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three distinct parts:- o, ﬁ’éh‘:"

i) the fabrication of ultrasonic transducers for acoustic emission

| Saatai

}‘(‘A:-Eﬁ*detection using polyvinylidene fhoride (PVDF) active

elements. G
{2 ‘:v\:‘ﬁ:f;,
ii) the fabrication of electrostatic transducers using thin films of ! Lo
K -m‘,;‘{;
non-polar polymers such as polypropylene and polytetrafluoroethylene. i vy
: . R3S

iii)  the development of a flexible composite material with piezoelectric
properties using powdered ceramic (PZT) dispersed in a polymer
matrix.

The first period report dealt with the design and characterization
of PVDF transducers. The second report compared the sensitivity of PVDF
transducers with polypropylene electrostatic transducer designs.

Further work performed to determine optimum charging conditions for high

sensitivity and repeatability of electrostatic responses was described

in the third report.

/%
The—present-report briefly describes the work performed -

over the entire project and then describes, in detail, the development

and piezoelectric characterization of a flexible composite material Pl

which may be used for acoustic emission monitoring applicationms. f——v ‘

Review C -
The Mark III A.E. transducer which had been developed under L
ERO Contract No. DAJA 37-81~-C-0021 (see final report of that contract = .

for details) was tested and compared with a new PVDF tramsducer which i

had only one evaporated electrode. The new technique used in this M
design relied on an earthed conducting sampla to provide the second T

contact and a thin layer of oil was used to produce good mechanical
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coupling. It was found that the 'one-electrode transducer' was

superior to the Mark III transducer for the detection of Rayleigh
Waves in aluminium, but the reverse was true for composite insulating
materials on which a thin layer of aluminium had first to be applied
for electrical contacting.

A PVDF ring transducer was also produced and it was found
that it was capable of detecting events occuring within a volume
defined by its outer diameter. Maximum response, with minimum noise,
was found for events occuring in line with the central (unelectroded)
region. It was concluded that coupling of transducer to test material
was one of the greatest sources of poor resonse using these transducers.

Attempts were made to improve coupling by applying a bias field
to the element in order to stick it to the test surface by electrostatic
attraction. However, the response enhancement was found to the < 5%
even with a 500 volt bias across a 25 um thick sample. The test
procedure enabled comparison to be made of the performances of the
PVDF transducers and those of electrostatic transducers produced by
the corona charging of polypropylene films.

It was found that the sensitivity of the electrostatic
transducer matched that of PVDF designs df a bias potential of a
few hundred volts was applied. It was also shown that the frequency
responses of both polypropylene and PVDF tramsducers were basically
flat in the range 100 KHz to 2 MHz making them ideal for wide-band
acoustic emission monitoring.

Electrostatic transducers were also fabricated from other
materials including polytetrafluorcethylene (PTFE) and FEP/TFE

copolymer in order to determine the best combination of material,

polarization process, and bias voltage to produce good coupling, high




sensitivity and repeatability without deterioration of response with

time, temperature, humidity etc. It was found that PTFE electrets

were difficult to polarize effectively at temperatures < 120°C whilst
FEP/TFE electrets produced inconsistent results but good linearity with
bias field.

It was concluded that there was considerable scope for further
work into the development of electrostatic transducers but that such
work might take several man-years, requiring a comprehensive study
of charge trapping and detrapping in a wide range of polymers.

We considered it necessary to investigate briefly the possibility
of introducing a third class of transducer material ie. the piezo-composites,
before deciding which type of material was best for acoustic emission
monitoring in plastic composites.

Much of the work described in the first, second and third
periodic reports have been used to form the basis of a review article
on the use of electro—active polymers in acoustic emission momitoring.

A copy of this publication is attached at the end of this report.
Also attached is a published article describing the parametric

considerations necessary to produce maximum piezoelectricity from

PVDF transducers.
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PIEZO-COMPOSITES

Introduction

The advantages of piezo-composites over ceramics are that
they are tougher, lighter, more flexible, more processable, have
lower sound velocities, lower acoustic impedances and are capable of
more efficient coupling to non-flat surfaces. They also have a
distinct advantage over fhe piezoelectric polymer polyvinylidene
fluoride in that their electromechanical coupling efficiency is likely
to be considerably higher. Also, they are readily poled in thicknesses
greater than 100 um which is not the case for PVDF.

The preparation of the piezo-composite is in three parts:-

i) mixing the component phases
ii) fabricating a film of the composite material

iii) polarizing the film to render it piesocelectric.

(i) Mixing :

Ceramic powders of PZT-5 are available with or without a
wax binding additive from Unilator Technical Ceramic Ltd., of Ruabom,
Creat Britain. The method of incorporating the powder into the polymer
matrix depends on the type and form of the polymer. If this polymer
is of the thermosetting variety, such as the polyester family, then
the powder is easily mixed during the polymerisation stage while the
polymer components are still liquid. The polymer is then formed in a
suitable mould by curing at an . appropriate temperature (Vv 70°c) for
a few hours after which time it will have set into the polymerised
state. In order to prevent separation of the dense powder from the
lighter polymer, the mould has to be rotated slowly during the curing

stage.
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Thermoplastics such as polyethylene, polypropylene,
polyvinylidene fluoride etc. are available in pellet form. These
pellets can be melted and pressed or rolled, extruded or milled in
the molten state, regaining their plastic properties when recoqled.
A filler such as ceramic powder may be introduced during the melting
process simply by adding it gradually.as the plastic is milled.

Many thermoplastics may be dissolved in organic solvents
such as acetone, toluene or xylene at suitable temperatures, and
then cast as films on slides or in moulds. This process enables the
easy mixing of a powder and also allows a liquid plasticizer to be
introduced in order that the final composite is more flexible. The
mixture is heated in an oven to about 120C in order to remove the
solvent and to fuse the polymer fully.

(ii) Fabrication of Films

Thermosetting composites have to be set in moulds which
set limits to the minimum achievable thickness. In our experiments
using a flexible polyester (Scott Bader 390) we were able to obtain
defect-free samples not thinner than 1 m.m.. These could further be
ground to about 500 um thickness but the resulting platelets were
found to be brittle.

A milled composite can either be scraped directly off the
rollers as a random shaped lump, or, by gradually cooling the rollers
and decreasing their separation, it can be removed as a milled hide
of thickness 200 = 400 ym. A thinner film, limited by the powder
particle size, can then be pressed between metal plates at a
pressure of a few tons at a temperature about 20°C below the melting
point of the host polymer. Similarly, composites prepared from a

solvent solution can be pressed as above, though lower pressures and




A s W AR e Loy
B 3 I RER R r.'.%ﬁﬂ‘ ’
- * g N

1

B PR g

¢

temperatures are generally required due to the effects of solvent
and/or plasticizer.

