invention relates to single |ayer polymeric piezoelectric flexure el ements
and to a method in increasing the flexure node activity of such elenents.’
Convent i ongl piezoel'ectric flexure elements typically conprise a plurality
of layers of material of differing piezoelectric activity. Under the
applibafion of an external field across the thickness of such a d {}@
smal | expansi ons and/or contractions in the planes. of opposing Iayers ar e
converted into relatively large deflec?}ons of the layers out of their

pl anes. Alternatively, if an external force is .applied to the device
causing it to flex, a voltage is generated across the |ayers of the deV|ce

Pi ezoel-ectric flexure node deV|ces are used both as _

el ectrical -to- gﬁ&%&g@gﬁ ucer such
di verse applic 3 6 5 At *@Eﬁé@ggﬁ

not ors, and acceleroneters Cbnventlonally plezoelectrlc fl exure node

devi ces are manuf act ur ed fﬁb %1Q%Esn@o'§§hélguﬁa épeets
of piezoelectric material, ondln ets togeth sin X
adhesive. This EQ%NW#%&E&P&EFQ %EGHFB§E§ lege kﬁﬁ& FPeﬁuPBtHBGe .
devices from plmom@eéasmgftmnﬂm mRde ?mtvﬁ‘tyl eggtsgzlbhcegfahgrd*gﬁ .
v oos ant sbire of et rCeARdRl, 91 R e fek ) Spgh B
article by C P.ticahky erunptise "a:|pe3>umduwdoipﬂey@elseotfr metgriaadducers",
575 1S S I Rt sy, ettt "
pi ezoel ectric faRRLFcALE erna field across he thlckness
of such a dev1ce, small expansions and/or contractlons
in the planes of opp051ng layers are converted into
relatively large deflections of the layers out of their
planes. Alternatively, if an external force is applied
-to the device causing it to flex, a voltage is generated
across the layers of the device. Piezoelectric flexure
mode devices are used both as electrical—to-mechanical
and mechanical-to-electrical transducers in such dlverse
applications as speakers, microphones, phonograph
cartrldges motors, and accelerometers.

‘Conventionally, piezoelectric flexure mode
devices are manufactured by separately uniformly pollng
individual sheets of piezoelectric material, then bonding
the sheets togetherSUSing_an'adhesive. This technique
has long been employed for making flexure mode devices
from piezoelectric ceramic materials such as lead
zirconate titanate (PZT). For more information on the
structural details of such dev1ces and some of their
various uses, reference may be made to ‘the article by
C.P. Germano entitled "Flexure Mode Plezoelectrlc
Transducers", IEEE Transactlons on Audlo and Electro-
acoustics, Vol. AU-19, No. 1, March 1971. '

In recent . years, con51derable effort has been
expended in making plezoelectrlc flexure elements from
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.- varjous- polyneric materials, such as polyvinylidene fluoride (PVF2), which
exhmNi t, - when suitably pol ed, exceptionally high piezoelectric activity. As
ics, such materials are very attractive because well devel oped pl astic
acturing technol ogies may be adapted to their economni cal - manuf act ur e.

. -However, as plastics, such materials are difficult to bond together, agg-
- nore-.over, problens in proper matching of the nmechanical inpedances of the
. adhesive and the polyneric piezoelegjric material have been encountered.

: “One way of overcom ng the above-nentioned bonding problemis disclosed in
U S. Patent No. 2,659,829 which uses the technique of non-uniformy poling

- a single sheet of piezoelectric material so that it behaves |ike a uninorph
- or binorph. A slab of piezoelectric material is first poled uniformy in
- --one directionyvatrheus thelymering mstemisbed suckn g pdlyvinyliildenehi ckness of

- the slab b n t nmonment ari |
. raises theyt gﬁg‘gggﬁﬁre@)ﬁzﬂ mj{%}?%}?ﬁ%ov’e Vﬁléﬂ (ﬁg-l y]l?tol’i@filie resul t: né
© structure con%’ﬁ‘F%E‘%l%n%:bh{|M§h§%¢%ﬂﬁ¥ﬂcm%r§@lw-ng Sa\pdias
~different pi eg@@haséféﬁ@rélafréyvéw N e pdier DR Hdbdlte Sl detverl les a
CFaver subs: abPARTY et tedeire et HERE e sk TS then
'”qubjected tF themwle@pﬁmmﬂmﬁlﬁm&ﬂuﬁ&qﬁuﬁni(aﬁnﬂexeng/aauplaStmm31 a stren?th.
SO as to po 0

pol afndR halfe PO %gedﬁfa{%u@ "td' Horld® LRI a*égzdoﬂx' o3l Y

. 'the al ready pol ed portion of t evice simlar

.",'_'to a convent | OF&T » BPRORLEMS HHY i PRPREH Bafting e dher mashsaiicaldi rect i ons

in one continugyedeneds 03 Mtieradiesive -ahd the polymeric plezoelectrlc
material have been encountered _ S
One way of overcoming the above-mentloned

bondlng problem is disclosed in U S. Patent No. 2,659,829
which uses the technique of non-uniformly poling a
single sheet of plezoelectrlc material so that it behaves
like a unimorph or bimorph. A slab of piezoelectric

" material is first poled uniformly in one direction, then
the poling is relaxed in a portion of the thickness of

"the slab by propogating a thermal pulse to a limited depth
that'mementarily raises the temperature of the material
above the Curie point. The resulting structure comprises
a continuous slab of material having layers of different

- piezoelectric activity within the continuous slab. It
resembles a conventional monomorph, with one layer
piezoeleCtrically'active and another layer substantially

~ inactive. In a further embodiment, the slab is then
subjected to a poling field of the opposite polarity
and of such a strength so as to polarize the unpoled
material but not to reverse the polarity of the already
poled portion of the material. The result is a device
similar to a conventional blmorph ‘having two layers
poled in opp051te dlrectlons 1n one continuous: slab.
of material.



