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ABSTRACT: The melt fracture, shear viscosity, exten-
sional viscosity, and die swell of a polypropylene resin were
studied using a capillary rheometer and dies with a 0.05-cm
diameter and length/radius ratios of 10, 40, and 60. A tem-
perature of 190°C and shear rates between 1 and 5000 s~ *
were used. A modified Bagley plot was used with consid-
eration of pressure effects on both the melt viscosity and end
effect. The shear viscosity was calculated from the true wall
shear stress. When the true wall shear stress increased, the
end effect increased and showed critical stresses at around
0.1 and 0.17 MPa. The extensional viscosity was calculated
from the end effect and it showed a decreasing trend when
the strain rate increased. Both the shear and extensional
viscosities correlated well with another polypropylene re-

ported previously. The die swell was higher for shorter dies
and increased when shear stress increased. When the shear
rates increased, the extrudate changed from smooth to gross
melt fracture with regular patterns (spurt) and then turned
into an irregular shape. In the regular stage the wavelength
of the extrudates increased when the shear rate increased.
The frequency of melt fracture was almost independent of
the shear rate, but it decreased slightly when the die length
increased. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 87:
1587-1594, 2003
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INTRODUCTION

The flow behavior of polymer melts is of great prac-
tical importance in the design of polymer processing
equipment. The upper limit of the processing rate of a
polymer is frequently limited by the occurrence of
melt fracture phenomena. The term melt fracture is
used to generally describe extrudate distortion or the
variation of the shape of the extrudate. Melt fracture is
a flow instability phenomenon occurring when a poly-
mer melt is extruded through a capillary at rates ex-
ceeding a critical shear stress.' 2 Most of the previous
studies on the melt fracture of polymers focused on
the behavior of various types of polyethylenes (PEs:
high density, low density, and linear low density).'™"°
The melt fracture of PE is complicated. Sornberger et
al.! divided the flow curve of linear PE into five stages.
In the first stage a smooth cylindrical extrudate is seen
at low shear rates. In the second stage, when the flow
rate is increased, the extrudate develops a small-am-
plitude high-frequency disturbance on its surface,
which is called sharkskin. This is also known as sur-
face melt fracture. As the flow rate is increased in the
third stage, a pressure oscillation can be observed for
a constant flow system. The flow is sometimes called a
spurt flow and has been interpreted by the slip-stick
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phenomenon near the capillary surface,'"® compress-
ibility of polymer melts,” combination of slip and com-
pressibility,® or constitutive instability of polymer
melts.'® A periodical pattern may appear on the ex-
trudates. This is also called regular melt fracture in
this article. The frequency at this stage is lower than
the frequency in sharkskin. The frequency is on the
order of 1 s™!, while sharkskin can have a frequency
on the order of 100 s~'. If the flow is at constant
pressure, a flow curve hysteresis with two different
possible flow rates can be observed. This is accompa-
nied by a discontinuity in the plot of the flow rate
versus the pressure drop. When increasing the shear
rate further, a relatively smooth extrudate is observed
in the fourth stage. Finally, in the fifth stage, a very
disordered lump called a wavy melt fracture is ob-
served at the even higher flow rate.

Polypropylene (PP) is a material of great industrial
importance, because it has found many applications in
fiber, injection molding, and film production. The melt
fracture of PP was studied in the literature. It is sim-
pler than that of PE. In particular, no sharkskin and
discontinuity in flow curve were observed. Ui et al.'?
reported continuous smooth curves without disconti-
nuity for PP. At 180°C the shape of the obtained
fractured extrudate surface was fairly regular. They
also noted that the wavelengths of the regular melt
fracture increased as the shear rate increased and that
at higher shear rates perfectly smooth extrudates were
obtained. When the shear rate was increased even
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more, a second sharp roughness appeared on the sur-
face of the extrudate. They reported that melt fracture
occurred at a critical wall shear stress value in the
range of 0.1-0.13 MPa, independent of the tempera-
ture in the 180-260°C range. Ballenger et al.'® also
reported that the extrudate shape changed from
smooth to pitched screw threads to smooth and finally
to a distorted form as the shear rate increased. Bartos'*
studied the melt fracture behavior of a series of PPs to
examine the critical conditions for the onset of extru-
date distortions. He found that melt fracture occurred
at a wall shear stress in the range of 0.069-0.16 MPa.
Kamide et al.'® also studied PP flow and reported a
critical wall shear stress value of 0.11 MPa. Other work
addressing the melt fracture of PP includes Akay'®
and Fujiyama and Kawasaki.'” They reported critical
shear stresses for the onset of melt fracture ranging
from 0.13 to 0.2 MPa.

