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Solid State Extrusion of Poly(viny1idene fluoride). 
1. Ram and Hydrostatic Extrusion 

W. T. Mead, Anagnostis E. Zachariades, Toshio Shimada, and 
Roger S. Porter* 
Polymer Science and Engineering Department, Materials Research Laboratory, 
University of Massachusetts, Amherst ,  Massachusetts 01003. Received September 11, 1978 

ABSTRACT: Oriented films and fibers of poly(viny1idene fluoride) have been prepared by solid state extrusion 
and hydrostatic extrusion to an extrusion draw ratio of 8. The properties of the fibers and films have been 
assessed by several techniques including infrared spectroscopy, thermal analysis, and X-ray. A maximum 
birefringence of 0.039, a modulus of 3.5 GPa, a melting point increase of 5 "C, and a crystallinity of 50% were 
obtained for the extrudates. Shrinkage of fibers observed along the chain orientation axis is possibly due 
to retractive forces of the deformed noncrystalline phase. Infrared bands of the a- and &polymorphic phases 
showed that extrusion produced a conversion from the a to the p phase. 

The solid state extrusion of polyethylene1 and the higher 
Nylons2 has produced ultraoriented morphologies. En- 
hanced tensile moduli up to 70 GPa have been obtained 
for polyethylene which is approximately one-forth of the 
theoretical crystal modulus for its orthorhombic unit  ell.^-^ 
T h e  theoretical crystal modulus for poly(viny1idene 
fluoride), PVF2, in the chain direction has been shown to 
be 235 GPa, a value comparable with those for the higher 
Nylons8 and polyethylene. Solid state extrusion of PVF2 
might also be expected to produce an ultraoriented fiber 
with high modulus. Further interest for extrusion of PVF2, 
apart  from the potential of producing a high modulus 
morphology, however, is due to its pronounced potential 
piezo- and pyroelectric activity. 

PVF2 can exist in three crystalline c o n f o r m a t i ~ n s : ~ J ~  
phase I (or /3 form) has a planar zig-zag structure; phase 
I1 (or cy form) has a sequence of approximately alternating 
gauche and trans bonds. The existence of a third phase 
was first suggested by Natta, e t  a1.l1 Cortili and Zerbi12J3 
and Gal'Perrin e t  have described the preparation and 
characteristics of this third polymorph, phase I11 (y form). 
Lando and Dolllo and others15 speculate on the confor- 
mation of phase I11 as planar zig-zag, based on the sim- 
ilarity of infrared spectra between forms I and 111. 

The  crystallites of the /3 form exhibit a permanent 
polarization. The  relative amounts of a and /3 forms re- 
portedly depend on the draw temperature and draw ratio. 
Lando and Dolllo showed that PVF, films conventionally 
drawn at 50 "C produced only the /3 form, whereas drawing 
above 100 "C increased the cy form content. The solid state 
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extrusion temperature should therefore be at least 50 "C 
below the PVF2 ambient melting point (- 170 "C) with the 
limitation of ever decreasing extrusion rates at lower 
temperatures.j Solid state extrusion has produced 
polyethylene extrudates with near perfect crystal orien- 
tation and with a birefringence greater than the intrinsic 
birefringence of the single crystaL6 I t  is thus anticipated 
that the method may provide a possible route for obtaining 
increased pyroelectricity and/or piezoelectric activity for 
ultraoriented PVF2, since Glass e t  a1.16 have reported a 
correlation between birefringence and pyroelectricity of 

Kolbeck and Uhlmann,17 using the method of extrusion 
reported by Southern and Porter,l8 have independently 
shown tha t  solid state extrusion of PVF2 is possible. 

In the present paper, preliminary experiments on ram 
and hydrostatic extrusion of PVFz are presented, and the 
resulting filament and film properties are analyzed using 
the techniques discussed elsewhere.5-' 

Experimental Section 
Materials. The Pennwalt Corp. Kynar series 301, 450, and 

820 were used having cited melting points of 156, 155, and 166 
"C, respectively. A further sample, a copolymer of vinylidene 
fluoride and tetrduoroethylene (73% CH2CF2, 2770 C2F4), Kynar 
7201 (not available commercially), was supplied kindly by Dr. G. 
T. Davis and Dr. M. Broadhurst of the U S .  National Bureau of 
Standards. 