(iii) Polarizing the Films

AR ST ey e MM b

Corona charging has proved to be ineffective in poling

composite films at room temperature. Therefore, only the thermal poling .

technique has been used on the samples described below. Generally, a o~
temperature of 100°C was used for poling, as recommended by the PZT i '7"”? A
manufacturers, though this was reduced to 90°C in samples containing : . v"
a plasticizing agent. il

The polyester composite was capable of withstanding temperatures

considerably above the limit of our charging apparatus (150°C) but
the surface properties of our samples was so defective that no

surface potential above 100 volts could be maintained either in

silicon o0il or im dry nitrogen. Hence,it was not possible to
polarize the polyester composite prepared above.

The maximum field/temperature parameters that could be
applied to the other films without breakdown was dependent on
thickness and PZT content. 250 um thick film containing 50% P2T
by volume in PVDF, polypropylene or polystyrene could withstand a

7 Vm“1 for an hour. The composite film with PVDF was

field of 10
found to be most flexible and hence the properties of this material,
with and without a plasticizer (di-methyl phthalate) are described

in the following section.

Piezoelectric Properties of PVDF/PZT Composites

- In the present work we have measured the dielectric,
piezoelectric and ageing properties of a milled composite of PVDF and

a composite prepared from solvent with added plasticizer.
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(i) Dielectric Properties

The low frequency (10-3 - 10_1 Hz) dielectric behaviour has

been obtained from an analysis of charging and discharging currents
following the step-wise application and removal of a d.c. voltage.
Charging currents decayed for about 100 secs. before approaching a
quasi-steady state conduction level dependent on temperature and
field.

Isochronal charging currents are presented in Figure 1
for the respective composite materials with and without plasticser
at 15 and at 55°C, as a function of applied voltage. The behaviour

of current with field becomes super-linear for fields > 4 X 106 Vo

1
as dipolar orientation begins to occur.

The low frequency loss behaviour of the same two materials
at these temperatures is shown in Figure 2. These data were obtained
by Hamon approximations using discharge current transients. They
indicate the presence of a loss peak in the 1 Hz region at 15°C and
interfacial polarization at a very low frequency (<10-3 Hz) at 55°C.

The presence of the plasticizer has a pronounced effect on
the dielectric constant of the composite. Figure 3 shows the frequency
dependence of €' without the plasticizer whilst Figure 4 shows it
with plasticizers at two temperatures. These differences are mirrored

in the corresponding loss behaviour shown in Figure 5.

(ii) Piezoelectric Properties

In the present work we have not attempted to study the
temperature variation of the piezoelectricity in these composites.
However, it is to be expected that this will be similar to the respective
behaviour of dielectric constant. We have determined the d31 piezoelectric

coefficient by measuring the charge released by a sample strip when a

known mass was suspended from its end. At 20°C. d31 of the unplasticized

fadd . b
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sample was found to be -19.5 pCl‘l'-1 and =24 pCN-1 for the plasticized case.
The hydrostatic coefficient dn (= d33) was found to be 40 pCN-l for the
sample without plasticizer and 50 pCN"1 for the sample with plasticizer.
Piezoelectric resonance techniques were used to find the electromechanical
coupling factors. For the unplasticized sample K31 was -5% and Kt

(= K33) was 10% while K,, was -6% and Kt was 12.57 for the sample

31

with plasticizer.
(iii) Ageing

The stability of the piezoelectricity was tested by exposing
the poled films to a 50Hz a.c: field of increasing magnitude for 103 second
at 15°C at each voltage and measuring the value of d31 at the end of ' ;_.;
each test period. It was found that the film suffered dielectric .
breakdown at 4KV. (RMS) before any noticeable reduction in d31 could be
observed. Hence, the piezoelectricity of the film was shown to be
extremely stable at room temperature.

At elevated temperatures, the stability was tested by

annealing the film for 15 hours at an increasing temperature and

measuring d,, at the end of each period. It was found that neither type

31
of film lost more than 10% of its activity below 90°C. The normalised
data is shown in Figure 6.

Conclusions

We have shown that piezoelectric composite films can be

prepared from PZT powder and a fluoro-polymer such as PVDP in a small

laboratory without specialist equipment. The composite materials
obtained in this way can be poled to provide greater electro-activity
than piezoelectric PVDT whilst maintaining a degree of flexibility
suitable for applications in a hostile environment. The degree of Eng:;;E
flexibility can be increased by the addition of plasticizer but at the

expense of stable dielectric properties with temperature and frequency.




We are now designing sensing devices based on this flexible

piezo-composite.
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ELecTro-AcTIVE PoLYMERS IN NON-DESTRUCTIVE
DIELECTRIC EVALUATION

D. K. Das-Gupta and K. Doughty

School of Electronic Engineering Srience
University College of North Wales
Dean Street, Bangor, U.K.

ABSTRACT

The piezoelectric nature and acoustic coupling
constant X33 of corona-poled polyviaylidenefluoride
(PVF3) have been investigated as & function of fre-
quency extending in the MH:z region, using different
techniques. The frequency response of an electro-
static transducer using corona-poled polypropylene
film (PP), as the sensing element, has also been
studied and compared with that of corona-poled piezo-
electric PVF, film. The sensitivity and frequency
response of piezoelectric PVF2 transducer appear to
be comparsble to those of electrostatic transducer
using polypropylene and employing a large bias field.
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INTRODUCTION -

The purpose of this paper is to outline the experi-
ence gained in an evaluation of the acoustic proper-
ties dielectric films, polyvinylidenefluoride (PVF.)
and polypropylene (PP) which may be used as piezoelec-
tric and electrostatic transucer for non destructive
testing (NDT), i.e., detection of acoustic emission

of AE signals in plastics and composites although its
electroactive response may be significantly lower than
those of cermmic materials.

Present work describes the acoustic characterization
of corona-charged PVF2 and PP trsnsducers suitable for
ultrasonic application over s wide bend of frequemcies,
extonding into the M3 range. Coroms charging to

} rt’,;’

——

(AE) in materials under stress. fields >10° va-! produces piescelectric activity in Lomen ]'
WF crystalline et
AE is genesated during the grovth of cracks in MALeT-  (holuas siniler trestaent of PP film w;s&uu- LT
ials under stress and has been used to monitor the be-  gygh1¢ charge storage (electrostatic case) im the T s
havior of flaws both under laboratory conditions and, ! polymer. b -
more recently, in large engineering structures. This C N
technique can be applied to most classes of construc- PIEZOELECTRIC TRANSDUCER s T
tion materials {1] including concrete and mstals, as ; T, s
well as the plastic composites which are now boh.lg The piezoelectricity im poled PYF; is dus to the : Y

employed extensively for load-bearing structures. . pressure dependence of field-induced pelsrizstiom ia

ldeally an AE transducer should offsr both high sensi-
tivity and a flat bandwidth over at least three decades
of frequency. Conventional piezoslectric transducers,
using brittle ceramic elements, are not ideslly suited
to measurements on plastics and their composites due to
the coupling problem and a large impedance aismetch.

