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Sumary. .1.

The work performed during the contractual period falls into

three distinct parts:- N

i) the fabrication of ultrasonic transducers for acoustic emission ,.

)k(*E---detection using polyvinylidene 1uoride (PVDF) active

elements.

ii) the fabrication of electrostatic transducers using thin film of

non-polar polymers such as polypropylene and polytetrafluorothylene . .

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 PVD'F transducers. The second report compared the sensitivity of PV.W

transducers with polypropylene electrostatic transducer designs.

Further work performed to determine optimum charging conditions for hi&

sensitivity and repeatability of electrostatic responses was described

in the third report.f

The-provert-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

which may be used for acoustic emission monitoring applications.

Review

The Mark III A.E. transducer which had been developed under

ERO Contract No. DAJA 37-81-C-0021 (see final report of that contract

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

had only one evaporated electrode. The new technique used in this

design relied on an earthed conducting sample to provide the second

contact and a thin layer of oil was used to produce good mechanical

4/
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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 < 5Z

even with a 500 volt bias across a 25 Uim 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 transducers 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 polytetrafluoroethylene (PTFE) and FEP/TIE

copolymer in order to determine the best combination of material,

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

. • .. . . - . -. . . . . . . - . .. . - . " . . , . . . .. - ; ; * .' * -'. . ,, .. L- " ' " ; " " "- . A.", '
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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 0C 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 monitoring.

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 the 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 :1

iii) polarizing the film to render it piezoelectric.

(i) Mixing

Ceramic powders of PZT-5 are available with or without a

wax binding additive from Unilator Technical Ceramic Ltd., of Ruabos,

Great 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

0
suitable mould by curing at an appropriate temperature (e, 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.

I.S



p 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

m ~the molten state, regaining their plastic properties when recooled. -*

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 r~
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 12dO' 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 jim thickness but the resulting platelets were

found to be brittle.

A milled composite can either be Wraped 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 jim. 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 200C below the mlting

point of the host polymer. Similarly, composites prepared from a

solvent solution can be pressed as above, though lower pressures and
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temperatures are generally required due to the effects of solvent

and/or plasticizer.

(iii) Polarizing the Films

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

0
temperature of 100 C was used for poling, as recommended by the PZT

0manufacturers, though this was reduced to 90 C in samples containing

a plasticizing agent.

The polyester composite was capable of withstanding temperatures

considerably above the limit of our charging apparatus (150C) but

the surface properties of our samples was so defective that no

surface potential above 100 volts could be maintained either in

silicon oil or in dry nitrogen. Hence, it was not possible to

polarize the polyester composite prepared above.

The maximum field/temperature parameter# that could be

applied to the other films without breakdown was dependent on

thickness and PZT content. 250 Um thick film containing 50% PZT

by volume in PVDF, polypropylene or polystyrene could withstand a

field of 107 Vm 1 for an hour. The composite film with PVDF was

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.

. .. . . . . . . . . . . . . ..". . . . . . . . . . . ..• ". .". . ..". .. " ". . .-. . . ..".". . o -" .. '. ', Z .', ..- i .%



.1

-7-

(i) Dielectric Properties

The low frequency (10 - 10- 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.

Iso chronal charging currents are presented in Figure 1

for the respective composite materials with and without plasticser0" M

at 15 and at 55 0C, as a function of applied voltage. The behaviour

of current with field becomes super-linear for fields > 4 x 10 6 VM;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 Haman approximations using discharge current transients. They

indicate the presence of a loss peak in the 1 Hz region at 15 0 C and

interfacial polarization at a very low frequency (<10 -3Hz) at 550C.

* The presence of the plasticizer has a pronounced effect on

the dielectric constant of the composite. Figure 3 shows the frequency

dependence of c' 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 d3  piezoelectric -
coefficient by measuring the charge released by a sample strip when a

known mass was suspended from its end. At 20 C, d 31 of the unplasticized
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sample was found to be -19.5 pCN and -24 pCN for the plasticized case.

The hydrostatic coefficient dn (a d3 3 ) was found to be 40 pCN for the-33c

sample without plasticizer and 50 pCN 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

(z K33) was 10% while K31 was -6% and Kt was 12.5% for the sample *

with plasticizer.

(iii) Ageing

The stability of the piezoelectricity was tested by exposing

the poled films to a 5CHz a.c: field of increasing magnitude for 10 second

at 150C at each voltage and measuring the value of d at the end of
31

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 d3 1 at the end of each period. It was found that neither type

of film lost more than 10% of its activity below 90°C. The normalised "

data is shown in Figure 6. i "" "

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

flexibility can be increased by the addition of plasticizer but at the

expense of stable dielectric properties with temperature and frequency.

I L " %. ..-, .- ,,,% .. ,,. ., . ". ' ". ,• _• . . • . .o. . , . , , - . ,
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We are now designing sensing devices based on this flexible

piezo-composite.



Fig. 1. Field effect of 100 s charging current in composite
materials.
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To be published in the February 1985
Journal of IEEE Transactions on Electrical Insulation.

ELECTRo-ACTIV E POLYMERS IN NON-DESTRUCTIVE

DIELECTRIC EVALUATION -

D. K. Das-Gupta and K. DoughtyA

School of Electronic IngineerinS Sc~ience ?

