear components vanish in the x—y plane:

[3.2]

[3.3]

where T and S denote stress and strain, respectively.



Electroceramic fibres and composites for apparel applications 51

(2) All fringing fields anywhere inside the materials are zero, giving:

E =E,=E =E,=0 [3.4]

D,=D,=D,=D,=0 [3.5]
where E and D are the electric field and electric displacement, respectively.

(3) The composite can be treated as an effective homogeneous medium; both the
ceramics and epoxy move together in a uniform thickness oscillation and the
vertical strains are the same in both phases (isostrain), giving:

5,=5,=5, [3.6]

This leads to an effective total stress in the z direction, given by averaging over the
contributions of the constituent phases:

T,=¢T,+(1-9) T, [3.7]
(4) Electric fields are the same in both the ceramics and epoxy phases in the z
direction:

E =E ,=E, [3.8]

Thus, the effective total electric displacement is the average over the contributions
of the two phases:

D,=0D,+(1-) D, [3.9]

(5) The composite as a whole is laterally clamped, but not for the individual
elements:

T =T=T [3.10]
T,=T,=T, [3.11]
S=05+(1-¢)5 [3.12]
5,=08,+(1-9)5, [3.13]

The 1-3 composites are considered as isotropic in the x—y plane so that all lateral
components are equal 7, =T,, T, =T,,S,=S,, § =S,. Some important parameters
of the composites, e.g. the relative permittivity €T, piezoelectric d, coefficient

and compliance sE_,, can be derived %3036 ag;

33°

01— 0)d?
e =oel+(1 —¢)€]—W [3.14]
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¢d33ﬁ

1, = [3.15]
S()

55,
S = [3.16]

S(d)

where

S() = s, + (1 - d)st, [3.17]

where s®_, is the elastic compliance of the ceramic fibre. Definitions of all of the
symbols of piezoelectric ceramics can be found in the IEEE standards for piezo-
electricity.’

The measured values of €, , d, and s¥,; of the PSmT 1-3 composites are plotted,
together with the model calculations in Figs 3.9-3.11. Reasonable agreements are
obtained showing that this simple model is useful in predicting the materials
parameters of 1-3 composites. The measured electromechanical coupling coeffi-
cient Et of the composites is found to be higher than that of bulk ceramics, as shown
inFig. 3.12. Thisis because the ceramic fibres are actually notrigidly clamped by the
soft polymer matrix and they can vibrate quite freely. Hence, Et of the composite is
close to the k., of a ceramic rod that has a higher value.**
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3.9 The relative permittivity gof the PSmT fibre/epoxy 1-3 composite
as a function of ceramic volume fraction ¢. The symbols and the line
represent the experimental data and model calculation from Equation
[3.14], respectively."®
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3.6 Possible uses of ceramic fibres and composites
in intelligent apparel applications

The above discussions show, using PSmT ceramics as an example, the fabrication
of ceramic fibres by a sol-gel process and the properties of 1-3 ceramic fibre/
polymer composites. Different piezoelectric ceramics and polymers can be selected
to optimise the composite performance for the designated applications. These
ceramic fibre/polymer 1-3 composites are quite flexible and can be used as
acoustic sensors to be incorporated into fabrics and clothing. They can be used to
sense vibration, audible sound and ultrasound. They have adjustable density and
acoustic impedance, which gives a better match with human tissue. Hence, these
acoustic sensors can be used to optimise the transfer of acoustic energy from the
human skin to the sensor. This is the distinct advantage of these composites
compared to conventional ceramics. For example, they can be fabricated into
acoustic sensors attached to a scarf or a belt and can be worn around the neck or
wrist for health monitoring. These sensors can pick up heartbeats and breathing
rates and, if equipped with wireless communication transmitter, can send the
relevant information to a remote receiver. Different sizes of ceramic fibres can also
be selected in the fabrication of composites. It is also possible to distribute the
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fibres in groups to form necessary array patterns. These acoustic arrays can be used
to detect sound, and monitor and locate the source of the sound. As 1-3 composites
have higher d,; coefficients compared with piezoelectric polymer vinylidene
fluoride—trifluoroethylene [P(VDF-TrFE)]. They can replace P(VDF-TrFE) co-
polymer in a number of applications, for example, as actuators and for recovering
some of the power in the process of walking in piezoelectric shoe inserts.*-5
Although 1-3 composites have been widely used in medical ultrasound and
underwater acoustics, their use in intelligent apparel and wearable electronics has
just begun and more innovative applications can be envisaged in the future.
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