The purpose of this article was to study the shear
viscosity, extensional viscosity, die swell, and melt
fracture of a high molecular weight PP in capillary
flow. Three die lengths were used to observe the effect
of die length. A similar study was made on an injec-
tion molding grade PP with a lower molecular
weight.'®

EXPERIMENTAL

The material used in this study was Atofina 3181 PP
resin. It is a commercial grade homopolymer for sheet
and strapping applications and contains additives to
prevent oxidation and degradation during processing.
It has a melt flow index of 0.75 g/10 min as measured
by ASTM D1238 condition L. The number-average
molecular weight (M,) was 84,000 and the weight-
average molecular weight (M,) was 512,000. This in-
formation was provided by the company manufactur-
ing it. The rheological properties were measured on a
Galaxy V capillary rheometer (model 8025, Kayness
Inc.) equipped with a computer for data acquisition.
The pressure sensor of the capillary rheometer was
located at the capillary entrance. Three tungsten car-
bide capillaries with a flat entrance region were used.
The diameter was 0.10 cm and the die lengths were
0.50, 2.0, and 3.0 cm. These gave length to radius (L/R)
ratios of 10, 40, and 60, respectively. Eighteen shear
rates from 1 to 5000 s~ ' were used. A temperature of
190°C was chosen for this study.

RESULTS AND DISCUSSION

The melt fracture of PP was observed from the extru-
dates. When melt fracture occurred the extrudate no
longer maintained a smooth cylindrical geometry. Fig-
ure 1 shows the extrudates of the shortest die collected
at 190°C. The melt fracture became noticeable when
the apparent shear rates exceeded 100 s~ . It was also
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Figure 1 The melt fracture of Atofina 3429 at 190°C and a
die length of 10 mm. From top to bottom the apparent shear
rates are 5, 20, 100, 120, 200, 800, 1000, 2000, and 5000,
respectively.

observed that regular patterns appeared on extrudates
between 100 and 1000 s~ '. At even higher shear rates
the extrudate showed an irregular pattern. Within the
shear rate ranges of this study there was no second
smooth extrudate. When melt fracture appeared as a
periodical pattern, the wavelength was also measured.
As the die length increased the start of a regular
pattern was delayed to a higher shear rate. It was also
noted that when the shear rate increased, the wave-
length increased. The pattern of regular melt fracture
appeared to be different from those reported by Baik
and Tzogankis'® and Kazatchkov et al.*® In their stud-
ies regular helixlike extrudates were observed be-
tween 700 and 5000 s~'. A smooth extrudate was
observed between 6000 and 10,000 s~ '. At 20,000 s~
and higher, irregular extrudates were observed. In our
study the shear rate range for regular melt fracture
was narrower, and more complicated extrudates were
obtained starting at a shear rate of 200 s~'. The extru-
dates contained globelike lumps and were not of con-
stant diameter.

Figure 2 shows the apparent shear stress (1, = RAP/
2L) versus the apparent shear rate (¥, = 4Q/ R% Qs
the volume flow rate) for the three dies. This plot was
commonly used to identify the existence of melt frac-
ture and wall slip.lf4 When a melt fracture occurred,
the plot could have a discontinuity. No such phenom-
enon was seen in this study. It was noted that there
were two breaks in the slopes in the curves in Figure
2, which are marked by arrows. This is typical for melt
fracture of PP. Kazatchkov et al.* and Ui et al.'* also
reported breaks similar to our observation. The lower
one corresponded to the inception of the regular melt
fracture and the higher one corresponded to the be-
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Figure 2 The apparent shear stress versus the apparent
shear rate for three die lengths.

ginning of the irregular melt fracture. To observe any
flow hysteresis phenomena, a pressure versus flow
rate measurement was also made in the reverse direc-
tion, starting from high flow rates and going down to
low flow rates. The results of both types of measure-
ments overlapped well and suggested that there was
no flow hysteresis.

