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Synopsis

An experimental study of the influence of molecular weight distribution on the melt spinning and
extrudate swell of a series of polypropylenes of varying molecular weight and distribution is reported.
Emphasis is given to effects of variations of molecular weight distribution. Narrowing the molecular
distribution increases the slope of the elongational viscosity-elongation rate curve, stabilizes the
spinline relative to both random disturbances and draw resonance, and decreases both instantaneous
and delayed extrudate swell. These results are interpreted in terms of viscoelastic fluid mechanics
and earlier experimental studies by the authors of the influence of molecular weight distribution
on rheological properties. The influences of these rheological factors on spinline structure devel-
opment is discussed.

INTRODUCTION

Polypropylene is becoming of increased importance as a plastic and fiber be-
cause of its economics and the range of mechanical and performance charac-
teristics which may be attained through processing. As with most polymers it
is possible to produce polypropylenes of varying molecular weight and distri-
bution. It is thus of considerable interest to study the relative processing
characteristics of polymer melts exhibiting such a range of structures. In this
paper we make a basic study of the problems of melt spinning and extrudate swell
with polypropylenes of varying molecular weight and distribution. We seek also
to interpret these processing characteristics in terms of theoretical analyses of
viscoelastic fluid mechanics.

We first study the melt spinning characteristics under isothermal conditions,
specifically the apparent spinline elongational viscosity xsp as a function of
elongation rate in the spinline. Studies of the apparent isothermal spinline
elongational viscosity of individual polymer melts have been reported by Acierno,
Dalton, Rodriquez, and White,! Han, Lamonte, and Kim,2 Bankar, Spruiell, and
White,3 and Hill and Cuculo,* among others. The polymers investigated include
low-density polyethylene (LDPE),}2 high-density polyethylene (HDPE),?
polystyrene (PS),:2 polypropylene (PP),2 nylon 6,° and poly(ethylene tereph-
thalate).# No organized study showing the influence of molecular weight and
its distribution has been reported. We report such a study for polypropylene
here.

We also investigate spinline instabilities. The failure of polypropylene fibers
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during melt spinning has been studied as a function of molecular weight by
Ishizuka, Murase, Koyama, and Aoki.> Fibers produced by melt spinning fre-
quently exhibit spinline diameter fluctuations. This has been observed in a wide
range of polymers but notably in polypropylene.8-13 Similar thickness fluctu-
ations are observed in extruded ribbon, cast film, and extrusion coating opera-
tions.%11:14-16  These phenomena are often collectively called “draw resonance,”
though different initiation mechanisms may exist. High-density polyethylene
also exhibits a strong draw resonance behavior, while the effect is greatly reduced
in PS and apparently almost nonexistent in LDPE. Bergonzoni and DiCrescil®
investigated the influence of molecular weight on the occurrence of draw reso-
nance and found it to become increasingly severe with increase of molecular
weight. However, these authors did not investigate variations in molecular
weight distribution. We take this into account in the present paper.

We also present a study of extrudate swell of polypropylene melts emerging
from single-hole spinnerets or capillary dies. While there have been many
studies of extrudate swell of molten polymers and its variation with process
conditions,17-27 few of these studies deal with the influence of molecular weight
distribution21:23:25.26 and apparently none of these with such effects in poly-
propylene. We present such an investigation here.

The present paper is a continuation of earlier associated studies on polypro-
pylene of the influence of molecular weight distribution on rheological proper-
ties28 and of dynamics and structure development in melt spinning.2930 It also
continues our investigations of the influence of rheological properties on melt
spinning behavior,1:12:24,31

EXPERIMENTAL

Materials

A series of seven polypropylenes of varying molecular weight and distribution
were supplied by the polypropylene division of Diamond Shamrock (now part
of ARCO). These polymers and their characterization are summarized in Table
I. In an earlier study?® we presented shear and elongational viscosity and
principal normal stress difference data for these melts at 180°C.

