
IzAO—A048 903 NATIONAL BUREAU OF STANDARDS WASHINSTON D C FIG 20/9PLEZO— AND PYROELECTRICITY OF POLY(VINYLIDENE FLUORIDE) FROM PL——ETC ((J)DEC 17 J E MCKINNEY. S I DAVIS N00014—78—F—0015UNCLASSIFILD TR—1 NL

END
O~ TE

___________________________________ FI LMC 0

2 -78



‘-~~~~ _ _ _ _ _

(
~~

OFFI F NAVAL CH

Contrac N~
’O~l4-78-.4Ol5

Task No NP 356-522

_ _ _ _ _  

~~~~~~~~~~ical~~~~~~~~#7

I ~~~~~~~~~~~~~~~~~~~~~~~~
. . .— ~!: .

- - - :: -!- ~- -

> JIEZO— A1~D PYROELECTRICITY OF POLY ~JINYLIDENE FLUORIDE) FROM ~~LASUA POLING . /
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

-

~~~~~~~~~~~~~~~~~~~~ ————~~~~— —-—- -~ - - :4: - - -

by/
: j  

_ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Prepared for Publication in

ACS Polymer Preprints

L.!ational Bureau of Standards
Bulk Properties Section
Washington , D. C. 20234

- December 1, 1977

Reproduction in whole or in part is permitted for any purpose of the
United States Government.

Approved for Public Release; Distribution Unlimited. JJ C



L_~
_ w~

- ___

~~~~~~~~~~~~~~~
-.---- --:

~_._

—— I

SECURITy CL ~ .,FI CATI O, I  OF T~ ’i S PAr . r. (14?,.n l) ..t. I~nIr.r.d)

REPORT DOCU~.~ENTATIOU PAGE
I. REPOR T ?.IUEH 2. GOVT ACC ESSIO N NO. 3. R (C I P I E NT S  C A T A L O G  NUMU LH

Technical Reoor t #7 
_ _ 

__________________________

4. TITLE (and Subtltl.) 5. T’VPE OF REPORT 4 PERIOD COVEn
“Piezo- and Pyroelectricity of Poly (Vinylidene
Fluoride) from Plasma Poling” Technical Report ~~

6. PERFORMING ORG. RCPOI1T NuuoL• ~

7. AUTIi OR(s~ 
- 

9. C O N T R A C T  OR G R A N T  NuM~~LR(.)

John E. NcKinnev and C. T. Davis Nfl0014—78--”)015
F

9. PERFORMING O N G A M IZ A T I O N  NAME AND A D DRESS 10. P R Q G R A M  ELEMENT.  PR D J EC T .
AREA a WOR K UNIT NUMIJE RS

• National Bureau of Standards
Bulk Properties Section , Polymers Divisio~~.. NR 356—522•Washington , D.C. 2~)234

II. CONTROLL ING OFFICE k A M E  A ND ADDRESS 12. REPORT DATE

Office of Naval flesearch December 1, 1977
Chemistry Program Office 13. NUMBER OF PAGES

Arlington . Va. 22217 . 18
14. MONITORING AGENCY NAME 6 ADORESS(l I Uitt.tm’~t tram controlling Otl ic . )  

j 
lb. SECURITY CLASS. (at thi. report)

I Unclassified

I is. . DECL / .SS lF ICA T l O N/ DOWNGRAC )I~~ .
• . SCHEDULE

IS. DISTRIB UTi ON STATEMENT (of this l~.cpo rI) . 
—

According to the attached distribution list. 
~~~~~~ STATEMENT A

.App~oved for public releciee
• Dta~ibulion Unlimited

I?. DISTRIBUTION STATEME NT (at th e at~.t r.ct ont.re d in Block 20. if dlff.r.ni from R.porl)

4 
. 

