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Synopsis 

A numerical and experimental analysis of the melt flow history of poly(vinyEdene fluoride), 
PVF,, in an extensional flow, film-processing geometry is presented. Numerical computations 
were carried out for both Newtonian and power law flow in an impinging channels die using a 
finite-element technique. Computations demonstrate that a strong extensional flow exists in the 
region from the stream impingement point to a distance about 0.75 D downstream where D is the 
channel height at the impingement point. Measurements of the stress fields using the technique of 
flow birefringence showed that in consequence of the changing flow kinematics from the stream 
impingement region to the downstream converging channels region, both the isochromatic and 
isoclinic patterns exhibit a pronounced axial positional dependence. Excellent qualitative and 
quantitative agreement was found between measured and calculated shear stress fields. However, 
large differences were exhibited between calculated and measured normal stress differences along 
the symmetry axis of flow. Results to be presented in a companion paper (Part 11) demonstrate 
that the strong extensional flow which occurs in this geometry is sufficient to produce oriented, 
row-nucleated structures in the extruded PVF, films. 

INTRODUCTION 

Poly(vinylidene fluoride), PVF,, is an interesting thermoplastic polymer 
which is known to exhibit at  least four different crystalline modifications 
depending on its thermal and processing history.' The technological impor- 
tance of this material stems largely from the piezoelectric properties exhibited 
by the p polymorph (fokn I) in which the unit cell is orthorhombic and the 
chain conformational state is the all-trans or extended, planar zigzag. Alter- 
nate observed crystalline forms are the a phase (form 11) normally obtained 
by crystallization from the quiescent melt, in which the chain conformation is 
a sequence of slightly distorted trans and gauche states, the y phase, with 
chains in the T3GT3G conformation, and the so-called 6 phase, obtained by 
poling the a form in high electric fields. The p polymorph is generally 
obtained by hot drawing melt-crystallized films of the a material at  tempera- 
tures in the neighborhood of 50-100°C. Since interconversions of the various 
polymorphs are readily induced by thermal and mechanical treatments either 
during or after crystallization, structure-processing interactions are more 
involved with this material than would generally be the case with the more 
conventional thermoplastics. 

Since most studies of PVF, have focused on postcrystallization treatments 
or solid-state extrusion (or coextrusion) to produce the /3 relatively 
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little is known concerning the effects of stress-induced conformational changes 
in the melt state on the crystallization and processing behavior. The purpose 
of the present study has therefore been to carry out a complete analysis of the 
effects of melt flow history, and, in particular, extensional flows, on the 
oriented crystallization and subsequent a to /3 transformation behavior of 
PVF, films. Melt orientation has been achieved in a two-dimensional elonga- 
tional flow using a die geometry discussed in an earlier p~blication.~ Extruded 
films were subjected to various thermal and drawing histories and then fully 
characterized for both morphological and physical properties. In this article 
we wish to present the details of our computational and experimental analyses 
(through flow birefringence) of the stress and flow histories associated with 
melt flow in the die. Results of the morphology and property characteriza- 
tions of the extruded films will be presented in a companion paper (Part 11). 
We begin first with a general analysis of the relevant equations and a 
discussion of the calculated flow and stress field behavior. 

GOVERNING FLOW EQUATIONS 

Figure 1 shows a general schematic of the film die geometry which consists 
of two flow channels approaching at an angle, y ,  to form a single converging 
wall downstream channel having an angle of convergence, a, as shown. For 
purposes of comparison, calculations were also carried out for a parallel wall 
downstream configuration in which case a = 0. In an earlier paper4 numerical 
solutions for Stokes flow in these geometries were obtained using a nonor- 
thogonal transformation of variables to convert the system to a square grid 
geometry. Calculations showed that a strong extensional flow exists from the 
point of channel impingement to a distance downstream approximately D/4 
where D is the channel height at  the impingement point. Extensional gradi- 
ents and total fluid strains also increased when the downstream channel 
converged. In the present study we are concerned with developing a more 

4 

X 
Fig. 1. Schematic of die flow geometry and calculation coordinates. 
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exact numerical analysis of the flow and stress fields for comparison to 
experimental data. Thus we have developed a more general treatment based 
on a finite-element method which includes the effects of the nonlinear 
momentum terms in the equations of motion as well as non-Newtonian effects 
through use of a power law model. 