If this technique could be applied to poly- neric piezoelectric materials
to produce a multilayer structure in a continuous body of material,
could li kewi se be resolved. Unfor- 5 tunately, polynen
pi ezoel ectric materials such as PVF2 do not exhibit a true Curie point
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ness wher gbilet bBservers have noted that single films
of PVF,, poled under certain conditions'of,elec-
tric field and temperature, exhibit flexure mode
behaviour attributable to a nonuniform distribution

of piezoelectric activity aéross the thickness of the -

film (see the article-by H. Sussner and.K.'Drénsfeld
entitled "Importance of the Metal-Polymer Interface
for the Piezoelectricity of Polyvinylidene Fluoride',
Journal of Polymer Science: Polymer Physics Editionm,
Vol. 16, 529-543, (1978), John Wiley & Sons, Inc.).
However, the nonuniformly poled polymeric piezo-

electric material produced thereby, although exhibit-

ing some flexure mode behaviour, is not nearly as
active in the flexure mode as those devices produced
by bonding multiple layers of differently poled
material. :

It is, therefore an object of the present
invention to provide a method of'nonuniformly poling
polymeric material, such as PVFZ, so that its

piezoelectric flexure mode activity is- substantxally.

increased over that observed: in the prior art.



. the opposit

to the

Ldirection of polarisation of the nore strongly polar- 5 ised portion of 'the
gaterial is inward. The invention al so provides a honbgeneous piezoel ectric
_ terial non-unifornmy poled across its thickness wherein the polarisation
~directions in both halves of the gaterial are inward. 10 - . The
~invention al so provides a nethod of poling-a sheet of polynerlc material to
render it non-uniformy piezoelectrically active, conprising applying ¥h
electric field across Ackerdingkfies$héi peesieott dhvehdishebheferia

_predetermi ng oWl daad n%h@g'emaﬁguibxy?ér%aba@%emec%vaaaﬁstapgagool ing

sur maintain a teimperature gradient and to I nduce non-
'unlforn1polPﬁ@‘&éﬂ€§§mﬁﬁePPﬁFékﬂ8§§sal&éﬁsFBHCB eSfc“ERERLT A€o provi ded

is a pi ezoelaglelcitd ohl @fupelaresantoabodi nakl mobe tbeopgdg¢epslak~ 20

(a) app|¥ln tgglike%é%hcog hgt@%%$ aahgﬁelbgkpgss di rensi on of a sheet of

pol ymer i and (b) sinultaneously heating
one surface and cool|ﬁbethevsppogntelgarpae§1§95as homegeabbush a 25

tenperature tp@."e%@'e@.@%t?@@"ﬁﬁ@e?@ﬁls Hbﬁaﬁﬁiféi‘ﬂlk pbldHC8cPBEsUREEOr M pol i ng
across the thickness nmeric sheet present invention will now

be descri bedRiBFnESF UPeéﬁéﬁnge RPgﬁrﬁéﬁéﬁeﬁcQlfscFﬁQnéc&Bnﬁaﬁb|ng »

~dr.awi ngs, | haWlvieehof 38e material aFegindard.a schematic di agram of

apparatﬁé for poling sanples of polyneric piezoelectric material according
t hods of theTBredBNEntAoBnalsA; ProvidesFpagmephpd af sphdimgi c -

dlagran15houﬂBﬂeébeoreﬁbl?ﬁe?i@CﬁdﬁéﬁlﬁmD£QYEdn&@reY@' HEhLuhi B £y TOdE
activity OfpxenB 99&891iy LQ%i%Q?aégkgﬁiéQSg applying an
_ electrlc fleld across the thickness dimension of the
sheet for a predetermined time and simultaneously .
15 heating.one surface and cooling the'opﬁosite surface
to maintain a temperature gradient and to induce non-
| uniform pollng across the thickness dimension of the sheet.
Also provided is a plezoelectrlc flexure
elemenu obt alnable by the process of:
20 (a) applying an electric field across the
tnlckness dlmension of a sheet of polymerlc material
for a predetermlned time, and _
(b) swmultaneous1y heating one surPace and
cooling the opposite surface so as to establish a-
25 temperature gradient between the surfaces and to induce
non-uniform poling across the thickness of the polymeric sheet.

