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HEAVISIDE [4.1] in 1892, postulated that certain waxes would form

permanently polarized diel ectrics when al lowed to solidi fy from the mol ten state

In th~ presence of an electric field. •He viewed an electret as the electrical

• analog of a magnet, that is, as having a frozen—in, relatively long lived

• • (compared to the observation time) non-equilibrium electric dipole moment.

Present popular usage has expanded this concept of an electret to include

inonopolar dielectrics having a net frozen—tn real charge. For example, the

• commercial electret microphone employs a monopolar polymer film.

Wax and rosin el ectrets were made and studied by EGUCHI in the early 1920’s [4.2].

By 1927 it was wel l understood [4.3] that molecules containing permanent

• el ectric moments orient in the di rection of an electric field when mobile in the

li quid state. Upon solidi fication of the material in the presence 0f the fiel d ,

• the dipoles lose their mobility while retaining their preferred orientation . The

net dipole orientation produces the electret’s permanent polari zation (net di pole

moment per unit volume). It was also recognized that in addition to the el ectret’s

moment there were real charges , generally concentrated near the electret

surfaces, which were injected during the formation process by field emission , gas

breakdown or similar processes.

In 1927 piezoelectricity and pyroelectricity were shown theoretically and

experimentally to be properties exhibited by electrets with preferentially ordered

• dipoles [4.3, 4]. However, these early wax electrets had poor mechanical strength

and low sensitivity , aiid applications for them did not develop. More recently,

strong, highly active polymer films , notably poly(vinylidenefl uoride), PVDF ,

poly(vinyl fluoride), PVF , and poly(vlnylchlorl de), PVC , have been recognized

for their potential value as thermolelectric and electromechanical transducer

materials. Al ready these materials are finding their way into a new technology 

----• • •  —~~~~~~~ - - - • • • -  -‘ - -.  - ____a__ ••_ - —-  _ _
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of polymer transducers . Japanese scientists have been particularly active in

the early research and development of these devices with the work of FUK ADA on

natural and synthetic polymers [4.5], KAWA I who pointed out how general the

effect is [4.6], HAYAKAWA and WADA with their theoretical analyses [4 .7 , 8] and

industrial scientists who are developing films [4.9,10] and- using them for various

devi ces [4.11-13] . Most of the early polymer electret work • in the U. S. has
• focused on using the pyroel ectric response for electromagneti c radiation detection

(4. 14—22].

In the following sections we shall present concepts , models, experimental

considerations, results, and impl ications which have resulted from some of the

work on piezoelectric and pyroelectric polymers.~ This approach is intended to

provide the reader with basic physical concepts needed, to identi fy important

molecular and material parameters, deduce guide-lines for optimizing desirable

properties and provide a basis for selecting new applications.

4.1 Thermodynamic Definit ions

Piezo— and pyroelectricity are defined in a formal way by th ermodynamics

(4.23]. The piezoelectric constant dmjs is a tensor component given by a second

derivative of the Gibbs free energy with respect to the electric field vector

E and stress tensor 1.

1a2c(~j, T , T)1
d ml 1 (4.1)
~3 ~~~~ J T  .• -. m j

We define a material as being piezoelectric If this second derivative has a

value large enough to be measurable. A material is pyroelectric If at least one

• of the components of the pyroelectric coefficient vector 2. defined as

fa2c(E T , T)1
P111 L~ID~T J T (4.2)
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has a value large enough to be measurable. Being second derivatives of free

energy, these coefficients have a basis in common with better known quantities

such as coefficients of expansion , compressibility , heat capacity and diel ectric

constant and can therefore be expected to be compl ex quantities if measured

with an alternating stress or show relaxational behavior in the time domain.

rhe second derivatives in (4.1) and (4.2) can be taken in any order so that

we have ,

• (aDm/~
Tj)TE — (~

Sj/3E~
)T T (4,3)

and

p .m (3D /3T)E — (~
Z/3E )r

(4.4)

In the above, j~1 ,...6; m=1 , 2, 3; Istress; S~stratn; D=el éctric displacement ;

(—el ectric field; T=temperature ; E entropy.

The d are often called piezoelectric strain constants whereas the pi ezo-

electric stress constants, e, arise from taking S rather than I as the independent
variable in (4.1). Two other piezoelectric constants h and g can be defined

by taking D and S and D and I as independent vari ables in (4.1), [4.24].

It is important here to emphasize that the above relationships are based

on thermodynamic quantities such as electric field and mechanical stress, —

whereas experiments are performed using measured quantities such as voltage

and force. A derivative at constant force or voltage is not the same as one

at constant stress or f ield. As a consequence , the above equati ons

must be used with care for experimental purposes as discussed In Sec 4.2.3,

and pointed out previously [4.25, 26]. Before relating the quantities

defined in (4.3) and (4.4) to measured quantities , it is well to develop

a better description of an electret and understand the infl uence Of real
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4.2 Physical Description of an Electret

4.2.1 Preparation • . 
• -

Consider a slab of polymer which we take to be amorphous, homogeneous ,
and elastically isotropic. We first evaporate metallic electrodes on both

sides to eliminate air gaps between the polymer and metal , and then follow the

temperature—voltage—time sequence shown schematically in Fig. 4.1: 1) raise

the temperature from room temperature Tr to an elevated temperature which we
show here as being above the glass transition temperature, Tg; 2) apply a dc

voltage, ~~, resulting in an electri c field of several hundred kilovol ts per

centimeter of slab thickness , s, between the electrodes; 3) while maintaining

this vol tage , lower the temperature back to Tr The electre t thus formed can

be represented schemati cally as shown in Fig. 4.2.

- • The above pol i ng procedure typically results in both real charges and

charges resulting from molecular dipoled distributions , and these will affect

the behavior of the electret in di fferent ways. To explain this difference

we will consider the two types of charge separately.

4.2.2 Real Charges - Monooolar Electrets

In genera l , real charges do not contribute to the zero field piezo- and

pyroelectric response as long as the sample is strained uniformly [Ref. 4.7,

Sec. 2 2]. To illustrate this fact, consider the example of Fig. 4.3. A slab

of dielectri c with uniform permi ttivity t thickness s and short circuited contact

electrodes contains a layer of trapped positive charges at a distance , x, from

the bottom electrode . The charge density on the ton electrode is a5 and the

charge densi ty of the trapped charge is ax. The trapoed charge will induce

an equal and opposite charge on the two electrodes divided according to the

capacitance between the charge and the electrodes. Thus if the permittivity

is uniform, as m _ 1
~

(x fs )
(4.5)

• If the material Is strained so that the distances x and s change to x + Ax and

$ + as, then a~ becomes :

_________ —_________ -— 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• - -

~~~~ I
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a~ 
z .a

~
(x /s )t ( 1+Ax/x) / (1+AS/s )] (4.6)

- For uniform strain , z~x/x = Os/s. then c ’~ a5 and no charge will flow (at zero

field) as a result of pressure and temperature changes whi ch produce the strain.

When the material properties or the resul tant strain are non-uniform,

the trapped charges can give rise to an electrical response as discussed by

Wada and Hayakawa [4.8]. In their model , a film is heterogeneous in the thickness

direction onl y (x dtrection in Fiq. 4.3) . The density of space’.charqe p(x )

and permittivi ty £(x) are posi ti on denendent as are the stress dev,end~nces

aln~~(x)/~~ and ~x
(x) ~inx/~~, where X is a mechanical stress or

thermal stress (temperature). Considering the film to be a stack of thin

layers, (4.5) can be generalized to gi ve the charge on the toi electrode of

areas A~ as ,

• 
~ 

= —f p(x)A dxf dx h/c (x 1
)/f dx’/c(x’) (4.7)

The total charge in a given layer, 
p

(x ) A
~
dx is assumed constant with stress.

In the linear approximation the strained quantities dx ’ and ~(x’) can be

replaced with unstralned quanti ties dx0tl + cz
~

(x0)dX] and c(x0)(l + ci (x0)dXJ .

Expanding to first order In the 2 ’s,

• 

• 

= -j ø (x )A
5dxJ dx0/c ~l ~~~~~~~~~~~~~~~~~~~~~

_ (fc+(ctx
_cZ.)dXdxo/J dxo/c]~ if0~0~e 

- 

• 
(4.8) 

:...

- - •• - • •  - --~~~~~~~~~~~ -~~~ 
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Thai ’s and ~ are understood to depend on x0. Subtracting the unstrained

from Q5 and assuming uniform stress dX one obtains the change in charge on
the top electrode with stress,

A~~3Q~/aX _J~~(x)JJ~
t(czx

_ 
~~~~E

)

~~~~

< 

~~~~~~

- ct
~
>]dxo/~

(xo)(dx_(dx o/s(xo) 
(4.9)

The pay’tial derivati ve with respect to temperature is at constant mechanical

stress and vice versa, and the average of a quanti ty Is defined as

<A> “fA dx Ic (x )/ Jdx / c (x ) (4.10)

Using the usual formula for integration by parts and the fact thatJ’t(ax
_
~~

I_

~~~~~~ 
0, the above equation can be wri tten in the form given by

Wada and Hayakawa ,

A~~ Q5/~X = <((2,~iz )  - <
~~~~~

- a .][f~~(x0 )dx0]> (4. 11)

In general the response due to trapped charge will be small because of

limi ted charge densities . Crosnier et al found a low level of piezoelectri ci ty

In polypropylene ~‘~d showed a linear relationship between activity and charge

densIty (4.27]. Ibe has shown that plezoelectric response from non polar polymers 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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can res ult from bending a specimen which establishes a non—uni form stres s

in;the material and creates a condi tion where trapped space charge can

cov~tribute to the electrode charge when stress is applied t4.28). To

calculate this effect Eq. (4.9) must be modi fied leaving dX inside the

integral . The resulting equation will be like that used by Collins to

describe the electrical response of a charge~I, non—polar film to a thermal

heat pulse [4.29]. Collins used the fact that the thermal stress was non-

unifo rm during the thermal equilibration of the sample to gain info rmation

• about the distri bution of trapped charge in the film. DeReggi et al [4.30]
‘ showed that such an experiment can provide several Fourier coefficients of

the charge di~tribution. A related experiment using non-unifo rm mechanical

stress has been oroposed by Laurenceau et al as an alternati ve “av of measuring

charge distribution in films [4.31).