‘I

16. SUPPLEM ENTARY NO T ES 
—

To be published in ACS Polymer Preprints

19. KEY W ORDS (Contlnu. on v~ v.re. cia. it n.c.a..iy and identity by block numb.r)

Dielectric; niezoelectric; plasma : nolarization: poling
• . poly(vinvlidene fluoride) : pvroelec tric

——

~~~~~~~~
--.

• 

.

20. AUS~~~fCT (Continue .fl tør•,., eld. Ii n.c. ...ly ~~,d Id.nqiiy by block ~umb•t) 7
A plasma poling device is described which allows essentially instant-

aneous poling ot polymeric fi1m~ at room ter.rnerature at very high fields .
Using poly(vlny lidene fluoride) both undrawn (co~~irising essentially pure

• ~~~~bnforination) and biaxially drawn (both~~)and~8.conforr~ation) were nolarizedin this manner. The po lar ization of the samp le was deter r~lned from curren t
integration measurements . The piezoelectric and pvroelectric coefficients
were then measured and compared with those estimated from the polarization

DD 
~~~~~~~~ 

1473 CO ,1I0N 0r 1 N0v 95 $I OOSOLETE
S/N O$O2 •O I 4~ 660l I

$LCUR ITY CLASSIFICATION or THIS PAGE (NWan 0.1. l..id.

_____________________________ - -
~-— ~~~~~

~•



_____________ ______________ - - • - 
- ~~~~~~~~~~~~ • _ 7”• -~~—--“-•.

~ 
- ---

~~~
--.•- .--,

• 

•

..i. t.IINIIi I LI.~.RI( I. T I-.M uI~ T Ill • I A , ._~ Ilt,.n Slat. ini...•I)

20. . 

•

theory of Mopsik and Broadhurst , which expresses these coefficients as
linear f unctions of polarization . The theory gives an accurate representa-
tion of the piezoelectric coefficients , but underestimates the pvroelectric
coefficients considerably .

In addition , x—ray me u .ents from various techniciues were made on
both drawn and undrawn PVDF samo es. For the unnoled samples the results
are in good agreement with those i the l i t e ra ture. Some changes in
spacings and intensi t ies were observed wi th  noling for both the drawn and
undrawn samples. As yet we do not have a clear interoret at ion of these
results in terms of crystal s t ruc ture  changes result ing from polar izat ion.

• 

. •

/

ACCESSION f or
• NTIS • White Section ~~

DOC Buff Section 0
UNANNOUNCED 0
JUSTIFICATION L_._—

BY
DISTRIRUIIO1IIAVMIABLITY tUBES

Oist. AV AIL aI1d7 S?

f t \~~~J j

IfCUi4 I~ Y CI. ASSIF ICAtIOM OF THIS PAGC (NI..n *1*1. E.iI.n..

_____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
-



• 

•

Pie zo- and Pyroelectri ci ty of
Poly (vi nylidene fluoride ) from Plasma Poling

J. E. McKinney and G. T. Davis

Abstract

A plasma pol ing devi ce is described whi ch allows essentially instant-

aneous poling of polyme ri c films at room temperature at very hi qh fiel ds.

Using poly (vinylidene fl uori de ) both undrawn (comorising essentially pure

• u confo rmation) and bi axia lly drawn (both a and a conformati on ) were polarize d

In this manner. The polarization of the sample was determined from current

Integrati on measurements. The piezoelectri c and py roelectri c coefficients

we re then measured and compared wi th those estimated from the polarization

theory of Mopsik and Broadhurs t, which expresses these coeffi cients as linear

functions of polarizati on. The theory gi ves an accurate representation of the

plezoelectri c coeffi cients , but underestimates the py roel ectri c coeffi cients

considerably .

In addi t ion , x—ray measurements from various techniques were made on both

drawn and undrawn PVDF s amples . For the unpoled samples the results are in good

agreement wi th those in the literature. Some changes in spacings and intensities

we re observed wi th poling for both the drawn and undrawn samoles . As yet we do not

have a clear intero retation of these results in te rms of crystal structure changes

resulting from polarization.
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his line PIEZO- A’ID PYROEL ECTR ICITY OF •

P0LY (VH~YLIDE1E FLUORIDE) FROM PLASMA POLING
By

J. E. McKinney and G. 1. Davis
Nati onal Bureau of Standards

Washing ton , D.C. 20234

• I. Introduction

This paper is a preliminary report which incl udes a descriotion of the
• pl asma oolinq orocess , the consequences of this kind of oolinq in ter’~s o~piezo— and pyroelectri c response , and an attempt to interpret the results in

terms of molecu lar structure .