Both the apparent shear stress and apparent shear
rate increased in tandem in Figure 2, but at the high
shear rate region the slope was lower than at the low
shear rate region. This is typical for a material exhib-
iting a shear thinning phenomenon. The curves of the
two longer capillary dies overlapped with each other
and had lower shear stress than the shortest die at a
given shear rate value. Furthermore, the distance sep-
arating the curve of L/R = 10 and the other two
widened when the apparent shear rates and apparent
shear stresses increased. This indicated the existence
of pressure effects on the shear viscosity and end
effects, which became more significant at a higher
barrel pressure.

When the pressure drop of each flow rate was plot-
ted versus L/R, an upward trend was observed as in
a previous study.'® This was explained by the pressure
dependence of the shear and extensional viscosities.
The following function is used to describe the effect of
pressure on the shear viscosity'®*:

n = nee’’ (1)

where 7, is the shear viscosity at zero pressure and 8
is the pressure coefficient. A similar expression has
also been used to describe the pressure dependency
on the extensional viscosity'®*>*:

Ne = ne,OeaP (2)
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where 7, is the extensional viscosity at zero pressure
and « is the pressure coefficient.

Without pressure effects on the viscosity, the plot of
the pressure drop versus the die length is a straight
line. This is the well-known Bagley plot*:

AP =27,(L/R +¢) (3)

The calculation of the shear viscosity started from a
plot of the true wall shear stress (7,) versus the ap-
parent shear rate (,) on a double logarithm scale. The
slope n of this plot was used to make the Rabinowitsch
correction. The Rabinowitsch correction was made to
calculate the true shear rate on the capillary surface
(V) from the ¥,

Yow = ¥.(Bn + 1)/4n (4)

With the true shear rate, the shear viscosity was cal-
culated as

T) = Ttw/iItw (5)

Using eq. (1) as the pressure dependence of the shear
viscosity, the following relation between the pressure
drop and die length was derived by integration of the
momentum equation'®?*:

[1 — exp(—BAP)]/B=27(L/R +e) (6)

The left side of the above equation reduces to AP when
B is small. It was also derived by Denn®* in an analysis
of adiabatic flow with the pressure dependence of the
viscosity.

The effect of pressure on the extensional viscosity is
included in the end effect. From the end effect, the 1, ,
as a function of the extensional rate (¢) can be calcu-
lated based on the equations derived by Cogswell.?® In
his analysis it was assumed that the polymer melt
adopts a conicylindrical flow pattern as it passes from
the reservoir into the capillary and that this pattern
corresponds to a minimum entrance pressure drop. It
was also assumed that the shear viscosity of the poly-
mer melt could be described in terms of a Power law
model. Following this analysis, the extensional viscos-
ity and the extensional strain rate may be calculated as

9 (n+ 1)2AP?

LA P RETEAE: 7
4 ()Y
€= 3 (n + 1)AP, (8)

where # is the Power law exponent, AP, is the entrance
pressure drop corresponding to a zero capillary die
length, 7 is the shear viscosity, and ¥, is as previously.
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Figure 3 The left-hand side of eq. (10) versus (L/R)exp[—(«a
— B)P/2] for selected apparent shear rates.

Using the relation between the entrance pressure drop
and the end effect, AP, = 2et, = 2en(¥,)¥,, eq. (7) can
be changed to

2\"/E oy Tl
C=30+n) n.(€)/ () )

It can be seen that the pressure dependence of the end
effect depends on the pressure dependence of both 7,
and m. Therefore, the end effect can be separated into
a product of the zero pressure component E and its
pressure dependency. Based on eq. (9), the depen-
dence of the end effect on pressure is one-half of the
ratio of the dependence between the extensional vis-
cosity and shear viscosity: e = E exp[(a — B)AP/2].
The AP is the barrel pressure where the end effect took
place. This approach was used in our previous arti-
cle,'® but the relationship was mistakenly used as e
= E exp(aAP). After separating the end effect into E
and the pressure dependent term, the following equa-
tion is obtained:

[1 — exp(=PAP)]exp[—(a — B)AP/2]/B
= 27 {(L/R)exp[ — (e — B)AP/2] + E} (10)

Here 7, is the true wall shear stress and E is the end
effect, both at zero pressure. When values of « and 8
are small, eq. (10) reduces to the Bagley equation. If
parameters « and 3 are known, the left-hand side of
eq. (10) can yield a linear plot versus (L/R)exp[—(c
— B)AP/2].