TABLE I
Samples (Polypropylene)?
Melt
Code index M, X 1075 M, /M, M,/M, M, X10°5
PP-H-N 4.2 2.84 6.4 2.6 2.40
PP-H-R-B 5.0 3.03 9.0 3.6 2.42
PP-H-B-R 3.7 3.39 7.7 3.6 2.71
PP-M-N 11.6 2.32 4.7 2.8 1.92
PP-M-B 11.0 2.68 9.0 4.45 2.07
PP-L-N 25.0 1.79 4.6 2.5 1.52
PP-L-R-N 23.0 2.02 6.7 3.2 1.66

2 H: High molecular weight; M: middle molecular weight; L: low molecular weight; N: narrow
molecular weight distribution; R: regular molecular weight distribution; B: broad molecular weight
distribution.
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Isothermal Melt Spinning Apparent Spinline Elongational Viscosity
Measurements

The melt spinning of the polypropylenes was carried out at 180°C using an
Instron capillary rheometer as a delivery device (Fig. 1). The polymer was ex-
truded at 180°C through a die of diameter 0.029 in. and length/diameter ratio
of 53.88. The extrudate directly passes into a 1.0-in. inside diameter and 3.0-
in.-long heated chamber and finally into a water quench bath. Two sets of
electrical heaters were used to heat the chambers. One set was controlled by
a thermocouple 0.25 in. from the die exit and the other set by a thermocouple
placed halfway down the length of the chamber. The take-up roll, which had
a diameter of 6.35 cm, was driven by a 1/15 horsepower B and B motor (12 rpm
maximum speed). A take-up velocity of 0.72 to 0.78 m/min was used with a
volumetric throughput of 9.05 X 1072 cm3/min.

A Rothschild tensiometer was placed near the take-up device to measure the
spinline tension. However, the presence of a pair of Teflon rods in the bath and
between the bath and the tensiometer necessitates further calibration. If Fy
is the force in the absence of the Teflon rods, Fyheo is the force acting on the melt
in the spinline, Fgrqg is the drag force, Fy,,, is the gravitational force, and Fipertia
is the inertial force, then3?

Frheo = FL + Fgrav - Fdrag - Finertia (1)
And if Fr is the tension measured in the presence of the rods,33
F; = Fpe~o161 g—azfs (2)

where o and «y are friction coefficients and ¢; and 5 the angles of contact with
the rods. The quantities Fgray and Finertia can be directly calculated from di-
mensions and velocities; F 4rag may be estimated using the many correlations in
the literature.3> We have used the work of Sano and Orii.3* The quantity e~

.. Instron
180C Rheometer

Die L/D=5388

D =0.029 in.
Flow Rate 1.508x10 > cm®/sec
L
180Cc——— - »- | Heated Chamber
3in.

Tensiometer

Water Quench

Bath Take-up Device

Teflon Rod
Fig. 1. Apparatus for isothermal melt spinning and measurement of elongational viscosity.
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e~*2%2 can be estimated by replacing the spinline with a solidified fiber being held
in tension by weight W as shown in Figure 2. It follows that

Fp = W ewxata gaplp gaify gashs (3)

The tensiometer may also be placed in front of the water bath. This allows
evaluation of exAf4 ¢aBB,

The above computations show that Fy,,y is of order 0.015 to 0.024 g at the die
exit and decreases to zero in spinline. Fg;aq is of the order of 0.006 g at the low
speeds of the study. Fipertia is still smaller. The quantity e~191 e—202 ig close
to unity, with e~«1%1 ¢~a202—1 being less than 0.01.

Photographs were taken to measure the changing diameter along the spinline.
A Nikon SLR-type camera with a 135-mm lens mounted on a bellows for maxi-
mum enlargement was used. Bright spotlights were located just below the
camera. The resulting slides were enlarged by a slide projector in order to make
measurements of the diameter profile by comparing the extrudate with a refer-
ence scale. Data were taken between 0.6 and 4.0 cm from the die exit.

The spinline elongational viscosity was calculated from

- 011 = Frheo/(ﬂ'dz/‘l)
X2 = Guy/dxy  (d/dx1)(4Q/wd?)
where d is the fiber diameter at position x1; @ is the volumetric flow rate; and

011 and dvy/dx are the local stress and elongation rate, respectively. It is nec-
essary to differentiate the diameter profile with respect to distance.

4

Fiber Diameter Variations in Melt Spinning

The same experimental setup as described above was used in the isothermal
melt spinning experiments. For nonisothermal melt spinning, the isothermal
chamber was removed and a die 0.058 in. in diameter and L/D ratio of 10 was
used. The spinpath was maintained at 19.5 cm. The development of diameter
variations along the fiber was detected by tensiometer measurements. Fiber
diameter profiles and amplitudes and wavelengths of diameter fluctuations were
measured using a profile projector (model # P01 LP-6, Ehrenreich Photo-optical
Industries, Inc., Garden City, NY).