Eq. (4.11) suggests the possibility that one can create an arti ficial

piezoelectri c from a heterogeneous structure des igned to optimize 
~ 

( x )  and

the spatial variations in the stress dependence of strain and permi ttivity.

An obvious example is shown in the schemati c diagram of Fig. 4.4 of a charged

polymer film mounted so that an air gap separates it from a conducti ve plate.

As the charged film moves with respect to the plat3 ( under the infl uence of

sound waves , for examp le) the p1at~ potential changes and charges flow between

It and a conducti ve contact electrode on the film through an appropriate circuit.

This Is the operating principle of the electret microphone which typically uses

fluorinated ethylene—proply lene copolymer (4 .32, 33]. This same effect Is

probably a source of electri cal signals generated in a flexible oolvrer-insulated

coaxial cable when f t  is subj ected to mechanical vibrations or pressure changes .

~ 

-
~~~~~~~~

---
~~~~~~
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Note that the electret microphone system does not undergo uniform strain.

That is, the air gap is strained much more than the polymer .film and hence

• the real charges do contribute to current flow in accord wi th Eq (4.11).

It has been proposed that such a mechanism may be responsible for piezoel ectricity

in polyvinylidene fluoride, as will be discussed in Subsect. 4.5.4.

4.2.3 Dipolar Electret

To illustrate the el ectret’ s piezoel ectri c and pyroelectri c behavior

consider Fig. 4.5 and 4.6. As the electrically short—ci rcuited electret

contracts due to an increase in hydrostatic pressure or a decrease in temperature

• the metal electrodes move closer to the dipoles and the zero potential Is

maintained by a flow of charge. This model of a strain sensitive electret

is similar to that given by ADAMS [4.3] and accounts for most of the response

of piezoel ectri c and pyroelectri c polymers . Note that the model predicts the

di rection of current flow in terms of the di rection of the poling field and

also predi cts that while the total charge rel eased is proportional to the

temperature or pressure change , the current depends on the rate of pressure

or temperature change and can be quite large. Thi s effect can be described

mathematically as follows .

In terms of the materi al ’ s relative permittivity c1 th e eq ui l i b r i um

field—induced polari zation is gi ven by ,

P = (c 1 - 1)c 0E 
• 

(4.12)

where 0is the permitti vi ty of vacuum and E is the applied field. At sufficiently

high temperatures the material Is a di polar liquid and the field produces a polar-

Ization• PL(T) = (C L(T) —l ) c oEp (4.13)

where the subscript L refers to the liquid phase , (1) to the functional depen-

dence on temperature and E~ s/s is the mean poling field. During

.

I ~
_ _ 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 
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H poling, the field maintains this polariza tion while t,~e temperature is

lowered enough to immobilize the mol ec ular dipoles . The field is removed a~id

the lost polari zation (neglecting vol ume change) is,

• P CI) tc~(T)— l]c0E~ (4.14)

where the s ubscript s refers to the solid phase.

Thus the fro zen—in non—equilibri um polari zation remaining a fter removal of

the poling field is:

P0(T) = [cL(T L )_ c
~

(T) )coEp = ~E ’ c0E~ (4.15)

where TL is the temperature where the material becomes liquid. Eq. (4.15)

provides a method of calcul ating the frozen dipole polari zation for linear

di el ectrics from a knowl edge of thei r relative permitti vi ty at the pol arization

and measuri ng temperatures . Special consideration of non-linear diel ectrics

will be given in Sec 4.5. In order to calculate the piezoelectri c and

pyroelectri c coeffi cients from molecular properti es one needs to use a more

detailed model as shown below.

The polarization (dipole moment per unit vol ume ) is defined as

P = N cm>/V (4.16)

where N is the number of dipoles , V the vol ume of the electret and <in> the

mean effecti ve dipole moment in the di rection of P. As a model for the

electret with preferenti ally ordered polari zable dipoles of permanen t moment

consider Fig. 4.7. One can use an Onsager type calculation [4.34] to

determine the effective moment <m> in Eq. (4.16 )  of a representative dipole

located in a spheri ca l cavity and ori ented at a fixed average ang le a wi th
respect to the di rection of overall polarization P. Such a calculation leads

to the resul t (4.35):

P (c +2)Nu <cose ’/2V (4 .17)
-

~~~ 

- S - •  

m 

-

~

•‘

~

— 
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where ~ Is the high frequency relative permittivity related to the polari zability

through the Clausius—Mosotti relationship and N /V is the number of dipol es per

unit vol ume and P0 is the frozen—in polari zation present at zero aoolied field.

I • This important equation can be used to cal culate the piezo-and pyroelectric coef—

ficients for this model . This calcul ation is done simpl y by taking the deri vatives

of P0 with respect to pressure and temperature and then expressing the relationship

between these derivatives and the define quanti ties (4.3) and (4.4). - 
-

The relationship between P0 of Eq. (4.17) and electri c di splacement is 
S

given by S 
•

• 
D e’c0E + P (4.18) 

S

In the simplest case where the short—circui t current is measured while

temperature or stress are changed , one obtains : S

a(Q/A)

E0,T al E=O,T al E=0,T 
(4.19)

and

aD a P  a (Q/A)
- 

~‘r E*0,I a r l EZO I = 

~T ‘E”O ,I (4.20)

where Q/!~ Is the surface charge per unit area of electrode. Here we continue -
-
-

to neglect changes in (Q/A) due to real charges , i.e., uniform strain conditions.

Generally It Is not a change in (Q/A) which Is measured but rather a change

In Q. Reported val ues for piezo- and pyroelectri c coefficients are thus i n error

as far as the strict definitions are concerned~ In the following we adoot common

practice and define experimental ly determined piezo- and pyroelectric coefficien ts as ,

J _•±_ _____.__ 5- 5 -—•-• • • - •~~~~~~~~--—-~~-—--•---



d a (1/A) 
~~~~~~~~~ 

(4.21)

and -

(1/A) (3Q/aT)E=O ,T (4.22)

The above distinction becomes particularly signi ficant for polymers where the

difference between (4.19) and (4.21) Is of the order of magnitude of the

terms themselves . Inorganic materials have a much smaller temperature and

stress—induced area change and the corresponding difference between (4.19) and

(4.21) or (4.20) and ~.22) is small.

Another, inconsistency between precise definiti ons and qeneral Dractice is S

sometimes encountered when measurements are reported at vol tages conside rably

greater than zero. Allowing X to represent stress or temoerature , the deri vati ve,

aD aE ,. aP~
— 

~~~~~~ €~E ~~~~~ ~~ • • (4.23)

has two terms in  addi tion to that in (4.19) and (4.20). The first term involving

electrostriction can be l arge if E is large . From (4.3) and (4.4) this is a

legitimate part of p and d which are functions of E. The second term woul d not

appear if E were held constant, but in practi ce it is the voltage ~ that is hel d

constant and the th ickness s = WE varies with the measurement and gives an

electromechanical contribution. -Similarly the third term is measured at constant

•. (Electrostriction and electromechanical contributions are considered in a

di fferent way in Ref. [4.36]).

To reduce ambiguity , we will consider measurements made at zero fiel d and

for simplicity and a more strai ght forward comparison of p and d , will use

hydrostatic pressure as mechanical stress (positive pressure is a negative stress

Wi thout giving the details, (4.35], the straight-forward di fferentiation of Eq.

[4.17] to obtain the pressure and temoe rature deri vati ves of surface charae in an 

