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ABSTRACT: Rheological properties of metallocene-catalyzed isotactic polypropylenes
(MET-PP) were evaluated in comparison with those of Ziegler—Natta-catalyzed isotactic
polypropylenes (ZN-PP) and MET-PP was generally characterized in a rheological
aspect. Based on the characterization, various flow processibilities and their effect on
the higher order structure and product properties of the processed article were esti-
mated. The capillary flow properties at various temperatures, elongational flow prop-
erties, and dynamic viscoelasticities of MET-PPs and ZN-PPs with various melt flow
indexes (MF1Is) were measured. Furthermore, as an example of application of rheologi-
cal analysis, the selection of proper raw resin and processing conditions in the sheet-
extrusion of MET-PP was studied. MET-PP shows the following rheological features
due mainly to the narrow molecular weight distribution in comparison with ZN-PP with
equivalent MFT to that of MET-PP: while the viscosities at low shear rates are lower,
those at high shear rates are higher. Although there is little difference in the loss
modulus G” (viscosity), the storage modulus G’ (elasticity) is very (about one decade)
lower. The die swell is much smaller. The entrance pressure loss and end correction
coefficient are lower. The critical shear rate at which a melt fracture begins to occur is
lower. The melt tension, elongational viscosity, and melt flow index ratio are lower. The
flow activation energy is slightly lower. The zero-shear viscosity obeys the 3.4th-power
law independent of catalyst. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84: 2157-2170,
2002
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INTRODUCTION

In 1980, Sinn and Kaminsky"? presented a homo-
geneous metallocene catalyst which is composed
of a metallocene complex and methylalumoxane
(MAO) and is very active to ethylene polymeriza-
tion. The metallocene catalyst was actively stud-
ied worldwide since its discovery and the commer-
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cial production of linear low-density polyethylene
(LLDPE) by use of the catalyst was begun first in
1991, followed by the commercial production of
syndiotactic polypropylene in 1993 and of isotac-
tic polypropylene (PP) in 1995.

Because the active site of metallocene catalyst
is single, PP [metallocene-catalyzed isotactic
polypropylene (MET-PP)] polymerized by use of
the catalyst has a feature of narrow distribution
of molecular weight, crystallinity, and composi-
tion and of little low molecular weight component.
Furthermore, from the viewpoint of polymeriza-
tion mechanism of the catalyst, it contains much
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Table I Characteristics of Samples

Metallocene PP

Ziegler-Natta PP

Term MET-1 MET-2 MET-3 MET-4 ZN-1 ZN-2 ZN-3
M,, (X10°) 3.75 3.29 2.05 2.10 4.34 4.16 2.33
M, (X10% 15.0 13.7 10.3 9.5 7.2 6.7 4.1
M, /M, 2.5 2.4 2.0 2.2 6.0 6.2 5.7
p-Xylene extraction (wt %) 0.3 0.2 0.1 0.4 2.0 5.5 1.9
T, (°C) 147 146 150 149 159 145 162
MFTI (g/10 min) 1.66 2.16 6.3 8.2 2.12 2.39 8.5
MFIR 8.3 8.5 7.3 8.1 124 12.0 10.8
Die swell ratio 1.10 1.09 1.05 1.04 1.26 1.23 1.28

regioirregular bonds and shows a low melting
point for high tacticity. The largest characteristic
among molecular structures of MET-PP is the
narrow molecular weight distribution and M, /M,
of MET-PP is about 2 in comparison with 5-7 of
Ziegler—Natta PP (ZN-PP). The narrow molecular
weight distribution of MET-PP strongly influ-
ences its melt processibilities through the rheo-
logical properties and governs the resultant
higher order structure and product properties.
In the present study, the rheological properties
of MET-PPs were evaluated in comparison with
those of ZN-PPs, and MET-PP was generally
characterized in a rheological aspect. Based on
the characterization, various flow processibilities
and their effect on the higher order structure and
product properties of processed article were esti-
mated. Concretely, the capillary flow properties

270

at various temperatures, elongational flow prop-
erties, and dynamic viscoelasticities of MET-PPs
and ZN-PPs with various melt flow indexes
(MF1Is) were measured. Furthermore, as an exam-
ple of application of rheological analysis, study on
the selection of proper raw resin and processing
conditions in the sheet-extrusion of MET-PP is
reported.