The present invention will now be described, ®
by way of example, with reference to the accompanying
drawings, in which:- ' : - "
30 . Fig. 1 is a schematlc dlagram of apparatus

for poling samples of polymeric plezoelectrlc material
according to the methods of the present invention;



Fig. 1, Fig. 3a illustrates the pollng condltlons for a conparative exanple(g%b

using no tenperature gradient; Fig. 3b is an enlarged schematic parti al
cross section of a sheet of a polyneric piezoelectric material poled
according t,0 the conparatlve exanple; Figs. 4a-7a illustrate poling
condi4rons for a series of sanples of polyneric. piezoelectric materi al
poled\fn tenperature gradients according to the nmethods of the present
invention; and Figs. 4b-7b are enl arged sghematic partial cross sections' of
t he sanples of piezoelectric poly- neric terial poled according to the

present inven- tion under the conditions shown in Figs. 4a-7a respectively. -

The apparatus shown in Fig. 1 includes a press, generally designated 10,
havi ng an upper platen 12 and a | ower '‘platen 14. The | ower platen 14 is
moved towards the upper Bigt eh 4 & schemaris diagraay showinghkheeper at ur es

of the upper anges@iwy prsdedifrelam lbywde ﬁmd@namdeat If)leitnﬁérﬂbﬂabl e by a

w th el ectrical 36 £¥¥%t%$eﬁmf Sied 30 R arBaBhESR RRoRE Fhn, Tnoe

24 and 26 respe®igvely for circulating cooling fluid (e.g. chilled water).

Tke tenperature control y{%t 3P mﬁgﬁxdﬁst%etgmqhgt p_lbgdgi:ig{qg respective
platens 12, 14 at a desired |evel g&éiuu) ing controlled anobunts of

el ectric currenfOF o8 tFROPARALIE AX ing @GbFFHBeFFGPHeto the cooling
t dbes 24, 26. gradiede pair of poling electrodes 28 and 30, each conpri sing
a2 x 2 x 1/2 inch thick block of stainless

Fig. 3b is an enlarged schematic partial

cross section of a sheet of a polymeric_piezoelectric
material poled according to the comparative example;

Figs. 4a-7a illustrate poling conditions for
a series of samples of polymeric piezbelectric
material poled in temperature gradients according to
the methods of the present ihvention;_and |

Figs. 4b-7b are enlarged schematic partial
cross sections of the samples of piezoelectric poly? :
meric material poled according to the present inven-
tion under the conditions shown in Figs. 4a-7a
respectively. ' o |

The apparatus shown in Fig. 1 includes a press,
generally designated 10, having an upper. platen 12 and a
lower platen l4. The lower platen 14 is moved towards
the upper platen 12 by a hydraulic jack 16. The
temperatures of the upper and lower platens 12, 14 are
independently controllable-by a temperature control unit
18. The upper and lower platens 12, 14 are equipped with -
electrical heéting elements 20 and 22 respectively and
cooling tubes 24 and 26 respectively for circulating .
cooling fluid (e.g. chilled water). .The temperature
control unit 18 maintains the temperature of the
respective platens 12, 14 at a desired level by supplying
controlled amounts of electric current to the heaters
20, 22 and/or cooling fluid to the cooling tubes 24, 26.



|, are. disposed between the two platens 12,” 14 and el ectrically

| ated therefrom by spaced bl ocks of alum na 32 anda34.,The al um na

cks 32, 34 provide good electrical insulation and at the sane tine are’

od thernmal conductors. A sanple (in sheet form of polyneric

- piezoelectric material 36 is clanped between the el ectrodes 28 and 30\.rThe

~“material contacting surfaces of the electrodes 28, 30 are finished to

. optical flatness to ensure uniformt+e+fnmal and electrical contact with the

- material sanple. A poling field is established across the el ectrodes 28, 30
by a high voltage power supply 38. Sanples of polyneric piezoelectric

. materials poled in the appar at us described mrth reference to Fig 1, are
tested in the apparatu schemat.i ca

y t ¥ a g 3@ diternine
. .the extent of their fl HPe nBdeP8ct 5|? 48t %ﬁt r tr?% 0 of
.- 'material appcompriséhg a Brxx 248 innnshcthltkohlehb @ﬁl%ﬁh#ﬂk&&%lectrlc

©mterial 36 Sflyr g Bl 86heedBetiednicnd fig fegoshicthomahe top and
~bottom surf aces, es ectiv usl nggst an m nium vapour dep05| tion

. “.techni ques. aeﬁeeéﬁeterceﬁévréeap%ﬁ SFPEE?GF%mlgycﬁﬁﬁ%%@ DIPSKS i xture 46 ,
~ to forma cagl Lae\amﬁnal ezoehacgm.c fhexdlam{haeblbergdes?, esprment. A

material by @5ace Ago s36° %%rr%ﬁ%a%rﬁg‘ciﬁ%ﬁé%%&@r%z%%??c{iﬁdes 42 .
~and 44, theréﬁpecamelggodhehbemdércﬂndugtdBSLecA spmphel Gbwnskeet ndi cat ed

by dotted | Iyn C r c@géﬁb the tip
- of .the bende?gzg)rgEngasu e¥E€ BEékBP%Fﬁ%?iE ﬁé@éﬁ%ﬁ% %%S%Qact|V|§§ of the
db

d}poled sanpl ePetween tﬁﬁeeééFl€9@F5n SpRBau §aﬂ$¥%§1%%ledl

.contactlng surfaces of the electrodes 28, 30 are
finished to optical flatness to ensure uniform thermal
‘and electrical contact with the material sample. A
poling field is established across the electrodes 28, 30
by a high voltage power supply 38. |