Extrusion. Poly(viny1idene fluoride) was oriented by solid 
state extrusion procedures described e1~ewhere.l~ Briefly the PVF2 
was isothermally crystallized under high pressure (0.23 GPa). The 

PVF2. 
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melting point of PVF, increases with pressure about 3.3 X 
K/Pa'O and hence 0.23 GPa applied pressure increases the melting 
point of PVF, by -76 "C. The PVF, was crystallized at -160 
"C for 30 min and subsequently extruded to a length L,  through 
a stainless steel conical die of included angle 26 = 20°, exit radius 
r = 6.6 X lo-' m, and maximum extrusion draw ratio of 52. The 
extrusion draw ratio of the fiber when L > 1  i d9  

EDR(6,L) = ( y)z'3 for 1 < EDR(6,L) < 5 

Thin films required for infrared studies were obtained by solid 
state extrusion through wedge-shaped or slit dies. The extrusion 
draw ratio of the single-angle wedge-shaped die may be expressed 

(2) 

2b is the maximum inset width of the die, L is the extrusion length, 
8 is the semiangle of the die, and t is the slit width, equal to the 
film thickness. The stainless steel die used had dimensions b = 
3 X lo-' m, 6 = 6.8", and t = 50 X This valuation of EDR 
as a function of fiber length represents an approximation since 
it is assumed that elongation and no shear flow occur.17 

The method of extrusion used was similar to that first reported 
by Southern and Porter'* for HDPE and by Kolbeck and 
Ulhmann" for PVFz extrusion. The PVF, extrudates were readily 
produced by crystallizing the polymer melt by forcing it through 
a capillary die at constant velocity at extrusion temperatures above 
the ambient melting point. For example, Kynar 820 readily 
extruded at 176 "C, 11 "C above its ambient melting point at a 
pressure of 0.23 GPa where the polymer is crystallizing. However, 
extrusion at temperatures below the ambient melting point of 
PVFz produced a rapid decrease in extrusion rate for all the 
extrusion methods discussed above. The low rates for solid billet 
extrusion of PVFP were partially overcome by using a hydrostatic 
procedure; the only difference from the conventional method was 
that a lubricant (STP) was used to transmit the applied pressure 
to  the PVFz billet and constant velocity of the piston was 
maintained, as in the original method of Southern and Porter.ls 

Characterization. Melting points and crystalline fractions 
were determined using a Perkin-Elmer DSC-1B operating at a 
10 "C min-' heating rate. Linear thermal expansion coefficients 
and length variations with temperature were determined using 
a Perkin-Elmer Thermomechanical Analyzer. Birefringence 
measurements were obtained using an Ehringhaus Calcite Rotary 
compensator with a Zeiss polarizing microscope and white light 
source. Wide- and small-angle X-ray diffraction patterns were 
recorded with a Warhus camera using Ni-filtered Cu Ka radiation 
(35 kV, 20 mA). Tensile measurements were determined at room 
temperature using Instron TTM and a 2.5 X m strain gauge 
extensometer. Further details of these techniques are described 
el~ewhere.~,~ Infrared spectra of the extruded films were recorded 
in the infrared region 400-1000 cm-' using the Perkin-Elmer 289 
spectrophotometer. 

Results and Discussion 
Extrusion Rate. The extrusion rate of PVFz from the 

conical die was measured as a function of draw ratio or 
fiber length, L, and used to calculate an apparent elon- 
gational viscosity qE = a,/? where the elongation rate, ? 
= 1/L (dL/dt) and az, the axial stress, are assumed equal 
to  the applied pressure. Figure 1 shows the variation of 
VE with draw ratio, temperature and pressure for Kynar 
820 crystallized a t  164 "C and 0.23 GPa and extruded a t  
0.23 GPa and 0.49 GPa (dotted line). 