Recently, Bindings et al.*> determined the pressure
dependency of the shear viscosity and extensional
viscosity of several polymers using a capillary rheom-
eter that could be pressurized at both the inlet and
outlet. It turned out that the pressure dependency of
the extensional viscosity was higher than the shear
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viscosity for PP, PE, poly(methyl methacrylate), and
polystyrene. Christensen and Kjaer*® also used capil-
lary dies with zero die length to measure the effect of
pressure on the end effect. The values of o and
obtained by Binding et al.>> were used in this study.
The values of a and B were 19.1 and 7.1 GPa™ !, re-
spectively. Figure 3 shows the left-hand side of eq. (3)
versus (L/R)exp[—(a — B)AP/2] for selected apparent
shear rates. The curves for the apparent shear rate
between 2000 and 5000 s~ ' still showed an upward
trend. This was because between those shear rates the
extrudate entered the irregular melt fracture stage.
The curves for the shear rate below 2000 s~' showed
linear trends. From a linear regression calculation the
values of 7, and E were determined. From egs. (4)
and (5) the shear viscosity was calculated. The exten-
sional viscosity was calculated using egs. (7) and (10).
Both viscosities were at zero pressure.

Kazatchkov et al.*” observed the melt distortion of a
PP resin in both capillary and slit dies. Several diam-
eters and slit thicknesses were used. The flow curves,
determined by using capillaries having various diam-
eters, were independent of the diameter, implying the
absence of slip. However, experiments with rough-
surface slit dies suggested wall slip. As a result, they
suggested that the possibility of slip existed in the
capillary die at a high shear rate region. The critical
shear stress for the slip was determined to be 0.13
MPa. This shear stress corresponds to the apparent
shear rate of about 150 s~ ' in our study and coincides
with the appearance of visible melt fracture. In view of
the conclusion of Kazatchkov et al.,?° the melt viscos-
ities in the melt fracture region should be used with
caution, because wall slip can change the trend of the
results.

Figure 4 presents the results of the shear viscosity of
Atofina 3181. It shows a strong shear rate dependency
in the shear rate region studied, which justified the use
of the Rabinowitsch correction. At the low end of the
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Figure 4 The shear viscosity of Atofina 3181 and Atofina
3622.
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shear rates, the melt viscosity had not reached the
Newtonian region. This indicated that the material
had a broad molecular weight distribution, which was
reported by the manufacturer to be 6.1. Also shown in
Figure 4 is the results of Atofina 3622 measured ear-
lier'® but corrected using eq. (10) of this study. The
shear viscosity of Atofina 3181 was higher than Ato-
fina 3622. At the high shear rate, the Power law expo-
nent of Atofina 3181 was estimated to be 0.16, which
was higher than the value of 0.23 for Atofina 3622
because the former had a higher molecular weight. It
was noted that, despite the occurrence of melt frac-
ture, the viscosity results still showed a continuous
trend. This indicated that, in both regular and irregu-
lar melt fracture, the increase of pressure drop was
constant and was separated from the wall shear stress
in the linear plot of eq. (10). This also suggested that
the energy loss in the melt fracture of PP was inde-
pendent of the die length and was likely to be associ-
ated with the entrance effect or created at the die exit
similar to the sharkskin of PE.*’

The melt viscosity results of polymers with different
molecular weights can be superimposed with proper
adjustment of the parameters. A superposition can be
made for the shear viscosity based on the following
formula®:

n/mo = f(A7) (11)

where 7, is the Newtonian viscosity and vy is the
relaxation time. If the Newtonian viscosity and time
constant are similar functions of the M,,, the following
equation can be obtained:

n(y/ar) = am(y) (12)

where the shift factor ar = 1y,/my, adjusts the effect
of the molecular weight. This equation predicts a mas-
ter shear viscosity curve, if the viscosity is multiplied
by the ratio of their Newtonian viscosities and the
shear rate is divided by the same ratio. Because the M,
of both PPs exceeded the critical molecular weight for
entanglement (7000),>' the shift factor was propor-
tional to the 3.4 power of the M,.>* The value was
calculated to be 28.37 using PP 3181 as polymer 1 and
PP 3622 as polymer 2. The result of the superposition
adjustment is shown in Figure 4. It can be seen that
both PPs overlapped well after the shift data. This
indicated that both polymers had similar rheological
behaviors and molecular weight distributions.