A more satisfactory solution might iavolve the use of
thin films of polymers such as PVF2 and PP which may be
rendered electroactive by inducing s long-lived polari-
zation by an application of s high poling field (con-
ventional or corona poling). A field-induced polsriza-
tion may originate from several complex mechanisas in-
cluding an orientation of structural dipoles and in-
jection of electrical charges snd their subsequent
Jocalization in semicrystalline polymers. The mechani-
cal strength of a polymer film, together with its
flexibility, reasonably unifors electroactive response
cyer & wide frequency range, and the magnitude of its
(vustic impedance, makes it useful for the detection

. the crystalline phase [4].

. such as aluminum. AE will
' the thickness direction of the film and hence in &

.« . "

R RIS aAES . S

Therefore, 8 stress oOF
strain on the £ils will change the fila volwms and
hence the dipole moment per unit volwme. This will

. Tesult in the production of charges em the fils faces

which are ususlly costed with vacum-deposited metal
tions in

varistion of charge density dependent on the coupling

. of the transducer to the test mediwm, the megnitude of

the pressure wave and the piezoelectric d-coefficient
in the thickness direction (i.e. dy3) of the film. If
the Tesponse is measured as 2 voitage, then the seasi-
tivity will be ions]l to the thickmess of the
film, assuming that the lead capacitance is negligible.

Sui et al. [5) have developed a theoreticsl model
(one-dimensional) of s lossy resomator which may be
applicable to unsupported PVF, films (poled) with
electrodes on both sides. In this model the laters)




dimensions of a resonator which may be made to vibrate
in its acoustic modes, are assumed to be large in com-
parison with its thickness and acoustic wavelength.

The electrode layers are assumed to be acoustically
thin so as not to load the transducer, and their effect
is only slight reduction of resonant frequency in the
thickness mode.

The electrical behavior of a piezoslectric free reo-
scnator may be characterized [5,6] by an electrical
circuit (Fig. 1) consisting of a static total elec-
trode capacitance {p in series with s Tesistive com-
ponent Rg, accounting for the dielectric loss, an :
acoustic reactance X5 and an acoustic loss resistance l
R.. 1t may be shown that the acoustic loss (or qual-
ity) factor ¢ is given by [5)

X .
a sinb
R = X 5esing = - m

»Lere the frequency is normalized

6= wly @

2nd «, is the resonance frequency which is defined by
the frequency at which the maximm of R, (i.e. R,;)
occurs and

sin®
6~ 8+s5ind €

Thus @ may be conveniently determined from a knowledge
of K, and X;, Q being equal to half the slope of a
plot of X;/B,; against frequency near the resonance
frequency. It may be noted that the electromechanical
coupling factor K%, (=k42) is also related to Q thus
[5] »

w C R
2 M1 o o a
K33 =g — T 4)
Thus a knowledge of the behavior of Ry and Xg with R
frequency together with the values of wo and Cp should .
provide an acoustic characterization of a lossy piezo-

electric resonator such as electroded PVF;. i
Oets—
Al Rg
\.~ Cs
PV F2 — L
xA
[ S— |

Fig. 1: Electrical squivalent cirouit of PVF; as a
piescelectric resonator
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However, a complex situation may srise when the

coupling of the poled PVF, transducer film to s dense

medium is considered, especially at aquenc.
The straightforwvard static umiun::':ff;vrz h‘::\.:
shunted by a rsdistion resistance which is s function
of the backing and the l1oad materisl of the film.

In general, their effects will lead to o significant
increase in the insertion loss which, in the case of
a material with & low value of coupliag factor, will
render the material significantly less effective for
transducer purposes unless the 10sses are minimized.
In the case of PVF;, this effectively means matching
thonmsucwuﬂn’olmu&mt
material in such a manner that mo lossy air ssps cam
exist. This may be achieved by using omly ome evapor-
ated slectrode on the polymer film and employing the
metallic surface of s test material as the ground
¢lectrode, coupled with a drop of suitable oil.
Alternatively, an slsctrostatic attraction may be em-
ployed to adhere the non-metsliized fila surface to
the grounded metallic test surface as in the.case of
an electrostatic transducer. Numerous spplications

of poled PVF; piesoelectric films have been extenmsively
Tevieved [4,7-9).

ELECTROSTATIC TRANSDUCER

An electrostatic transducer relies on a relative
novement between two electrodes to produce a change in
capacitance, thereby generating a signal in the exter-
nal circuit. Simple electrostatic transducers [10)
use air as dielectric but lack sensitivity ani there
are difficulties in maintaining a very small electrode
separation in mormal use. More sensitive devices [11]
use a dielectric medium, such as PP (which may be cor-
ona charged), to increase the capacitance and provide
an internal field by its charge storage properties.
This is the basis of an electret aicrophone and re-
quires that one face of the film be metallized to serve
as a flexible electrode, while the other slectrode is
relatively fixed. In an AE monitoring systea the
latter electrode would be the material under test,
which means that it can oaly be used oa conducting
surfaces, although this problea can usually be over-
come by evaporating a thin lsyer of metal (*50 mm) om
the insulator surfece. Sensitivity can be improved
by employing an external bias field to supplement the
_internal field of the trsmsducer film [12]. The dirsc-
tion of the bias field needs to be opposite to that of
the original electrification of the dielectric film ia
order that an appropriste superposition of fields mey
‘occur. It mey be showm [13,14) that the efficiency of
an electrostatic tramsducer (ig. 2) X, is given by

Veo (33

+ ‘0‘ * 3

K= s)

which is linear with both the bias veltage V and the

charge demsity(i; on the comtral dielectric fils swr- .~

face adjacent to layer 1 (Fig. 2)." dy and d; Tepre-
sent the dis of separation betwsen the dielec-
tric £film and the wpper lower electredes respectively
and dp is the thickness of the dielectric fila. ¢
and cp are the pammittivity of free spece and the rela-
tive permittivity of the tramsducer film respectively.
;The bias voltage applied te mximem officiency,
als0 serves to adhere the film to the test block (i.e.,
' lower electrode, Fig. 2). Nowever, simce the bias
.£ield opposes the intermal field of the dielectric
‘£i1m, care should be takea to ensure that a neutalisa-
tion doss not ocoxr. 1In tice, this means that the
rsaximm biss voltage is limited to values which do mot
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produce large conduction effects. In good imsulsting
polymers, such as PP and Fluoroethylene propylene (FEP),
'3 several hundred V may be applied without depolarizing

- the film,

upper electrode

: d 2 dielectric medium
; 2 ( polymer tiim)

- L~ —~_-] lower electrode
: ! (propagation medium)

Fcpresentation of an electrostatic transducer

EXPERIMENTAL

PVF, films used in this work were kindly provided by
the Kureha Chemical Industries Company of Japan and
were of 25 and 50 um thicknesses. Polypropylene filas
cf 30 um thickness were obtained with the generosity
of Hercules Powder Company, U.S.A. Fila surfaces were
carefully cleaned with isopropanol and corona poling
was ecployed using a technique described elsewhere
{15}, the caximum poling field being 4x10° va-l. The
poling was usually done at room temperature for 1
minute.