The initial low value of q E  with extrusion draw ratio, 
EDR, for HDPE5 has been attributed to the deformation 
of the original spherulitic morphology producing tran- 
sparency at the tip of the conical die.5 The apparent 
elongational viscosity rapidly increases a t  draw ratios 
greater than 7 and the high value of dqE/d(DR) would 
suggest that the natural draw ratio of the polymer is 7-8. 
Continuous lengths of extruded PVF, were obtained at 
high extrusion rates (-5 cm min-') by extrusion a t  

by 
EDR = [l + ( 4 L / t )  tan 6I1l2 for 1 < EDR < 2 b / t  

P I 
I 
I t  
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Figure 1. Variation of apparent elongational viscosity with draw 
ratio for Kynar 820 crystallized at 164 "C (0.23 GPa) and con- 
ventionally extruded at 0.23 GPa and at temperatures as shown. 
Dotted line for extrusion pressure 0.49 GPa. 

temperatures near their ambient melting point and using 
dies with maximum draw ratio less than 7 since the rapid 
strain hardening does not then occur as shown in Figure 
1. 

According to Figure 1, higher extrusion temperatures 
result in higher draw ratios prior to strain hardening, as 
defined by the rapid increase of apparent elongational 
viscosity with draw ratio. Such behavior is similar to that 
reported by Mead, Desper, and Porter6 for HDPE. With 
decreasing extrusion temperature the crystallinity, crys- 
talline perfection, and orientation of HDPE decreased and 
the  noncrystalline phase readily oriented as strain 
hardening occurred at low draw ratios.6 The rapid increase 
of the apparent elongational viscosity with draw ratio was 
associated with the strain hardening and orientation of the 
interlamellar region which increased with applied strain 
and/or lower temperatures. Poly(viny1idene fluoride), 
which only has a maximum crystallinity of <50%, should 
therefore rapidly strain harden as the noncrystalline phase 
is oriented. 

An apparent activation energy for deformation for PVFz 
may be obtained5 by plotting the logarithm of VE a t  a given 
draw ratio as a function of the inverse of the absolute 
extrusion temperature. For PVF2, qE was measured only 
for 16G166 "C. At a draw ratio of 7 an apparent activation 
energy of deformation for PVF2 of 570 KJ mol-' (137 kcal 
mol-') is estimated using the data from the small tem- 
perature range of Figure 1. 

T o  overcome the slow extrusion rates and high apparent 
elongational viscosities obtained in solid state extrusion, 
possibly due to an increase in the frictional coefficient 
between polymer and die, hydrostatic extrusion was used. 
Initial extrusion rates were too high to measure for the 
hydrostatic extrusion of precrystallized PVFl at 2400 atm 
(0.23 GPa) and 10 "C  below the ambient melting point at 
a constant plunger velocity of 0.5 cm min-'. The pressure 
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Figure 2. Infrared spectra for PvF2 films of Kynar 301:(a) lightly 
pressed thin film, (b) extrudate, crystallized and hydrostatically 
extruded at 155 "C and 0.23 GPa through the slit die, draw ratio 
of 4. 

rapidly increased, corresponding to an unsteady state 
condition, and then approached a constant value. The 
maximum pressure was -1/8 of that  required in the 
conventional extrusion using 0.23 GPa. 