Conventional poling procedure invo l ves heating the nolymer sample to an
elevated temperature , apolying an electric field for a brief period of ti~-e ,and then cooling to room temoe rature unde r the field. Recently, Southcate 1
has demonstrated that by applying corona di scharge at high potential in the

• vi cini ty of a poly(vinylidene fl uori de) (PVDF) samole , with the opoosite
side at ground potenti al , the ooling process is essenti ally completed in
several seconds at room tempe rature. There is also the advantage that high er
fields may be obtained by corona or plasma oolin q . Since poling times are
so short it is relati vely easy to measure the total charge on the samDle
f rom poling, as demonstra ted by Southgate . After the aoplied field is re-
moved, the residual charge is a measure of the i rreversible or “perm anent”
polariza tion from whi ch it is possible to deri ve expressions for the piezo-
and pyroelectri c responses. •

The piezoelectri c and oyroelectri c response from oolvniers has been re-
lated to polarization , whi ch is linear with apolied field for amorohous
polymers 2. Since the charge has been measure d during the pol ino orocess in
our work , these data gi ve us the opportunity to evaluate the theory in
terms of ex per i mental quant iti es for sem i crystall i ne polymers as wel l . It• wi ll be shown that the mode l predicts the piezoelectri c response within ex-
perimental accur acy ; however , some refinement annears to be necessary for
the pyroelec tri c res ponse. On the other han d , some of the experimental

• val ues of quantities appearing in the theory are somewhat dubious , it is
not app ropriate to pass judgement at this time.

There has been considerable recent interest and some speculation on
the nati re of apparent phase transitions in PVDF resulting from poling at
high fields . For examnle , such behavior is indicated by changes in infrare d
spectra as observed by Southgate ’. We are presently conducting investiga-
tions along these lines employing various X-ray and JR— techniques.

II. Theoreti cal Pelationships between Piezo— and Pyroelectri c Coefficients
and Polar ization

Using an Onsager type reaction field model , flopsik and Broadhurst2
• have derived the relation for the polarization

P Cc , + 2)(Np0/3V) ccos 0> (1)

where c ,, is the limiting high frequency dielectri c constant of the medi um ,
N is the number of dipole moments each of strength u~ in total volume V ,
and cos o’ is the average cosi ne of the di pole orientation angle 0. The
above relation gives the permanent pol a rization in a homogeneous , non-
conducting, polarizab ie medium.

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
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Ing
IflS - Wi th semi crystalline polymers some modi fi cation is necessary to take

into account the fact that polari zation exists only within the crystallin e
region and the amorphous regions can be sliqhtly conducti ve. Al thouqh the
conductivity of poly (vinylidene fl uori de) is very small , a gradual decay of
polarization results from migration of real charge throuqh the amorphous
regions to the crystal surfaces3.