University College of North Wales
Dean Street. bangor, U.K.

ABSTRACT

The piezoelectric nature and acoustic coupling

C onstant X33 of corona-poled polyvinylidoneflueride(PVFZ) have been investigated as a function of fre-
quency extending in the NHz 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-

e lectriC PVF2 film. The sensitivity and frequencyea
response Of piezoelectric PVP2 transducer appear 'zo
be comparable to those of electrostatic transducer iV
using polypropylene and employing a large bias field.

INTRODUCTION .of AE signals In plastics and composites although Its
electroactive response my be significantly lower then

The purpose of this paper is to outline the enperi- those of ceramic materials.
*ence gained in an evaluation of the acoustic proper-

ties dielectric films, polyvinylidenefluoride (PVF2) Present work describes the acoustic characterization
and polypropylene (PP) which may be used as piezoelec- of corona-charged PVF 2 and PP transdbcers suitable for . *

tric and electrostatic transucer for non destructive ultrasonic application ever a widebemi of frequencies.
testing (NOT), i.e., detection of acoustic emission extending into the W&a range. Coirm charging to

*(AE) in materials under stress, fields )-10 Vin'1 produces pieseelectric activity in
WPF2 due to a rotatim of crystalline mots (2.31.

AE is generated during the growth of cracks in mater- whereas similer treatment of PP filn rouces teusid-
ials under stress and has been used to monitor the be- erable charge storage (electrostatic case) In the
havior of flaws both under laboratory conditions anbd& polymer.
more recently, in large engineering structures. This

*technique can be applied to most classes of construc- PIEZOELECTRIC TRANSDUCER
tion materials (1] including concrete and mtals, asct npoe VaIsdet %
w ell as the plastic composites which areo now being The piesoelectciyipoe aisdeote

Aemployed extensively for lad-bearing structures. Pressure depe 1enc of field-indoced peInritation Is
Ideally an AE transducer should offer both high sensi- .the crystalline Phose (41. Therfo, a stress or
tivity and a flat bandwidth over at least three deads strain en the film will ebwp the fim volme and

*of frequency. Conventional piezoelectric transducers. ec the dipole smeet Per unit volme. This will
*using brittle ceramic elements, are not Ideally suted result in the Production of charges em the film fee

to easremntson lasicsandther costea due to which are usually coated with vacuim-dspbSited metal
the coupling problem and a large Impedance mismatch. -_~ asaFnmUwl roueprubtosi
A more satisfactory solution night involve the use of the thickness direction of the film end hence in a' thin films of polymers such as PVP_7 and PP which my be variation of charge density dependent on the coupling
T endered electroactive by inducing a long-lived polari- of the transducer to the test madwu. the magnitude ef
zation by an application of a high poling field (con- the pressure wave and the piesoelectric 41-coefficient
ventional or corona poling). A field-induced polariza- in the thickness direction (i.e. dig) of the film. If
tion nay originate from several complex mechanism in- the response Is measured as a voltees. 6hen the sai-
cluding an orientation of structural dipoles end in- tivity will be proportional to the thickness of the
jection of electrical charges and their subsequent film. assuming that the lead capacitance Is negligible.
localization in senicrystalline polymers. The mechani-
cal strength of a polymer film, together with its Shi et a0. (S) have deopdW a heoretical model
flexibility. reasonably uniform electreactive response (one-dimensional) of a lossy resonator which may be . '--
rvyer a wide frequency range, and the magnitude of Its applicable to ussupported PVP2 film (poled) with

ustic impedance.- makes it useful for the detection electrodes on both sides. In this model the lateral

V %
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dimensions of a resonator which may be made to vibrate However. a complex situation my arise when the
in its acoustic modes. are assumed to be large in con- coupling of the Poled PVF2 transducer film to a doe
parison with its thickness and acoustic wavelength. medium is considered, especially at high frequencies.
The electrode layers are assumed to be acoustically Th. straightforwardsticapianef y s
thin so as not to load the transducer, and their effect shnedbtrd ati c resis itance Ofchi aF fuir DO
is only slight reduction of resonant frequency in the of the backing and the load material of th. film.
thickness mode. In general, their effects will lead to a significant

Theelcticl bhaio o aInceae Is the Ineton loss Which, In te case of
7heelcticl bhaio o apiezoelectric frer- a material with a low value of ceqilift factor, will

sonator may be characterized [5.6] by an electrical render the material significantly loe effective for
* circuit (Fig. 1) consisting of a static total *loc- transducer purposes unless the lessm are mini1md.

trode capacitance C0 in series with a resistive corn- In the case of Pa this effectively means matching
ponent Rv, accounting for the dielectric loss. an the acoustic Impedance of the polymer to the test

* acoustic reactance Xa and an acoustic loss resistance material In such a meane that Wo lessy air gap ean
* k._ It may be shown that the acoustic loss (or qual- exist. Thi my be achieved by using only am avaper-
*it)') factor Q is given by (5] ated electrode am the polymer film and mgpleyiag the

metallic surface of a test material as the ground
X sn electrode. coupled with a drop of suitable oil._E 2Q M Q (1) Alternatively, an electrostatic attration my be em-
Pa 6*5ine ployed to adhere the son-metallised film surface to

the grounded metallic test surface as in thecase of
where the frequency is normalized. an electrostatic transducer. *Amereu applicatime

of poled PiP 2 piesoalectric films halve beam extensively -

6 -(2) reviewed 14.7-91.