Tensiometer

Tefion Rod

Take-up Device

Water Quench Bath

Fig. 2. Calibration of melt-spinning tension measurements.
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Extrudate Swell

Extrudate swell measurements were made at 180°C using an Instron capillary
rheometer with a die having a diameter of 0.058 in. and a die L/D ratio of 40.
Based on experimental results of earlier investigators,20-24 this is equivalent to
infinite die length. The descending filaments were cut with scissors at a distance
of 2 in. below the die (except at the lowest extrusion rates ¥, < 0.5 sec™1, where
a distance of 0.5 in. was used) and placed in a bath of polyethylene glycol (Union
Carbide Carbowax PEG 400) at 110°C for a period of 30 min. This is 50°C below
the melting temperature. This treatment would tend to heal voids and bring
all the filaments to the same structural condition. There is, however, none of
the unconstrained recovery which occurs if the sample is annealed above its
melting temperature.22:24

The extrudates were later annealed at 180°C in silicone oil for 5 min. This
allowed estimation of the total recovery.2*

ISOTHERMAL MELT SPINNING

Results

We plot the velocity profiles, v1(x1) = Q/wd?/4, for the descending fibers for
the four polypropylenes in Figure 3. It may be seen that the two broad-distri-
bution samples (PP-M-B, PP-H-R-B) are being drawn down more rapidly than
the narrow-distribution polymers (PP-H-N, PP-M-N). The velocities of the
broader-distribution samples increase more rapidly with distance than the
narrower-distribution samples. This is seen in the elongation rate profiles of
Figure 4. The more rapidly increasing elongation rate, E = dv/dx;, for the
former polymers implies a more rapidly decreasing or less rapidly increasing
“apparent” elongational viscosity.
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Fig. 3. Velocity profiles of polypropylene fibers during melt spinning for four polypropylenes.
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Fig. 4. Local elongation rate vs. spinline position for four polypropylenes.

The experimentally determined apparent elongational viscosity is plotted as
a function of local spinline elongation rate in Figure 5. It may be seen that the
function x,p decreases with increasing deformation rate, but the rate of decrease
varies from polymer to polymer. Comparing the results of this figure with the

T T I T T
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Fig. 5. Apparent melt spinning elongational viscosity as function of elongation rate for polypro-
pylene.



MELT SPINNING OF PP 293

molecular weight data of Table I, we see that xp increases with average molecular
weight, but its rate of decrease increases with breadth of molecular weight dis-
tribution.

Discussion of Results

It is of interest to contrast the apparent melt spinning elongational viscosity
with the results of more basic experimental studies. We have carried out such
measurements in an earlier study.2®6 In Figure 6 we compare the results of
elongational viscosities determined from local point by point spinline mea-
surements and from simple elongational flow. For the PP-H-N and the PP-
M-N, the x values from the simple elongational flow experiments are equal to
310 at low elongation rates and increase at higher rates of deformation. However,
the results of the melt spinning experiments show an elongational viscosity de-
creasing with elongation rate. For the broader-distribution polypropylenes,
both experiments yield an elongational viscosity which decreases with elongation
rate. The apparent elongational viscosity from the melt spinning experiments
decreases more rapidly. It also appears that the melt spinning elongational
viscosities are generally larger in magnitude.

Other investigators have measured apparent elongational viscosities using
isothermal melt spinning.1* We summarize these data in Figure 7. Generally
our data on the broader-distribution polypropylenes are similar to those of Han
and Lamonte? on a commercial polypropylene. The dependence of xsp on mo-
lecular weight distribution would seem compatible with the earlier observation
of Han and Lamonte? on a series of rather broad-distribution high-density
polyethylenes.

It is also of interest to consider the implications of our studies on the melt

2
10 T l
Xgp /3%, X/37,
(o] ® PP—-H-N
a PP—H-R-B
< PP—M-—N
1 O PP—M-B
1 10 [— —
&
L] /
= ped
; o ~
- 10 [— —
2
>
-1 1 |
10 = -2 —1 0 1
10 10 10 10 10
E sec™!