Samples of polymeric plezoelectrlc materlals
poled in the apparatus described with reference to
Fig. 1, are tested in the apparatus schematically
illustrated in Fig. 2 to_deterﬁine_the extent of their
flexure mode activity. A rectangular strip 40 of
material approximately 3 mm x 40 mm is cut from the
poled piezoelectric material 36. Aluminium electrodes
L2 and L4 are deposited on the top and bottom surfaces,
'respectiVely, using'sténdard aluminium vapour deposition

techniques. One end of the resulting structure is @
clamped in a fixture 46 to form a cantilever piezoelectric
flexure (i.e. bender) element. A voltage of alternating e

polarity is applied across the piezoelectric material

by connecting a 300 volt AC power supply 48 scross
electrodes 42 and 44, thereby causing the bender 40 to
deflect up and down as indicated by dotted lines in Fig. 2.
The maximum deflection & produced at the tip of the
bender 40 is measured to detérmine the flexure mode
activity of the poled sample. |



of a theoretically perfect binorph having zero. bonding |ayer thickness. Thef
t heoretical deflection at the free end of such a perfect binorph is given
by: [err] (1) where: 6 is the deflection; d31 is the piezoel ectric constant -
that defines the strain produced in the plane of the material by an

el ect™ ¢ field perpendicular to the plane of the material; Vis the applied
voltage; L is the length of the flexure elenment; and-t is the overal

thi ckness. After a sanple is tested accefdi ng to the procedure descri bed
above to determne 6, equation (1) is solved for [err] to yield an '
effective [err] [err] that can be conpared to the [err] of other sanples
produced under various poling conditions. In the follow ng exanples a-:

series of sanples of 90 [ef hi.ck,  uni axi r.et ched Jerr] -fi] m nmade
from "Kynar 961" brand [er&#L(&?ﬁg?éFsoﬂstPEﬁéﬁ#ﬁékp¥ﬁ SRS I#ﬂ&ﬁi _

Cor por ati on) wer engefredarhoasf pelingfcondi tbyay dAixre mpamdelwmszha/arl ous
te”perature.C0ndfﬁbﬁ?ﬁt@add%?ie¥€§hﬁuéfténﬁﬁe&fbff%ﬁ#i ect blmorggted

under various poling conditions are cohpared:mdth the predicted deflectioh(jéy
e

pi ezoel ectri cal | e_sanpl es_were pol ed,” they were t
fer flexure nodehavingi g ?rBybPH@lﬁﬁt%%ﬂeﬁe§Q¥?¥R§F bove mnth reference to
Fig. 2 Aerr] for each sgnpl €hugeticad- deﬂmrtmhfapnmmeﬁtwteﬂdesults

for conparison with the OthQfeggpﬁfmorph is given by: .

' 2
§ = 3/2d45,VL /2
(L | |

where:

§ is the deflection;

dq, is the piezoelectric constaat that defines
the strain produced in the plane of the material by
an electric field perpendicular to the plane of the
material,; S

V is the applied voltage;

L is the length of the flexure element; and -

t is the overall thickness. :

After a sample is tesced according to the

procedure described above to determine g5,  equation
(1) is solved for d31 to yield an effective d31

& (def‘) that can be compared to the (deff) of other
samples produced under various pollng condltlons.
é In the following examples a series of samples

of 90um thick, uniaxially stretched PVF2 film made from
"RKynar 961" brand PVF, (Kynar is a trade mark of the
Pennwalt Corporation) were poled in a field of 0. 5
megavolt/centimeter under varlous temperature conditions
and for various times to render them plezoelectrlcally
active. After the samples were poled, they were tested
for flexure mode activity by the method described above
with reference to Fig. 2 A dgif for each sample was



anple 1 To establish a basis for conparison with sanples prepared
cording to the nethod of the present invention, a first sanple was pol ed
or sixty mnutes in one direction at a uniformtenperature of [err]. Fig.
3a illustrates these poling conditions. The solid |ine indicates the field
~polarity of the top poling electrode with respect to the bottom polings
el ectrode, and the tenperatures of the top and bottom surfaces of the
sanpl e are indicated above and belgw the tine axis, respectively. After
- poling, the poling field was removed and the sanple returned to room
- tenperature. The sanple was then prepared and tested for flexure node
‘activity, yielding a deff 31 of 2.1 x [err] neters/volt (mMV), indicating

- sone nonuniformty i terial 3b depi.cts a Cross
section of tH‘?é’ 4]6# %&ﬁ 3(? CJ‘&SHE FgrB?&H‘BIa lfonTWéggrsFJBﬁs 50 and
52 are |ntenmamam)samplaaﬁa in a qualitative way, the average

-plezoelectr|%2§?$%¥%ﬁ% in the top-and bottom hal ves of the sanple,
‘respectively and 52 are shown p0|nt|ng the sane direc- tion,

i ndi cating that the pdicarattptirish & basis dox gemparigonswikk sane
t hroughout t heangsial @répierdli fdiortingeret e mewhodndifc 8heNgrebeneXi stence'