EXPERIMENTAL

Samples

Table I shows the characteristics of samples.
MET-PPs were prepared by use of an MAO-sup-
ported MET-PP catalyst and have narrow molec-
ular weight distributions of M, /M, = 2-2.5. On
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Figure 1 Temperature changes of MFI (Arrhenius plots).
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Figure 2 Temperature changes of die—swell ratio.

the other hand, ZN-PPs were prepared by use of
an MgCl,-supported titanium catalyst and have
an M, /M, of about 6. ZN-1 and ZN-2 are random
PP copolymers with ethylene contents of 0.5 and
3.7 wt %, respectively. Other samples are homo-
PPs. MET-PPs also have characteristics of low
p-xylene extraction (low molecular weight compo-
nent) contents and low melting points. The melt
flow index ratio (MFIR) and die-swell ratio are
referred to in the Experimental Results section.

Measurements of Rheological Properties
Capillary Flow Properties

MFTI and die swell ratio were measured with a
melt indexer X416 type (Takara Thermistor In-
struments Co. Ltd., Japan) under 2160 g load at
210, 230, and 270°C. As a measure of non-New-
tonianity of flow, MFIR (the ratio of MFI under a
load of 2160 g to that under a load of 325 g) was
measured at 230°C.

Capillary flow properties were measured with
a capillary rheometer Capirograph 1B type (Toyo
Measurement Instruments Co. Ltd., Japan). The
flow curve, die—swell ratio, and melt fracture be-
haviors were measured at 190, 230, and 270°C by
use of a die with a capillary length L of 10 mm and
a capillary diameter D of 1 mm. The end correc-
tion coefficient v and entrance pressure loss P,
were measured at 270°C by use of dies with a
diameter D of 1 mm and lengths L of 20, 10, and
5 mm. The entrance pressure loss P, is the pres-
sure loss by contraction of flow at the capillary
entrance and the end correction coefficient v is its
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nondimensional measure. The change of elonga-
tional viscosity A with elongational strain rate €
was calculated from P, according to the Cog-
swell’s method.?

Melt Tension

Melt tension was measured with a Capirograph
by use of a die with L of 20 mm and D of 2 mm
under an extrusion speed of 5 mm/min and a
take-off speed of 10 m/min at 270°C.

Dynamic Viscoelasticity

The storage modulus G’ (w), loss modulus G” (w),
dynamic viscosity 1’ (w), and absolute value of
complex viscosity |n*|(w) were measured at 270°C
under N, atmosphere with a concentric cylinder
rheometer (Rheometer Almighty, Iwamoto Sei-
sakusho Co., Ltd., Japan). |n*|(w) was measured
at 210°C and the zero-shear viscosity 1, was ob-
tained from |n*|(w) at low w.

Sheet Extrusion

Sheets measuring 1 mm thick and 250 mm wide
were extruded with a 90-mm ¢ single-screw ex-
truder EA-9 type (Modern Machinery Co., Ltd.,
Japan) equipped with a 310-mm-wide T-die of a
lip clearance of 1.5 mm under resin temperatures
of 270 and 230°C, an extrusion speed of 80 kg/h,
and a haul-off speed of 6.6 m/min and the state of
extrusion was observed.

RESULTS AND DISCUSSION

MFI, Die Swell, and MFIR

Figure 1 shows the temperature changes of MFI
(Arrhenius plots). The flow activation energies

MFIR (230°C)

MET-1 MET-2 MET-3 MET-4 ZN-1 ZN-2 ZN-3

Samples

Figure 3 Comparison of MFIR among samples.
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Figure 4 Flow curves of MET-1 sample at various temperatures.
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Figure 5 Comparison of flow curve among samples at 230°C.
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Figure 6 Comparison of temperature change of viscosity at sheet extrusion n (y = 275
s~ 1) among samples.
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Figure 7 Dependence of viscosity at sheet extrusion n (¥ = 275 s~ ') on MFI.

AHa obtained from the slope of lines are shown in
the figure. AHa’s of MET-PPs are 37-39 kdJ/mol
and are lower than those of ZN-PPs (41-43 kJ/
mol) by about 10%.

Figure 2 shows the temperature changes of
die-swell ratio at MFI measurement. MET-PPs
show much lower die-swell ratios than ZN-PPs.
This originates from the narrow molecular weight
distribution and weak elasticity. Therefore, from
this viewpoint, MET-PPs are suitable to profile
extrusion in which high dimensional accuracy is
needed. However, because MET-PPs show low
viscosities at low shear rates, as shown later, they
easily cause drawdown and their MFIs must be
set considerably low for profile extrusion use.