The variation of '1 with draw ratio for PVF2 extruded 
a t  0.49 GPa is shown in Figure 1 (dotted line). Increasing 
the extrusion pressure from 0.23 to 0.49 GPa produces 
strain hardening a t  lower draw ratios. This is possibly 
because of the compressibility of PVF2, since a t  20 "C the 
specific volume of cy and p forms decreases by -8.2 x lo4 
m3 kg-' as the pressure is increased from 0.24 to 0.49 
GPa. Indeed, dilatometry for phase do a t  two different 
pressures (0.04 and 0.15 GPa) shows a marked decrease 
in specific volume a t  temperatures near the ambient 
melting point. The formation of the /3 form during ex- 
trusion might be related to the decrease of extrusion rate 
with draw ratio. The transformation from cy to /3 phase 
for PVF2 is expected to increase as the extrusion tem- 
perature is lowered, consistent with decreasing extrusion 
rates. Peterlin and Elwe1128 note that the 3 transition peak 
in PVF2 relates to rotation of chain sections in the non- 
crystalline regions outside the lattice and its intensity is 
strongly reduced by chain orientation. The shift of the 
absorption maxima of the peak to lower frequencies and 
higher temperature was attributed to increased interchain 
interaction due to alignment and closer packing and this 
might explain the variation of extrusion rate with for- 
mation of the p phase. Further considerations of the 
pressure dependence for flow concern the effect of die 
angle on extrusion characteristics. Nakayama and 
Kanetsuna22 found that low die angles facilitate extrusion 
of polyethylene free from cracks. Predecki and S t a t t ~ n ~ ~  
and Perkins and have used low die angles to 
extrude the higher Nylons. Stallings and Howell'5 have 
also noted that entrance angles of dies should be less than 
15" for efficient extrusion of PVF2 in the melt state. The 
following paper26 will discuss a coextrusion method which 
enables films to be extruded at  high rates. 

A c 
t 

t 
DRAW RATIO 

Figure 3. Double melting endotherm peaks A and B for hy- 
drostatically extruded PVF2, M ,  = 35000 (Kynar 820), crystallized 
at 164 "C (0.23 GPa) and extruded at 140 "C and 0.23 GPa. 

Infrared Analysis. Figure 2 shows the IR spectra of 
PVF2 (Kynar 301) obtained before and after solid state 
hydrostatic extrusion. The unextruded PVF2 consists of 
the cy form, i.e., phase 11. IR absorption bands observed 
a t  530, 615, 764, and 796 cm-' are characteristic of the 
T G T G  conformation of the cy form." After extrusion, new 
bands a t  442, 470, 510, and 840 cm-l are observed,26 
characteristic of the planar zig-zag conformation of the p 
form. Small peaks a t  530, 615, 764, and 796 remain in- 
dicating that a small amount of the cy form is still present 
in the extrudate. 

An attempt was also made to produce oriented y form 
PVF2 by extrusion. According to Hasegawa et  the y 
form of PVF2 is obtained by application of 5000 atm (0.49 
GPa) a t  250 "C for 1 h. On cooling the billet to 155 "C 
and extruding a t  0.49 GPa, oriented form was obtained. 
IR spectra for the y modification show abosrption bands 
a t  430 and 481 cm-l,12-14 whereas those for the p form 
occurred at  442,470, and 484 cm-'. Similar observations 
have been made by Hasegawag et  al. who attempted to 
produce an oriented form of y modification by rolling films 
of PVF2. 

Thermal Analysis. Heats of fusion, melting points, 
and shrinkage measurements of PVFz extrudates are 
discussed briefly in this section. The heat of fusion of the 
as-received Kynar 301 was 30.5 J g-' and had a peak 
melting point of 150 f 1 "C at  10 "C min-' heating rates. 
Fibers prepared by solid state extrusion at 157 "C and 0.23 
GPa for an isothermally crystallized morphology of Kynar 
301 a t  157 "C and 0.23 GPa had a heat of fusion of 39.8 
J g-' (at EDR = 1) and increased slightly to 41.4 J 9-l a t  
a draw ratio of 4. These correspond to crystallinities of 
38.8 and 40.5% assuming a mean value for Al lc ,  the heat 
of fusion of the crystalline PVF2, given as 100.229 and 
1O4A3O J g-l, Le., 102.5 J g-l. This heat of fusion is also 
assumed to be the same for all forms of PVF, even though 
the crystalline density of the /3 form has been cited as 1.90 
x lo3  Kg m-3 while the density of the a form a t  20 "C is 
reportedly 1.77 Kg m-3.10 

Figure 3 shows the variation of the two peak melting 
points of Kynar 820 M ,  = 35 X lo3 crystallized at  164 " C  
and 0.23 GPa and extruded a t  140 "C and 0.23 GPa. The 
melting point increase of -2 "C for the low-melting en- 
dotherm of PVF2 suggests that  chain extension does not 
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Figure 4. Variation of melting endotherms with draw ratio of 
solid state conventionally extruded PVF2 (Kynar 7201). Crys- 
tallization and extrusion at 124 "C and 0.23 GPa. 

readily occur as for extruded HDPE, where a melting point 
increase of -5 "C and a crystallinity of -85% are ob- 
tained. 