ELECTROSTATIC TRANSDUCER
and w. is the resonance frequency which Is defined by
the frequency at which the maximum of Na (i.e. Ra) An electrostatic transducer relies on a relative
occurs and movement between two electrodes to produce a change in

capacitance, thereby generating a signal In the e"ter-
sinO nal circuit. Simple electrostatic transducers (101

6 i(3)h use air as dielectric but lack sensitivity and there
7- s in 0are difficulties in maintaining a very small electrode

separation In normal use. More sensitive devices 111]
Thus Q may be conveniently determined from a knowledge use a dielectric sodium, such as PP (which my be cor-
of Ra and Xa, Q being equal to half the slope of a ons charged), to increase the capacitance and provide
plot of Xa/J?a against frequency near the resonance an internal field by its charge storage properties.
frequency. It may be noted that the electromechanical This Is the basis of an electret microphone and re-

coulin fator)~(_1t
2) is also related to Q thus quires that one face of the film be metallized to serve

[5]lin fatrX3As a flexible electrode, while the other electrode is
w ~ relatively fixed. In an AS monitoring system the

x2 o latter electrode would be the material under test,
12 ~(4) which mans that It can omly be used am conducting

surfaces, althoulh this problem can usually be over-
Thus a knowledge of the behavior of R8 adZa with ,come by evaporating a thin layer of metal (i%60 m) am
frequency together with the values of wo and Co should the Insulator surface. Sensitivity oam be improved
provide an acoustic characterization of a lossy piezo- gby employing am external bias field to supplement the
electric resonator such as electroded rv, 2. instermel field of the transducer film (12). The direc-

tion of the bias field needs to be opposite to that of
the origimal electrification of the dielectric film Is
order that an approriate superposition of fields MY
occur. It maybe shown 15,143 that the efficiency of

0- 1 
an electrostatic transducer (ig. 2) 1. Is given by

CS which Is 11am' with beth the bias Veltage V md the
charge density r. am the central dielectuiel film O- "

PV F2  rnface adjacent to layer I (Fig. 2).* dl mad da ropr-
sent ta dist"bee of separation between doe dielec-

RA tric film sad the opper lower electedm respectively

=n d-o is the thicesws of the dielectric film. so
J X A an rc are the pemittivity of free apace med the roe-

A tive permittivity of the t"Mamee film respectively.
The bias voltage aplied to produce moai efficiency,
also serves to awre the film to the test block (I.e.,
lower electrod, Fit. 2). However, sinow the bias
field opposes the internal field of the dielectric

Pig. 2: E~etrcaZ gqu~ialn ei t .. Pfa film, care should be taken to ammw tea neutalisa-
~ M*N~0?ties doss not scmW. In practice, this amens that the

pisotcti "oto maximum bias voltage isnlimited to Vaelea whieb donot .

.21?



pwuduce large conduction effects. In good insulating which the film were anted on S e diaeter brass
polymers, such as PP and Fluoroethylene propylene (PEP), discs of 5 m thickness to provide a high impedance
several hundred V may be applied without depolarizing backing to minimise energy loss through the metallic
the film, backing medium. The film were held rigidly in peal-

tion by a brass anular ring which also served to ake
the ground contact to the top electrode. The two

elecrodecorona-poled film were separated from each other by a
upper letdedelay element consisting of en unpoled and unelectroded

d 7- EoPVF 2 film of 130 wam thickness.

dielectric medium aosi ea
polymer f ilm) element of

130 pm PVF2  PVF2 film

prop tio medum) enrtord
shield

d, E, shiel

backing dsc4annula
,,,2:Rcreen~t~nf lecrotaiatrsezaerC ras) capngrn "4

FOaia.5 ootedam.I iemUWPto

P~2 il n hilokwere klyroded by rom ton erthe meta

was ~ ~ ~ ~~ ras elalpind usnritcnqunecrbdelehr

2:lin eprasesuallyioneo a roomtperature frnsuce

Thc ~ ~ ~ ~ ~ ~ otomaola eletrmecanca couplin cofiint33o te ,.-

rnaPol '2 films wueaued usin theswr eeknl proidedzy too-n

the ivled Chmcasuremes ompactnce CfJaa and goeton-rhd ea
utae Gof an unloadiedsseatoyroeralrne fmscengbo
f r0eqmencicket ere baed udaetal thicgenest modoartedmial eeto
canulceand eewinithe oacoustidcrstangR rolr
wa acpousircne a an dequrivaent esewhrie
113onance maicumit. Thel easrmnts were ad1 e cihlamrmp

Uornaely th ilws methdsufe sirg the iadva- p :Uaio.mmem fm le
* ~ .ecthait iesac appliqe only aton freuetc. i.5)e~..4

rethickness mentresnancte fredamencytan thies moe erhd a
itnac unutbld o determining the bti ehisaior ofrllr

1 acowsie frequeanc rae or theqisaeant seras
* i.sonbee measurt eds]ne psreents work usnm Masuetsoeh witheecri ato&n ea