Fig. 6. Elongational viscosity measured by melt spinning and by constant elongational rate ex-
periments.
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Fig. 7. Melt spinning elongational viscosities from the literature. Data from Acierno et al.! and
Han and Lamonte? is included.

spinning elongational viscosities x,p of polymer melts in general. From Figure
7 we see that the spinline elongational viscosities of commercial polystyrene (PS)
melts decrease with elongation rate. However, experiments were carried out
on similar virgin PS filaments in simple constant elongation viscosities which
equal 3ng at low deformation rates and then increase at higher rates of defor-
mation.?5-37 The studies of melt spinning elongational viscosity of low-density
polyethylene (LDPE) by Acierno et al.! show an increasing function, while the
investigation of Han and Lamonte? indicate a constant value. Investigators using
constant elongation rate experiments generally find LDPE exhibits an increasing
elongational viscosity,31-3? though Laun and Munstedt*® find that the elonga-
tional viscosity reaches a maximum and then decreases. From comparing these
melt spinning and elongational viscosity data on PS and LDPE and our own
previously cited studies on polypropylenes, it would seem that the melt spinning
or apparent spinline elongational viscosity has a lower (or more negative) slope
than the simple elongational-flow steady-state viscosity, and a larger magni-
tude.

Comparison to Theories of Melt Spinning

The modeling of melt spinning processes dates to the researches of Ziabicki
and Kedzierska*! and Kase and Matsuo.81642 These researchers, however,
considered the polymer melts to behave as Newtonian fluids in the threadline.
Later investigators such as Lamonte and Han?3 attempted to improve this
modeling by presuming the melt to obey a power law elongational viscosity.
However, since polymer melts are viscoelastic fluids, any proper modeling should
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take this into consideration. The first study of the melt spinning process which
properly considers the viscoelastic characteristics of the melt is that of Acierno,
Dalton, Rodriquez, and White,! who also compare experiment with predictions
based on rheological characterization of the melt. These authors consider iso-
thermal melt spinning and base their analysis on an integral fluid model. This
work was subsequently extended by Chen et al.3! and has led in more recent times
to the general formulation of Matsui and Bogue,** which is the most sophisticated
study to date. Matsui and Bogue include a careful treatment of nonisothermal
behavior of the polymer melt (see the related work of Bogue et al.4) and the
influence of flow in the spinneret. A more recent study by Denn and Marrucci*6
considers the Acierno et al.! formulation of this problem but gives emphasis to
the influence of the form of the relaxation spectrum. A useful critique is given
by Petrie.47

The basic problem with the integral constitutive equation formulation is its
complexity. It is desirable to be able to use a simpler model for such analyses.
Zeichner4® has shown that such a theory can be developed from the convected
Maxwell model. This view has been taken in succeeding papers by Denn, Petrie,
and Avenas,*? Fisher and Denn,?® Petrie,%’ Chang and Denn,5! and White and
Ide.’2 The results of these investigators, especially the latter, may be used to
interpret our results.

If we begin with the convected Maxwell (White-Metzner) model constitutive
equation,12:28.48-55

c=—-pl+P (5a)
%lt)_ =2G7rd—-P (5b)

where P is the extra stress, d is the rate of deformation tensor, and G and 7 pa-

rameters where 7 is a function of I the second invariant of d. This may usefully
be taken as!228.53

7o
T =
1+ atollyl/2

Minoshima et al.?8 interpret their experimental studies of molecular weight
distribution effects on elongational flow using eqs. (5) and (6). Broadening the
molecular weight distribution decreases G (increasing steady-state compliance)
and increases a. Values of a from Minoshima et al. are given in Table II. In
the studies of Fisher and Denn®® and Chang and Denn,?! power law forms are
used to represent deformation rate dependence of 7 (and G). This is unsatis-
factory because it leads to improper low deformation rate behavior.
For isothermal melt spinning,12:48-50

(6)

vy = v1xy) (7a)
vo(x2) = va(x3) (7h)

vy , vy , OUy

— 0 (7¢)
dx1 Oxg Oxj3

F=oymR?= (P — Py)wR? = (P1 —P22)UQ (8)
1
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TABLE 11
Molecular Weight Distribution, a Value, and Onset of Draw Resonance: Isothermal and
Nonisothermal Melt Spinning

Onset of draw
resonance Vi /Vy

Isothermal melt Nonisothermal
spinning into melt spinning
Material M,/M, a* quench bath into quench bath

PP-H-N 6.4 0.7 7.0 22.0
PP-H-R-B 9.0 1.2 3.6 10.0
PP-M-N 4.7 0.6 7.7 19.0
PP-M-B 9.0 1.2 4.3 9.0
PP-L-R 4.6 0.7 — 23.0
PP-L-R-N 6.7 0.9 — 19.0

* Best fit from sheer viscosity, principal normal stress difference, and elongational viscosity.