Crystallization of Kynar 450 at 250 "C and 0.49 GPa also 
produced two melting endotherms at  158 and 188 "C using 
a 10 "C min-' DSC heating rate. 

The  melting behavior of the as-received Kynar 7201 
consisted of two melting peaks at  112 and 118 "C. The 
recrystallized billet a t  atmospheric pressure had two 
melting peaks a t  122 and 137 "C and heat of fusion 26.3 
J g-l. An increase in the heat of fusion to 40.6 J g-' oc- 
curred on crystallization a t  124 "C and 0.23 GPa. Upon 
solid state extrusion to EDR -5 the heat of fusion in- 
creased to 41.5 J g-'. 

Crystallization of Kynar 450 at  250 "C and 0.49 GPa also 
produced two melting endotherms at  125 and 137 "C using 
a 10 "C min-' DSC heating rate. The relative areas of the 
two peaks subsequently varied with extrusion draw ratio 
as shown in Figure 4. Several explanations for the 
multiple melting endotherm of PVF, may be possible. 
Nakagawa and Ishida30 studied the annealing of the a form 
a t  different temperatures. Quench crystallized and an- 
nealed and quenched samples both showed two endo- 
thermic peaks. The lower peak was attributed to melting 
of crystals originally present. High-temperature annealing 
of quenched PVF, produces cy form crystals with a bimodal 
distribution of lamellar thickness. Prest and Luca2' have 
shown that the rapid crystallization produces an unstable 
morphology composed of cy form which at  slow heating 
rates will recrystallize to produce a higher melting species 
of cy form. 

In summary of the preliminary DSC data presented for 
extruded PVFP fibers, two melting endotherms are usually 
observed, and it is the lower peak which increases in area 
and melting point with draw ratio. At present, however, 
the DSC data do not allow unambiguous interpretation of 
the nature of the crystalline phases and possible correlation 
of the conversion of the cy to the p phase with the infrared 
data is discussed in the Infrared Analysis section. A more 
detailed discussion of DSC data of extruded PVF, is 
presented in another article.26 

The reversible linear thermal expansion coefficient for 
the extruded Kynar 301 fiber a t  room temperature and 
draw ratio of unity was -1.3 X "C-l, as deduced from 
Figure 6 which shows fractional fiber length ( L )  changes 
(ALIL)  on warming PVF, fibers from -100 "C. 

137'C 
1 

BILLET 
SAMPLE 

137'C 

D R = 2  

137OC 
130% 4 
Y I  

L-- 
Figure 5. Variation of crystallinity with draw ratio of Kynar 820 
crystallized at 164 "C (0.23 GPa) and extruded: 160 "C, 0.23 GPa 
using a stainless steel die with a maximum draw ratio of 52; 
hydrostatic extrusion at 140 "C at 0.5 cm m i d  plunger velocity. 

401 
;20[ -/ DRAW RATIO=I 

I I - TP 

-20 t 
Figure 6. Change in fractional length with temperature for solid 
state conventionally extruded PVFz (Kynar 301). Crystallization 
and extrusion at 155 "C and 0.23 GPa. 