Figure 3 shows the comparison of MFIR among
samples. Because MET-PPs have narrow molecu-

270 230
1.0E+04 T

lar weight distributions, they show very low
MFIR of about 8 which is near 6.6 of Newtonian
flow in comparison with 11-12 of ZN-PPs. A resin
with low MFIR is superior in melt extensibility at
spinning or film extrusion and is assumed to be
able to be spun or extruded at high speed without
draw resonance. It is assumed to be particularly
suitable to extrusion lamination. Actually, Cheng
and Kuo* show that an MET-PP can be cast by
T-die without draw resonance up to a haul-off
speed 17% higher than that of a ZN-PP with an
equivalent MFT to that of the MET-PP.

Viscosity (Flow Curve)

Figure 4 exemplifies flow curves at various tem-
peratures for a MET-1 sample and Figure 5 shows
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Figure 8 Temperature changes of MET-1 sample at various shear rates (Arrhenius

plots).
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Figure 9 Changes of flow activation energy AHa with shear rate.

flow curves of various samples at 230°C as an
example. Compared at an equivalent MFI, MET-
PPs show higher viscosities, easier slopes of the
flow curves, and weaker non-Newtonianities than
ZN-PPs. Cheng and Kuo* have already reported
that an MET-PP shows a smaller structural vis-
cosity exponent and a weaker non-Newtonianity
than a ZN-PP compared at the equivalent MFT as
in the present experiment.

Figure 6 shows the changes of temperature of
viscosities at a shear rate of 275 s~ ! at the die lip
of sheet-extrusion T-die. Compared at an equiva-
lent MFI, to make the viscosity of MET-PP equiv-
alent to that of ZN-PP, the extrusion temperature
of the former should be raised by 30—40°C.

Figure 7 shows the dependence of viscosity at
sheet extrusion on MFI. To make the viscosity of
MET-PP equivalent to that of ZN-PP, MFI should
to be raised 2-2.5 times.

Figure 8 shows temperature changes of viscos-
ities at various shear rates (Arrhenius plots) for
the MET-1 sample as an example. The flow acti-
vation energies AHa obtained from the slopes of
the lines are shown at the right side of the figure.
AHa decreases with increasing shear rate.

Figure 9 shows the changes of flow activation
energies AHa with shear rate. Although MET-
PPs tend to show higher AHa than ZN-PPs at low
shear rates (<100 s 1), they inversely tend to
show lower AHa at high shear rates (>100 s 1).
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Figure 10 Changes of die—swell ratios D/D, of MET-1 sample at various tempera-

tures with shear rate.
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Figure 11 Comparison of change of die-swell ratio D/D, with shear rate among

samples at 230°C.

Accordingly, it may be said that MET-PPs show
low temperature changes of viscosity at high
shear rates of extrusion and injection molding and
hence have superior processing stabilities there.

Die Swell

Figure 10 shows the changes with shear rate of
die swell ratio D/D, at various temperatures for
MET-1 sample as an example. The die—swell ratio
tends to increase with decreasing temperature
and with increasing shear rate.

Figure 11 shows the comparison among sam-
ples of the change of die swell ratio with shear
rate at 230°C as an example. The die—swell ratio

1.0E+05

is higher as the MF1I is lower and compared at an
equivalent MFI, MET-PPs with narrower molec-
ular weight distributions show lower die swell
ratios than ZN-PPs.

The die-swell ratio at a constant shear rate is
generally higher as the molecular weight is
higher and the molecular weight distribution is
broader. The effect of molecular weight is re-
ported for PP,>¢ polyethylene (PE),”® high-den-
sity polyethylene (HDPE),” and polychloro-
prene.'®!! The effect of molecular weight distri-
bution is reported for PP in relation to general
molecular weight distribution'? and in relation to
M, /M, and M_/M,,.° for PE in relation to M, /M,,,®
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Figure 12 Temperature changes of critical shear rates at which melt fractures begin

to occur.
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Figure 13 MFI dependences of critical shear rates at which melt fractures begin to

occur.

for HDPE in relation to M, /M,,,° and for polychlo-
roprene in relation to M_/M,.*° It may be said
that MET-PPs show a similar dependence of die—
swell behavior on the molecular weight and its
distribution to that of general thermoplastic res-
ins.

Melt Fracture

Figure 12 shows the temperature changes of crit-
ical shear rates at which gross melt fractures
begin to occur. The critical shear rate increases
with increasing temperature. Compared at an
equivalent MFI, MET-PPs show lower critical
shear rates than ZN-PPs and to make the critical

shear rate of MET-PP equivalent to that of ZN-
PP, the extrusion temperature of the former
should be raised by about 40°C.

Figure 13 shows the dependence of critical
shear rate on MFI. It increases with MFI and to
make the critical shear rate of MET-PP equiva-
lent to that of ZN-PP, the MFI should be raised
two to three times.