 Th onedi rec URYRRELahy % R SRS ABH ROPS fOrh S RHIBITHEFF of the s
~ material wil Iimaamaelqutm tate epiveddisirec thempegettiariet p fcOACCLbuti ng to
- bending in th?iStr ”gf{1£§iéaé§sttEééE“ﬁ%if%g coné?g¥3%§% 2The
. solid line indicates the field polarity of the top
poling electrode with respect to the bottom poling
electrode, and the temperatures of the top and bottom
‘surfaces of the sample are indicated above and below
the time axis, . respectively; After poling, the
poling field was removed and the sample returned to
room temperature. The sample was then prepared and
tested for flexure mode activity, yielding a dgff
of 2.1 x 10'12 meters/vclt'(m/V), indicating some
nonuniformity in the poled material. Fig. 3b
depicts a partial cross section of the
material 40 poled according to Example 1. The arrows
50 and 52 are intended to indicate, in a qualitative
way, the average piezoelectric activity in the top
and bottom halves of the sample, reSpectively. 9
Arrows 50 and 52 are shown pointing the same direc-
tion, 1ndicating that the polarity of piezoelectric
activity is the same throughout the sample, '
the different length arrows indicating _
the existence of flexure mode activity. For piezo-
electric material poled asymmetrically in one direc-
tion, any piezoelectric activity in the weaker half
of the material will cancel part of the piezoelectric
activity contributing to bending in the stronger half
of the material. |



A second sampl e, prepared in accordance with the nethods of the present (Egﬁ.'
I nvention, was poled for 30 mnutes in one direction in a tenperature g
gradient of [err]. The top poling electrode was maintained at [err] and the
bottom poling electrode at [err]. The poling conditions are illustrated in
Fig. 4a. The poled sanple was tested for flexure node activity and found to
have a-deff of 6.2.x 10 mV, an 31 al nost three-fold inprovenent over the
conparati ve exanple (Exanple 1). Fig. 4b depicts the average

pi ezoel ectric activity in the top and bottgm hal ves of a portion of the
pol ed sanple. As shown in Fig. 4b, the nonuniformty between the top and
bottom hal ves is very pronounced, the strongest activity occuring in the
portion of the material maintained at a |ower tenperature during poling.

" The activity in the portion maintained at a higher tenperature is very

smal | or nonexi sEemamplExanple 3 A third sanple, was prepared in the sane
manner as Exanple 2 wth the exception that the tenperature gradi ent across
the material was in the oppdsbbaddBampﬂbqnprapaheﬂhénr&temtduﬂqe(xithside

bei ng_on t e bot 4y g h}oﬁ% G| 2heVBRUsBAE $harin! Wpdpdiddigated in

Fieg. 5a. The po exure ho 'V tci/
found to have a &dm te§ énxoper ﬁ]trﬁpviomhénnﬂneemmgﬁtme (852 i@mff

indicates that tlyf S3%gl.e ree! cop péling eDEEErbEe WaFCha DI £In¥R e Sampl e
'n Exanple "1%5°¢ and the bottom poling electrode at 90°C. The

poling conditions are illustrated in Fig. 4a. The

poled sample was tested for flexure mode activity and

found to have a dgff of 6.2 x IO'I?m/V, an

almost three-fold improvement over the comparative
example (Example 1). Fig. 4b depicts

the average piezoelectric activity in the top and
bottom halves of a portion of the poled sample. As
shown in Fig. 4b, the nonuniformity between the top
and bottom halves is very promounced, the strongest
activity occuring in the portion of the material
maintained at a lower temperature during poling. The
activity in the portion maintained at a higher -
temperature is very small or nonexistent.

Example 3

A third sample, was prepared in the same
3 manner as Example 2 with the exception that the
temperature gradient across the material was in the
v opposite direction, with the relatively cold side
being on the bottom and the relatively hot gide, on
top as illustrated in Fig. 5a. The poled sample,
when tested for flexure mode activity, was found to

have a dgff of ?5.9_3 10'?2m/V. The ﬁinus sign
(=) in dgff indicates that the sample bent in-
the opposite direction from the sample in Example



C~

.. 2. Fig. 5b depicts the average piezoelectric activity in the top and
_~pottom hal ves of a portion of the sanple. Again, nost of the piezoelectric
ctivity is concentrated in a portion of the material naintained at a | ower
\“Ea?enperature during poling. This conflguratlon of nonuniformy poled

pol yneric piezoelectric material, i.e. with the direction of polarizatien
of the nore strongly pol arised portion of the material being inward, rather
than outward, is considered to be a novel structure. Exanple 4 A fourth
- sanple was simlarly prepared by f&iet poling.in one direction for 30
minutes in a [err] tenperature gradient (as in Exanple 2), then reversing
the poling field and the tenperature gradient and poling for an additional
30 minutes. The tenperature gradient and poling field were reversed by
renmoving the sanple fromthe apparatus and turning it over. These poling
conditions a2 d&digot &b i Aepigtscihe awerpgeed sanple was tested for

flexure nmode ddélte)(:t%'l‘i fa%lt&driw Reseaestapl ahd] bo@f:oﬂ%mwxeéerr] m Vv,
which is a v | exure e ac IVIté ﬁg a S|n9 et of

nonumforrﬂyﬂ%l’ed’ d"li;?l’?ePfc ggefﬁ@l’ Erri BBAAPer POFT ‘l}fg %®b depicts the
aver age pi ezqaleaiglier tadic \&lctt;i\nmyt ie topcentirbtedoinhal pestdéna portion of ¥
the sample. DETHe mhderial hat rg?mheawaa msa@areémpaw@awg in one

direction fo nutes 1 n a erature. ralen£ n reversing
t he poIar|ty'Qﬁr#ﬂﬂaﬂﬂlﬂﬂs-anEhﬁﬁecP P&PGF@“gP dPERYALFOTBLY i ng f or
another 30 mpylies poliylierdc pdezvelpteric meteriak, diféerm the

direction of polarization of the more strongly
- polarised portion of the material being inward,
rather than outward, is considered to be a novel

%

structure.