Tne electromechanical coupling coefficient X3y of the
- orona poled PVF,; films was measured using the piezo-
. -lectric resonance technique due to Bui et al. [5)

5 ~hich involved measurements of capacitance C and con-
uctance G of an unloaded resonator over s range of
U] requencies centered at the fundamental thickness mode
= . :sonance and determining the acoustic resistance Rg,
ad acoustic reactance X; of an equivalent series
=sonance circuit. These measurements were msde with
e wWayne-Kerr Viif impedance bridge extending to & fre-
. tency of 100 MHz.

. Unfortunately, this method suffers from the disadvan- '
.' ge that it is applicable only at one frequenmcy, i.e.
- = thickness mode resonance frequency, and this ren:
cs it unsuitable for determining the beshavior of l%;
. er a wide frequency range. For this reason Xyy has
. ss been measured [16] in the present work using a

.. iple method due to Dameron and Linvill [17] which
/olves exciting a poled film with a voltage and then
tecting the transmitted signal ss an induced voltage
. an identically poled film, the two active elements
ng separated by an impedance matched scoustic delay
ment. Fig. 3 shows the experimental arrangesent in

i

r

13

|

b
which the films were mounted on S ca diameter brass 1 -
discs of 5 mm thickness to provide a high impedance
backing to minimize smergy loss through the metallic b
backing medium. The films were held rigidly in posi- : .
tion by & brass amnular ring which also served to make i .
the ground contact to the top electrode. The two
corons-poled films were separated from each other by s !
delay element consisting of an unpoled and unelectroded ; s
PVF; fila of 130 ya thickness. >

acoustic dela
¢le°umzm of Y
130 ym PVF2 PVF, film
carthed

shield

coaxial
cable
from r to oscilioscope -
gengrator ]
S
backing disc l ag\;;;lsa;im e
(brass) ( brass)
Pig. 3: Schematio for the measurement of

diagram
electro-mechanioal coupling factor Kiy

1o signal ¢ aiod
gcncsntor earthed metal TN
screening box

electroded
area .

coaxial
connector

clamp

earthed metal
roliers

-3
]
p2
[a
Y

|
|
|

Messurements of the piszoelectric strain censtamt
dy), were also carried out [16] in this work with PVF,
using an all electrical method dus to Resvanip and PR
Linvill {18]). The experimental srrangswment is as
shown in Fig. 4. The top electrodes (vacuum deposited)
were split into two equal halves, generally of length

6 c» and width 1.2 ca, separated by a gap of 2 mm.




b:tton electrode was continuous over the entire
2th of the entire film under investigation. The
»le was then located over two grounded aluminum
iers which make electrical contact to the bottom
ctrode, and was held taut with clamp and spring
angements [16]. An application of a voltage to one
f of the top electrode will induce a proportional
rut voltage due to the piezoelectric property of
poled film at the other top electrode. In the
sent work this output voltage has been measured for
oastant input of 20 V over the frequency range of
H: to 1 MHz.

.he experimental arrangement for testing the acoustic

ponse of electrostatic transducer is shown [16] in

. 5. A corona-charged pelypropylene film with only

evaporated aluminum electrode was attached to a

c thick block of polished sluminum with the elec-

ded side outermost. An electrical contact was made

the electroded face of the film by a small wire
‘ured with silver-loaded epozy. The transducer film

. in the direct acoustic field of an ultrasonic
.nsducer driven at a resonant frequency of 43 kHz.

> front electrode of the polymer was connected to a
:oupled oscilloscope via a HV supply. A dcoupling

{1 is necessary between the HV supply and the oscil-
sccpe to prevent signal losses through the supply.

2 HV supply was used to provide a bias potential to
.tain good sensitivity. Similar measurements were .
de with corona poled PVF; films of 25 uym thickness. i

compare the wideband frequency responses of the two
ansducers (i.e. PVF; and PP), an arrangement, shown

Fig. 6, was employed in which a noise spectrum is
‘oduced by a corona spark technique. It is assumed
:at high frequency_acoustic waves covering s band-

dth of several MHay are produced by such a technique
id that they will travel through the aluminum block
‘tenuated by an amount dependent on their frequency.
spectrum analyzer was used to record the output of
>th the PVF, and PP electrostatic transducers as a
unction of frequency.
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Fig, §: Ezperimental arrangement for elsctrostatie
trandducer testing
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Fig. 6: Experimental arrangement for comparison of
wideband response of electrostatic and piesocelectric

transducers
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Fig. 7: Behavior of X, with frequenoy for 25 P thick,

corona poled (+ 4x108 Wrl) PVF,

RESULTS AND DISCUSSION

From the measured values of capacitance and conduc-
tance with the VHF impedance bridge Xg and Ry were
calculated for the piezoelectric PVF; films et differ-
ent frequencies. It should be noted that Xz and B, are

. not purely the acoustic reactance Xg and acoustic re-
sistance R;, as they include the reactance and resis-
tance of the electrodes and the commecting wires. A
straightforwvard way of -removing these ummnted factors
is to use a graphical method. From Figs. 7 amd 8 it
may be observed that the plots of X, and Xy against -
frequency are smooth except at valuss close to the
Tesonance frequency. A smooth curve was drawn through
the points and then a second 1line was drawn which esti-
nated the shape the curve would take if the sample was
not piezoelectric. From the differences detwsen these
two curves a set of results wers derived for Xz and R,.