The end effect at zero pressure E is plotted versus
the true wall shear stress in Figure 5. The results of the
end effect showed that there were two transitions,
separating the data into three zones. One transition
occurred near 0.1 MPa and the other at 0.17 MPa. The
former corresponded to the start of the regular melt
fracture, while the second critical shear stress corre-
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Figure 5 The end correction versus the true wall shear
stress of Atofina 3181.

sponded to the transition to an irregular melt fracture.
At the stress below the first critical stress, the end
effect increased slowly when the stress increased. Be-
tween the first and second critical shear stresses the
end effect increased at a higher rate. During this stage
the trend of the end effect of Atofina 3181 was very
similar to that of Atofina 3362 reported earlier,'® de-
spite the fact that the shear viscosity of the former was
about 3 times higher than the latter. Several authors
have studied the critical stress of melt fracture of PP
based on the observation of extrudates."> In partic-
ular, Baik and Tzoganakis'® studied the melt fracture
of a series of PPs prepared by peroxide oxidation. The
critical stress was found to decrease linearly from 0.15
to 0.10 MPa when the M,, increased from 100,000 to
400,000. Because the molecular weight of PP used in
this study was higher than the above critical stress
range, the occurrence of melt fracture was expected to
be at the lower end of the above critical stress range,
which agreed with Figure 5. It is interesting to point
out that the increase in the end effect was not signif-
icant until the onset of irregular melt fracture. This
indicated that, in the regular melt fracture stage, the
energy loss was not significantly increased yet. In the
irregular stage of a melt fracture phenomenon, the
energy loss increases much more quickly and is man-
ifested as a sharp increase of the end effect. In a
previous article on a metallocene copolymer of ethyl-
ene and octene® it was also observed that the visible
melt fracture started at a lower shear stress, but a large
increase in the end effect occurred at a higher shear
stress.

The results for the extensional viscosity are shown
in Figure 6. The plot is similar to the extensional
viscosity of Atofina 3622,'® which was also calculated
by the approach in this article. The values of Atofina
3181 were about 8 times the values of Atofina 3622 at
a given extensional rate. This was higher than their
shear viscosities. This was because the range of strain
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rates was 10 times lower than the corresponding shear
rate. As the Newtonian region was approached, the
distance separating the two curves widened. The ex-
tensional viscosity of a series of PPs was measured by
Tzoganakis et al.®® using egs. (7) and (8). The exten-
sional viscosity of a sample with M,, = 200,000 was
about 3000 Pa s at 100 s~ . This agreed with our results
for Atofina 3633. The molecular weight of Atofina
3181 exceeded the range of PPs studied by Tzoganakis
et al.*® A shift similar to the shear viscosity can be
made to compare the extensional viscosity of PP with
different molecular weights. The results are also
shown in Figure 6. It can be seen that, after the shift,
the results of both PPs overlapped very well. At the
low strain rate, the extensional viscosity decreased as
a Power law function when the strain rate increased. It
is interesting that the data corresponding to the regu-
lar melt fracture still followed the trend. At the strain
rate corresponding to the irregular melt fracture, the
data became nearly horizontal. This deviation from
the trend originated from the high values of the end
correction after the second critical shear stresses. A
high value for the end correction could be attributed
to the melt fracture phenomena, which formed an-
other source of pressure drop and end effect. A com-
parison of egs. (7) and (8) showed that an increase in
AP, increases the m, at twice the rate it decreases é.
Therefore, the data at a high shear rate tended to
deviate upward and with a smaller slope. In this sit-
uation, the formula for the extensional viscosity was
no longer applicable. Only the low strain rate region of
Atofina 3181 provided the same basis for comparison.
The die swell (B) was measured as the ratio of the
solid extrudate diameter (D,,) to the diameter of the
die (D) and corrected by the density ratio between
190°C and room temperature using the equation

B = (D../D)
X (Density at room temp)/(Density at 190°C).
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The density values of a PP at room temperature and
melt temperatures from Zoller and Walsh* were
used. When melt fracture occurred, the diameter was
measured at several locations and an average was
taken. As seen in Figure 1, the diameter variation in
the regular melt fracture was higher than the irregular
melt fracture, which was near the onset of second
smooth extrudates. It was noted that the die swell and
severity of the melt fracture decreased when the die
length increased, which agreed with the observation
of Ballenger et al."® This showed that the relaxation
process took place in longer dies. The draw-down by
gravity was smaller than the previous study,'® be-
cause of the higher melt viscosity in this study. The die
swell of Atofina 3181 is shown in Figure 7. It can be
seen that the die swell increased quickly after the
onset of visible die swell. Two critical shear stresses
were observed at (1.0 and 1.5) X 10° Pa, which were
similar to the end effect observation.