and eq. (5) may be written

OPU 501) bvl
—9p,,—|=92Gr——-P 9
T(UI ox; bel Tbxl 11 (9a)
ang avl) OU1
+ Py ——|=-Gr——P 9b
T (01 ox, 20 Taxl 22 (9b)

We follow now the analysis of White and Ide.!2 If we take P;; to dominate Pos
and neglect the latter (Zeichner’s asymptote), eq. (9b) may be neglected and eq.
(9a) solved to give

F = _ vifxs)

[xl + (\/3(1 - 1)7’0[01(361) - UI(O)H = 2GTO In———= (10)

Q v1(0)
which may be rearranged to give an apparent spinline elongational viscosity
of

_ 011 _ 2GTQ
dU]/dJCl 1+ (\/3(1 - 1)TOdU1/dx1

Taking 7¢ equal to zero at nonzero G 7¢ gives the Newtonian value of x;, of 2G 7y,
or 2n9. The reason for the 2 rather than 3 comes from neglect of eq. (9b). We
should note at this point that Petrie*? has shown that in general one cannot define
a Xsp (dvi/dxy) and that this is specifically the case if eq. (9b) is included.
However, despite this, the procedure of this paper is a good approximation.

Certain conclusions may be drawn from eq. (10). At a value of a equal to
1/4/3 , the velocity profile in the spinline is exponential as with a Newtonian fluid.
For smaller a or large 7 it tends to become linear with

Ul(x) 1 1 X1

= B ol e ——— —

v1(0) (1—\/§a)NWS L

where Ny, is a Weissenberg number, 79v;(0)/L.53-55 This is what is observed
in Figure 3.

If we consider a constant elongation rate stretching flow and determine x for
the model of egs. (5), (6), and (9) but which neglects eq. (3b), we obtain

Xsp (11)

(12)
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2GT
=— 13
X 1-27E (13)
where E is dv;/dx; with
To
= 14
T 1++3aroE (14)
giving
2Gr
X 5 (15)

"1+ (V3a — 2)7oE

Comparing egs. (15) and (11), we see that the criterion for x or xs, to be an in-
creasing (or decreasing) function of elongation rate differs. In both cases in-
creasing a tends to make x a decreasing function. The criterion for X, is more
severe. If a is greater than 1/4/3 (i.e., 0.58), Xsp Will be a decreasing function.
For x the criterion is 2/4/3 (1.15). For the narrow molecular weight distribution
PP, the value of a is in this intermediate range, giving an increasing x and a de-
creasing Xsp. The broader-distribution samples have larger a and give both
decreasing x and Xsp.

The above conclusions may be used to explain some of the perplexing results
of Acierno et al.! and Han and Lamonte.? They find that x;, is a decreasing
function of elongation rate for PS melts which give an increasing x,3°-37 while
the latter authors find x;p to be a constant in one case for LDPE which has an
increasing x.37-3 The x;p character of LDPE and PS (as well as HDPE) de-
pends on the a parameters listed in Table III. Only LDPE has a low enough
value of a to lead to a constant or increasing xp. Similar remarks would appear
to be valid for the nylon 6 investigated by Bankar, Spruiell, and White.* It has
an a of 0.15 and an increasing X, function.

The analysis given above yields imperfect results in some important ways. The
ratio xsp/x taken from egs. (11) and (15) is predicted to be less than unity. From
Figure 6 we see that x is more often smaller, especially for the narrow-distribution
samples. Indeed at low 7oE, the latter is most notably the case. Furthermore,
the x;sp data do not go to the Newtonian asymptote at low elongation rates. The
values are too high. However, this is also the case for x in melts with large a.
The problem is probably due in part to eq. (16) being an imperfect choice for the
7(Ilg) function. We also should include the P3y term, eq. (9b), in our analysis.
However, it is to be noted that other investigators have found that the stress
values in melt spinning experiments are too high and that to predict them from
shear flow higher values of the moduli or equivalent would have to be used in the
constitutive equation. Chang and Denn5! report such findings in experiments
on a polyacrylamide dissolved in corn syrup (shear viscosity of 200 poise at 1

TABLE III
Range of a Values for Various Commercial Polymers and Melt Spinning Behavior
Material a Xsp Draw resonance
LDPE 0.2-0.6 constant or increases does not occur
Nylon 6 0.15 increasing —
PS 0.7 decreasing moderate V. /V,
HDPE 1.2-1.4 decreasing low V. /Vy

PP 1.2 decreasing low V/Vy
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sec™1) based on calculations using a convected Maxwell model of the type in eq.
(5) where they include eq. (9b) and use power law deformation rate dependence
of Tand G. They suggest the inadequacy is due to failure to include the spectrum
of relaxation times. Chen et al.,3! however, report similar difficulties using an
integral model.