The acoustic loss factor was then obtained from the
slope of the plot of X,/R; against normalised fre-
quency (Fig. 9). Fig. 10 shows s similar plot for 50
um thick PVF;, corons poled at the same field as for
25 y» thick PVF2. The acoustic loss factor @, deter-
nined from the slopes of Figs. 8 and § are 10.88 and 10
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for the 25 ,m thick poled PVF, films, respectively,
which are not too dissimilar irc- those obtained by
Bui et al. [5] who used a vector impedance bridge in
their work. The piezoelectric coupling factor x;, is
defined as the ratio of electrical energy at the output
to the total input mechanical energy and is given by
£9. 4. Using the deterui;sd values of the total elec-
trode capacitance C, the Xj; values for 25 and 50 um
PVF; TE resonators were found to be 0.0157 and 0.0204
respectively [20] which are in good agreement with
Bui et al. [5] but lower than those obtained by
Ohigashi [19]. The latter author, however, used uni-
1x1ally stretched films whereas in the present work
. the films were biaxially oriented. Furthermore, it is
A 2stablished that positive corona charging, which was
- :zployed in the present work, produces predosinantly
: wrdrated species such as H,0%, H,0*, and N;H*. During
the poling process if some of these ions were injected
in the film, the profile of the field-induced internal
olarization will be different from that due to a con-
entional poling at an elevated temperature. Perhaps
t ma; Lc stated that negative corcna charging produces
redominantly O- ions by dissociative electron attach-
ent and less commonly CO5 ions. 1t has been shown
21} that no detectable difference in the piezo- and
“roelectric properties have been observed between the
>sitive and negative corona poling PVF,; at room tem-
erature. Table 1 summarizes the acoustic parameters
£ PVF, film measured near the resonant frequency,
. :ing the series equivalent circuit due to Bui et al.
= . 3] which are in good agreement with these workers.
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) . £: Beravior of Rg with frequency for 25 wF thick,

] -rema poled (+ 4x108 Vi) PVF,

g t has been stated earlier that resonator models of
et al. (5] applies strictly near the resonance fre-
<y and alternative methods {17,18] have slso

cyed in the present work to measure dj); and X5,

: a wide frequency range ([16]. Typical frequency
onse curves of 50 um thick, poled and unpoled PVF;
:, cbtained with Rezvani and Linvill {18)] method

5. 4) are shown in Fig.. 11 [16]. It may be observed
: the response of the poled sample increases gradu-
» with frequency from 10 Hz to $ Mz with two domin-
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l"'. peaks at 13 and 70 kHz which msy originate from the
ve ation of standing waves slong the length (6 ca) and
a2 (1.2 cm) respectively. Assuming that the reson-

: . condition occurs at a value of 1/2 of the linesr
R
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dimensions, where A is the wavelength, the correspond-

ing values of the velocity of sound in PVF, appear to
be 1560 ms-! and 1680 u'Y respectively. These values i
are lower than those reported in the litersture OR s — i

but Bay still be reasonsble as the acoustic velocity
is known to decrease with frequency [22) in PVF;. The '
Piezoelectric coefficient dy; may be calculated from i
such a response (Fig. 11) using the followving expres- h
sion (18], .

2 Vz Cr

dax"y—x-'z; (6)

where V) and ¥, are the input and output voltages re-
spectively (V)>>¥;), g is the pesraittivity of the
film under constant stress and Cr is the Young's modu-
lus under constant field. No experisents] determina-
tion of the Young's modulus has been made in this work
and a value of 3.6x10¢ N w~! for Cr, used by Rezvani
and Linvill4 [18] have also been employed here to
deternine dj;. The observed values of dy, (Fig. 10)
are considerably higher than the largest reported value
of 40x10-12 ¢ N°1, obtained by corons poling during
stretching of the PVF, film {23]. This implies that
the value of Young's modulus, stated above, is too
small and indeed this would appear to be the case as
observed by Wang et al. [24] from their work with
Brillouin scattering with uniaxially stretched PVF,
films. These authors suggest that an increase in
Young's modulus may result from an orientation of the
polymer in the amorphous and the crystalline phases of
the polymer. PVF, films, used in this work, were
bi;:itlly stretched although the stretch ratio remains
unknown.
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Table 1
Measured Acoustic Properties of PVF2 Film

¥ilw thickness (1m) 23 E )

Corona poling eonditions | 4 = 108 va™) (f.0.1007) | 3 2 208 wrl(iedshy)
at voom temparstuse for | sz vesn temperetexe for
ows misvte Sos sne misute

Jesonance frequency 43.3 Wiz 1.9 e

io the thickness mode

Unlosded scoustic loss

factor Q 10.8 ¢ w3

Llectromecbanical coupling

consrant Ky, 12.3% “.n

Lleccrods capacitemce paic’y 20202y

Fig. 12 shows the frequency response of poled PVF2

using the method due to Dameron and Linvillé [17) both

for a continuous sine wave and for a pulsed train of
sine waves [16]. The frequency response sppears to be
reasonably constant over the frequency range employed
in the present work except for the pesks at 15 and 30
KkHz which correspond to A/2 and A standing wave condi-
tions across the film surface. The reduction in peak
amplitudes with a pulsed sine wave may be explsined

by less energy being available for the formation of
standing waves. The origin of other minor TesSponses
are probably related to reflections from the outer
casing. In the present method [17], the electromschan-
ical coupling constant X33 may be obtained from the
following expressions,

. :
X33 = TatVi/v,T ™
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Fig. 11: Prequency response of coroma poled and wn-
poled PVF, together with Ky, values po

where V; is the input energizing voltage (in the trams-
mitting element), V2 is the induced voltage in the re-
ceiving element and a is the loss of signal resulting
from transaission through the delay elemsnt. The value
of X33, obtained in this work with the methed dus te
Bui et al. [S), was 0.143 for 50 vm thick PVF; case.
From Eq. 7 it may be observed that for Xy3<0.2,
I-a(¥y/¥y- > 10 which isplies that a(¥#/¥,/>>1.

-3V
Uk . ®)

Therefore, for a constant imput voltage smd acoustic
loss through the delay element, X33 is directly proper-
tional to V;. The negstive sign of Xj; reflects the
negative values of the piezoelectric coefficient dyy.
The comparatively flat nature of the WENCY Tespomnse
(Fig. 12) suggests little variation ha:’:; vith fre-
quency under loaded conditions. Asswmiag that Xy -
sured at ~43 Mz by the method dus to Bui ot al. fs]

is the same as that at $ )iz, the valus of & appears
to be 7x10"" [16] which compares well with sm acowstic

absorption of 1)x10-* [17).

With the help of the above results PVF; tremsducers

.(piezoelectric) have been fabricated and their perfor-

mances are being investigsted for the detection of AB
signals. The results will be reported in due ceurse.