The appropriate stress, continuity, and constitutive equations for the two- 
dimensional flow can be expressed in the following dimensionless forms, 

a u, 
ax, - = o  

where Re is the generalized Reynolds number for power law flow 

D n ~ Z - n  
m Re = P (4) 

in which m and n are the usual power law  parameter^,^ p is density, and Fr is 
the Froude number. In these equations the standard summation convention is 
used and both indices have the range i, j = 1,2 corresponding respectively to 
the dimensionless x or y coordinate. Velocity components, ux(x, y) and 
u,,(x, y ) ,  have been nondimensionalized with respect to the average velocity at  
the bifurcation point, uo, position variables with respect to the channel depth 
a t  the bifurcation point, D (see Fig. 1) and stress components, 7ij ,  with respect 
to m( u,/D)”. The remaining nondimensionalizations for the isotropic pres- 
sure and gravity terms are standard5 and the dimensionless (with respect to 
u o / D )  deformation rate tensor, di, is given by 

For the boundary conditions, we assume that both the inlet and outlet 
positions are fa r  enough from the channel insert for the corresponding flow 
fields to be fully developed. Thus at  the inlet to the two channels the 
following will hold. 
Upper branch: 

u x = 2  ( ~ ll:r)[l - (4y - 8tany - 3)1+1/n] 
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Lower branch: 

1 + 2n 
u, = 2( --)[1 - (4y - l ) ' + q  

while for the exit (assumed to be at  1.5 D from the insert) 

1 + 2n 

1 + l/n 
u, = [(l - 3tana) - (2y - 2tany - l)""n] (8a) 

(1 - 3tana)2+1/n 

uy = -(tanO)u, 

In these expressions 

1 i 3 - cot a 
1 - 2 y +  2tany e = arctan 

and L/D is taken as unity. Solutions to this equation set were generated 
numerically using a finite-element algorithm available in FIDAP.6 Simula- 
tions were carried out over a range of Reynolds numbers for Newtonian and 
power law behavior for both converging and straight (a = 0) downstream 
channel geometries. Mesh generation and solution strategies followed the 
usual logic'*' and complete details can be found in ref. 9. 

NUMERICAL RESULTS 

A range of flows corresponding to Reynolds numbers between 0.1 and 160 
were simulated, and for Re c 90 in either geometry, secondary flows were 
found to be absent. Thus since velocity and stress fields scale with the 
nondimensionalizing parameters in this region, patterns in the dimensionless 
variables reflect the general hhavior. A typical example to illustrate the 
nature of the velocity profile development for Newtonian flow in the converg- 
ing wall geometry is shown in Figure 2. In this and all subsequent converging 
channel flows, y = 45O, a = 11.25O. The dimensionless centerline velocity is 
seen to rapidly increase from zero at  the insert to a value of about 0.3 at the 
point where the profile becomes fully developed, after which one sees the 
expected pattern for converging flow. The pattern of profile development for 
the straight wall case was virtually identical except for the fully developed 
region where the constant shearing flow profile resulted. Figure 3 shows a 
comparison of the axial dependence of the centerline velocity for the two 
cases. The sudden jump in velocity at  the impingement point is followed, in 
the straight channel, by a flat region corresponding to fully developed shear- 
ing flow, and, in the converging channel, by an S-shaped profile corresponding 
to the transition from the impinging-stream kinematics to converging flow 
kinematics. The centerline extensional gradient, a u,/dx, from the slopes of 
these curves, decreases from a maximum value at the insert to either zero 



0.307 

0.246 

0. I84 
X 
3 

0.1 23 

0.06 I 

0.000 

0.271 

0.21 7 

0. I 63 
X 
3 

0. I08 

0.054 

0.000 

Y 

7 1 1 

I .83 1.22 1.41 1.59 1.78 1.97 
Y 

converging wall geometry. y = 45", (Y = 11.25'. 

Y 

PROCESSING-PROPERTY INTERACTIONS IN PVF. I. 863 

Fig. 2. Dimensionless velocity profiles at various axial positions for Newtonian flow in the 
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Fig. 3. Comparison of centerline velocity axial dependence for Newtonian flow in (0) converg- 
ing channel (y = 45", a = 11.25') and (0) straight channel geometries. 
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Fig. 4. y-Velocity component profiles at various axial positions in the converging wall 

geometry for power law flow. n = 0.75. 

(a = 0) or the finite value associated with the converging flow (see Fig. 6). In 
both cases, the fully developed profile occurs at  about x = 1.75 in complete 
agreement with our earlier finite-difference  calculation^.^ However, in the 
region of the stream impingement point (1.0 I x I 1.35), differences up to 
20% in the velocities obtained by the two schemes were seen. These we 
attribute both to inaccuracies in the numerical differentiation employed in the 
finite-difference method and to important effeds arising from the nonlinear 
momentum terms previously neglected. The finite-element method more accu- 
rately portrays velocity profile changes in this region where a number of 
important extensional flow effects also occur. 