At a draw ratio of unity the fiber length rapidly expands 
-30 "C below its melting point of 150 "C and extrusion 
temperature 160 "C. On warming the unoriented PVFz 
from -100 "C, Z / L  appears to first change with tem- 
perature near -50 "C. The Tg for PVF, is located near -40 
"C according to dilatometric data31 as well as thermally 
stimulated current measurements from polarized PVF2.32 

The extruded PVF, fiber has a negative expansion 
coefficient when warmed above -40 "C, corresponding to 
contraction of the fiber along its extrusion axis. A negative 
expansion coefficient is obtained a t  room temperature for 
the extruded fiber and these data suggest that the PVF, 
extruded fibers readily creep, anneal, and lose their ori- 
entation a t  room temperature. Crystallinity of the ex- 
truded PVF, fiber increased by only lo%,  as discussed 
above, yet the extrusion produced a change of sign of its 
expansion coefficient. I t  is possible, therefore, that  the 
negative expansion coefficient for PVF,, or decrease in the 
positive linear expansion coefficient with draw ratio, is due 
to retractive forces produced by increased orientation of 
the noncrystalline phase a t  high draw ratios, since the 
percent crystallinity is near 50%. 

Sasabe et  al.,33 Y a n ~ , ~ ~  and Kakutani3j have reported 
the a, absorption a t  70 "C (110 Hz) and related the ab- 
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Figure 7. Variation of birefringence with draw ratio of con- 
ventionally extruded PVF, (Kynar 301) crystallized and extruded 
at 156 "C (0.23 GPa). 

sorption to the molecular motion of the molecules in 
crystalline regions. An a2 absorption was also reported by 
K a k ~ t a n i ~ ~  a t  110 "C and was related to the 6 crystalline 
form. Rapid contraction of the fiber is observed near 70 
O C .  However, the negative expansion coefficients obtained 
from data of Figure 6 are most likely related to the re- 
tractive force of the noncrystalline phase, since only 
positive expansion coefficients are obtained for the (Y 

polymorph crystalline phase. For example, in the tem- 
perature range 20 to 120 "C, the values of the lattice 
constants a, b, and c for the unit cell of phase I1 increase 
by approximately 1.2, 0.8, and 0.4%, respectivelyj6 The 
linear expansion coefficients along the crystallographic axes 
for the p polymorph do not appear to have heen published. 

The thermal shrinkage measurements of PVF, orovide 
interesting comparison with those for ultraorientei HDPE. 
Rapid contraction of the HDPE extruded fiher was ob- 
served a t  temperatures greater than 80 "C and helow the 
amhient melting point? The change of sign of a, the linear 
expansion coefficient, with draw ratio was cited by Porter 
e t  al. as evidence for the HDPE fibers containing a 
component of chain extended morphology, a continuous 
crystal, with planar zig-zag packing in an orthorhombic 
unit ~ e l l . 3 ~  The expansion coefficient (-120 to -80 "C) of 
the HDPE fiber a t  draw ratio -40 approached the 
crystallographic c axis value of -12 X 10" 'C?. However, 
for extruded PVF, the linear expansion coefficients of the 
crystallographic axis are positive even though a negative 
expansion coefficient is observed for the extruded fiher. 

Birefringence. The birefringence variation with draw 
ratio for Kynar 301 crystallized and conventionally ex- 
truded a t  156 "C and 0.23 GPa is given in Figure 7. The 
birefringence increase for the hydrostatically extruded fiber 
was less efficient with extrusion draw ratio for the con- 
ventionally extruded specimen. The possible effect of 
lubricant plasticizing the polymer might account for such 
behavior. A t  high draw ratio the lubricant is unable to 
penetrate the oriented fiber. A birefringence of 0.032 
detected for the extruded fibers a t  an extrusion draw ratio 
slightly greater than unity might he due to a small degree 
of orientation during the crystallization of the performed 
morphology in the die. The value of 0.039 obtained for 
the Pennwalt 301 sample extruded to a draw ratio near 
4 is greater than the value of 0.035 obtained by Shuford 
e t  a1j8 by uniaxial deformation of PVF2 to a draw ratio 
of I 
I 'he total hirefringenee, An,, is a measure of the con- 

utions due to the crystalline phase, the noncrystalline 
^ ^  ^ _ A  +I.̂ c--- I.:--c-: _ ^ ^ _ ^ ^  -I.̂  I.:..-r-: 

trib 
phaac, uu M L ~ :  LVLIIL M C U I I L ~ C L L L C .  I U L I ~ . L L L U ~ W K : L ~  

contribution of the crystalline and noncrystalline phases 
can he estimated by the equation proposed by Stein in 
which the extrudate is assumed to consist of two phases! 