Pig. 13 shows the typicsl bias voltage characteris-
tics of polypropyleme (PP) electrostatic tramsducer st
43 kHz, It may be observed thst the response of the
PP transducer is highly dependent on the bias woltage,
doubling for + S00 ¥V bias. By cycling the bias fields,
betwsen 2600 V, the addition and subtraction of imter-
nal and external fields can de observed clesrly and
the internal field may be estimated to be in the Temge
of 100 to 200 ¥ in & negative dirvection. A saturstion
of polypropylens treasducer response is cbeerved at
s 600V, bnsmm.huz:qu’uuu-
fields in order not te depolarise internal field.
A commercial loudspeaker wes also employed as & source
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10 and 20 kHz. The results were qualitatively simi-
r to those shown in Fig. 13 except that the actusl
sponses were dependent on the acoustic power deliv-
ed at each frequency. Measurements were also made

86 kHz using an ultrascnic generator and, once wore,
e forn of the results was as shown in Fig. 13 which
50 shows the response of a PVF, (piezoelectric)
ansducer of 25 um thickness, energized in an identi-
1 manner (sce Fig. 3). At zero bias voltage, the
F, transucer appears to produce a greater signal, dut
is signal is little affected by a bias potential in
ther direction. For both materials the cycled -
sponse returns to the same position at 0 V bias show-
3 the excellent reproducibility of the results.
asurenents were also taken with 50 ym thick samples
PVE, and PP. In this case the charging potential
5 1S kV, which produced a similar field to that used
th the 25 um thick samples. However, in both cases,
* recorded signals were within 10% of those recorded

the 25 um thick samples. Although it is possible

:t the respective piezoelectric coefficients or in-
:ted charge densities are not simply related to the
1d and that the thicker films do not act as well for
nsducing, it is more likely that wost of the signals

lost due to various insertion loss factors which
1d not show such significant thickness dependences.
this reason, it is suggested that thin films way
moTe suitable for electrostatic transducers. It
> emphasizes the need to eliminate the various loss

nanisms when employing PVF, as active element in an

:ransducer,
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g. 12: Frequency response of corona poled PVF,
obtained with Dameron and Linville method [17)

It may also be stated that for the case of electro-
tatic transducers when the upper electrode (see Fig.
) is vacwum deposited, then dp0. Also dg<<ds, and
:f e¢pdz<dy then it may be observed from Eq. S that the
maximur sensitivity depends on the use of a dielectric
oedium which can maintain the highest charge density
07, bisqfield and relative permittivity co. These
characteristics may be difficult to £find in one mater-
ial because high relative permittivity usually implies
large dipole moments which produce dielectric loss pro-
cesses not only under dc stress but also as 8 function
of frequency. Thus, such a materis] would neither
trap charges effectively over long periods of time nor
would it exhibit a flat frequency response. Thus a
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compromise must be made between the demands of high
pernittivity snd of large trapped charge density close
to one surface. In genersl, mon-polar polymers are
ideal materials for electrostatic transducer applica-
tion because they are excellent insulators even in thin
film forms, having high dielectric breakdown strength
and long-1ived space charge polarization following
high field charging.

Fig. 15 shows the response of 30 ym thick electro-
static polypropylene transducer as a function of both
positive and negative corona charging potentials. It
is significant to note that saturation occurs for
charging potentials in the range of 10 to 12 kV for
both polarities of the corona poling. However, nega-
tively charged samples give greater zero bias sensitiv-
ities and also greater responses at 600 V bias. It asy
be assumed that it is easier to inject negative charges
into polypropylene than positive charges and that the
electron traps are also shallow in this material.
Thermal poling was found to produce samples with & high
sensitivity at zero bias field but bias voltages were
only capable of increasing the responss by 70 to 80%
compared to the 200% possible wiht coroms poling. It
is possible that a greater percentage increase in the
'response of an electrostatic transducer could be
achieved by using very thin films of a high dielectric
.strength non-polar polymer.

response
2k kv
1-6 " .‘(}'ﬂ"
1-2 {:‘}.
e—e—bmt—o—b— g"...o—-o-o—o

200 400 600
04 bias voltage

Pig. 13: sct of bias voltage on respomes of PVF;
gnd rr cgor{mtatia transducere at 43 kBs
x lene film (electrostatie)

* ;:lyvinylidcmﬂwrib it

Finslly, wideband frequency responses of the slectro-
static (PP) and the plezoelectric transducers were ob-
tained using the experimental arrangements of Fig. 6.
It may be cbserved from Fig. 15 that both transducers
produce s flat response curve to 2 MHs, which mekes
thea ideal for wideband spplications including AE moni-
toring. Purther work is in progress for studying the

acoustic properties of polymer-cersmic composites in
which ceramic materials have been incorporsted in the
polymsr matrix in order to enhance the detection effi.
ciency of the transducer.
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SOME PARAMETRIC CONSIDERATIONS FOR PIEZOELECTRIC
SENSORS WITH POLYVINYLIDENE FLUORIDE FILMS

K. DOUGHTY AND D. K. DAS-GUPTA

School of Electronic Engineering, University College of North Wales, Dean Street, Bangor, Gwynedd
LLS7 1UT (Gt. Britain)

(Received August 2, 1983; accepted November 9, 1983)

An investigation has been made into the effect of a poling ficld on the
piezoelectric response ds, of commercially available films of polyvinylidene fluoride
of different thicknesses (6-130 um). Other parameters such as the electrical
breakdown field strength and variations in d,, with poling temperature have also
been investigated.

1. INTRODUCTION

Commercially available films of polyvinylidene fluoride (PVF,) are semicrys-
talline in nature, consisting of lamellar crystals and amorphous regions. There are
two types of unit cell crystal structure!~2 in such films, i.e. a polar form 1 (or p form)
and a non-polar form 2 (or « form). These films, when suitably stretched and poled,
may exhibit significant piezoelectricity with d;, and d,5 values of about 20 x 1012
C N1 (refs. 9-11). Molecular conformational changes from form 2 to form 1 may
occur in PVF, on uniaxial stretching!!~'¢ without providing any net dipole
moment as the crystallites are rotated at random rotational angles about the ¢ axis
(i.e. the carbon-carbon axis). The dipole moments can, however, be oriented
favourably during the poling process subsequent to stretching. It is thus established
that the preferential alignment of complete chains of polar crystalline molecules by
the poling field provides the origin of at least a large part of the piezoelectric
response in PVF, !3-29, The piezoelectric frequency response of poled PVF, shows
that the electromechanical coupling factor K 3, (not greater than 0.2), and hence d5,
is uniform*®21-23 gver a wide band extending into the megahertz region*®. The
acoustic loss factor @, which is 2x multiplied by the ratio of the average energy
stored to the loss per cycle, has a value of about 14 2!, The mechanical strength of
PVF, film, together with its uniform electroacoustic propertics over a wide
frequency region, may have important practical applications in diverse fields such as .
the detection of acoustic emission in materials under mechanical stress>4-2* and pre-
breakdown phenomena in insulating materials under electrical stress®6, ~