- ~~~~~~~-S- - -~~ • - - • • - -~~~~~ - ----~~~~~~~~~ S . - :~~~~~~~ 5 55 ~~5~~~~~5.•_~~~~~~~_
-• ~1_~~ _ _ _ S __

~~~~~~~~~~~~
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electret gives : - 
•

A~~(aQ/aT)~ P a [ ~~/ 3  + o2/2~~T + y~
2] (4 . 2 4)

A~~(aQ/ap )1 = p 3C~ / 3  + ~~~ (4.25)

S 

where a = (V )~~ dV/dT is the volume coeffi ci~nt of therr’al exoansion , 3 = — (“Y ’ d’h/dp
is the volume compressibility , ~ =—V~~

1 dw/dV , is a Gr~ineisen constant for the

dipole torsional frequency &o and c~
2 is the mean squared torsional displacement

of the dipol e fluctuations .

These equations show that for this model most of the piezo— and pyroelectric

response comes from vol ume expansion and its effect on ~~~~~~ There is an addi tional

contribution from temperature change which can be illustrated wi th a physical

model like that in Fig. 4.8. Although the dipoles have a fixed mean di rection,

there is always thermal motion whose mean squared amplitude in the simple harmonic

approximation Is proportional to temperature. Thus increasi ng the temperature of

a dipole reduces the average magnitude of its moment. This effect was the basis

of a theory of pyroelectricity in PVDF due to ASLAKSEN [4.37], and accounts for

about 1/3 of the pyroelectricity In PVC and possibly a similar fraction in other

polymers. The ampl itude of molecular librations is di fficult to measure or to

predict ~z p~%o~t.~ because of the large number of vibrational modes and molecular

conform ations contrfhuti na. Poweve r, one nener nives a va lue o~ 110 for the ront

mean sauared torsional dis’,lacement of oolveth”lene rolecules hase~-’ on x-ray ‘lat a
[4.38). 5

4 . 3  Symmetry and Tenso r Components
-v

Crystal synretry is usually considered in discussions of plezoelect ricity . An

Isotropic amorphous material coul d no be expected to be either piezo- or oyroelectric

at zero field because its response to stress~wi l1 be the same In all di rections.

S
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Hbwever , of one preferentiall .y aligns molecular dipoles In the sDeclmen, there is

no longer a center of symmetry and the sample will be both Diezoelectri c and

pyroelectric. Polymer films, particularly semi-crystalline oolymers, are often

stretched which preferentially aligns the polymer molecules oarallel to the

stretch direction and they are then poled to al ign the diooles normal to both

the stretch directi on and the plane of the film. (We consider only those polymers

with dipoles normal to the molecular axis). The result is to remove the isotropy

present in the plane of the uns tretched film : The axes are usually identified

as shown in Figure  4.9 , which depicts a model of a semi-crystalline ool ymer.

The expected components of the piezoelectri c and pyroelectric sensors for such

a specimen and their proper signs are: 
•

O 0 0 0 d~ 0 -

d = 0 0 0 d~ ol5 a (4.26) 5

d
~ 

d~2 d~3 024 0 0 
-

- p =  0 (4.27)

-

~ P3 
5 

-

The assignments can be made by inspection from Fig. 4.9. Stress in the

• + 3 di rection will increase the sample thickness and thus decrease t~e electrode

charge g i v i n g  a negat ive d33. The stress In the 1 and 2 di rections will decrease

the thickness and Increase electrode charge, giving a positive d31and d32 . Exoeri-

mentally d33 is found to be negative [4.71) and d31 and d32 oredominently positi ve

for PVD F [4.39] and d31 is also found to be positi ve for PVF [4.40]. d was also

found to be negative wi th hydrostatic stress for PVC (4.41]. Remember that we

are using the assumption that the electrodes expand wi th the specimens and that

we have adopted equations (4.21) and (4.22) as our definitions . If we use the

proper definitions given by equations (4.19) and (4 .20) stress in all three
- 

directions 1, 2, and 3, Is expected to increase~ the volume and decrease the 
S

polarizati on giving negative d3j components . S

I
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Unusual effects may be encountered wi th highly oriented polymers where

the Poissons ratio n31 for the ratio of the strain In the 3 di rectIon to the

strain in the 1 direction when stress is appfled -in the 1 direction may be

greater than 0.5 and n~~ may be considerably less than 0.3. These val ues are

the usual limits on n for isotropic materials. ~This point has been discussed

by Sussner E 4.42 ] and r~a” lead to unus ual behav io r  su ch as a decrease in

volume when stress is applied in the draw di rection and positive strain in the

draw direction wi th an increase in hvdrostati c pressure.

- 
The shear components resul t becaus e a positi ve shear about the 1 axi s ,

T4~ ro tates the dipol es into the + 2 direction and a shear about the 2 axis,

T5~ rotates the dipoles into the + 1 di rection. Neither shear causes a

change to first order in the moment in the 3 direction. A shear about the

3 axis, T6, does not change the moment. Because there is no net moment along

the 1 and 2 axes, p1 = p2 = 0 and an Increase in temperature produces an

increase -In volume and decrease in polari zation yiel ding a negative p3. The

d matrix constructed from physical arguments for amorphous polymers is

characteristic of C2~ symmetry. This symmetry is found for the polar crystal

phase of PVDF [4.39) and for polar PVF [4.43]. Poled, unoriented polymers shoul d

give d31 
= d32 and d24 

a + d15, characteristi cs of a piezoelectric matrix with

C,,~ symmetry [Ref. 4.5, Sect. IA). 
-

4.4 Structure S 

S

4.4.1 Genera l 
-

Using the model discussed above , it Is possible to hypothesi ze four

requirements for large plezo— and pyroelectricity in polymers . 1) There must

be molecular di pol es present, the higher their moment and concentration the

- S ~~~~~~~~~~~~~ ~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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better. ii) There must be some way of aligning the dipoles, the more aliçnment
- - the better. iii) There nust be a way of locking-in the dipole alignment once

it Is achieved , the more stable the better. iv) The material should strain with

aoplied stress, the more strain the better (some of the pyroelectric activity S -

-

need not result from the strain). Evaluating these condi tions for a oartlcular

polymer requires considerable data on the molecular and bulk structure and

properties. In the following discussion we consider in some detail two different

tyoes of synthetic polymers--amorohous and semi-crystalline . Other types—-including

the important class of bio-oolymers which have permanent dipole moments along

the !olecular axis-—will not be considered here. Abbreviations to be used are

defined at the beginning of this book.

. 
4.4.2 Amorphous Polymers

Poly(vinyl chloride); (PVC), is an example of an amorphous polymer which can
S 

be made piezo- and pyroel ectric [4.6, 25, 35, 41 , 44). The repeat unit is 
S

polar with an effective dipole moment of 3.6 x 1O~~ C.m (1.1 D) [4.45). The

usual form of PVC is amorphous because of the non-stereospeci fic addition of

monomer units during polymerization. More stero-regular (syndiotactic)
S 

crystallizable PVC can be made and its crystal structure has been determined

(4.46). PVC is an equilibri um liquid above its glass transition temperature

(about 80°C), al though thermal decomposition is appreciable above this

temperature. Below 80°C, the kineti cs of molecular reorganization are slow

S enough that a non-equilibri um amorphous .solid (glass) is formed. Structural -

relaxation times of the gl ass increase rapidly with decreasing temperatures

to the order of years at room temperature. Thus, this polymer fits all criteria 5

in 4.4. 1 for piezo— and pyroelectricity. To illustrate the calculation of p

and d we can substi tute Eq. (4.15) for P0 in (4.24) and (4.25) because the

S
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dipoles are small enough that the product of their r’onent times the field is

much less than their thermal energy kT and the nolari zation is linear with

field. For more background see (ref. 4.47,p.32]. - 
- -. S

S 

- 

p a t~ec Epa [c /3 + •
2
/2~1 ~~~~~~ - 

(4.28)
S 

= toEp 3
~~d3 + V,21 (4.2°)

We ‘ice — 10 and £ , = 3 [4.45], ~ 2.34 x 10 4/K, $ = 2.58 x l’) 1
~m

2/~
[4.41), T 300 K and ,2 = 0.07 rad2. (from estimate of • 15°). The

Griineisen constant is exoected to be srall because th e force constants for  d inole

rotation are mostly intramolecular and do not depend strongly on volume. ilealectino

the small terms in v, we find p~,= -0.10 nC/cm
2 K and d., -‘1.73 nC/N when ~~=32~W%1/ cr~,

in good agreement wi th measured values [4.48]. The subscriot o indi cates hvc~rostatic

pressure and the subscri pt y helps to distinguish the symbol for ovroelectric

coefficient from that for pressure. 
-

- Even if one does not have dielectri c data, one can assume c = 3 and 
.5

• — 5

S 
the quantity ~ can then be calculated with reason.ble confi dence from the S -

dipole moment using Onsager’s equation [4.45]. REDDISH [4.45] interpreted

the dielectri c data on PVC as indi cating that the length of the relaxing 
S

segments Increased as the temperature decreased below T~ and since the ~e

Increases linearly with the number of dipoles per rigi d uni t, large

polarizations could be achieved. Unfortunately, we foun d no enhancemen t 
S

of p and d by lower temperature poling of and suspect the observed effects

In dielectric properties are due to space charge.
— 

Since most of the variabl es In (4.28) and (4.29) wIll be similar for all

polymer glasses, larger coefficients can be sought from polymers with a large

dipole moment (p and d will increase as the square of the di pole moment per unit

volume) and by increasing the pol ing field. A possible candi date is polyacrylonitrile

(PAN) with a dipole moment greater than 40. Unfortunately, PAN may have an anoma lous

liqui d phase In which dipole-dipol e forces prevent normal polari zation [4.49] 
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contrary to cri teria (ii) in Subsect. 4.4.1. In other cases the dipoles may

not become immobile at T~ (e.g., polymethylmethacrylate) contrary to criteria

(iii) . A thermally stable, high T~ polar glass may have useful high

temperature appl i cations , but presently the most sensitive piezo— and

pyroelectric polymers are semicrystalline. A compari son of a semi crystalline

polymer and PVC is shown in Fig. (4.10).

4.4.3 Seimcrystalline Polymers 
- 

-

The most interesting of the semicrystalline polymers are PVDF, PVF and

related~ copolymers. These polymers crystallize because the fluorines, unlike

larger chiorines, are close enough in size to hydrogen so as not to interfere

with regular packing. Both polymers have head—head and tail—tail defects,