In order to adapt the continuum model2 to a semi crystalline medi um we
assumes

3c

• 
P
~~~~2~~~ 

Pc 
(2)

where x is the crystalline fraction based on volume , P C is the total polar-
izati on of the crystalline reylon , and ~ is the relati ve perm ittivity withsubscripts s and c pertaining to s amole and c r’,stal resoecti velv . The
di pole moments in the amorphous region are assured to be randomi zed at
temperatures above Tg after remqva) of the external oolina field . To
account for the real charge redistributi on mentioned above , we i nc l ude an
additional term in . eq.(l) which becomes

3c INu c + 2 Q’(t)l
P(t) = X 2c ~ 

_ c — <cos a> - A ~I (3)
s ci c c J

A is the total area of the crys tals , and 0’ is a tire deoendent charge
a€ the crystal surfaces which sati s fies the boundary conditions

Q ’ ( O ) = O a n d ~~, P ( t ) = O

From application of the experi mental defini tions

= (1/A) t3(AP)f~pfl1 (4a)

K = —( 1/A) Ia(AP)/ ~fl~ (4b)

where d is the hydrostati c piezoelectri c coefficient , K is the pyroelec-
tric co~ffi cient , A is the electrode are a , and I and o are the temperature
and pressure . The final expressions become

f2c + 1 J 1(~ ) 1
d~ = 

c + j _ (,-)- vj (5a)

- r 2~ + 1 + 
31( ’t’ ) 

_ _ _K ~~~ [ 
C +

~j (.) (v + 2T~~ 
5b)

?~ where P0 is the I niti al val ue of P(t) after poling , ~ and a are the
crystal comoressibility and thermal expansion , ~ is t~e dioo~e fhictuati on
angle, v Is the Grune i sen cons tant , and and J1 are Bessel func~t ions of
first kind of order 0 and 1, respecti vely.
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~ i t y p i n g
Ih is $In e More exolici t detail of the development of eqs.(5) will be included

in a later publication. In brief , it is assumed that the c cell dimension
(along the chain axis) change with temperature or pressure is negliqible .
Pressure and temperature dependence in are taken from the Clausius
Mossotti equation. Considerable simolifi cation in the expressions for
and K ensues from evaluati ng these quantities at the ultimate polarizati on 1.
fP(t) = 0] when crystal polari zation is compensated by real charge at the
crystal l iquid interface .

I I I .  Exoerimental

A. Apparatus

The plasma chamber used to generate plasma for the ool i ng p rocess was
adapted from a conmnercial plasma cleaner. The electrode assembly is shown
schemati cally in Fig. 1. An alumi num electrode of 2.5 cm di ameter is evap-
orated on one side of each polymer film sanole. The sample is clamped as
shown with the bare side exposed to the plasma. The chamber (containing
air) is evacuated to and maintained at about 200 niT during the poling p ro-
cess. Water vapo r and other condensable gases are removed with a liquid
nitrogen trap. -

Voltages up to 10 kV may be applied . The corresoonding charge transfer
is measured with a charge amplifier in series with the high vo l tage circuit.
Electrical leakage was found to be negligible over the short poling times
used. From the charge transfe r the polarization of the sample was determined.

After poling, a gra ph ite elec trode was pai nted on the bare side of eac h
sample. The electrodes were shorted and the samoles stored for at least
twelve hou rs for surface charges to dissipate . ihe piezoelectric coeffi-
cients were then measured using a pressure cell5 imPosing nearl y constant
rate of pressure change. From the slooes of the pressure -time curves and
corresponding currents , d~ is determined. In an analoaous manner the
pyroelectri c coeffi cient K is determined from the measurement of current
resulting from nearly constant rate of temperature change.

X—ray measurements were made with an automatic scanning di ffractometer
and a powder camera using Nickel— fi l tered-Cu K~ radiation in both cases.
For the powde r camera , the sample film was cut into thin strips with di-
mensions approximatel y 3 x 0.3 x .025 mm. These were inserte d and sealed
in a capillary of 0.3 n~i~ diameter.

B. Samples 
-

Two kinds of con~rerci al PVDF semicrystalline s amples were studied.
Jhe fi rst is a biaxially stretched (blow molded) film for which the polyme r
chains tend to orient in the plane of stretch . The stre tch p rocess conver ts
a portion of the non-polar a (TGTG’ conformation ) phase to the polar a
(planar zig-zag) phase. The second s amole is undrawn and contains essen-
tially only the a phase. Both kinds of film are about 25 ~m in thickness .

IV . Results and Discussion
• Fig. 2 gi ves the initial polarization P~ (as meas ured from the charge

• remaining after the applied field is removed) plotted against the applied
field , or applied voltage , for the biaxially drawn sample. About three

• seconds are requi red to reach 9O~ of the ultimate value of charge at room
• temperature. As indicated , the data are somewhat erratic. Subsequent

hysteresis loops , howeve r, reveal smooth responses with applied field.
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typing
lii lin e In all cases , exceot the one indicated by the triangle where the field was

reversed, the plasma was at negati ve potential with resoect to the electrode
As seen from the figure , there is essenti ally no polarization below one MV!.
cm. There is no indication of saturation in  the polarization and dielectri c
breakdown prevents attaining fields much above 3.5 NV/cm . The nu mbers on
the data points i ndi cate correspondence to those on figures which follow .

According to the theory , for wh i ch the results are given in eqs.(5), the
piezo— and pyroelectri c coeffi cients are linear functions of the initial
polarization P0. The experi mental values applied to these equations are
given in Table 1. Val ues of ac and a.~ have been taken for the ~ (non-polar)phase since these quantities for the 3 (polar) phase are aoparently not
avai lable in the literature . The value of was obtained from the exoan-
sions of the unit cell diriensions~. The value of 

~c 
wa s estimated by some-

what devious means fro m macroscopic comp ressibility measurements of a 68Z
crystalline fraction sample 7.

• In Fig. 3 the piezoelectri c coefficient dD is plotted against the
Initial polar izati on P0. The straight line is a plot of the equation

d~ = 2.11 x 10
10 P0 (SI units )

which is eval uated from eq.(5a) takinc the values gi ven in Table I. In
this case the agreemen t between theory an d exper im en t are essen ti all y w ithi n
data scatter.

The corresponding pyroelectri c response is shown in Fig. 4. The
straight line represents the equation

• K = 2.97 x 10 4 P0 (SI units )

evaluated from eq.(5b ) again using the experimental values from Table I.
There is considerable underestimation by the theory for which the ratio ,
theoretical /expe rimental , is about 2/3.. At this time we do not know why <
is underestimated.

We also polarized an undrawn P VDF sam p le comoosed of the “non-polar ”
a phase. At an applied field of 1.75 MV/cm the responses are d~ 13 pC/ti
and c = 3.1 nC/ cm2K. A charge meter malfunction prevented us from obtain-
Ing a pol arization val ue on this sample.

There is considerable interest in apparent morphological changes
during the poling process. (See for example , references 1 an d 8.) From
reflection x- ray di ffractometer measuremen ts on biaxial ly drawn PVDF ( corn-
prising both ~ and a phases), we have observed chances in structure at
discrete intervals du ring the poling process. Fia . 5 shows the di ffraction
intensities with angle 20 befo re and a fter polinq at 3.4 MV/cm. Note that
the (100), (020) and (120) reflections from the a phase essentially dis-
•appear after poling, whereas the (110) of a and the cor~ ined (110) and

• (200) of a appear to increase slightl y . At this time it is not clear if
these increases are sign ificant. At 360 20 some chanoes occur , but , un-
fortuna tely, it is not possible to distinguish between contributions from
a and B phases in this region.

t t!pI 
___  

~
- — -  

. 
•
~
:——---:- -



• 