Example &4 - _

A fourth sample was similarly prepared by first
poling in one ‘direction for 30 minutes in a 35°C
temperature gradient (as in Example 2), then reversing
the poling field and the témperature gradient and poling
for an additional 30 minutes. The temperature gradient
and poling field were reversed by removing the sample
from the apparatus and turning it over. These pdling
conditions are depicted in Fig. 6a. The poled sample
was tested for flexure mode activity and found to
possess a dgif of 10.9 x lO"12 m/V, which is a very
high flexure mode activ1ty in a 51ng1e sheet of
nonunlformly poled polymeric piezoelectric material

Y

Fig. 6b deplcts the average piezoelectric activity »
in the top and bottom halves of a portion of the '

sample.

Example 5

Finally, a sample was prepared by poling in
one direction for 30 minutes in a 35°C temperature
gradient,'then reversing the polarity of the field
and the-temperatu:e.gradieﬁt and poling for another
30 minutes, similar to Example 4, with the difference



that the direction of the tenperature gradient and the poling field, . ;t
respectively, were 1800 out of phase wi th those enployed in Exanple 4. The
poling conditions are illustrated in Fig. 7a. The poled sanple was tested
and found te have a deff of -10.4 x [err] MV, the minus sign

|nd|caf'ng that the sanple bent in the opposite direction fromthe sanple
of Exarfple 4. Fig. 7b depicts the average piezoelectric activity in the
top and bottom hal ves of the sanple Thi's ‘configuration of poled
pol ymeric piezoelectric materi al, e. With the polarisation directions in
both hal ves of the materi al pointlnglﬂﬁkndly, rather than outwardly, is
considered to be novel. Qther experiments were performed with tenp- erature
gradients in the range of 20 to [err] with | ower tenperatures in the range

of [err] to [errkhaEOEhagdifsééﬁobeéf%€ﬁb hpetheude VJea.uarfployed
In all cases, gh ort ai ned at r tenperature

during poling wa bggiggﬁ %Begg’t¥ég%ﬁﬁﬁgﬁﬁ o e I?V?a
i ndependent  of t pbader withothoée t émp boyed glri |Eatainpﬁjt§s.eqﬂ&let plod\i.agsal of

t he poling di rechﬁQlFTgnghgrée{'?ﬁ?@i%i'ﬁ@e&r?tfieﬁﬁ elfH/al‘ i3 )bo‘yil gl ded an

i fbrove- nent of nearly a factor WO I'n node activity. A
pl ausi bl e mechansampieewpsavested 4md foundoroirhdve ra ﬁﬂn@prGOUéed by the

qerature gt adieqh-poLI 9 FELIDROL A DT HIIMIT P Dased on
mat eri al . Becausehefsahpleehentaimrehgrapbasttetdiredtﬂnnwﬁndm cheductivity
across the Sa”plEaﬁﬁlgi9?'fxgﬂgfgiiprr?iéwmﬁbtégiicts the average
piezoelectric activity in the top and bottom halves
of the sample. This configuration of
poled polymeric piezoelectric material, i.e. with the
polarisation directions in both halves of the
material pointing inwardly, rather than outwardly, is
considered to be novel. _ _
~ Other experiments were performed with temp-
erature gradients in the range of 20° to 60°C with
lower temperatures in the range of 25° to 70°C.
Poling fields between .80 and .25 MV/cm were
employed. In all cases, the portion of the sample
maintained at- the lqwer'temperature during poling was
observed to be the most pieZOelectrically_active,'
independent of the direction of the poling field.

e

Subsequent reversal of the poling direction and the
teﬁpetature gradient invariably yielded an improve-
ment of nearly a factbr of two in flexure mode

activity. X |

"

A plausible mechanistic explanation for the
nonuniform poling'produced by the'temperature
gradient poling method of the present invention is
based on temperature dependent electrical conductivi-
ty in the piezoelectric material. Because of the
temperature gradient, the electrical conductivity.
across the sample is highly nonuniform. When the



2- poling field is applied, the nonuniform conductivity causes the poling
eld inside the material to be highly nonuniform concentrating the fleld
In the colder, and hence | ess conductive, portion of the naterial.

Typi cal |y, the conductivity of a polyneric piezoelectric material - —
tenperature dependent only above its glass transition tenperature (Tgﬁ_f Tg
for PVF2 is approximately -40C. According to the theory advanced above,
this would inmply alower limt (Tg) on the poling tenperature of a polyneric
pi ezo- electric material. Furthernorerl@=-polynmeric piezo- electric material
general ly cannot be effectively poled at or near its nelting tenperature
(Tm, thereby inposing an upper linmt on poling tenpera- ture. Tmfor [err]
i s approxi matrsthingefleldris mppiliet éhﬁeﬂaf‘uﬂgfgf-'adﬁeﬁéu?ﬁi%f-l‘,h a