where successive repeat units are backwards. Typically, these amount to 5% for

PVDF [4.50—52) and 25— 32% for PVF [4.50). A h—h unit in PVDF is immed~ate1y

followed by a t-t unit [4.50] so that 5% of these defeats cancel 10% of the

dipole moment of the planar zig— zag chain.

The dipole moment of PVF could be qui te large in the trans planar

conformation if all fluorines were on the same side of the C—C plane (isotactic).

For atactic PYF the average moment will be in the C-C plane , perpendicular

to the molecular axis and close to 1/2 that of PVDF. However, 30% h-h defects

wi ll reduce the net moment of the planar PVF by about 60% , with the resul t that

the net moment of trans PVF is about 20% that of trans PVDF.
5 

Semicrystalllne polymers consist of lariellar crystals mi xed with amor~hnuc

regions. A schematic di agram of a snherulite ‘~iithin an unoriented semi crjsta1l~ne

nolymer is sh~vn In Fig. 4.11. Annealin g or cr”stallizing for longer tires, ~t

higher ten’eratures and nressures increases the lariellar thickness and 
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perfection which resul ts in a ~higher sample density. The crystals grow in

the form of spherulites and studies of the morphology of PVDF show that S

three crystal phases have distinct morphology and can grow simultaneously -

from the mel t or one phase can grow at the expense-of another t4.53—55).

A typical molecular weight for these polymers is l0~ for an extended length

of 0.Spm and a total of 2000 repeat units . - Since the lamellae are of the

order of 10 8m thick , a single mol ecul e fol ds back and forth through the

same or di fferent lamellae many times. When stretched to several times the

original length , the specimen becomes oriented such that the lamellae are

- I no rmal to the stretch direction and the molecules are parallel to the stretch

direction [4.56,57]. The polymers currently of greatest interest for

I piezoelectric applications , PYF and PYOF are of the order of 50 to 70% -

crystalline. [4.51 ,58,59] 
.

The amorphous phase is probably mostly confined to layers between the

crystal lamellae. The nature of this phase and the degree to which it is

oriented and connected to the crystals Is a subject of debate. The amorphous

phase seems to have normal supercooled liquid properties wi th a liquid—glass

transition region around -50°C, and a Williams-Landed-Fetty type dielectri c relax-

ational behavior [4.18,60,61]. Broad line NMR [4.60-63], and mechanical relaxation

data [4.5, 39, 51, 62, 64] also show a normal liquid—qlass relaxation . The

magnitude of the associated dielectric disoersion and room temperature relative

pennittivity Increase wi th amorphous content as expected [4.61 ,62).

The dielectric permittivity is quite sensitive to uniaxial and biaxial

orientation Of the fIlm [4.65], the more orientation the higher the polarizability

normal to the draw-direction. This effect is typically used to enhance the
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permittivi ty of PVDF film used in capacitors and has been attributed to S

orientation of the liquid material so that rotations about the amorpho us molecular

axes are more effective in contributing to the polari zation. An alternative

explanation by Davies et al t4.66] is that since orientation align s crystal

l amellae normal to the draw di rection , the liquid—crystal layers are parallel

- to the applied field giving a mean permittivity larger than in an undrawn

speci men where so”~ lamellae are no rmal to the applied fiel d and their permittiviti es

add in series. From cri teria (iii) In Subsect. 4.4.1 we do not expect the

amorphous phase to contribute to piezo— and yroelectricity in P”DF and PVF.

flURAYAI-IA [4.9] has stated the same conclusion .

Three crystal phases have been reported for PVDF. The ~ phase (al ternatively

form II)fo rms most readily upon cooling the molten polymer and assumes a

conformation close to trans—gauche-trans -gauche ’ which then packs In the unit

cell to yield an antipolar crystal [4.67,68]. Mechanical orientation of the

a ohase at temperatures below 50°C yields the 3 ohase (~orn~ I ) which has an extended

all—trans (planar zig zag) conformation and packs in the unit cell ‘-iith the di,ole

moments of adjacent chains parallel to yield a polar crystal [4.57 ,67]. ~\ thi rd

form , referred to as y or form III can be obtai ned by crystallization from selected
S 

solvents such as dimethylsulfoxi de or direthvlacetami de [4.69] or by annealing at

high temperatures [4.53,54,70]. The infrared snectra of form III closely resembles 
S

that of form I so an all-trans conformati on ~as assumed [4.71] to aid in the

indexing of x- ray diffraction spacings [4.72]. i~ore recent data may requi re

modi fying the present conclusions regarding form III to account for a soacing
S along the chain which is double that exhibited by the a phase [4.73]. For 

S

examole, a gtttg ’ ttt conformation would accoun t for the c-axi s reoeat and the

trans sequences would make it vibrationall ” cImi lar to that of 3 ahase.

Projecti ons of the a and 3 conformati ons onto a plane normal to the 
-

_ _ _ _
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molecular axes are shown in Fig. 4.12. The crystal structure of PVF is the

same as the 3 phase of PVDF [4.43) and mixtures and copolymers of these two

monomers tend to cause crystallization into the polar a phase [4.74]. Model ~
calculations have been made for comonomer units and head to head defects

wi thin PYOF and their effects on the potential energy of chain conformations

[4.75] are.consistent with experimental observations.

The repeat unit for PVDF , (_CF 2_CH2
_ )

~
, Is assumed to have a dipole

S moment close to that of di fluoroethane [4.76] which is 7.56xl0 28 Ccm (2.27D).

In the all—trans conformation (planar zig-zag) the component of this moment normal

to the long mol ecular axis is about 6.9x10’28 Can (2.1D). In the ~ phase

tgtg conformation the same 2.27D per repeat unit , using the atomic

coordinates of reference [4.72] yields a dipole moment of ii9~ 
= 4.O3xlcf28 Ccm

perpendicular to the long axis and u17 
= 3.36xl0 28 Ccm parallel to the long S

axis. The antipolar uni t cell does not have proper symmetry to yield piezo- and

pyroelectric activity. However, recent x— ray data shows that the antipolar

unit cell can be transformed by a large electric fiel d to give a stable polar

modi fication of the tgt~ 
conformation which is then both piezo— and

pyroelectrically active [4.77]. ThIs finding modifies :arlIer concl usions that

the a ~or~ -Is necessary for activity .

The usual methods of identi fying the fraction of crystallinit y In a 
-

specimen are to compare its density to that of crystal and amorphous densities

[4.78) or to compa re Its heat 0f fusion to the crystalline heat of fusion [4.78).

The usual measures of crystal phase fractions are x—ray di ffraction [4.79] and

infra—red absorption (4.70) intensity ratios.
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4.5 Properties of Semicrystalline Polymers

4.5.1 Crystal Relaxations

In the crystal phases of PVF and PVDF the question of rotational freedom

of the dipoles is crucial [Subsect. 4.4.1, ii). Ample dielectric relaxation

data exist on PVF (4.80] and c~ phase PVDF (4.18, 61, 78, 80—83) and mechanical

data on PVF (4.64) and a phase PVDF [4 .62 ] and thermally stimulated current

(TSC ) data on a phase PVDF [4.18] to conclude that a crystal relaxation

S 
occurs at about 80°C at a measuring frequency of 100 Hz. At room temperature

the relaxation time Tc for the a
~ 

relaxation is increased to about 1 sec. Log

is linear with l/T and the activation energy is around 100 kJ/mol . The ~
phase of PVDF is reported to have a mechanical crystal relaxation at 1100C at

- 
10 Hz 1 4.39, 62]. Its activation energy has not been determined . Dielectric

- : 

~ relaxations in 8 and -y phase PVDF are generally not observed possibly because

of rapidly increasing ~~
‘ and ~~

‘‘ with temperature. This behavior is usually

attrIbuted to space charge effects [4.80, 82, 83]. TSC data give strong back-

ground currents even from unpoled specimens [4.12, 84]. At lower temperatures

current with a broad maximum at 800,and integrated charge of up to 3 pC/cm2 is

observed (4.21). Davies has reported [4.85] that after removing a large fraction

of mobile charges by arrnlication of a lam e DC field (field cleaning) the

relaxation in $ phase PVDF was observed at about 14Q0C and 10Hz. The activation

energy was about 100 kJ/mol . That the dielectri c ac is a crystal relaxation was 
—

shown for a phase PVDF by the dependence of its amplitude on crystallinity and
by observing its disappearance at the melting temperature [4.611. That it can

exist in the B phase is demonstrated by its presence in PVF t4.80], observed

following field cleaning. The relaxation probably invol ves rotation of an 
- S

entire intral~unellar segment with twisting at the larnellae surfaces analogous 
S

to the well documented a
~ 

mechanism in PE (4.861. Since twisting must be about
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C—C bonds, these rotations would be restricted by the crystal fields of

S neighboring molecules. This rigid-rod model is also supported by the dependence

of the relaxation parameters- on molecular thickness --[4 .60 , 78, 82]. However ,

some evidence has been reported that the polarization of the a
~ 

relaxation

• in a phase PVDF is along the C crystal axis contrary to the usual case [4.87].

Additional direct evidence for electric field .induced rotation of molecules in
‘the crystal phase of PVDF is discussed in Subsect. 4.5.2.

It is useful to review linear relaxation theory he~ore proceeding to non

linear effects at high field. The crystal relaxation occurs by rotation of the

i~’olecules about thei r long axes ‘!ithin lamellar cr’st~ls ei ther by rigid rod

rotation or twisting [4.86]. To sirnlify the calculati on ~‘e assure the crystal

lamellae are thin slabs aligned normal to the polymer film as ex~ected in rost

co~~only measured films from uniaxi al or bi axi al orientation . Tt,~ net sample

po larization P5 arises from the average o-~ the crystal P~~~ an d the l i qu i d  P,

oolari zati ons - 

-

+ (l-’v)P~ (4.30)

where ‘r is the crystal vol ume fraction.

Since P (I-1)c0E and the field , E, for these oriented thin l amellae

will be the same inside and outside the crystal (t~igential component of E

continuous across the crystal-liquid inter-face) we can write the sample

pennittivity as a simple sum of the crystal 
~ 

and liquid £2, permittivi ties

+ (1—~)c2, (4.31)

At radio frequencies well above the glass transition temperature the relaxation

ampl itude of the sample is 

-~~ - - S— - -
~~~~~~~~~~~