X-ray diffraction and IR absorption studies show that the structural transfor-
mation from the non-polar form 2 crystallite into a polar form 1 crystallite on high
field poling occurs in two stages!S27-28, At fields of about 3x10* Vm~! a
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_transformation of the non-polar monoclinic structure of the form 2 crystallites into

an intermediate triclinic polar form 2 structure occurs by a cooperative rotation of
alternate chains through 180° about the carbon-carbon axis. At still higher fields
(greater than 3 x 10° V. m™!) there is a progressive conversion of this intermediate
polar form 2 structure into the polar form 1 structure with a zigzag molecular
conformation. It is of interest to note that the saturation remanent polarization of a
sample of PVF, containing both form 1 and form 2 crystallites may be higher than
that of a sample containing only crystallites of the form 1 variety!®. This indicates
that the crystal form may not be the most significant factor in determining the
usefulness of a particular film for device applications and the orientation of the
polymer chains may ultimately govern the piezoelectric responses. Now the charge
developed across the opposite faces of a piezoelectric film due to a mechanical stress
is independent of thickness and depends on the appropriate piezoelectric coefficient.
Thus the voltage developed across the faces of a piezoelectric capacitor, for a
constant piezoelectric coefficient, is linearly proportional to the film thickness. The
requirement for a wide band piezoelectric sensing element is then a well-poled thick
PVF, film.

The present work is a report of the results of an investigation of the piezoelectric
responses obtained with corona-poled PVF, films of different thicknesses which
were kindly provided by the Kureha Chemical Industries Company Limited of
Japan. X-ray diffraction patterns of the structural planes have also been investigated
for well-poled samples. An attempt has been made to discuss the parametric
considerations which may be relevant to the production of piezoelectric PVF,
sensors which may be useful for wide band applications.

2. EXPERIMENTAL DETAILS

The films employed in this work were all cut from commercially available rolls
of nominal thickness 6,9, 12, 16, 25, 50 or 130 um. These fall into two categories: thin
films (6—25 um) and thick films (50—130 um). The thin films are biaxially oriented so
that they contain crystallites of both form 1 and form 2 whereas the thicker films are
basically unoriented with a spherulitic structure!” containing only form 2 crystal-
lites. X-ray diffraction studies show that the crystallinity, the ratio of the form 1 to
the form 2 contents and the orientation of all the thin films do not vary with film
thickness. The two thicker films were also found to be similar to one another with

respect to structural properties. )
For the above reasons, most of the experimental work described here will relate

to samples 25 and 50 um thick, which are representative of the two film classes and
which have been used most extensively by other workers both for device
applications and for fundamental research.

Conventional poling was performed in air, inside a temperature-controlled
oven, with cooling to ambient temperature in the presence of the field. Corona
charging was performed using the technique described elsewhere®!5:17:2%,

The piezoelectric coefficient d3, of the poled films was determined from
measurements of charges which were produced when a known weight suspended
from a sample was released by a pneumatically operated solenoid valve. The
magnitude of the released charge was determined by measuring the peak voltage
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dcveloped across a large air capacitor connected in parallel with the PVF, sample
under investigation!3,

X-ray diffraction profiles were recorded before and after corona charging using
the reflection diffractometer technique?® and nickel-filtered Cu Ka radiation. The
evaporated layer of aluminium served as a useful internal standard to adjust Bragg
/ angle data for any slight sample movement in the sample holder.

. Capacitance measurements were performed using a General Radio capacitance
bridge (model 1616) from 10 Hz to 100 kHz and two Wayne Kerr bridges (models
B660 and B210) to extend the range up to a maximum frequency of 100 MHz.
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3. RESULTS AND DISCUSSION

: The observed behaviour of dy, with poling temperature (conventional poling)
- for each film thickness is shown in Fig. 1. The curves for each film thickness are of
3 similar form, increasing almost linearly with poling temperature so that the
coefficients obtained by poling at 120 °C are about an order of magnitude greater
than those obtained at 20 °C.
The results fall into three distinct groups.

, (1) For the samples 6 and 9 pm thick d,, reaches a maximum value of about

¢ 3x10712CN-L

' (2) For the samples 12, 16 and 25 um thick the piezoelectric coefficients are
almost double those of the thinner films, reaching maximum values of about
5x 10712 C N~1, The coefficients generally increase with increasing film thickness.

)
H 8,
T 1
d

¢ Wi
piezoelectric coefficient di (x10 ’2CN
(8]
|
\
\ )
o

Fig. 1. Effect of poling temperature on the dy, cocfficient of conventionally poled films of PVF, of
. various thicknesses (poling ficld, 5 x 10’ V m~?; poling time, 30 min): [J, 6 pm; x, 9 ym; @, 12 um;
) M, 16 um; V, 25 um; O, 50 um; A, 130 pm.
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(3) For the samples 50 and 130 um thick no piczoclectric activity can be

observed at poling temperatures below 60 °C with an applied field of 5 x 10°Vm-1.
Even at a poling temperature of 120°C, d;, < 107'2CN~".

It is not surprising that the samples 50 and 130 pm thick give lower cocfficients
than the thinner films, since they lack orientation and form 1 crystallites. However, it
is not possible to invoke similar arguments to explain the apparent differences
between the two thinnest films (6 and 9 um) and the other films (12, 16 and 25 um). It
appears probable that either these films are slightly thicker than their nominal
thicknesses, in which case the applied field was lower than that intended, or the
stiffness of the aluminium becomes appreciable for very thin samples and distorts the
actual stress felt by the sample. It is established?? that electrode stiffness affects
electrical measurements of Young’s modulus and, in a similar manner, it may affect
the values of d,. The observed thickness dependence supports such a conclusion,
although errors in film thickness cannot be excluded.

Figure 2 shows the observed behaviour of the piezoelectric coefficients of films
25 and 50 um thick as a function of the corona poling field at room temperature. The
experimental curves for both the film thicknesses have a similar profile correspon-
ding to a large increase in dy, (6 x 10712 CN™?) over a relatively small increase in
field (1 x 105 Vm™!). It has been shown by X-ray diffraction studies that this
corresponds to a rotation of alternate chains of the form 2 crystallites through 90° in
opposite directions to produce the intermediate polar form 2 crystallites!$:20:27.28,
as mentioned earlier. The onset of piezoelectric behaviour is observed to occur at a
lower poling field for the sample 25 pm thick (Fig. 2) which suggests that either the
biaxial stretching has induced an alignment of the carbon—carbon axis in the surface
plane, thereby aiding rotation about this axis in an applied field, or the internal field
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Fig. 2. Piezoelectric coefficient dy, of PVF, films (@, 25 pum thick; x, 50 um thick) as a function of corona
charging field (samples corona charged at 20°C for 1 min).
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generated by the form 1 crystallites of the film 25 um thick aids the formation of the
intermediate polar form 2 crystallites during the process of poling. Increases in the
valuc of d;, above 7x107'2 C N~! are only achieved with larger increases in
the poling and are considered to be associated with a conversion of the polar
form 2 trans—gauche—trans-gauche molecules into the polar form 1 zigzag
molecules?0:15:27.28