FILAMENT UNIFORMITY

Results

At the start of the melt spinning process, the descending extrudate is pulled
onto the take-up roll. It was found that all polymers, especially the moderate
and broad molecular weight distribution samples, have to be pulled very carefully
to avoid ductile failure which occurs somewhere between the extrudate swell
region and the middle of the spinline.

After the steady-state spinline has been achieved, extrudate diameter fluc-
tuations of two types are observed. One of these is random in character and
seems to occur to varying extents under all spinning conditions in which the
threadline is drawn down. It is to be emphasized that this behavior is not a die
flow instability as we have studied such conditions carefully (see next section).
It is also not due to fluctuations in the extrusion system as we are using a constant
volumetric throughput rate apparatus. The second type of diameter fluctuation
has a well-defined wavelength or period and a much larger amplitude. The two
types of diameter fluctuations are illustrated in Figure 8. Here, the diameter
reduced by the average filament diameter versus distance along the solidified
filament is plotted.

The onset of the second type of diameter fluctuation was investigated for both
the isothermal (temperature chamber in place) and nonisothermal spinning
conditions. The critical drawdown ratio V;/Vq is summarized in Table II for

20 I ]— I
PP—H-—N
Vi/ Vo =113

15— 3 —
! V /Vp=94
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Length along Fiber cm

Fig. 8. Diameter fluctuations for polypropylene fibers, random fluctuation, and fluctuation of
well-defined wavelength under nonisothermal condition.
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both cases. Removal of the temperature chamber stabilizes the spinline and
increases the critical drawdown ratio.

Interpretation

It would appear that there are two separate phenomena giving rise to fluctu-
ations in filament diameter in the threadline. There are fluctuations brought
on by system disturbances as proposed by Kase and Matsuo,” which may be
termed “forced oscillations.” Secondly, there is “draw resonance” or “natural
oscillations.” This latter phenomenon was first analyzed by Kase, Matsuo, and
Yoshimoto!® and has since been treated by various investigators.8:9:11,12,50,566-59
The former phenomenon has received treatment for the case of a nonisothermal
Newtonian fluid only. The latter, where work is more extensive, has received
attention for an isothermal Newtonian fluid,16:56 isothermal power law fluid,11:57
isothermal viscoelastic fluid represented by a convected Maxwell model,?%°! and
various nonisothermal models.%:58:59

From analyzing the various papers listed above, it would seem that modifying
any rheological model in such a way as to give the true or apparent spinline
elongational viscosity versus elongation rate relationship a lower slope results
in draw resonance occurring at lower drawdown ratios. Following White and
Ide’s formulation,!? the @ parameter represents this deformation rate softening.
Clearly, as a increases (see Table II), the spinline destabilizes and the critical
V1/Vo decreases. Analyzing Kase and Matsuo’s formulation? leading to forced
oscillations, it would seem clear that a similar influence on the spinline elonga-
tional viscosity function would lead to accentuation of the diameter fluctua-
tions.

White and Idel? argue that draw resonance is a continuous spinline form of
the neck development ductile failure instability.53 Polymer melts exhibiting
ductile failure should tend to exhibit draw resonance at low V./V,. Comparing
the results of Table II with the data of Minoshima et al.,?8 we find that this is
indeed the case.

From the above considerations it would seem clear that as narrowing the
molecular weight distributions of polypropylene causes the slope of the spinline
elongational viscosity-versus-elongation rate curve to increase, one should expect
a more stable spinline for these materials. The intensity of diameter fluctuations
due to forced oscillations should be less and the drawdown required to obtain
draw resonance increased. This is what is observed.

EXTRUDATE SWELL

Results

We plot the extrudate swell B as a function of die wall shear rate in Figure 9,
where B is d/D, the ratio of extrudate to die diameter. Generally, swell for each
melt increases with die wall shear rate. The level of the swell is a strong in-
creasing function of breadth of molecular weight distribution. In Figure 10 we
replot the data as a function of die wall shear stress. The distinctions in the data
are reduced somewhat, but the same trends exist as in Figure 9.

The influence of annealing is shown in Figure 11, where B, is the ratio of an-
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Fig. 9. Extrudate swell as function of die wall shear rate.

nealed extrudate to die diameter. The broader molecular weight distribution
samples exhibit significantly greater delayed recovery.