— -——- • 
~~~~~~~~~~~~~~~~~~~~~~~~ 

- - S 5 5 — — —~~~~ --~~~~5- -s- --5--~~~~~~~~ —S ~



- S

~~~- r ~~~ -~~’ --

(
V (4.32)

where ~c is the difference between relaxed and unrelaxed values of c. To

relate to microscopic quantities we adopt the familiar 2-site model [4.86]

with an important modification to allow for the cooperati’ effects comon to

ferroelectric materials. 
S

- 
Assume a molecule in the crystal has its most probable or ientat ion with

its dipole moment m0 at an angle e with respect to an applied electric field E.

A second possibl e orientation (site 2) is at an angle e + ~ and the lattice S

potential energy of a molecu le in site 2 is greater than -in site 1 by the

S energy U as indi cated in Fig. 4.13 in which e=fl. The n robability of occu~ati nn of

site 2 will be f2 = Cexn[-(2U + 2m0E cos e)/kT] and that of site 1 will he
S 

- ‘frc where C=l/l+exp [-(2~42m~Ecos ~YkT]is a normalization factor chosen so that

+ f2 = 1 , and 2U + 2rn0E cos e is the work to move one segnent from site 1 to

site 2 [4.88]. (The term 2U includes the work to move a molecule from site 1 to

site 25. ol us the work to adjust the en~rai~ c of th~ rPm~ in ing rrio 1~ cul2s.)
Let m be the apparent dipole moment per mol ecule for any arbitrary distribution

of dipoles between sites 1 and 2 in a given crystallite . For such a crystal ,

the average moment in the direction of the field will be:

m cos a = m
0 
( f1 cos 8 + f2 (cos a + n))= m0 (f1-f2) cos 8 (4.33 )

whence, 
S

2m0 E(cos e)/k.T = -2U/kT + in [(1+m/mo)/(1-m/m 0)) (4.34)

a 

~~~~~~~~~~~~~ s__ S~ ss-SSSSZs-55~ - 

S 

- -



The cooperative aspects of this model arise from the requirement that

the system normally ordered in- site 1 is equivalent to the same system normally .

ordered in site 2, and that if both sites are equally populated then sites 1

and 2 must have equivalent energy. That is , the energy U must depend on the

values of f1 and f2. The type of dependence which has been applied to theories

of ferromagnetism [4.89], Bragg-Williams order-disorder transitions in alloys

[4.90] and ferroelectri ci ty in Rochelle salt (4.91) is: 
S

U = U  (f —f) U (rn/rn ) (4.35)
0 1 2  0 0

S where U0 is the lattice energy difference between site 2 anth l when site 1 is

completely populated (f1=1, f2=0).

5

,

- Using this result in (4.34) we have an important relationship between the -

average moment of a dipol e in this crystal and the applied field , or

S 2m~ E cose ,‘!~T = -21!0m/kT + n0Th [(1+m/m0)/(1-m/m0)1 (4.36)

To find ~e
_ we need to calculate the change in s~rple moment wi th ele ctri c ~ie1d.

The di fferential of (4.36) at E=’l gives~

= 4f1f2[1-2f1f2 in (f1/f2
)/(f1—f2)]~ ~ cos e/kT ~4 37)

This result differs from that usually obtained for the 2 site model [4.92] by

the additional term in brackets (due to the cooperativlty), and the absence of the

term 3e
~
/(2c,. + e

~
) due to the assuii~ tlon of lan’ellae rather than snheres . It

leads in a s traightfon-iard i-ia” [4.47] to the result:
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~ ~,(N/~)4f1f2[1—2f1f21n( f1/f2)/(f1-f2)]
’
~ P~

(c
~
+2)2/18kT (4.38)

where po=3m0(~~
+2y

~ 
[4.92] is the vacuum moment of the molecu l ar segment involved

in the rotation , c~ the non relaxed relative permittivity of the crystal, N/V

is the number of crystal dipoles ~er unit volume , ~ is the vol ume fraction

crystallini ty, and the average of cos2e for sinale axi s rotators wi th the ~~~
in the plane of the film is~~. The main features of the result are that , for a

S 
gi ven f1, the relaxation amnlitude is 1ar~er than for the non-coonerative

( constant 1’) case tending towards infinit” at U0/kT=1.
Very high dielectric constants are sometimes reported for PVF and PVDF

[4.80, 931 but these are usually attributable to space charge effects which can

be greatly reduced by appl ication of high DC fields to the sample 4.80 . It is

-S probable that the enhancement of near the Curie temperature due to dipole

disordering has not yet been observed because the Curi e temperatures expected

for PVF and PVDF are wel l above the temperature at which these crystals melt.

Equation (4.33) should be replaced by a more general equati on for conducting

dispersions and random orientation of l amellae when necessary. Note that the S

amplitude of the crystal and liquid relaxations as measured will appear

smaller than if measured in each nhase serarate ly because of the ~acter 
-
~~.

p

Since the pertinent data are available for PVF , it is instructive to

apply the above model to this polymer. .A typical all-trans segment within the

lamellar crystal can be expected to contain about 40 repeat units . 60 percent

of these are nonpolar because of head to head5 defects and tiieir effective

rigid- rod moment (po) will he 16 x 3.3 x 1fl 28 C cm. The number of ~uch rods
S ncr -unit volume is 1.8 x 1022,40 crn 3, and I = 35flK.

I
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The typical comerci al films of PVF are highly oriented and have a crystal-

u nity around 50 percent [4.59]. We can use Eq. (4.38) and data from ref.[4.80]

which shows to cal culate f1 and from the definition -of f1 at E=0 obtain the

- 
di fference in crystal energy for disordered and ordered molecules . Eq. (4.36) yields

a fraction of disordered molecules of 5 percent (an alternative sol ution , 
~l 

50~,

is not stabl e [4.88)) when U0/kT~l .67. That is , even though PVF has a oolar , trans.-

planar crystal structure a t a  temoerature of 350K aPproximatel y 5% of the molecular

segments in the crystal l amellae will be oriented with thei r net moments opposite

that of the host l amel lae. This is a dynamic disorder such that all segments spend

S about 5% of the time in the anti polar orientation . The angular frequency wi th which

a segment changes orientation and the ootential energy barrier which must be traversed ,

W, are calcul able from the simple Arrhenius expression :

v = 2v0 exp (-W/kT) (4.39 )

where v 0 i s the librational frequency of th e segment in the crystal (about

2 x io12 Hz for ~ phase PVDF [4.94]). From dielectric data at 100 Hz and 350K,

W/kT 24 for PVF [4.80). Both U0 and W will depend on pressure and temperature S

decreasing by about 10 percent for each 1 percent increase in crystal volume

(4.95]. Even at room temperature the relaxation time for dynamic disordering

of the crystal is of the order of seconds with several percent of the crystalline

segments antipolar to the crystal moment at any instant.

S Qual itatively similar behavior is expected to occur in ohase PVDF except

that nearest neighbors are anti polar in the ordered state and the disordered

state consists of several percent polar nearest neighbor pairs . The absence of
S 

~~~~.

published dielectric data on the 
~ 

relaxation in 3 phase PVDF makes quanti tati ve

nalysls of th is case unclear , but there is little doubt that the same type of

4namic crystal disordering typical of semicrystalline polymers is present.

— - _-_
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It is Important to distinguish between the linear response of the dynamic

disordering of molecular segments in the PVDF crystal to changes in appl ied

electric fields at the low voltages usually employed for dielectric measurements

and the non-linear response expected at the high voltages used to polarize
S plezo- and. pyroelectric samples. The linear low-field response does not involve

permanent changes in polarization while the high field response leads to ferro-

electric reorientation. S 
S

4.5.2 Ferroelectricity 
- 

S

PVDF in the polar form is often supposed to be a ferroelectrlc [4.96, 97 1 ,

which means that it is not only a polar crystal but that the stable equilibrium

crystal polarization can be reoriented with an appl ied electri c field. Di rect S

evidence for a field induced change in the unit cell orientation in PVDF

measured by x-ray pole figures has been reported [4.22, 98]. Molecular

orientation measurements using Raman techniques suffer from the dilution effect

of the liquid phase [4.99]. The usual hysteresis measurements 4.12, 100] of

charge vs. field are difficul t because of space charge effects and the results

are ambiguous. Measurement of piezoelectric [4.12, 361 and pyroelectric [4.93]

response as the field is cycled from large positive to negative values does give

a hysteresis loop. A poled PVDF film was shown to require 450 kV crn ’to suppress

Its piezoelectric response [4.36]. High dielectric constants of the order of

1000 (4.93] are al so indicative of ferroelectric swi tching in PVDF and PVDF-TFE

copolymer but since this behavior can often be elimi nated by anneal i ng in the

presence of a DC field [4.80,101], space charge effects rather than ferroelectric

switching Is probably responsible.