~polymeric pi Q?éifﬁé%c'[ﬁﬂec ﬂmti%“ FielauhdshaePehednateriAer€bobe TM Tg, with

- one side of terial and th ragctice however,
- very large t rﬁilﬂ%? 8IEnt§°n8fngﬁékgpﬁeghﬁfgiﬁia]gn E% difficult and
costly to nuiculder aahdhencet lessecoaductiyegl gostjonfofatbei nprovenent s
over nore mgerdha fH1ENp 11 19" a@h@”tﬁndh&ti%iegeéfnﬁl obphdeyed that theg

practical upper oper at i ng enperat ure drent _Yor” nonuni - formy

~ poling a pol \piazeels q;z-'da @@ttrerrc,iar%miér Fampaee&rlaﬁneepenéﬁetp%bé
invention is sy ﬂﬁnglasenc&hesetheh baﬂﬁeratufbe(rgypertgUf@rgradient | Sg

polymeri ¢ pi 00Tk ARPRSRABRERLSy M8 "Bor REBRBRRE: BRI FPRantnonuni T or i ty
i n the pol i ng-Heortyd advanced ladovet,ethdis. wbulasimpéye&olewptehtmity bel i eved
that the praqtz'gc)a'od ‘t‘tfér %q%gt kaagbkahhrenokeapgw?ﬁé@wrﬁﬁé@&i for non-
uniform y polé/ %r%.cp eria(i P! urt %&B&% a poiymeric plezo-

electric material generally cannot be effectively

poled at or near its melting temperature (Tm), .

thereby imposing an upper limit on poling tempera-

ture. Tm for PVF, is approximately 160°C. The

maxigum temperature gradient in which a polymeric

‘piezoelectric material could be poled, 'is therefore

Tm-Tg, with one side of the material at Tm and the

other at Tg. In practice however, very large

temperature gradients, of the order of 200 C, are.

difficult and costly to maintain and are not expected

to yield significant improvements over more moderate

temperature gradients _
It is presently believed that the practlcal
upper operating limit on témperature gradient for nonuni-

formly poling a polymeric piezoelectric material x
according to the present invention is about 100°c.
On the other hand, if the temperature
gradient is too small, the mechanism of temperature
dependent conductivity in the polymeric piezoelectric
material will not produce significant nonuniformity
in the poling field within the material. It is
therefore presently believed that the pract1cal lower |
operating limit on temperature gradlent for non-
unlformly polylng a polymerlc pPiezoelectric material



-13- according to the present invention is about [err]. The preferred rang

of tenperature gradients is [err] to [err] with the |ower tenperature in

t he range between [err] and [err] and no higher than 750C. 5 Ths

i nvention has been described with reference to preferred enbodi nents, '
howev.ef. changes and nodification may be nade within the spirit and scope of
the appended clai ns. For exanple, the invention has been described nainly
with respect to enbodi nents enploying paling 10 for given tinmes in one
direction then reversing the poling fieﬁ%ﬁ?umltenperature gradi ent and
poling in an opposite direction for an equal tine. Unequal tinmes in
opposite directions and different tenperature gradi ents and/ or poling
fields could Iikew se be 15 enpl oyed according to the nethods of the

b a~d
present i nventi oiecf) tﬁ%%gﬁs{%ﬁwﬁv&%&% ¢sMBLBLAI 168cdur i ng

poling by neans ot res tenperature control’led poling
el ectrodes. For StfmmkRe npge ptemperatiwrec gradéents E8ul d be pol ed

according to the zmesew aoﬂoemﬁuwnm depes ﬂ:engetrbitarel £t thdepaget he

material prior t t | he d e des as poling
elsectrodes. The %%@eﬁﬁ 23% Féﬁﬁd;%n?dggeﬁ%%ﬁe% Hgﬁ ﬁ%ggs bl owi ng

relatively hotSair onto orﬂl%lm@namsr desn d@ﬁ?rébﬁd Withoneferencter .
Furthernore, althqy éfE%ﬂé&“@ﬁHd@id@%&sdeﬁ%hbb@@ Ehhﬁgégfﬁﬁénﬁédiflgﬁ%ﬁbn

el o a copol 3!%'&? T aah, LS s s o0 Bohoe P bhyoRppeaded
with vinylidene fdlmimsle, Farelexampilet,aftheodineehylionchagi bgbhdéegcribed
fluorochl oride, mainly with respect to embodiments employing poling
10 for given times in oné direction then reversing the
poling field and temperature gradient and poling in an
opposite direction for an equal time. Unequal times
in opposite directions and'different temperature
gradients and/or poling fields could likewise be
15 employed according to the methods of the present
invention.
_ The temperafure'gradient could be maintained
during poling by means other than a press with
temperature controlled poling electrodes. For example,
20 polymeric piezoelectric material could be poled
according to the present invention by depositing thin
electrodes on the material prior to poling and then
using the deppsitedﬂelectrodes as poling electrodes.

- The temperature gradient could be maintained by
25 blowing relatively hot air onto one electrode and
¢ relatively cold air on the other.