Wayne-Kerciting ipedc fime witni tolt a then usnspal lcrial 4ehddet evngad ..

noidenaticaly polsehd ilffer twom ctve eleesa hwn n Pii.g4 The Bhuto ectode mam dp

tsae byr an teimpedance mthed beavioui deay weesltit o qa ave.gmrlyo egh

* jet.ing. hw the trnmtexeigena a anem olen in II ( medwd18.2 mW searted h agapOfl It

an ientcaly pledfil, th tw aciveeleownto sownin is.4. be V elctrdes(Vam dposted

*gsprtdb nIpdnenthdaosi ea eesltIt w qo avs arlyo mg



~ii9

bztmeerde a mcontiuous over the entire
:.7hof he ntir fim uderInvestigation.noPFfl

.71 was then located over two grounded aluminum
lers which make electrical contact to the bottom

* &tride, and was held taut with clamp and spring canlHT
:lngcinents [16]. An application of a voltage to one spl
f of the top electrode will induce a proportional spectrum I aluminim*

ntvled age due to the piezoelectric property of analyser b
p*e film at the other top electrode. In thechne

se-nt work this output voltage has been measured for 2crn
*o.6tant input of 20 V over the frequency range of nel

HzIi to I MHz. 
P I

he experimental arrangement for testing the acoustic
ponse of electrostatic transducer is shown 1161 in

*5. A corona-charged polypropylene film with only
evaporated aluminum electrode was attached to aT
c thick block of polished aluminum with the elec-
ded side outermost. An electrical contact was made Fig. 6: Eqperiuwntal arrangemen for. copparseon of
the electroded face of the film by a small wire vsideband response of electrostatic and piesolotvie
ured with silver-loaded epozy. 7he transducer film t~vndigra
Iin the direct acoustic field of an ultrasonic
.nsducer driven at a resonant frequency of 43 kflz.
front electrode of the polymer was connected to ama

-oipled oscilloscope via a HV supply. A dcoupling
is necessary between the 1W supply and the oscil- 10estimated

3 ccpe to prevent signal losses through the supply.
oIN~ supply was used to provide a bias potential to - experimenltal

rain good sensitivity. Similar measurements were 10
*le with corona poled PVF2 films of 25 on thickness. 1

compare the wideband frequency responses of the two
a nsducers (i.e. PVF2 and PP), an arrangement, shown X&

* Fig. 6, was employed in which a noise spectrum is
-oduced by a corona spark technique. It is assumed to -
at high frequency acoustic waves covering a band- X
dth of several c.are produced by such a technique,,,' 70-
id that they will travel through the aluminum block
:tenuated by an amount dependent on their frequency. 5spectrum analyzer was used to record the output of

* ith the PVF 2 and PP electrostatic transducers as a ____________________

unction of frequency. 3 5 foB 5080 70
frequency W142)

F ig.?7: Beavior of !, ith frquncyfor5P thck,
aluminium poy ercrwp~df ixi r I) PVP2
sheet undertest ~

evporated( RESULTS AND DISCUSSION

From the measured values of capacitance and comduc-
~tance with the VHF impedance bridge Z& and Re were

calculated for the piezoelectric PYP8 films at differ-
ent frequencies. It should be noted that Ze and Age are

decoupling decoupling not purely the acoustic reactance anX cusi e
coil apactor 0K~z sistance J6. as they Include the rjactance and reals-

tance of the electrodes and the connecting wires. A
straightforward amy of -removing these unted factors

variable d.c. is to use a graphical method. From figs. 7 and I it
voltage supply may be observed that the plat# of Z. and Ag against

frequency are smooth excapt at valuies close to the0 resonance frequency. A smooth curve was dramn through
the points and then a second lime was drIs which esti-

mated the shape the curve would take If the sl was
not piezoelectric. From the differences between these
two Curves a set of results werp derived for Z& and Ra.

The acoustic loss factor ons then obtained from the
slope of the plot of Xa/A& against normalized fre-

Fig. . FZtperimentaZ arrangewunt for electrosatico quency (Pig. 9). Pig. 10 shows a similar plot for 50
tywudScer testng on thickPVM2 , corona poled at the same field as for.

2S uas thick PV~j. The acoustic loss factor 0, deter-
mined from the slopes of Pigs. I a&d 0 are 10.95 and 10