Interpretation

It should first be noted that extrudate swell results are difficult to reproduce
and strongly depend on the detailed technique used in their measurement. Some
of the problems involved are considered in our earlier papers.2427 Generally,
our data give slightly higher values of B on a given polymer than those reported
by Huang and White.2”

The theoretical problem of extrudate swell can be approached at many levels
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Fig. 10. Extrudate swell as function of die wall shear stress.
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Fig. 11. Delayed recovery as function of die wall shear rate.

of sophistication. From a simplistic point of view, extrudate swell is simply an
averaged elastic recovery S from the shear stress o012 in Poiseuille flow. This
idea is expressed by Nakajima and Shida?® and many later investigators. It
follows that

B~8~ 619/G ~d.019 (16)

J. is a strongly increasing function of breadth of molecular weight distribution.28
One should thus expect the molecular weight distribution effects of Figure 10
relating B and (o12),,

From the theory of the convected Maxwell model of eq. (5)

N1 = 20’122/G (17)
so that
B ~Ni/(612)w (18)

A similar result can be obtained from dimensional analysis arguments. If a
viscoelastic fluid’s rheological behavior is specified by a Maxwell model (with
a constant relaxation time 7), the velocity fields are specified by the dimensionless
group, the Weissenberg number,?3-55

Nw, = 7U/L (19)
where U and L are the characteristic velocity and length. Thus,
B ~ Ny, (20)
In a laminar shear flow of a convected Maxwell fluid, we have from eq. (22)
Ni=2nry2 (7 =2/G) (21)
If we take U/L as ¥, it follows that we obtain*
B~Nws=N{/2012~8 (22)

* The original treatment®0 of the Weissenberg number was in terms of the second-order fluidé!
and emphasized its relationship to swell.
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The simplest consistent theory of the extrudate swell of a Maxwell fluid with
constant 7 is that developed by Tanner®2 based on unconstrained recovery from

Poiseuille flow from a very long tube. This leads to
2

i

g12

1/6

B= (23)

A constant of 0.1 is generally added to account for the observed swell of a New-
tonian fluid.

Equations (20), (22), and (23) suggest that we attempt to correlate B with the
ratio of N1/o2 evaluated at the die wall. This is done in Figure 12. N iseval-
uated by extrapolation of N;(0;2) data using a power law equation. There are
of course great difficulties with this procedure and it can only be considered
approximate. It is found that there is still a molecular weight distribution effect,
with B being larger for broader-distribution melts. This agrees with the finding
of Racin and Bogue?s for polystyrene melts. Generally, eq. (23) (even with the
added 0.1) underpredicts the value of B, even for the narrower-distribution
samples.

If we consider more general viscoelastic fluid models, the Weissenberg number
is still the primary dimensionless group, but the definition of 7 is ambiguous.
We may of course arbitrarily define 7 through eq. (21). Other dimensionless
groups arise, representing the form of the relaxation spectrum and other non-
linearities which arise. These groups, however, do not contain U or L. These
groups have been referred to as “viscoelastic ratio numbers.”

If we retain the Maxwell model form but allow 7 to depend upon deformation
rate as in the form frequently used in the literature,2%5758 we would predict

B = F[Nws, 7(¥)/79] (24)

but the derivation leading to eq. (23) is unchanged. Racin and Bogue®® and
Huang and White2’ consider the special case

Ni=Acgp® (25)
| ] | ] y ]
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Fig. 12. Extrudate swell as function of (N{/012),,.
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which implies a ¥- or 013-dependent modulus in the Maxwell model, which results
in eq. (23) being modified to

B =[1+ f(a)(N1/012)?]'/6 + 0.1 (26)

From experimental studies of normal stresses, a decreases with increasing dis-
tribution breadth. This result predicts an increase in B, but not enough to
correlate the data. However, the latter comment may in part be due to problems
of experimental techniques indicated in the first paragraph of this section.

If one goes back to the original Tanner extrudate swell theory®? based on un-
constrained recovery, one observes that the theory does not include the distri-
bution of relaxation times. The necessity of including multiple time constants
is supported by the existence of delayed recovery, which is shown in Figure 11.

CONCLUSIONS

An experimental study of the influence of molecular weight distribution on
the melt spinning and extrudate swell characteristics of PP has been re-
ported:

1. The spinline elongational viscosity Xxsp, measured by isothermal melt
spinning behaves roughly similar to x obtained from a constant deformation rate
apparatus. Xsp of narrow molecular weight distribution PP decreases slightly
with increasing dvq/dx,, while for broad molecular weight distribution PP it
decreases rapidly with increasing dvi/dx;. X is an increasing function of de-
formation rate for the narrower samples and a decreasing function for the
broader-distribution polymers.