Furthermore, although the invention was
described with reference to PVFZ, any. other known
polymer having piezoelectricity may be used, for

30 example, a copolymer of vinylidene fluoride and a
monomer polymerizable with vihylidene;fluoride, such
as tetafluoroethylene, vinylidene fluorochloride,
trifluoroethylene, vinyl fluoride, chlorotrifluoro-
ethylene, or propylene hexafluoride.
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Difezoel ectri
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pi ezoel ectri
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yl ene, vinyl fluoride, chlorotrifluoro- ethylene, or propyl ene
) - 14 - Cainms 1 . A honogeneous. pol yneric ‘

c material non-uniformy poled across its thickness wherein the
pol ari sation of the nore strongl ol ar - ﬁi ﬁ(portion.giﬂthe

i nward. 2 A honogeh®ots i "i “ - u ctric
- uniformy poled across its thid

“pol ar -
iQ s. in both halves of the material are inward. 10 3
giﬁ#&é a sheet of polymeric material to render it non-unifornly
gal ly acti yenofO@ndbusi Hh PReH ¥d NGk bl @i rfd v AaCT 0SS
S dlnen5|on.o? t

r e sheet for_a predetermned ti and sinul -
%??n@“bﬁ%r%{ﬁf%ﬁ%ﬁ%ﬂﬂF%ﬁﬁﬁi*ﬁfl¢h9 téb%ﬂﬁxnj.'face to

~ maintain a tenpet ad on eor poll &t satniont cof mmm-smﬁ@mmam acr oss

t he thicknes
claim3 mﬁﬁr
[err]. 5
tenperature
cool er face
"6 ' Th
material is
[err], thgc
electric fie
about 30 mn
wherein afte

15

s._dj ' of st SheElridh is i e nethod as clained in
%?gérﬁgéﬁggn%e%%t{l}r?%gr aécﬁleaflj’t *%W‘%%ﬂq‘n the range of [err] to
2 ' The mbthowogenePus ne@lyYReET @i Pl 8271 2C Wk P20 Hhenon-
Gh2fbeRly | SoDéAEFodDaftS CENiciatyls Gaferdin YIRs rdojﬂwt Ehe -
0 he sheet |1s nmaintai ned within € .ran of. [err o [err
ESHBLABCLRE R IPRR AR ﬁb%ﬁéi?ﬁ%‘,’e% ?#] g’%ﬁg@reteﬁrrf‘%]hea‘peol yner
prLgwdnylidene fluoride, the tenper- 25 ature gradient is abouts
ol er facepohethgasbeeholsngnaninéetdont pebphér{@mijterg
dis QouttO.S Nﬁgaﬁg t%/cni'and}thﬁrfg_ termned tine is
GPefenger 1t NONTRRILRTHLY BECEPErRel 1T tthi M BV R 6 30
priheing appﬁgtngdanoelheteiecfiéldfaerdsanﬂhe thickness
dimension of the sheet for a predetermined time and simul-
taneously heating one surface and cooling the opposite sur-
face to maintain a temperature gradient and to induce non-
uniform poling across the thickness dimension of the sheet.

4 - The method as claimed in clzim 3 wherein the

"temperature'gradient is within the range of 10°C to 10 °C.

20

25

30

35

5 The method as claimed in claim 3 or 2 wherein .
the termperature gradient is greater than 20°C and less than
€0¢C, and the cooler face of the sheet is maintained within
the range of 259C to 75°C.

e The method as claimed in claim 3, 4 or 5 wherein
the pol?mer material is polyvinylidene fluoride, the temper-
ature gradient is about 359C, the cooler face of the sheet
is maintained at about 55°C, the electric field is about
O.E_Megavolts/bm;.and the predetermined time is about 30
minutes. :

7 The method as claimed in claim 3, 4, 5 or 6
wherein after being subjected to the electric field and
temperature gradient for a predetermined time, the polar-
ity of the electric field and the direction of the temper-
ature gradient are reversed for an equal period of time.

¥\

8 _ A method of poling a sheet of polymeric materizl
as claimed in claim 3 and substantiazlly as hereinbefore
described. ' ' '



tenperature gradient for a predetermned tine, the polar- ity of the '
electric field and the direction of the tenper- ature gradrent—are Teversa :

for an equal period of time. 8 » A nmet hod of ' '
polyneric nateri.al 35 as clained in claim3 and subFﬂ"mmmmrm"ﬁ" :
her ei'nhef ore descri bed. - 15- 9 - 15 A piezoelectelcLilexusrex«el enent
obt ai'wabl e by the process of: (a) applying an electric field across the

t hi ck- ness di mension of a sheet of polynmeric material for a pre- 5
determned ting, and (b)aspietéenestsiy feahiry «drmeait fodaimableodly ng the
opposite surfage so _as_to eig ablish a tenperature grad- ient between the
surfaces and t 68fnBHREERDnHihi form pol i ng across the thickness of the

pol ymeric sheet. 10 10 (a) applningl amentecfrfindliehd d@caionso thigartddcsri sed
in that after e | i ghdyi £ &l A eE8LAr Fori REGHl-NE,
the polarit o#ggﬁeh?@%ﬁa%f%é\dg%haé %é%gt?ogp%% he tenperat ureogradlg)ent are
reversed foP adstRrmimedrtinget@pdi ned tine period. 15 11 A pi ezo
electric flexure el enment (9} HOLYTCaNSUSTLEINEdt D Iranisuaifaeeaand cooling

heret nbefore depgr|bed MLNLRESa §5°8 05 AEhitidd ¢ Yottt
¥ ient between the surfaces and to induce non-uniform poling

: across the thickness of the polymeric sheet.

10 10 The element defined by claim 9 characterised in
that after the electric field is applied for said predeterm-
ined time, the polarity of the field and the direction of
the temperature gradient are reversed for a similar pre-
determined time period.

15 11 A piezo electric flexure element of polymeric
material substantially as hersinbefore described with refer-
ence to, and as illustrated in Fig.'db, 5b, 6b or Tb. '

-