The influence of the power law parameter, n, on the kinematics and 
velocity profile development was studied for three different values (0.75, 0.50, 
0.25). For n = 0.75, the axial development of the velocity profile was found to 
be qualitatively and quantitatively similar to the pattern illustrated in Figure 
2 for Newtonian flow. Figure 4 illustrates the behavior pattern for the 
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Fig. 5. Velocity distributions for power law flow (n = 0.25) in converging wall channel (A) 

x = 1.0; (B) r = 1.15; (C) x = 1.3; (D) x = 1.5. 

y-component velocity profile at various axial positions in the converging wall 
downstream channel. The ratio of the y-velocity to x-velocity maxima drops 
from a value on the order of 0.6 at  the stream impingement point to about 
0.06 at x = 2.2. This rapid decrease with distance tums out to have an 
interesting effect on the stress contour shapes in this region as will be shown 
shortly. The finite magnitude of the y-velocity component also gives a direct 
measure of the extensional flow generated by the impinging channels geome- 
try. This effect shows more clearly in the profile behavior at lower n as 
indicated in Figure 5 for n = 0.25. Plot (C) shows the presence of a nodule in 
the centerline region of the parabolic profile resulting from the acceleration of 
fluid elements along the axis of symmetry caused by the impinging flow. This 
nodule disappears at x = 1.5, plot (D), after which the flattened power law 
profile for exit flow develops. 

Simulations of power law behavior in the straight channel downstream 
configuration for all three n values showed precisely the same pattern found 
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for the Newtonian flow case, that is, a region of strong extensional flow from 
the bifurcation insert extending downstream to the point where the profile 
becomes fully developed (i.e., x = 1.75). The effects of flow geometry and fluid 
type on the flow kinematics are summarized in Figure 6 which shows that the 
extension rate in the exiting region of the converging channel is an increasing 
function of the power law index [as expected from eq. (a)]. On the other hand, 
extensional gradients in the strong flow region near the bifurcation insert are 
seen to be essentially independent of n for both geometries. This latter 

--. -. 

Fig. 7. Streamline pattern for straight channel flow of power law fluid ( n  = 0.5) showing 
recirculating eddies, Re = 90. 
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Fig. 8. Shear stress distribution at various axial positions for power law flow in the converging 
wall geometry (n = 0.5). 

pattern, we believe, reflects earlier observations regarding the relative insensi- 
tivity of flow kinematics to fluid type in so-called strong, extensional 

In addition to the increased magnitude and extent of the extensional flow 
produced in the converging channel geometry, an added practical feature is 
the reduced tendency for formation of recirculating eddies in the entrance 
region thus enabling a wider range of accessible, stable flow rates. For 
example, as seen in Figure 7, circulating eddies are apparent a t  a Reynolds 
number of about 90 in the straight channel geometry, while such secondary 
flow effects were completely absent in the converging geometry for Reynolds 
numbers in excess of 160 (the upper limit of interest in our processing studies). 

Figure 8 shows an example of the developing shear stress distribution for 
power law flow in the converging channel geometry. The S-shaped profiles in 
the impinging flow region (1 5 x I 1.5) differ considerably from those in 
conventional converging plate flow13 and reflect the greater magnitude of the 
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Fig. 9. Shear stress contours for power law flow ( n  = 0.5) in converging wall geometry. 
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". 

gradient, au,/Jx, compared to auJay in this region. Beyond x = 1.75, 
au,/ax reduces to that of fully developed converging channel flow resulting 
in the expected linear stress profile as shown. Essentially the Same behavior 
was seen for Newtonian flow, with the exception that stress levels in general 
were lower for the power law flows due to the effects of shear thinning. 

Figure 9 shows the behavior of the stress contours for power law flow in the 
converging channel geometry. A knowledge of the unusual shapes of these 
patterns in the region of stream impingement is essential for the interpreta- 
tion of birefringence patterns. One sees that for x > 1.75, the contours become 
identical to the straight line patterns associated with converging channel flow, 
while in the strong flow region x < 1.75, both the magnitudes and qualitative 
shapes are considerably different. The semicircular patterns seen correspond 
to negative and zero contours resulting from the S-shape of the r-. component 
in this region. Generally speaking, the shape of the stress contours in the 
impinging flow region remained unchanged with n while the magnitudes were 
slightly lower (i.e., 8% change from n = 0.75 to n = 0.25). 