In the work of Kepler and Anderson (4.98J referred to above , they assumed the 
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molecular segments could rotate about their long axes and occupy any of six orienta-

tional positions at ff/3 radians apart. They found that the length of •a rotating unit

was 40 CF2—CH 2 repeat units which is about the same as the number of units in one

molecular segment in the crystal. They also reported that the crystal al ignment

was partially lost by high temperature annealing. Fukada et al (4.1021 used

polarized -Infrared absorptions for syninetric and antisyninetric CF2 stretch

- vibrations to show that these dipoles orient in an electric field. Their results

indicated that the relationship between piezoelectricity and dipole orientation

was not unique . Since they measured the average <cos2 9> rather than ccose>
S (where a is the angle between the dipole moment and electric field) it is

possible that non—uniform polarization which is con~on1y observed at lower

poling voltages~4.l9.3OJis an important factor. Infrared measureme nts of

crystal dipole orientation at lower frequencies were also reported to show

hysteresis [4.1031. That is, CF2 dipoles in the crystal do align with an

applied field and some of the al ignment persists until a strong field is

applied in another direction . -

Not only does field induced alignment of dipoles occur but conversions

from one non-polar phase to at least two other polar crystal phases has been

demonstrated [4.77, 1G4-108]. These and other results [4.12, 100, 109) provide

strong evidence for ferroelectric switching in the crystal phase of PVDF. It

ts still possible, however , that not all of 5 the piezoelectric and pyroelectric

activity in PVDF is due to oriented dipoles and the possibility that trapped

space charges are an important factor is often suggested [4.10, 16, 110).

.
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According to Eq. (4.36) we can calculate the di pole moment for a

cooperative 2 site model of PVDF as a function of electric field. The results -

are shown in Fig. (4.14) for several values of the parameter U0/kT. We can

- write the free energy difference between the partially ordered system and the

completely disordered system as, 
-

A(m/m0)—A(o) = -U0(m /m0)
2/2-mEcos~+(kT/2)[(l+m/r~0)ln(l+m,’m0)+(l-m/m0)ln(l-m 1’m0)] 

S

- 

(4.40)

The ex~rema of A—A(o) are given by letting ~A-A(o)]ja(m/m0) = 0 which gives

S 
- Eq.(4.36). The values of [A—A(ofl/NkT for E=0 are gi ven in Fig. (4.15) as a

function of rn/rn0 for several values of U0/kT.

S 

- 

The ferroelectricity of the model arises for U0/kT > 1 because of the

existence of two minima in the free energy corresponding to positive and negative

values for the crystal moment. The system can be switched from +m to -m by

appl ication of a sufficiently high electric field in a direction opposite m

as illustrated in Fig. (4.16) for the case U0/kT = 1.5. At a value of m0EfkT~0.2,

the minimum at m = —0.95m0 is removed and the only remaining minimum is at

m +0.95m .

Physically then we can describe poling of PVDF in terms of Fig. (4.14) as

follows. When a large field is applied to the specimen such that E is

considerably greater than its critical value E
~ 

given by the point of infinite

slope in Fig. (4.14), the moment of the c~~stal ~- ‘ill be oositi ve. If the field is

then decreased he’,ond _E
~ 

the stable solution ‘or positive r disau~nears and m

s~itches to a nepative value . This orocedure of c’iclina F. ~rom larce -lositive to

negative values results in a hysteresis curve i deally given , for exam’le , b” the

dashed path shown on the U0/kT = 1.5 curve of Fig. (4.14).

- 
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In the case of PVF we saw that dielectric data yields U0/kTal.7 so that

m0E~
/kT=0.3 and , using the moment given in Subsec (4.5.1), E

~~
0.3 Mv/cm. This

number is quantitatively similar to the lowest fields used for pol ing PVF and

PVDF , and gives some indication that a simple cooperative model is realistic.

4.5.4 Space Charges - S

Space charge measurements are frequently made by measuring the currents

generated by heating, at a uniform rate, a, specimen with evapor~ted electrodes

which has previously been cooled under an applied field. The thermally-stimulated

short-circuit currents (TSC) result from dipole reorientation and from the change

in the dipole moment of the space charge distribution [4.111). Studies on
S 

both amorphous and semicrystalline polymers have shown the space charge ~to be

predominant1~ positive near the negative pol ing electrode and negati ve near

- ‘ the positive poling electrode (heterocharged electret). Kerr effect measurements -

In liquid nitrobenzene with dc fields show uniform space charge distributions

with a net positive charge density of the order of 10 8C/cm3 [4.112]. (For a

further discussion of such observations , see Subsect. 1.7.3). Dielectric

measurements of PVF and PVDF typically show anomalously high values of ~ at

high temperatures and low frequencies [4.80, 83, 113]. This effect is generally

attributed to ionic space charges [4.83). It was shown that the interfacial

S polarization in solid PVDF is different from the electrode interfacial polarization

effects in liquid PVDF and was attributed to space charge polari zation at the

liquid—crystal interfaces [4.83). In TSC measurements it was shown that repeated

cycling of PVDF from 25 to 100°C with an applied field , reduced the space charge

effects (4.18]. Space charge concentrations in liquid n-l trobenzene (4.112], and

the space charge effects seen in dielectric measurements of PVDF (4.80, 83, 113)

and PVF (4.80] were also reduced by application of dc fields for several hours.

This reduction partially recovers wi th time after removal of the field. At

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  

________________ ________________ ____________



very high fields (E’SOOkV/cm) there is a change In the above behavior and

current tends to increase with time at constant voltage leading ultimately

to breakdown (4.114].

The general behavior of a conducting liquid with dispersed crystals of

roughly equal volume is quite complicated [4.1153. EMF’s generated by chemical

S 
or electronic interactions between a polymer film and the metal electrodes

(4.116] are a possible source of anomalous effects such as the extremely high

isothermal short-circuit currents observed in vinyl idene fluoride polymers at

high temperatures [4.117] and variations in current-voltage behavior with electrode

n~etal (4.80, 1181. If, as seems certain, ferroelectric switching of the polar

crystals occurs during the early stages of poling, then continued poling results

in a flow of charge, mostly through the more conductive liquid phase regions

with positi ve charges moving toward the negative electrode and negative charges

toward the positive electrode. At normal poling temperatures (~ 100°C) the 5

current is time dependent and bulk interfacial polarization effects are evident

(4.83]. The charge carriers could tend to pile up at the crystal surfaces where

their normal drift is hindered as shown in Fig. 4.17. Electric fields from

oriented crystal dipoles would tend to trap these charges at suitable crystal-

liquid interfaces. This situation is analogous to concentrated emulsions of

oil and water [4.119]. TSC results show that space charges are released at

temperatures higher than the dipole rel axation maxima and these for PVDF are

considerably above room temperature [4.111, 120]. As a result, when the specimen

is cooled to room temoerature the charoes are imobilized and remain at the crystal

surfaces as in Fig. 4.17. The space charges fo rm a di Dole which has the sti ffness
- 

of the crystal and because of non-unifo rm strains will produce a piezo- and nyro-

electric response [see Subsect. 4.2.2]. Note however, that the snace charge dinoles

If formed from interfacial àolari zation of the DolinQ-current charges are onposing

the molecular dipoles and will reduce the piezo- and pyroel ectric response.
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The observation of a slow poling process reported for PVDF (4.10, 36, 103],
whereby the piezoelectricity slowly increases with time, and the observation

that space charges are removed by dc fields on a similar time sca le

(4.18, 80, 83, 112, 113] support the idea that a decrease in space charge

• reduces the masking effects of space—charge dipoles. Also the partial decay

of piezoelectricity with time after removal of the field (4.101 and the partial

recovery of space charge density with time (4.80, 33, 113] may be similarly

related to the postulated space—charge dipoles.

Probably the most important role of space charge is in the poling process.

It is well known that space charge in a material has associated with it an

electric field which will cause the local electric field in the material to be

greater or less than the applied field [4.121, 122]. If for example a negative

space charge is present in the polymer, the potential difference between the

negative electrode and the inte’ior of the polymer will be less than that for an

uncharged polymer and correspondingly greater at the posi tive electrode. Thus,

If the polarization due to crystal alignment Increases with the local poling

field, then the polarization will be greater at the positive electrode for 
S

a negatively charged polymer. The distributi on of acti vity in PVOF ha~
been measured and found to be greater at the positive electrode [4.l~, 110).

Higher temperatures , longer poling times and higher electric fields reduce this

non—uniformity [4.19). It Is surprising that the polarization in PVF tends to

be greater at the negative poling electrode (4.123]. Assuming that non-uniform

polarization in these materials results. from space charge in the bulk polymer,

then we conclude that PVDF accumu lates a net negative space charge and PVF

accumulates a net positive space charge. This charging phenomena is sometimes

discussed in terms of a work function difference between the polymer and metal

electrodes (4.124-126], which in turn depends on the detailed molecular structure

(4.124]. 
. 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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The distortions in local poling fields due to space charge tend to become

small at high fields (>1MV/cm) , and while studies of space charge effects are

necessary for a complete understanding of PVDF , it seems likely that the 
S

presence of space charge is not a major factor in the behavior of well poled PVOF . S

4.6 Measurements and Data 
-

Piezo—and pyroelectric measurements on polymer films are usually made by

applying tension to a strip of polymer and measuring on opposing• electrodes

the short-circuit charge or open circuit voltage due to a change in the tension.

