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Piezoelectri ci ty and Py roelectricitv in Polyvirtylidene Fluoride—

• . A Model

by

M .G. Broadhurs t , G. T.Davis , and J.E .  McKinney
National Bureau of Standards

Washington , D.C.  20234

and
R. E. Collins

New South Wales Ins t i tute  of Technology
Aus tralia

• Abst ract

A description is given of th,~ molecular and morphological structure of

polyvinylidene fluoride and from this description a classical model is

proposed for calculating the piezo- and py roelectric properties . The model

• : consists of an array of crystal lamellae with a net moment from aligned

dipoles in the crystals and compensating space charge on the crystal surfaces .

The results for no compensation and comp lete comp ensa tion essentially bracket

experimentally observed res ults and indicate chat the larges t contribution to

the activi ty of this polymer arises from bulk dimensional changes , rather than

from changes in molecular dipole moments .
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• Piezoelectricicy and Py roelectricity in Polyvinylidene Fluoride—

A Model *

by

• M .G. Broadhurs t , G.T. Davi s , J. E. ~cKinney , and R .E .  Collins

Introduction

Piezoelectri c and pyroelect ric p roperties of polyvinv lidene f luoride

• (PVDF) and related semI crys talline polymers are receiving increasing attention

as these polymers find use in transducer applications . There remains general

uncertainty about the basic mechanism by which these effects occur. This paper

considers some of the microscopic features of PVD F and calculates the electrIcal

resoons e e~cpected f rom mechanical arid thermal stresses .

A change iti. polarization (dipole moment per uni t volume ) can occur through

changes in either the moment or the volume .. An organic substance, such as PVDF,

has large (relative to inorganic arid metallic materials) compressib ili ty and

the rmal expansion coefficients , and with aligned dipoles present , can yield

• large polarization changes through changes in volume1’2 (sometimes referred to

as secondary piezoelectr icity) 3. Most proposed mechanisms for  activity in PVD F

fo cus on changes in the moment. As laksen 4 considered effects of thermally induced

oriencational fluctuations in PVD F dipoles . Ohigashi 5 o rooosed increased di~ola

alignment when a PVDF molecule is mechanically stressed. Date6 and Wada
7

and Hay akawa have considered a model with nolar spheres dis~ ersed in a non—polar

*t~ork sup~ orted in pa rt by the Office Of ~Taval Research .
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medium. The import ance of trapped space charge has been proposed by several

authors8
~~°. Hayakawa and Wada 7 have examined the contributIon of trapped

charge where there are mechanical hecerogenieties pres ent , and Crosmier e t .a t..

have shown that trapped charge does lead to measureable piezoelectric activity.

Hayakawa and Wada have considered several mechanisms in a recent review article 7

12
and Oshikj and Fukada have considered electrostriction effects .

So far , models for piezoelectricity and py roelectricity are fragmentary.

This paper pulls together available information on the microscopic structure of

PVDF in order to make a relatively comp lete but simple and realis tic model. The

• response of the model is calculated from physically measureable parameters and

the results comp ared to published data. The calculated response contains contri-

butions from dimensional changes , dipole orientational fluctuations , electro—

striction and space charge and accounts for most of the observed response.

• MicroscoDic Details of PVDF

PVDF crystallizes from the melt into spheruli tic s tructurek? ~~gure i is a

photomi crogra~h of a -ielt— crystallized PVDF film taken between crossed polaroids .

The volume fraction of crystalline material is typ ically about 50% depending on

thermal his tory 14 . Most of the uncrystallized molecules are in a metastable

supercooled liquid phase. The glass transition temperature for  this liquid phase

is aroun d —50 ° C f r om volume15 and dielectric data l6~
l7 .~

l8Based on similarities

in molecular structure and phase behavior between PVD F and the much rnore ‘~ide1y s tudi eca

po lyethylene19 we can assume similar spherulitic structures , as shown in Fig. 2 .