- - 
- 

- 
c3Fe 2 r 0  p10,e- - A S  I-, c31 Cry- 

I I 

EXPERIMENTAL 

The poly(vinylidene fluoride) used in our studies is manufactured by Solvay, 
trade name Solef 1010. Complete viscosity and normal stress characterization 
was carried out over the temperature range of interest (200OC to 220OC) 
following standard procedures. A cone and plate apparatus (Rheometrics 
System IV) was used to obtain data in the low shear rate region 
s-l < p < 1.2 s-') and slit or capillary (Haake Buchler Rheocord System 40) 
devices were used for the intermediate (1.2 s-l < p < 10 s-l) and high 
(10 s-l c p < lo3)  shear rate regions, respectively. Figure 10 shows the 
viscosity and first normal stress difference (Nl) behavior for three tempera- 
tures. The linear regions were fit by the power law parameters m and n given 
in Table I. 

I I 1 0 6  

L - 200% 

- - 210oc 

0 - 220% 



PROCESSING-PROPERTY INTERACTIONS IN PW. I. 869 

TABLE I 
Experimentally Determined Rheological Parameters 

Power law parameter 
T Power law parameter m 

("C) n (poise S n - l )  x 10-5 

220 0.55 1.3 
210 0.54 1.5 
200 0.46 2.1 

..* 
- "='= V looooo 

I .o 
2 .o 2.1 2.2 

I 
T 
- ( O K  x lo3) 

Fig. 11. Stress-optic coe5cient of PW, versus inverse a h l u t e  temperature. Measurements 
made in slit-flow die. 

Data for the stress-optical coefficient, C, were obtained using a slit-flow 
device following the procedure discussed in detail in ref. 14. Figure 11 shows a 
plot of the temperature dependence of C which exhibits the expected trend.15* 

Figure 12 shows a schematic of the stainless steel die which consists of a 
straight channel entrance section followed by the bifurcation insert in which 
the split streams are made to impinge at a 70' ( y )  angle followed by a 
downstream converging flow with OL = 15". The minimum aspect ratio at  the 
impingement point is 17 increasing to 86 at the exit. The downstream section 
was fitted with optical windows to allow viewing of the region corresponding 
to the bifurcation impingement to a point downstream in the converging flow 
region. The die was connected to a standard 3/4" single-screw extruder and 
extrusion rates equivalent to two-dimensional die flows ranging from 0.01 to 
0.03 cm2/s were studied. Birefringence was measured using a standard plane 
polariscope configuration consisting of a high intensity light source, filter, 
achromatic lens, and standard polarizers in rotatable target mounts. Isochro- 
matics were measured under crossed polars and isoclinics were measured from 
0" to 90" in 5' increments. Fringe orders were determined by observing the 
birefringence relaxation after cessation of flow. The procedure used in the 
analysis is similar to that discussed in ref. 14 and all patterns were recorded 
on video tape for analysis. 

*The exponents tabulated in ref. 14 were incorrectly reported as 10'. The correct value is 10'. 
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RESULTS AND DISCUSSION 

Figure 13 shows a typical example of the isochromatic and isoclinic band 
patterns for the downstream region which illustrates several of the features 
shown in our stress contour plots (Fig. 9). In consequence of the changing flow 
kinematics, both band patterns exhibit a pronounced axial dependence in 
contrast to the straight line pattern normally observed in converging channel 

Both the semicircular and straight line isochromatics are qualita- 
tively in line with our stress contour calculations. One also notes that 
complete extinction occurs along and near the symmetry axis of flow demon- 
strating that a strong extensional flow exists in this region from the channel 
entrance to the exit point. This behavior was found for the entire flow rate 
range studied and contrasts sharply with that normally seen in a converging 
plates geometry. There, for example, a t  flow rates approximately 3 times 
higher than that in Figure 13, extinction along the centerline only occurs for 
the last half of the channel," thus the effective extensional flow is confined to 
the exit region in such geometries. In the present case, as our calculations also 
show, the impinging channels produce an effective extensional flow over the 
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Fig. 13. Isochromatic (top) and 80' isoclinic (bottom) patterns for PVF, at 210°C and 
q = 0.02 d / s .  
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Fig. 14. Calculated (-) and measured (---) dimensionless first normal stress dependence. 
A-0.01 cm2/s; 0-0.02 cm2/s; 0-0.3 cm2/s. 

entire downstream channel length which is in fact strongest at  the tapering 
entrance. 