The stress and strain are measured with a load cell and strain gauge and the

stress is usually sinusoidal . This basic technique has been discussed previously

(4.5, 7]. Measurements can be made by clamping a sample in a vise in series

with a load cell. Noise can be reduced for these measurements by the use of good

contact electrodes (e.g., evaporated). A double film sandwi ch with the high
S potential electrodes together and shielded by the outer grounded electrodes

greatly reduces noise problems. Piezoelectric measurements have also been made

by applying a field to the specimen and observing the length and thickness change

(4.17], by analyzing the response of a piezoelectric film driven electrically in

the neighborhood of its resonant frequencies [4.13] and by applying hydrostatic

pressure to the film with He gas (4.41]. Pyroelectric measurements are con-

veniently made by changing the temperature of the specimen and measuring the

charge produced (4.41] correcting for any Irreversible effects. Heating and

cooling can be done with a Peltier device (4.127] which is noisier than a heater

or, for electromagnetic purposes, with optical radiation (4.20]. A very

convenient dielectric heating method has recently been demonstrated (4.128].
- 

The accuracy of piezoelectric data is hard t~~assess since error analyses are

seldom mentioned. Piezoelectric and electrostriction data on PVDF as a function

of temperature and frequency have been adequately reviewed previously [4.5,7,10].

- - 
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There are many reports in the literature of piezoelectric and pyroelectric

response from PVDF as a function of pol i ng conditi ons . A suninary of all of them

would be complicated because there are so many parameters, each of which can be

varied over a wide range, and conclus ions dr~wn from one set of measurements are

not valid for other values of the parameters . For example , early data [4.10] on

samples wi th di fferent contents of form I and form II crystals when poled at 320

kV/cxn and 40°C showed a variation in piezoelectric response of more than 100

S fold, implying a need for the presence of polar form I in order to obtain I
good piezoelectric response. Subsequent poling (4.13] of oriented form II at

slightly higher fields yielded films with piezoelectri c coefficients as much

as one-half as large as those from form I. More recently [4.105] it has been

shown that electric fields in the vicinity of 1 MV/cm can cause a crystal phase

change from antipolar form II to a piezoelectric polar form II and at higher

fields, an additional phase change to form I occurs. Again , early data [4.10]

showed a strong dependence of electrical response on poling temperature for

poling times of 30 minutes at 1 MV/cm. More recent data for much longer times 
5

(io~ mm .) implies that the ultimate response from a given sample depends only
upon applied field and that temperature merely affects the rate at which

polarization occurs [4.129]. In measurements of pyroelectric response the

uniformity of polarization increased significantly when the poling time was

S 
Increased from 5 to 30 minutes [4.19]. -

Polarization vs. time measurements for PVDF show two stages according

to several authors [4.10,103,110 ,130]. Some [4.10,103,110] report a fast

response at less than a second and a slow response at 1-2 hours, while others

(4.130] report the fast response at 1 mi nute and the slow response at 1 hour.

~
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More recently it has been shown that for stronger electric fields (in the

vicinity o’f 2 MV/cm), the polarization occurs within the first few seconds of 
S

poling--even at room temperature (4.105, 108, 114]. The nature of the electrodes

or the presence of charge carriers can infl uence the uniformity of polarization

over certain ranges of the variables mentioned above. In general , high fields and

longer poling times lead to uniform polarization [4.19].

There is disagreement about whether polarization saturates at high

temperatures and high fields. Murayama et. al. (4.9, 103 reported no saturation S

for the piezoelectric response in PVDF and Day ét. al. [4.19] report none for

the pyroelectric response - (although the data for only, uniformly poled samples do

show saturation effects) [4.191. Other data show saturation of the piezoelectric

response [4.39] in PVDF and in our laboratory both the piezoelectric and pyro—

electric response of PVDF and VDF-TFE copolymers saturated as functions of field

and temperature [4.48, 114]. Of course, the response also depends upon the

orientation of the polymer chains in the film before poling and the direction

In which the film is strained while measuring the electrical response. Despite

the apparent inconsistences in the details of the poling process, many reports

agree that the maximum value of d31 for PVDF which has been obtained so far is 15

to 20 pC/N [4.13, 56, 109, 114, 131] and the corresponding pyroelectric coefficient

is 3 to 4 nC.cm2K. (4.19 , 108, 114, 132, 133] These values are compared wi th the

electrical response from other piezoelectric and pyroelectric materials in Table I.

At present there have been few reports of detailed measurements on a single specimen

to yield several components of the piezoelectric tensor (Sec. 4.3).

Appl ications of pol ymer transducers for reflecti vi ty measurements [4.1391,

a photocopy process [4.151 , radiation detectors (4.20], night vision targets

(4. 1321, Intrusion and fire detectors [4.140], hydrophones [4.141), earphones

and speakers (4.11], pressure sensors, strain gauges and many more are being
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developed or investigated, and the list of applications is growing rapidly, as

discussed in Chapter ( ) .  Several recent relatively non—technical publications

S have stimulated widespread interest in piezoelectric polyn~r devices [4.142-1441

4.7 Dipole Model Applied to Semicrystalline Polymers
S Evidence for the presence of preferentially- al igned crystal domains giving

PVDF a net dipole moment has been given in Subsec. 4.5.2. It is important to

know if al igned crystal domains can account for the observed activity . A model

similar to that for amorphous polymers (Subsec. 4.2.3) has been analyzed [4.145].

In the model the polymer Is assumed to consist of crystal -lamellae dispersed in 
-

S an amorphous liquid and oriented approximately normal to the large film surfaces. -

The molecular segr~ents are preferentially ali gned so that thei r c~i~ole

moments are parallel . A typical crystal is assumed to be as shown in Fig.(4.16),

S with the crystal moment at an angle 
~0 with respect to the film surface and 

53~~

equilibrium amount of real charge trapped at the crystal surfaces which are normal

to the crystal moment. Calculation of the charge dQ appearing at the film

surface as a result of changes in temperature dT or hydrostatic stress — dp,

leads to the following equations for piezo-and pyroelectric response:

d~=~- .~Q= P0 5cN~c 
— 1)/3 + y/2 + ~(ln Lc)/2(ln vs)] (4.41)

py—j~ ~ 
= -P0 ((ta - 1)/3 + •~~~~(y + (2TacY”)/2 

+ ~(ln t~
)/a(ln va)]

T S - (4 . 4 2)

S 
Where the pol arization from crystal dipoles is

P = + 2) N J (~ 
) <cos e >/3V

0 C 0 0  0 0 C 4 43)
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I
For the case of no counter charge the crystal length z~ is replaced by the

sample thickness 2.5. The equations were evaluated using the followi ng experimental

values : Temperature, I = 300K, volume expansion coefficients for the crystal

= 1.7 x 10~
4K~ [4.146) and sample ct5 4.2 x 1O 4K 1’ [4.146); volume

compressibilities for the ‘crystal L~ 
= 1.1 x 1O~~°Nm”2 [4.1473, and sample

= 2.39 x 10 10Nm ’2 [4.1483 crystal relative permittivity , s’~ = ~ [4.35, €2],

volume fraction of crystals , ~ = 0.5 [4.149], crystal (vacuum) polarizati on for

Form I, Nuo/Vc = 12 x io .6 Ccm”2~d~/P0 = 2 x 1O ’6cm2~
’1 and P~/P0 4xlO 4K ’’ [4.1u5]

The agreement between this calculation and experiment is excellent if one

assumes negligible amounts of space charge at crystal-amorphous interfaces. Even

with an equilibrium amount of space charge (which gives a contribution opposite

that of the dipol ar crystals), the model still accounts for about 75 percent of

the observed activity in PVDF. Apparently, the largest contribution comes from

changes in film thickness with changes in temperature or appl ied stress. This

mechanism -is very similar to that for amorphous polymers considered in Subsec . 4.2.3.

Also , the predicted ratio of piezo- to pyroelectric coefficient of ~~~~ =5u~ K cm
2N~

Is in excel lent agreement wi th experiment and strongly supports the concept that

both effects arise from the same basic mechanism , i.e. thermally or mechanically

induced dimensional changes in the PVDF film. This type of piezoelectricity is

usually called secondary piezoelectricity (4.134]. Kepler has analyzed how much of

the pyroelectricity in PVDF is associated with the secondary piezoelectricity and

has concluded that no more than half of ,the pyroelectricity in PVDF arises from

the mechanism of secondary piezoelectricity [4.150], in contrast to our conclusion

above. His results depend on an assumption of isotropic mechanical properties for

biaxially or uniaxially drawn fi lms of PVDF. However , Poisson ’s ratio of semi-

crystalline polymers. for example, Is known to vary greatly with orientation [4.42].
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The calculated maximum polarization obtainable with a a phase PYOF crystal
S 

- is about 22uC/cm2 (the often quoted value of 13~C/cm
2 is calculated from vacuum’

moments and does not include the effect of the crystal environment). The

• corresponding maximum values of d~ (ma x ) and Py (max) are 44 pC/N and 9 nC/cm2K,

respectively. These are more than double the typical values measured for well poled
S 

samples where d~ (typical) = 15 pC/N and p~, (typical ) = 3.5 nC/cm2K. This

difference between predicted ideal single crystal values and observed values is

simi lar to the difference between piezoelectric coefficients and polarization of
S 

BaT iO3 single crystals and powders C 4.151), and can be attributed to inefficiency
S of the pol ing process in a polycrystalline sample.

The model described above applies to any polar phase of PVDF inc l uding polar

a phase, and a and y phases . Probably, there will not be a sig,nificant difference

in activity for various phases , because of compensating effects. For example, 
- . 

S

increased compressibility of the polar a phase relative to 8 phase :4.152: crystals

will increase Py and d~ in partial compensation foi~ the decrease in p
~. and d~ due

to the decreased moment of the a phase repeat unit.
• In many appl ications the electrical response across the film thickness to

a change In the uniax ial stress (d31 or d32) is of primary concern. Eq. (‘~.4l )

can be modified by replacing hydrostatic stress (-p) wi th the appropriate stress ,T1
or 12. Because of the sensitivity of Poisson ’s ratio to orientation , the chance in

film thickness will be.much greater for a stress in the draw di rection T
~ 

than for a

stress transverse to the draw direction ,-T,.