2. The different behavior of x,, and x is interpreted using a convected
Mazxwell model. The different slopes of x,p, and x functions of dvi/dx, can be
explained in terms of the deformation rate dependence of 7. A problem exists
in predicting relative magnitudes with x,p being larger than expected.

3. Broad molecular weight distribution PP more readily exhibits draw reso-
nance compared to narrow molecular weight distribution PP under both iso-
thermal and nonisothermal conditions. This can be explained by theories of
the draw resonance instability in non-Newtonian and viscoelastic fluids through
the influence of molecular weight distribution on the elongational viscosity
function.

4. Broadening of the molecular weight distribution increases extrudate swell
at fixed shear rate, shear stress, and Weissenberg number Ny, = N1/2019.

5. Broad molecular weight distribution PP has a larger delayed recovery than
narrow molecular weight distribution PP.

6. It is suggested that narrow molecular weight distribution PP should be
preferentially used for processing which is based upon uniaxial elongational
flow.

APPENDIX

Implications of Melt Spinning Behavior for Structure Development
and Mechanical Properties

The orientation of the polymer chains in a melt in a spinline may be represented by its birefrin-
gence. In the molten state, polypropylene and other polymer melts obey the rheo-optical law.5?
In a fiber spinline this states that the birefringence nj — ny is proportional to the stress, i.e.,54
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ny—ngzg= An = Cdu (A‘l)

The second moment of the mean orientation of polymer chain segments cos?f), where § is the angle
between segment and fiber axis, is related to the ratio of the birefringence and the maximum or in-
trinsic birefringence A% through®s
_An_3cos?H—1
A0 2
where f is known as the Hermans orientation factor. The ratio C/A° appears to be a constant in-

dependent of (flexible chain) polymer type,5¢ so that f would seem to be a unique function of the
spinline stress, i.e.,

(A-2)

f= % o11 (A-3)
Polypropylene crystallizes when it is melt spun. Nadella, Henson, Spruiell, and White2930 in-
vestigated the structure of melt-spun polypropylene fibers and using WAXS measurements deter-
mined the orientation factors fq, f5, and f, (chain axis) for the three crystallographic axes, defined
as in eq. (A-2) but using angles 8; between the fiber and crystallographic axes. They showed that
the orientation factors for a series of polypropylenes of varying molecular weight and distribution
melt spun under a range of different conditions were a unique function of the spinline stress.?® This
clearly results from the f,, fp, and /. being determined by the f of eqs. (A-2) and (A-3):

fi=Filfl = F;

The birefringence of the crystalline melt-spun fibers which is the sum of contributions of crystalline
and amorphous phases6-69

An = XfC(Ull)A(c)ryst + (1 - X) f;amorph(all)Agmorph (A'5)

Ao o1 (A-4)

where X is the fraction of crystallinity, Aﬁ},yst and Agmo,ph are the intrinsic birefringence of the crys-
talline and amorphous phases, and famorph is the Hermans orientation factor in the amorphous re-
gions.

Returning now to the polypropylenes of varying molecular weight distribution which were in-
vestigated in this paper, the different melt spinning elongational viscosity functions will result in
different spinline stresses being required to achieve a specific drawdown. At moderate and higher
drawdown ratios, the data of Figure 5 suggest that higher stress levels will be required for the nar-
rower-distribution polymers at the same zero shear or higher shear rate viscosities. These will lead
to higher spinline birefringences and higher spun fiber birefringences and crystalline orientation.

The mechanical properties of the melt-spun fibers are determined by the crystalline morphology
and orientation. The Young’s modulus, yield stress, tensile strength, and elongation to break may
be correlated with the birefringence and with the Hermans orientation factors of the crystalline and
amorphous phases.306%.70  Not surprisingly from egs. (A-4) and (A-5), Nadella et al.30 found a good
correlation between mechanical properties and spinline stress. It would thus appear that for
polymers with the same level of low shear rate melt viscosity which were spun under the same set
of kinematic conditions, the narrower molecular weight distributions will develop not only high
spinline stresses and birefringence but increased Young’s modulus and tensile strength as well as
reduced elongation to break. The latter effect could give rise to problems in subsequent drawing
operations.
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