The maximum magnitudes of the extensional stress occur along the symme- 
try axis and can be readily obtained from the birefringence, An, given a 
knowledge of the fringe order, N, the optical path length (channel width) L, 
and the wavelength A,  through the standard relation, An = NA/L .  Figure 14 
shows a comparison between the observed and calculated dimensionless first 
normal stress difference which results. Not surprisingly, normal stresses based 
on the purely viscous power law model underestimate the actual stresses by as 
much as 300% in the region of highest extensional flow near the insert. This 
difference decreases as one approaches the fully developed converging flow. 
However, it  is obvious that elastic effects are still quite important. As one 
moves from the axis of symmetry, the magnitude of the extensional stresses 
lessens and that of the shearing stresses increases. This is illustrated in Figure 
15, which shows the locus of points along the y axis where the magnitude of 
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0 . 2  
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X 

Fig. 15. Comparison of magnitudes of the first normal stress difference, N1, and shear stress 
distributions. 
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Fig. 16. Experimental (---) and numerical (-) stress distributions at various axial positions. 
T = 210"C, q = 0.01 cm2/s. (A) x = 1.075, (B) x = 1.15, (C) r = 1.25, (D) x = 1.3. 

the first normal stress difference exactly equals the shear stress (obtained as 
indicated below). Below this line, extensional forces become dominant while 
above it shear forces become dominant. Morphological investigations of 
quenched extrudates (Part 11) demonstrated that, above a critical stress level, 
chain alignment in the strong flow region is sufficient to cause row-nucleated 
crystallization and an increased tendency for formation of the /3 polymorph. 

In order to obtain quantitative information on the shear stress distribu- 
tions, a fine mesh, identical to that used in the finite-element calculations, was 
superimposed on photographs and values of birefringence (An, from the 
isochromatics) and orientation angle (x, from the isoclinics) were computed at 
each node. As is usually the case with confined flows, the isoclinic bands 
exhibited spreading due to wall effects and therefore measurements for a given 
x were made to the edge nearest the symmetry axis.14 Figures 16-18 show 
comparisons of experimental and numerical stress distributions (calculated 
using the appropriate power law parameters) at various positions in the 
downstream channel for three different flow rates. Proiiles near the point of 
impingement exhibit a characteristic S shape which is reflected in the semicir- 
cular nature of the isochromatics (Fig. 13) indicating that a given fringe 
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Fig. 17. Comparison of stress distributions for q = 0.02 cm2/s, positions same as noted in 
Fig. 16. 
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corresponds to two different orientations. Figure 16, corresponding to the 
lowest flow rate, shows a surprisingly good agreement between measured and 
calculated stresses. The difference varies from about 6%, near the insert, to 
less than 2% near the converging flow exit. Figures 17 and 18 show that the 
agreement between measured and calculated stresses decreases with increasing 
flow rate with differences being the most pronounced in the strong extensional 
flow region near the insert. In all cases measured stresses exceed those based 
on the purely viscous power law model. This trend is consistent with observa- 
tions concerning extensional gradients encountered during flows around sub- 
merged bodies.” In such a case one finds that with increasing Weissenberg 
number (i.e., elastic effects) and extensional flow strength, both the magnitude 
and shapes of the stress profiles can be profoundly affected, although stream- 
line shapes remain relatively insensitive to the level of elasticity.”.’2*’7 I t  is 
noteworthy that in the present case the overall shapes of the shear stress 
profiles, as well as their qualitative behavior with distance, are well described 
by the power law model. This result may be inherent in the kinematics 
imposed by the geometry of the flow cell, that is, as indicated in Figure 15, in 
the strong flow region shear stresses approach zero by symmetry, or it may 
reflect an inherently lower elasticity level in our PVF,. 

I I I I ! I I 
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CONCLUSIONS 

In this article we have presented an analysis of the melt flow history of 
PVF, in an extensional flow, film-processing geometry. Our numerical analysis 
has provided complete flow kinematics and stress behavior for our film 
geometry as a function of power law parameters and Reynolds number. Our 
results show that the stress field computed by our power law simulation can 
qualitatively and reasonably quantitatively describe the shear stress behavior 
of PVF, melt in our geometry and that elastic normal stress effects are 
important near the symmetry axis of flow. As will be discussed in Part 11, a 
knowledge of the stress history is important for the interpretation of the 
oriented structure formation and polymorphic phase transitions which can be 
produced in this important material during and after melt processing. 

This study has been carried out under a grant from the National Science Foundation, MSM 
8418643 for which the authors wish to express their gratitude. 
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