n



for the 25 Lm thick poled PVF films, respectively. dimensions, where i is the wavelentb the corespmod_-which are not too dissimilar 1ro; those obtained by in$ values of the velocity of sound in PYFZ appear toBui et al. [5] who used a vector iapedance bridge in be 1560 ms-I and 1680 as - I respectively. These valuestheir work. The piezoelectric coupling factor js is are lower than those reported in the literatre [].defined as the ratio of electrical energy at the output but may still be reasomable as the acoustic velocity
to the total input mechanical energy and is given by is known to decrease with frequency 122] in PVW2 . TheEq. 4. Using the determinfd values of the total alec- piezoelectric coefficient d31 my be calculated from:rode capacita.nce C0 the r3 values for 25 and S0 um such a response (Fig. 11) using the following expres-.VF2 1TE resonators were found to be 0.0157 and 0.0204 sion (18],
respectively [20) which are in good agreement with
Bui et al. [5] but lower than those obtained by oV2 Cr (6)Ohigashi [19]. The latter author, however, used uni- 1 .-- (ixially stretched films whereas in the present work
the films were biaxially oriented. Furthermore, it is-stablished that positive corona charging, which was where V- and V22are t e input and output voltages re-- ployed in the present work, produces predominantly spctively (Vi>V 2), , is the permittivity of the / ".Jrated species such as H2 04  H3 0", and NH . During film under constant stress and CS is the Yoag's modu-lus under constant field. No experimental determine-he poling process if some of these ions were injected tion of the Young's modulus has been mad in this workLn the film, the profile of the field-induced internal and a value of 3.6;10 6 N WI for CE. used by Revani)olarization will be different from that due to a con- and vlIe 18 ave also ee e led hr toentional poling at an elevated temperature. Perhaps and Linvill 118) have s bvl esploy bore to 1t ma) bc stated that negative corona charging produces detrine d3 h. The obsrved values of d3r (Fi. 0)reiorinantly 0- ions by dissociative electron attach- are considerably hiher th n the larst raported valueent and less commonly CO ions. It has been shown of 40k10 - 1 2 C N- . obtained by corona poling ding1]] that no detectable difference in the piezo- aid stretching of the PVF2 film [23). This implies that211 hatno etecabl diferece n te pizo-WA the value of Youn's modulus, stated above, is ton•'roelectric properties have been observed between the smal an i n ts ould ae bet cs assmall and indeed this would appar to be the case as . _.-S :sitive and negative corona poling PVF2 at room toa- observed by ang at al. 24) fr their work witherature. Table 1 summarizes the acoustic parametersPVF 2 film measured near the resonant frequency. Brillouin scattering with uniaxially stretched FiVF2  ____;ing the series equivalent circuit due to Bui et al. films. These authors suggest that an increase in-ae g a e w t e kYoung's modulus may result from an orientation of thepolymer in the amorphous and the crystalline phases of

the polymer. PVP2 films, used in this work, wore
biaxially stretched although the stretch ratio remins

---- estimated unknown.

g-- experimental
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has been stated earlier that resonator models of

. and alternative methods 17,18 have alSobeed
Loyed in the present work to measure and u- = NIS
2 wide frequency range (16 . T pical frequency -o 4:necurves of So ujm thick, poled and unpoled F 2Zobtained with Rezvani and Linvill (183 method

*4 are shown in Fig..ll (16]. It my? be observed

condit ion occurs at a value of 112 of the Iliear

L -- '-. •V 
... . . . . . .- ... .• .. .. -. . - .. .. . . .. . . _



REPRMDUCED AT GMANOWN EX0114

.900

1*0 300
RO"Mpp 3W

0-25 -10

00

0 a00

0-95 09570-* 1-01 103
la a normalized

U.- 2 frequency L----A

:3 frequency NHz

~-O5OPit. 33: 7reqUWNLYr=mo of Com POWa wd um-
poled Pffs topehe w I I E vullie

* .e a75

where V, Is the input energizing Voltage (in the tran-
Fig.10:Behvio of e/B b~th 2O~y2OZ~Z~ -~ sitting element). V2 Is the Induced voltage In the re-
Fig.jo.Behvio of ,21?a ith7302lisd fequvoy ceiving element and a Is the loss of signal resulting

*for 50 mr thick, corona poZed (# J41O8 W,,4 ) PPF2  from transaission thrulf the delay elemet. The value
of X33. obtained Ia this work with the methed duze to
hal et al. IS). was 0.143 for 50 to thick P" 2 Cams.
From Eq. 7 It say be observed that fin Xgsa:O.8.
1-o(YI/Y' ? It? Wbld imulies that oU 1 VP2

Table 1I~

Measured Acoustic Properties Of PVP 2 Film KID 0 U

fi. thic... W ________ Therefore, for a cmnsant Input voltae end acoustic
C-_.Wi~ -diiaa 4 10, ys, (i.6.1Yt) 3 a lo wili.a.up)

ato. Weano I"t at To saegW 909 loss through the delay element. Zal is directly proerw-
aw. o... far w 092"a tional to V2. The meloive sign of sill reflects the

L...... n.5.. oft negative values of the piezoelectric ecteiict dsa. J. .
1. sh.thi~k.s maoThe comparatively flat matore of the frequenc respone

W. ,dd .- Hosit 1". (Fig. 12) suggests little variation In Egg with tne-
1 ... : Q 10.8 ±011 quency uinder loaded condition. Assmig that Xg mea

zl..~.m ..1 i. sured at %43 Mtz by the method dame to ad et al.[53
13): Is the same as that at 5 Msa. the Volvo of a appears

le I-ur to be 74l04 [16] whith -~r well with en acoustic
4 ___________ ___________absorption of 1 1 m3 1 -4 1173.-

* ~Fig. 12 shows the frequency response of poled PVF2 ihtehl fteaoerslsPP eor
* using the method due to Dameron and LinvilUA 117) both Z (piezoelectric) have bee. fabricated and their perfes-

* for a continuous sineC wave and for a pulsed train of *maces are being investigated for the detection of AS
sine waves [16]. The frequency response apeas" to be signals. Ike results will be reported tono weoree.
reasonably constant over the frequency range eOzloyed