That is, the spherulites consist of stacks of lamellae which grow outward from the
14

center of the spherulite. These lamellae are typically 10 to 20 tim thick



again depending on crystallization conditions . The molecular chains are

app romitnately normal to the large lamellae surfaces arid to the radii of the

spherulites 19. Much of the liquid mate rial is p robab ly located between the

crys talline lamellae . That is , a typical region (Fig . 2) consists of pa rallel

• layers of al ternating crys tal and liquid material each layer of the order of

10 to 20 tim thick. Of cours e , o~ a larger scale one expects the usual stacking

faults , grai n boundaries and other course defects typically found in a poly—

crystalline solid. Since the molecular lengths are of the order of 100 times

• the lamellae thickness , each. molecule mus t pass many times through one or more

af . the crys tal and li~ uId ~liyers , being confined to elongated linear

segments in the crystal layers and free to assume fleidble and irregular con—

figurations in the liquid layers .

PVDF is inheren tly polar (Fig. 3). The hydrogen atoms are positively charged

and the fluorine atoms negatively charged with respect to the carbon atoms in the

po lymer. The net moment of a group of molecules in a liquid region of PVD F will

be zero in the absence of an app lied field because of the random orientation of

individual dipoles . In the crys tal , however , the re are two crys tal phases , 8 and v

(fo rms I and III) where the molecules are reported to form a p lanar zi g— zag

conformatiot~ with the dipole moments parallel in the unit cell (Fig. 4) .  8 and

y crystal forms of PVDF are therefore inherently pola r and a given crystal

lamella will have a net polarization equal to tha t of a single repeat uni t

(ignoring def ects for  the time being) . Since the dipole moment will be normal

to the molecular a~cLs , the crystal polarization will also be normal to the

molecular axLs and hence appro~d.mate1y parallel to the plane of the laxnellae .
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A third crystal fo rm , ~ (Form II) , has a net dipole moment with a com~,onent

normal to the molecular a~d.s but the chains i,ack to form an antinolar uni t ce ll’~
0

and hence non—polar lamellae. Such a crystal would not be applicable to the

present model unless it could be given a s table  polarization by virtue of an

electric field—induced crystal modification to a polar form. Activity in the ~ phase

5 , 22.
has been reported an d some evidence for a field—induced nolar modification

of the normally antipolar n phase has been given22 ’24. However, few structural

details are available at present.

Molecular Moment of a PVDF Crvstal

If a crystal consists of molecular repeat units having a vacuum moment

then the reaction field from any medium surrounding 
~ 

will further polarize

the molecule and enhance its moment. If we assume an isotropic , low— field crystal

pe rmittivi ty of 
~c~

then continuum theory predicts
2$ that the electric field

external to but still within the crystal will be equal to that from a dipole

• of moment
£ + 2

• (1)

Near the surface of the crystal the dipole is exposed to material of a

different permittivi ty . To minimize the resultant surface effects, the crystals

must be large.

AU. the n dipoles in a particular crystal have the same me an orientation,

and fluctuate about this mean because of thermal energy . Thus, the moment of~

the crystal due to dipole alignment, md, will be

md — fl ‘1~L <cos ~> u , (2)

whe re ~ is the angle between the me an and instantaneous orientations of a dipole

and u is a uni t vector in the direction of md.
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This crystal moment due to dipole alignment creates electrtc fields in

the surrounding material, and because of the finite conductivity of ?VDF,

produces free charge motion. The effect of the free charges on the moment

of the crystal must be considered.

As with. most highly polar organic materials , the conductivity (or

equivalently the dielectric loss) of PVD F depends on ionic impurity concentra—
26 ,27 28tiori , which in turn depends on samp le his tory and field s trength

14 15Typically the resis tivi ty , ~ is 10 to 10 ~ cm for  PVD F at room temperature ,

and the relative permittivi ty E / ~~~ is 10 to 15.18 The Maxwell relaxation time ,

(the relaxation time for a non—equilib rium distribution of charge in the material) ,

a , Will be of the order of minutes to hours near ro om t eznoerature . If anys -

~polar cxyscal of ~VD~ j~s. located, within ;he conducting santile we expect

its dipola r surface charge to be at least partially neutrallized by ionic charges

within the time the samole is usually stored before use. The degree of charge

compensation will depend on the number of charge carriers available. This

compensation of dipole charges by free charges is similar to the interf acial

polarization often observed in two phase dielectrics. Free charge compensation

of dipole polarization has been observed in the bulk of a po lymer whIch has been

non—uniformly polarized29 but has yet to be demonstrated at the crystal—liquid

interface.