Poisson ’s ratio is also a strong function of amorphous state of the polymer,

being closer to normal values 1/3 < n < 1/2 below 1
9 

(about -40°C) and being

outside this range above T
9. In spite of the apparent importance of T~ to the

basic mechanism of piezo— and pyroelectricity in PVDF (that is , the change in sample

thIckness) [4.145], there are yet no reported data for n. This is due In part to 
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the difficulty in measuring strains in the thickness of thin films. However, we
can estimate from measured values of Voungs modulus V1 ~ V 2 ~ 2.5 x 10~ N/rn

2

[4.39, 131] and assumed values of = 0.6 and = 0.1 that d31 ~ 2d~ and

d32 ~ 0.4 d~. This large difference between d31 and d32 has been shown experimentally

[4.7,13,39] and has been interp reted as evi dence for a model ~ihere stress along the

molecular axis causes dipole alignment and hence an increase in polari zation . Here

we suggest that differences ‘In the thickness change is the dominant effect.

Other models for piezoelectricity in PVDF include gradual stress-induced

melting and crystallization of preferentially aligned crystals [4.153], orientation

of dipoles in an anomalous liquid phase [4.154], and increased perfection of the
S 

planar zig-zag structures [4.13] both by applied stress. Calculations ‘~n the
polarization kinetics using severa l models for PVDF have been made [4.155].

/

4.8 Suninary and Conclusions S

Some polymers can be made both piezo- and pyroelectric by suitable application

of a large electric field. This effect is true piezo- and pyroelectricity rather

-: than electrostriction, conduction , electromechanical effects , or the motion of

conductors in the field of space charges. Two distinct types of polymers can be

piezoelectric. Amorphous polymers are piezo- and pyroelectric by virtue of a non- 5

- equilibrium but kinetically stable net di pole orientation in the amorphous phase

of the polymer. The semicrystalline polymers are piezoelectric due to alignment

of polar, ferroelectric crystals dispersed in the amorphous phase. In both types

of polymers, magnitudes of the piezo- and pyroelectric effects are in accord with

the expected temperature and pressure dependence of the dipole model . Polarization

changes primarily because of dimensional changes of the sample. Space charges

embedded in the polymer normally will not produce large piezoel ectric and pyroelectric
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currents. Those embedded near the crystal-liquid interfaces tend to reduce the

piezo- and pyroelectricity. Improved orientation of dipoles and reduction of

ionic impurities should increase p~ and d~ for PVDF by a factor of two above typical

S 
values presently reported. The sensitivity of amov’~~ous and semicrystalline polymers 5

is limi ted mainly by dipole moment per unit vol ume sand breakdown strength.

Some of the models presented here were developed along with the writing and

were used as a framework for the presentation in order to make the chapter more

coherent. It is hoped that these ideas, some largely untested, will provide

direction and stimulation for further work in this field. 
-
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TABLE I

2
- Material d, pC/N p, nC/cm K

¶ Quartz, d11 2.3 (4 134)(a ) 
S

I 

PZT-4, d33 
- 

289 (4.135) 
• 

27 (4.132)

BaTio3, d33 190 (4.135) 20 (4.132)

Rochelle Salt, d25 53 (4.134)

Triglyc-I ne Sul fate - 50 (4.136.) 30 (4.132)

Sr05 Ba05 Nb205 95 (4.136) 60 (4.136)

Polyvinyl chloride , d~ 0.7 (4.25) 3.1 (4.25)

Polyvinylfl uoride - 1 (4 . 6)  1.0 (4 . 1 3 7)

- Nylon 11 0.26 (4.138) .5 (4.138)

Polyvinylidenefluoride, d31 28 (4.13) 4 (4.19)

- (a)N~~bers in parentheses refer to references at the end of the
-
~ chapter. -
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Figure Captions .. 
-

Figure 4.1 A diagram of poling procedure .showiri g the temperature T, S~

- voltage 0 , time t sequence and the resu!tin g polarization P f~
- 

- reduced by the permittivity o~ free space ~~ and app lied

- field E , The remaining fro zen—in reduce i polarization is S

the dif ference between relatIve permittiv~tIeá e’ at the two 
S

te.mperatures Tr and T
8
. - - 

-.

!igu~e 4.2 A model o~ an electret with real. charges and preferentially

S ordered dipolar charges resulting from the applied vo ’tage ~. 
- 

-

!igure 4.3 A model of an electret with a sheet o real charge embedr’ed

in it and induced charges on the short circuited electrodes.

The ~ are the surface charge densitIes located at the various

positions, o, x and s. 
- -

Figure 4.4 Schematic dIagram showing the principles of an electret microphone. S

Figure 4.5 A model of a dipolar electret showing the flow of charge resultIng

from a thickness change due to an Increase in pressure or a

Id decrease in temperature. 
S

Figure 
P
4.6 A model showIng how the electret of ~‘ig. 1i~~5 is used for a pyro—

electric application. flote the interaction of the film with the

radiation takes place in the electrode which in turn acts as a

• heat bath. S 

-

Figure 4.7 A model for an electret containing a representatIve dipole of

moment ~~~~ polarizabillty ~~, and ‘ixe’ mean orientation Q ‘- ith

respect to the net polarizatIon ?•

Figure 4.8 A model shovIn g the decreas~ In the mean momen t of a libratlng S

dipo le with - a te~~t r atu re—induc ed increase In the lihr at ion

amplitude s 

—~~ ~~~ -— 
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Figure 4.9 The identifIcation of axes for a stretched and poled polimer

- 
. specimen . 

-

Figure 4.10 Pyroelectri c coefficient as a function of pol In g field fo r the

S amorphous polymer , PVC , and the semicrjst all~ne polymer , “VDF.

PVC data are from reference 4.4~ , ~VDF data are f rom reference S

4.19 (~) and unpublished data of J. ‘~~. ?enney , X. ” .S. (o) .

Figure 4.11 Schematic diagram illustrating essential features of spherul~tic

morphology in semi—crystalline polymers such as ~~
“ an~ ~~DV .

~tolacuLar chain axes are ap’rox~mately normal to the surfaces o~

the lamellar platelets whIch grow radlal1•y from the center of

the structure. 
-

Figure 4.12 Projections on a p lane normal to the molecular axes o~ the ~ and

3 crystal forms of PVDF. Large circles represent fluorIne ac~ ’.s,

small circles represent carbon atoms and hydrogen atoms are omitted. . 
S -

~‘igure 4. 13 Potential energy diag ram for a two site model In which a mb ’.ecula r

dipole becomes reoriented with respect to Its neighbors under the S

influence of an electric field.

Figure 4.14 The ratio of the average moment to the actual moment ~er ‘~ipo’.e

in the two site model of Fig . 4.13 as a function of the electric

field to whIch ~.t Is subj ected . Curves are drawn for  differen t

values of the energy difference between sItes for the perfect~y

ordered system. The dashed li.nes correspond to a ferroelectrlc

hysteresis loop for an ideal crystal. S

S 
Figure 4.1S Calculated equilibrium Relmholtz free energy of partIally ordered

system of dipoles relative to the completely disordered system as a

function of the ratio of the average moment to the actual. moment per

5 
dipole. Curves are drawn for different values of the energy difference

between sites as in Fig. 4.14 in the absence o an applIed field (~a0) 
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Figure 4.16 Calculated Helmholtz free energy of a partially ordered system of

1-

dipoles as a function of the ratio of the average moment to the

actual moment per molecule . Curves are drawn ~or dI fferen t

:~ values of an externally applied field and apply to the case when -

- — 1.5. 

.

Figure 4.17 Schematic diagram of interfacial polarIzation ifl a semlcrystalllrt e

pol.ymer in an applied dc field due to charge builc1 up at S
- 

crystalli ne obstructions . - ]
Figure 4.18 A schema tic diagra m i1lustra tin~ dIpole al ignment with 1n a

~~
1j

polar crystal and possib le counter charge at ti- c crystal liquid

interface ; A typical active po1ymer f~lm consists o~ an array of : ~such objects with a preferential dipole alignment resulting f rom

- S 
the poling procedure. -
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FIgure 4.1 A di agram of poling procedure showing the temperature T,
voltage o, time t sequence and the resulting polarization p 5

- reduced by the pennittivi ty of free space c0 and appl ied
field E0, The remaini ng frozen-in reduced polarization is

S the di f’Ference between relati ve permi ttivities c~ at the two
temperatures Tr and T~. -
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Figure 4.2 A model of an electret wi th real charges and preferentially
ordered dipolar charges resulting from the applied vol tage •.

Figure 4.3 A model of an electret with a sheet of real charge embedded
In It and Induced charges on the short ci rcui ted electrodes.
The a are the surface charge densities located at the various
positions, 0, x and S..
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ELECTROMAGNETIC RADIATION -

RADIATION ABSORB IN~\\\ e S

CONDUCTIVE ELECTRODE -

FIgure 4.6 A model showing how the electrét of Fig. 4.5 is-used for a pyro-
electric appl ication . Note the interaction of the film wi th the

S radiation takes place in the electrode which in turn acts as a
heat bath. 

-

Figure 4.7 A model for an electret containing a representative di pole of
— moment i~ , pol arizability ~ end fixed mean orientation ewi th 

S

S respect ~o the net polarization P. .

a
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FIgure 4.8 A model showing the decrease In the mean moment of a
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~1gure 4.17 Schematic diagram of interfacial polarization In a
semicrystalline polymer in an applied dc field due

- to charge build up at crystalline surfaces. S
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