*in the present work except for the peaks at'IS snd 30 Fig. 13 shows the typical bias voltage therecteris-
kHz which correspond to A/2 and A standing wave condi- tics of polypropylene (pp) electrostatic treadamer at
tions across the film surface. T1he reduction in pea 43 k~z. it my be observed that then of th

*amplitudes with a pulsed sine wave ny be explineRSd PP troensuer is Mialy dopendeat an thebias voltage.
*by less energy being available for the formation Of doubling for # SO V bias. Dy cycling the bies fields.

standing waves. The origin of other minor resyftsea between 40O0 Y, the addition and subtraction, of Inter-
are probably related to reflections from the Outer nal ad external fields emn be observed clearly end
casing. ink the present method 1171 . the electomede- the Internal field mm be estimated fto be Is the law
ical coupling constant X33 may be Obtained from the of 100 to 20V to a negative direction. A saturation

*following expressions, of polypropylome teendese respmonse Is oberved at
*46 "V. lb otequt m=6to maway MOWae ""

- -fldb to 014191 et todqmolauise the Internal field.
2(~f 2  (7) A eommercial loudepeoher wee also emplouyed as a soure

X 3 2
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10 and 20 kHz. The results were qualitatively Simi- copromise mast be made between the demands of high
r to those shop in Fig. 1 except that the actual Peraittlvity sad of large trapped arieati n slosponses were dependent on the acoustic power deliv- to *A* Surface. In geneal.1 non-polar polymrs are
ed at each frequency. Mdeasurements were also made ideal materials for electrostatic transducer applic&-
86 kftz using an ultrasonic generator and. once more. tion because they ane excellent insulators even in this
e form of the results was as shown in Fig . 13 which film form, having high dielectric breakdown strength
zo shows the response of a PVF2 (piezoelectric) and long-lived space charge polarization following
S nsducer of 25 Um thickness, energized in an identi- high field charging.
I manner (see Fig. 3). At zero bias voltage, the
F2 transucer appears to produce a greater signal, but Fig. 15 shows the response of 30 Um thick electra-is signal is little affected by a bias potential in static polypropylene transducer as a function of both

* ther direction. For both materials the cycled positive and negative corona charging potenitials. It
sponse returns to the same position at 0 V bias show- is significant to note that saturation occurs for
g the excellent reproducibility of the results. Charging potentials in the range of 10 to 12 kV for
&-urcnents wecre also taken with SO um thick samples both polarities of the corona poling. However, neg&-
PVF. and PP. In this case the charging potential tively charged samples give greater zero bias sensitiv-% kV, which produced a similar field to that used ities and also greater responses at 600 V bias. It may
'h the 25 Wm thick samples. However, in both cases, be assmed that it is easier to inject negative charges
recorded signals were within 10% of those rcorded into polypropylene than positive charges and that the
the 25 Um thick samples. Although it is possible electron traps are also shallow in this material.

it the respective piezoelectric coefficients or in- Thermal poling was found to produce samples with & high
ted charge densities are not simply related to the sensitivity at zero bias field but bias voltages were
Id and that the thicker films do not act as well for only capable of increasing the response by 70 to SOt
nsducing, it is more likely that most of the sigSals tampered to the 200% possible wiht coro a poling. It
lost due to various insertion loss factors which Is possible that a greater percentage increase in the

Id not show such significant thickness dependences. response of an electrostatic transducer could be
this reason, it is suggested that thin films my achieved by using very thin film of a high dielectric

more suitable for electrostatic transducers. It :strength nmon-polar polymer.
emhasizes the need to eliminate the various loss

.ianisms w'hen employing PVF2 as active element in an
:ransducer. .

response
(pa to 4

* -s 1"2*6 "I :",
1-2S" - - - 4-*:@d

I -I0 o--o-o-e~ n •

ammo 0 j0 0

s conltinuous sine wave 04e ' bisvotg

K pulsed train of sine wave Ir :ofP7 "

frequency (Hz) Pg ete'bn o fW'

6zmd.r t ES .10-2

It may also be stated that for the case of electra- Finally, wideband frequency responss of the ero-
*tatic transducers when the opper electrode (see Fig. static (P) ead the piesoelectric transducers were oh-

" ) is vacwz deposited, then 4-0. Also dcedg, and tamned using the experimental arraagesats of Fig. 6.
:f cr 3 <d2 then it may be observed from Eq. S that th It may be oserved frm it. IS that both trenauders

saxinu sensitivity depends on the use of a dielectric produce a flat respees awv to 2 M~s, which makes
medium which can maintain the highest charge density them idea for widbad applications imelulmng A maul-
oj, bia~fieid and relative permittivity a1.. Tes toring. Further work is int progres for stuying the
characteristics my be difficult to find in one mater- aousti¢ properties of polyanr-crsac ceuposits in
isi because high relative permttivity usually implis which eramic materials have been incorporated in theglarge dipole moments which produce dielectric less pro polyar matrix in order to enhance the detection effi-
cesses not only wider dc stress but also as a fuaction cieai of the transducer.
of frequency. Thus, such a aterial would neither -.'I
trap charges effectively over long periods of time nor -='

would it exhibit a flat frequency respons. Thus a

C r

X co t nu u &i * a e. 
.