The maximum corona poling voltage that can be applied for 1 min before an
electrical breakdown occurs in a film of PVF, is shown in Fig. 3. As expected, the
thickest film has the highest breakdown voltage, but with respect to the electric field
(Fig. 3) it may be observed that the thickest film has the lowest electrical breakdown
strength. It may also be observed from Fig. 2 that the film 25 um thick containing
both form 1 and form 2 crystallites appears to have the highest breakdown strength
(about 5 x 108 V. m™!).Itis possible that, as the films are stretched more and more¢o
produce still thinner samples, voids and defects are introduced®?, resulting in a
reduction in the breakdown strength of the film. Although films charged with higher
fields than those shown in Fig. 2 will suffer dielectric breakdown within 1 min, it is
possible to employ much higher fields for a matter of seconds, achieving significant m’
piezoelectric activity2°. Even if minor breakdown does occur, it is often possible to ik
cut away the affected part and to use the remainder of the film for piezoelectric and
X-ray diffraction measurements. In the present work piezoelectric studies have been
restricted to films of 25 and 50 pm thickness which produce the best responses for
the poling fields which can be applied by corona charging. The X-ray diffraction
profile of a film 50 pm thick which suffered an electrical breakdown after 1 min of
high field poling at ambient temperature is shown in Fig. 4. The evidence of the two-
step process of structural changes of the non-polar form 2 crystallites into their polar :
variation and subsequently into the polar form 1 structure on poling, as discussed BN
above, may be observed in Fig. 4. These changes are indicated (i) by the decreases in '
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© x ®
x4F 4205
i : [
o J v ’
33_ X a
c c
o
©
_‘z‘2'- x "10-‘ .
(] [ J v q
[ Y [
o 4 y
it/
bd 1
)
S -

0 20 40 60 80 100 120 140

thickness (pm)
Fig. 3. The breakdown behaviour of PVF, film due to corona charging for 1 min at 20 °C as a function of
film thickness: x, field; @, potential.
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 the diffracted peak heights of the (100) and (020) planes of the non-polar form 2

structure at 26 values of 17.9° and 18.6° respectively, (ii) by the increase in the (110)
peak height of the intermediate polar form 2 at the 26 value of 20.2° and finally (iii)
by the appcarance of a small shoulder (Fig. 3) due to the presence of the composite
peak of (110)-(200) planes of the polar form 1 structure at the 28 value of 20.8°. It is
of interest to note that on corona poling at elevated temperatures the conversion of
the non-polar form 2 structure into the polar form 1 structure is significantly
enhanced as may be seen in Fig. 5. It has been suggested®! that an increased
piezoelectric activity in PVF, may be achieved by corona poling at elevated
temperatures. However, the results’’, shown in Fig. 6 for films 50 um thick,
demonstrate that, although the threshold field for the initiation of the piezoelectric
activity is reduced by raising the temperature of the sample for corona poling, the
maximum achievable piezoelectric coefficient dj; is not increased. This may be
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Fig. 4. Theeffect of breakdown field on the X-ray diffraction profile of a PVF, film S0 pm thick: x, virgin
sample; @, after breakdown.
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adequately explained by the fact that the dielectric breakdown strength is

significantly reduced with increasing temperature. As a result the poling field needs

to be considerably reduced at elevated temperatures. Although it is possible to pole

PVF, of either form 1 or form 2 structure successfully by corona charging, there is

;till 213 ?eed to overcome the problem of dielectric breakdown associated with thick
Ims=>2,
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Fig. 6. The variation in the piezoelectric coefficient d,; with poling voltage at various temperatures for a
PVF; film 50 um thick (charging time, 1 min): O, 20°C; x,60°C; @, 100°C; O, 140°C.

For piezoelectric sensing elements, using the thickness mode effect, the most
relevant piezoelectric coefficient is d3; which is associated with a uniaxial stress
normal to the surfaces of the film. In practice, a measurement of d,, is difficult
because the film must be completely free to move laterally while the stress is being
applied and some workers3? have been forced to work around the problem by
measuring the inverse piezoelectric effect. Other workers'® have measured the
hydrostatic coefficient d,,, which is related to ds5 by the following expression:

dh = d31+d32+d33 (1)

However, even this technique is often erroneous because of a pyroelectric effect
which is produced when a change in temperature accompanies a change in pressure.
d,, has been found to be proportional to the hydrostatic coefficient d, for
unstretched and biaxially stretched films?® and, for all films employed in the present
work, was found to be equal to d;,. Thus, a single measurement of d,, completely
characterizes the field-induced polarization of these samples.

There are two other factors, however, which might influence a decision on
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" material thickness and these are (i) the electrode capacitance and (ii) the frequency of
. 'the fundamental thickness mode resonance. An active element size of no greater
than 1cm diameter may be considered to be acceptable. From the dielectric
constant versus frequency plot, shown in Fig. 7, it may be observed that the real part
of the diclectric constant ¢’ of PVF,, measured by the conventional bridge technique,
approaches a value of 6 at 1 MHz which implies a total sample capacitance of
42x 1072 F for films 100 um thick. When such an element is mounted appropri-
ately in a transducer body and fitted with a coaxial connector and a length of coaxial
cable about 1 m long, approximately half of the signal will be lost owing to the
capacitance of the transmission line. This, however, may be overcome with the use of
a unity gain high impedance field effect transistor buffer amplifier driving the guard
of a triaxial cable but the bandwidth may have to be sacrificed. The fundamental
thickness mode resonance for the sample 100 um thick occurs at a frequency of
about 11 MHz. However, if the sample is non-uniformly polarized, the thickness
modc resonance frequency may be significantly reduced.
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frequency (HzZ)
Fig. 7. Frequency variation of the dielectric constant of a PVF, film 50 ym thick measured at 20°C.

4. CONCLUSIONS

It has been shown that, by corona charging, films of PVF, can be rendered
piezoelectric with high values of d5, irrespective of orientation and crystal structure.
Conventional charging methods have demonstrated that the thinnest films may not
be the most useful owing to the influence of the metallized electrodes.

The piezoelectric coefficients are limited by the dielectric breakdown strength,
especially at elevated temperatures, which means that the thinner biaxially oriented
materials have the highest coefficients.

Increasing the charging temperature of form 2 films modifies the crystal
transformation process but does not increase the maximum achievable coefficient
because of a decrease in the dielectric strength.

It is concluded that films 25 and 50 um thick are best suited to wideband
pressure transducer applications.
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