A B C 

Figure 8. Wide-angle X-ray diffraction patterns of Kynar 4 5 0  
(a) thin film of as-received PVF, lightly pressed hetween plates 
at 170 OC and cooled to room temperature; (b) isothermal 
crystallization and extrusion at 155 "C and 0.23 GPa; and (c) 
isothermal crystallization for 1 h at 250 "C and 0.49 GPa and 
suhsequent extrusion at 155 "C and 0.49 GPa. The draw ratio 
is 7 and the fiher axis is vertical. 

The intrinsic birefringences of the different conformations 
and phases do not appear to have been estimated for PVF, 
and are required if the noncrystalline orientation is to he 
deduced. Birefringence of ultraoriented HDPE ap- 
proached a maximum value comparable and slightly 
greater than the theoretical value for the crystaL6 Bire- 
fringence draw ratio behavior of PVF,, shown in Figure 
7, approaches a limiting value of -4 X lo-*, which is a 
possible crude estimate of A,', the intrinsic birefringence 
of the crystal for PVF,. 

X-ray Studies. Figure 8 shows the wide-angle dif- 
fraction patterns of Kynar 450 melt-pressed film and 
Kynar 450 fibers conventionally extruded to a draw ratio 
of 7 a t  155 "C and 0.23 and 0.49 GPa. The patterns do 
show some slight asymmetry and are similar to those 
reported by Hasegawa? 

Prior to extrusion, the X-ray pattern shows a mixture 
of a and B forms with the weak reflections of the 0 form 
dominated by those of the CY form. 

All fibers and films obtained by extrusion of PVF, 
produced an axial long period of approximately 200 A. 
Small-angle X-ray scattering showed two maxima elon- 
gated perpendicular to the fiber axis, indicating that  the 
lateral dimensions of the crystallites are small. The 
diffraction pattern shows that the highly oriented fiber 
structure consists of stacks of folded chain crystallites 
arranged regularly with the fiber axis. Even a t  a draw ratio 
of 7 a two point SAXS pattern for PVF, was obtained 
indicating the predominance of chain folding and in- 
complete alignment of crystallites with draw direction. 

Mechanical Tests. The tensile modulus of the ex- 
truded fibers increases with draw ratio, as shown in Figure 
9 for Kynar 820. Fibers extruded were not sufficiently long 
to he clamped for testing. The fiber did not fracture 
during extrusion in the manner described for polyethylene, 
although some surface marks were noted a t  a draw ratio 
of 8 similar to those described by Buckley and L0ng.3~ The 
max.imum modulus obtainable is only ahont a percent of 
the theoretical value for this polymer. The maximum sonic 
modulus value obtained by Shuford3* was 475 kpsi (3.2 
GPa a t  a draw ratio of 7) which is comparable to the value 
reported here of 3.2 GPa also a t  a draw ratio of 7. This 
modulus is over twice the value of unoriented PVF,. 

The tensile strength obtained from a fiber with draw 
ratio between 3 and 7 was 38 MPa with strain to break of 
-5070, as compared with the tensile strength to break of 
the original isotropic material, quoted by Pennwalt as 5023 
f 256 psi (33 MPa) and elongation to break of -200%. 
Conclusions 

Poly(viny1idene fluoride) has been solid state and hy- 
drostatically extruded through conical and slit dies to a 
extrusion draw ratio of 8. Solid state extrusion produced 
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Figure 9. Tensile modulus variation with draw ratio of hy- 
drostatically extruded PVF2 (Kynar 820) crystallized at 164 “C 
and  0.23 GPa. Extrusion temperature 140 “C; extrusion plunger 
velocity 0.5 cm min-’. 
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