.23 Effe, ..... .la ..~ ft..resp....s.. .-.:".:.
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SOME PARAMETRIC CONSIDERATIONS FOR PIEZOELECTRIC
SENSORS WITH POLYVINYLIDENE FLUORIDE FILMS
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An investigation has been made into the effect of a poling field on the
piezoelectric response d3, of commercially available films of polyvinylidene fluoride
of different thicknesses (6-130 pm). Other parameters such as the electrical
breakdown field strength and variations in d31 with poling temperature have also
been investigated.

1. INTRODUCTION

Commercially available films of polyvinylidene fluoride (PVF2) are semicrys-
talline in nature, consisting of lamellar crystals and amorphous regions. There are
two types of unit cell crystal structure" - in such films, i.e. a polar form 1 (or P form)
and a non-polar form 2 (or a form). These films, when suitably stretched and poled,
may exhibit significant piezoelectricity with d31 and d33 values of about 20 X 10-2

C N- 1 (refs. 9-11). Molecular conformational changes from form 2 to form I may
occur in PVF2 on uniaxial stretching'" - ' without providing any net dipole .. _
moment as the crystallites are rotated at random rotational angles about the c 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

L:: the poling field provides the origin of at least a large part of the pieroelectric
response in PVF 2 1-2* The piezoelectric frequency response of poled PVF2 shows
that the electromechanical coupling factor K33 (not greater than 0.2), and hene 4ss
is uniform1 ° '2 1-23 over a wide band extending into the megahertz region o. The
acoustic loss factor Q, which is 2nc multiplied by the ratio of the average energy
stored to the loss per cycle, has a value of about 14 21. The mechanical strength of
PVF2 film, together with its uniform electroacoustic properties 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' 25 and pr
breakdown phenomena in insulating materials under electrical stress .

X-ray diffraction and IR absorption studies show that the structural transfor-
mation from the non-polar form 2 crystallite into a polar form I crystallite on high
field poling occurs in two stages15'2 '28 . At fields of about 3 x 10 Vm - 1 a



-- - -- tuutuI ATluvtoftki Ot

trahsformation of the non-polar monoclinic structure of the form 2 crystallites into.A an intermediate triclinic polar form 2 structure occurs by a cooperative rotation of
* alternate chains through 1800 about the carbon-carbon axis. At still higher fields

(greater than 3 x 108 V m )there is a progressive conversion of this intermediate
polar form 2 structure into the polar form I structure with a zigzag molecular
conformation. It is of interest to note that the saturation remanent polarization of a
sample of PVF2 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 2 film.

The present work is a report of the results of an investigation of the piezoelectric
responses obtained with corona-poled PVF2 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 PVF2
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 p~m. These fall into two categories: thin
films (6-25 pm) and thick films (50-130 pm). 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"7 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 pm 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' '1 7 2 9.

The piezoelectric coefficient 4,l 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



developed across a large air capacitor connected in parallel with the PVF2 sample
under investigation 5 .

X-ray diffraction profiles were recorded before and after corona charging using
the reflection diffractometer technique2" and nickel-filtered Cu Ko 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.

3. RESULTS AND DISCUSSION

The observed behaviour of d3l with poling temperature (conventional poling)
for each film thickness is shown in Fig. 1. The curves for each film thickness are ofsimilar 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 0C.

The results fall into three distinct groups.
(1) For the samples 6 and 9 gxm thick d3l reaches a maximum value of about

3 x10 - 12 CN-1 .
(2) For the samples 12, 16 and 25 gm thick the piezoelectric coefficients are

almost double those of the thinner films, reaching maximum values of about
5 x 10 12 C N 1. The coefficients generally increase with increasing film thickness.

5 -

* U

04

2' -- 0 ,

N J -

20 40 6- so

i ~~poling temperature (OC) " "

,. Fig. 1. Effect or poling temperature on the d~l €oetfocient of conventionally poled films of PVF2 Of
-' various thicknesses (poling field,5 X 107 V m -1; poling time, 30 min): I-1, 6 Pu; x, 9 PMo; 0, 12 Pm;

"4, 16 pm; V, 25 m; 0, gm;,&, 130pm.
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(3) For the samples 50 and 130 tim thick no piezoelectric activity can be
*i observed at poling temperatures below 60 °C with an applied field of 5 x 10" V m'

Even at a poling temperature of 120 C, d3 l < 10- 12 C N-1

it is not surprising that the samples 50 and 130 pim thick give lower coefficients
than the thinner films, since they lack orientation and form I crystallites. However, it
is not possible to invoke similar arguments to explain the apparent differences
between the two thinnest films (6 and 9 ;m) and the other films (lZ 16 and 25 jan). 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 23 that electrode stiffness affects
electrical measurements of Young's modulus and, in a similar manner, it may affect
the values of d3,. 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 pm 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 d3 l (6 x 10 2 C N-') over a relatively small increase in

field (I x 108 V m -1). 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"0.2. 2 2 8 1,

as mentioned earlier. The onset of piezoelectric behaviour is observed to occur at a

lower poling field for the sample 25 i 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