-

~~~~~~~~~~

— -

~~~~~~ 

•

~typ ng
When the same specimens are exami ned in transrr~ssion usino photograohic

techn iq ues , the (100) and (020) reflections are still readily aooarent so
that only certa in crystal orientations wi th respect to po ling field are
affected in this manner. 

• .

In looking at the undrawn (a phase) samole , the situation appears to be
sli ghtly di fferent , as revealed by Fig. 6. The (110), (020), and (100) in-
tensities seem to di minis h sli ghtly wi th poling; hc~:ever, none of these
disappear as w i t h  the (020) and (100) for the biaxiall y stretched sa~role.The important result is that an additional reflection seer’s to aopear at
20.7°, which woul d coinci de with the (110) and (200 ) of ~ ohase shown onFig. 5. Based on this evidence alone , one mi ght speculate that there is a
partial conve rsi on from ~ to ~ phase during poling. However , we have not
observed any of the other reflections to be exoected from ~ ahase either byreflection in the diffractorreter, by transnission in a flat plate camera
or in a oowder came ra. The spacings obtained by us using the oowder camera
for the unpoled samples are in good agreement with those obtained in
Refs. 11 and 12.

Our tentative concl usion is that the non-polar ~ phase is modi fied
under the infl uence of high electri c fields to yield a polar crystal ohase
which persists after removal of the external field. The unit cell of the
a phase is non-polar but the TGTG ’ configuration wi thin a given chain tra-

• verse of the crystal has a large comoonent of dipole moment normal to the
chain axis. The mechanism proposed would involve rotation of polymer chains
about their own axes to align the dioole with the apolied field resulting
ln. a metastab le state . Those crystallites oriented with the chain axi s
paralle l to the surf ace of the fi lm would be su b~jected to the laroest inter-
action energy. It is clear that the applied field has altere d the orienta-

• tion of crysta l l ites an d perha ps the crystal struc ture , but the details are
not yet resol ved.
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Table I

Expe rimental Values in SI Units of
• Quantities Appearing in Eqs. (5)

Quanti ty Val ue Reference •

a l.69X l0 4 6
C 101.56 X 10 6,7

v 4.55 10
0.284 2 

• V (kV)
1 300 - 1 2 3 4 5 6 7

I I I I I I I
7 -  9. .

6 -
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