For times short compared to the Maxwell relaxation time we can write the

moment due to free charges at the crystal—liquid interface as

whe re q is a constant amount of charge , and Z is the mean separation of the

negative and Dositive charges on a crystal . We take this to be the me an crystal

length in the direction of u.



The total moment of the crystal with. it ’s~~ untarcharge at or near

equilibrium is

+ tn
q 

— tnC$
c 1- 21. ~~ 

<cos $>/3 . i- ~ u . (4)

Because of the relaxation time required for q to change , even if is initially

zero , a pe rturb ation of the samp le by thermal or mechanical stress will affect

md and mq d i f ferently and produce a net moment.

Ef fect of Crystal Polarization on Samo le Polarization

Changes in will be coup led to the electrodes through the surrounding

semi crystalline material which acts, in the simp list view , as an RC coupling

network. The apparent moment m~ , ext ernal to the crystal, will depend on the

shape, size, orientation, and permitcivi ty of the crystal and the permittivi ty

and conductivity of the samp le and on time . That is

m — f m

where f can be calculated for simp le crys tal geometries only . One convenient

choice is to assume a spherical crystal particle of pe rmittivi ty c in which case ,

according to continuum theory , 25 the apparent moment external to the crvstal will be

• 3~
— 2c +~~ 

tnc (spherical crystals ) (6)

where is the permittivity of the composite sample surrounding ~ given crystal.
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ThIs result is for times short compared to the Maxwell relaxation tIme

and corresponds to the result given previously for  this model. ‘ie have

obt ained a numerically similar result for  the case of spherical liquid particles

dispersed itt the crys tal phase.

More realistic than either spherical crystal or liquid pa rticles , in the

light of the earlier discussion of the morphology of semi crys cai.lirze polymers ,

is a model where the crystals are thin lamellae with the polarization in the

p lane of the lamellae (Fig. 5).  In this case very little of the field due to

the crystal moment is internal to the particle and

mc (lamallar crystals ) (7)

which is rigorous ly true for infinitely thin crystals , arid a much better

approximation for the case at hand than Eq. (6).

In practice , piezoelectric polymers are usually in the form of thin films

and the st ress—induced moment is measured normal (z amis in Fig. 5) to the plane

of the filtn. From Eq. (4)  this component of the sample moment is

— (m d <cos e> + mq cos (8)

whe re 9 is the angle from the z a~d.s to an individual dipole at any instant in time ,

is the time average of 9 , and <cos 9> is the average over all dipoles in the

• crystal. The projection of md involves the p rojection o~ each (lib rating) dipole

moment prior to averaging and that of m Invo lves only the net moment.

Using the classical harmonic os cillator appromimation for  dipole fluctuations

it has been shown that 2

<cog 9> — cos 8 J0 (~0 ) (9  )

•..he re is the average amolitude of librations for a dipole about the extended

mole cular a~d.s and J ( ~~ ) is the zero th order Bessel functI on of the f i r s t  kitid.
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Thus ,

— ~n(c~ + 2) u0J0(~0) / 3  + q z J  cos 9~ (10)

Total Moment for a Disnersion of Lamellar Cr,stals

If one extends the above single crystal result (10) to a film sample

containing a dispersion of lamellar crystals of the same kind but varying in

number of dipoles , n , mean orientation , 3 , and countercharge , q, then.we can

write the moment for the entire sample as

M — I m • — EN(~ + 2)~~J(* )/3 ~~~~~ 
~c

1 <cos 8~> (Ii)

where for a large number of crystals containing a total of N dipoles , N = En

over all crystals, c~. 
= Eq over all crystals and

<cos 9>  = J ti (9 ) cos 8
0 

d e / f n ( S ) d8 (12 )

is the average cos 8 , and n(O ) is the number of dipoles having an orientation

between 8 and 9 + d8
0 0 0

The charge per unit electrode area A induced by N on electrodes in intimate

contact with a sample film of PVD F is given by

= N 1L5A5 P (13)

where I is the thickness and P is the total polarization of the samole. Thus
• S 5 -

• the charge on the electrodes induced by N5 is

Q = [N(~ + 2)~~J ( ~~ ) / 3  +~~~L 3  <cos 9 >/I (14)








