8- .
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Z 

P

6. :4 'C
a 4-
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Fig. 2. Piezoelectric coefficient d3, of PVF 2 films (e, 25 pm thick; x, 50 pm thick) as a function of corona

charging field (samples corona charged at 20°C for I min).
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generated by the form I crystallites of the film 25 pm thick aids the formation of the
intermediate polar form 2 crystallites during the process of poling. Increases in the
value of d31 above 7 x 10- 12 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 10' 1 5 . 27.28

The maximum corona poling voltage that can be applied for 1 min before an
electrical breakdown occurs in a film of PVF2 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 Pm thick containing
both form 1 and form 2 crystallites appears to have the highest breakdown strength
(about 5 x 108 V m - 1). It is possible that, as the films are stretched more and moret,
produce still thinner samples, voids and defects are introduced 30 , 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 I min, it is
possible to employ much higher fields for a matter of seconds, achieving significant
piezoelectric activity2". Even if minor breakdown does occur, it is often possible to
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 ptm thick which suffered an electrical breakdown after I 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 theirpolar
variation and subsequently into the polar form 1 structure on poling, as discussed
above, may be observed in Fig. 4. These changes are indicated (i) by the decreases in

-30

E x x

*0*

0
3- 0 "L

C C

*0 0

2 ! /  _.0

1A

0 20 40 60 80 100 120 140
thickness (pm)

Fig. 3. The breakdown behaviour of PVF2 film due to corona charging for I min at 20 °C as a function of
film thickness: x, field; 0, potential.
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.the diffracted peak heights of the (100) and (020) planes of the non-polar form 2
structure at 20 values of 17.90 and 18.60 respectively, (ii) by the increase in the (110)
peak height of the intermediate polar form 2 at the 20 value of 20.20 and finally (iii)
by the appearance of a small shoulder (Fig. 3) due to the presence of the composite
peak of(110)-(200) planes of the polar form I structure at the 20 value of 20.80. 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 suggested3" that an increased

* piezoelectric activity in PVF2 may be achieved by corona poling at elevated
temperatures. However, the results'1 , shown in Fig. 6 for films 50pm 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 d3l is not increased. This may be

(110)

polar form 2
>.I. rn

- non-polar

;:.: ~~~~ ~ fr .2-fr210)( 2 ) /

4.,orm r2
(100) (020) (110)*(200)

,- x J/I \ form 1.:,-x t , ,, ,,._ ~I - . x 0/?
x xx ~ .7

XXK

Ux

17 18 19 20 21 22
Bragg angle (20) -- w

* Fig. 4. The effect of breakdown field on the X-ray diffraction profile of a PVF2 film 50 im thick: x, virgin

sample; 0, after breakdown.

L form 2
4(110)

vx' (110)
L- non-polar and

A /intermediate polar
S/ form 2

form 2 I form I
, orm2( 0 2 0 ) /.. ' (11M. 200)

m '" _o.oo- =~lgo Xx.-;_.(1.. 0 0.o -x x

"" ? I x p I
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. Fig. 5. Field-induced structure modification in a PVF, film 50 pm thick: x, virgin sample;se, after -
4 charging to 10 kV for 1 min at 100*C;Oatr charging to 10 kV for 1 min at 150"C.
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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
PVF2 of either form I or form 2 structure successfully by corona charging, there is
still a need to overcome the problem of dielectric breakdown associated with thick
films 32 .

B

7 -

6- X
0

5-

4-

2- 13

5 10 15

surface potential (kV)

Fig. 6. The variation in the piezoelectric coefficient d3l with poling voltage at various temperatures for a
PVF2 film 50 prm thick (charging time, I min): 0, 20 °C; x, 60 °C; 0, 100T°; ["3,140 *C.

For piezoelectric sensing elements, using the thickness mode effect, the most
relevant piezoelectric coefficient is d33 which is associated with a uniaxial stress
normal to the surfaces of the film. In practice, a measurement of d33 is difficult ._ :..
because the film must be completely free to move laterally while the stress is being....
applied and some workers s have been forced to work around the problem by
measuring the inverse piezoelectric effect. Other workers"6 have measured the
hydrostatic coefficient dh, which is related to d3 bthfollowing expression:

dh = d30 d32-+-d33

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.
d3l has been found to be proportional to the hydrostatic coefficient dia for 
unstretched and biaxially stretched films"' and, for all films employed in the present
work, was found to be equal to d32. Thus, a single measurement of d3, completely
characterizes the field-induced polarization of these samples.

There are two other factors, however, which might influence a decision onwhich" ispoue-hnacagAntmeaur copne hnei rsue



L' 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 1 cm 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 dielectric constant & of PVF2, measured by the conventional bridge technique,
approaches a value of 6 at 1 MHz which implies a total sample capacitance of
42 x 10-1 2 F for films 100 pm 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 I 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 pm thick occurs at a frequency of
about II MHz. However, if the sample is non-uniformly polarized, the thickness
mode resonance frequency may be significantly reduced.

14
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Fig. 7. Frequency variation of the dielectric constant ofa PVF2 film 50 pm thick measured at 20*C.

4. CONCLUSIONS

It has been shown that, by corona charging, films of PVF 2 can be rendered
piezoelectric with high values of d3l 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 pm thick are best suited to wideband
pressure transducer applications.
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