Vlachopoulos® suggested that die swell contained
four components: Newtonian, elastic, inelastic, and
relax. The contribution of the Newtonian is taken to be
a constant value of 0.12, and the inelastic and relax
components are considered small in some cases. The
majority contribution of die swell is the elastic com-
ponent, but at low shear rate the die swell ratio is 1.12.
In our study the die swell at the low shear stress was
close to the value of 1.12 as seen in Figure 7. Die swell
results were reported by Tzoganakis et al.*® and
Brandao et al.*® The former study showed the effect of
annealing on the die swell results. Without annealing,
the die swell was about 1.6 at a shear rate of 100 kPa.
After annealing the result was 2.1. When compared
with preannealing data, our results on the longest die
were close to the results of Tzoganakis et al.”®

For PE, surface melt fracture (sharkskin) usually
occurs before gross melt fracture."”® However, this
type of distortion did not occur in the case of PP.'*™"”
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Figure 7 The die swell ratio of Atofina 3181.
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After the critical stress, the melt fracture occurred as
periodical patterns. The wavelength increased when
the shear rate increased. This can be seen in Figure 1.
The ratio between the wavelength and average melt
flow rate in the capillary represented the frequency of
oscillation. The die swell data in Figure 7 were used to
adjust the flow rate of the extrudate to the capillary
flow rate. Figure 8 shows the frequency of the regular
melt fracture versus the true shear rate. The frequency
was on the order of 1 s and was found to be almost
independent of the shear rate. The onset of regular
melt fracture was slightly delayed when high L/D
dies were used. This agreed with the observation of
Baik and Tzoganakis.'” It has been reported that, dur-
ing the spurt stage, the frequency of pressure oscilla-
tion of PE increased when the amount of polymer in
the barrels decreased.>”~'! However, the appearance
of sharkskin was not related to the barrel volume.” To
verify any barrel size dependence, another run was
made on the die with L/R = 10, starting from a high
shear rate to a lower one. It was found that the wave-
length and frequency agreed with the results mea-
sured from low plunger speed to high speed. This
indicated that the mechanism creating regular melt
fracture of PP was independent of barrel size. It was
observed that the frequency decreased slightly when
the capillary length increased. This indicated that, in
the longer die, more relaxation processes took place
and the melt fracture reached an asymptotic state.
From these observations, the regular melt fracture
seemed to be related to strain at the die inlet or outlet,
which relaxed to a constant value for a long die and
was independent of the barrel size.

The average value of the frequency was estimated to
be 2 s L. For comparison, the data of Atofina 3622 was
also calculated by the same approach. The melt frac-
ture with a regular melt fracture pattern was observed
only at the highest shear rate.'® The frequency was
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estimated tobe 18 s ' for L/R = 40 and 12s™ ! for L /R
= 60. These numbers are higher than the results for PP
3181. A shorter die also had a higher frequency in
Atofina 3622. The results of Atofina 3622 were mea-
sured at an apparent shear rate of 5000 s~ . If the trend
of the largest die in Figure 7 continued, it could be
concluded that Atofina 3181 had a longer wavelength
and lower frequency than Atofina 3622. This may be
attributed to a difference in the molecular weight and
melt viscosity. Because both PPs had similar critical
shear stress, the factors determining the wavelength of
the melt fracture appeared to be different than those
determining the onset of the melt fracture. This issue
deserves future study.

CONCLUSIONS

Melt fractures of a high molecular weight PP were
observed in a capillary rheometer. The flow curve and
extrudate appearance could be divided into three re-
gions. At the low flow rate, smooth extrudate was
obtained. At the next stage, a melt fracture with reg-
ular patterns was observed. The frequency of the reg-
ular melt fracture was independent of the barrel vol-
ume and shear rates, but it decreased when the die
length increased. An equation including the pressure
effect on the shear viscosity and extensional viscosity
was used to calculate the wall shear stress and end
effect. The shear viscosity and extensional viscosity
were calculated and correlated well with another low
molecular weight PP.

The authors would like to express their special thanks to Dr.
R. D. Deanin of the Department of Plastics Engineering at
the University of Massachusetts Lowell for his invaluable
help and useful discussions.
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