The increase of critical shear rate ¥, with in-
creasing MFI or with decreasing molecular
weight is also generally reported for PP%1%1% and
other polymers.!1142! As for the effect of molec-
ular weight distribution, Fujiyama et al.® found
that ¥, increases with increasing M_/M,, and is
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Figure 14 Comparison of change of end correction coefficient v with shear rate among

samples.
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Figure 15 Comparison of change of elongational viscosity A with elongational strain

rate € among samples.

proportional to M_/M 2. Stabler et al.?* found that
¥, of HDPE is higher as the molecular weight
distribution is broader. Goyal et al.?? report that
¥, of LLDPE increases with increasing molecular
weight distribution M, /M, below 10 and steeply
drops at M, /M, above 10. The experimental re-
sults of ¥.s for MET-PPs and ZN-PPs in the
present study are generally on the same line of
these previous findings in the sense of depen-
dence on molecular weight and its distribution.

End Correction Coefficient, Elongational Viscosity,
and Melt Tension

Figure 14 shows the comparison among samples
of change of end correction coefficient v with shear
rate. v increases with decreasing MFI and with
increasing shear rate. Compared at an equivalent
MFI, MET-PPs show lower v than ZN-PPs. Low v
causes a low pressure loss at the part where the
shape of cross section of flow path changes.

The fact that v is higher as the MFI is lower or
the molecular weight is higher is generally re-
ported for PP&121324-26  anqd  other poly-
mers. 1015162729 The fact that comparing at an
equivalent MFI (molecular weight), v is higher as
the molecular weight distribution is broader is
reported for PP by Kamide and Fujii,2* Fujiyama
and Awaya,?! and Fujiyama et al.,® for HDPE by
LaMantia et al.,*° and for chloroprene by Ka-
wasaki et al.1®'® The experimental results for v’s
of MET-PPs and ZN-PPs can be explained from
the viewpoint of the difference in molecular
weight distribution.

Figure 15 shows the comparison among sam-
ples of change of elongational viscosity A with
elongational strain rate €. A decreases with in-
creasing MFI and €. Compared with an equivalent
MFI, MET-PPs show lower\’s than ZN-PPs.

Figure 16 shows the relation between melt ten-
sion MT and MFI. MT and MFI show an negative
correlation on log—log plot. Compared at an equiv-
alent MFI, MET-PPs show lower MTs than ZN-
PPs. To make the MT of MET-PP equivalent to
that of ZN-PP, the temperature should be lowered
by about 40°C.

Mori and Saito®' show that compared at an
equivalent MFI, MET-PPs show lower MTs than
ZN-PPs as in the present experimental results.
Ghijsels and De Clippeleir®? show that the con-
trolled-rheology PP series, which were prepared

'OMET-PP -
|@ zZN-PP

‘x MET-PP—230°C
|+ZN-PP—230°C

MT (270°C) (cN)

0.1

MFI( 230°C) (g/10min)

Figure 16 Relation between melt tension MT and
melt flow index MFI.
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Figure 17 Comparison of storage modulus G’, loss modulus G”, and dynamic viscosity

n’ among samples.

by degrading reactor-type ZN-PPs with a perox-
ide, and decreased in molecular weight and its
distribution show lower MTs than the original
reactor-type ZN-PP series compared at an equiv-
alent MFI. They also show that when MTs are
plotted against zero-shear viscosities m,’s, both
PP series ride on the same straight line. From
above, the fact that MT of MET-PP is lower than
that of ZN-PP compared at an equivalent MFI is
assumed to be because compared at an equivalent
MFTI, the zero-shear viscosity 7, of the former is
lower than that of the latter because of the nar-
rower molecular weight distribution of the
former, as shown later in Figure 18.

Because of their low elongational viscosity and
melt tension, MET-PPs are assumed to show su-

1.0E+04

perior melt extensibility at spinning or film extru-
sion and are able to be spun or extruded at high
speed without draw resonance. It is assumed to be
particularly suitable to extrusion lamination. Ac-
tually, Cheng and Kuo* show that an MET-PP
can be cast by T-die without draw resonance up to
a haul-off speed 17% higher than that of a ZN-PP
with an equivalent MFI to that of the MET-PP.

Dynamic Viscoelasticity

Figure 17 shows the comparison of dynamic vis-
coelasticities among samples. Compared at an
equivalent MFI, although the viscosity expressed
by the dynamic viscosity 1" and the loss modulus
G" is similar for MET-PPs and ZN-PPs, the elas-
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Figure 18 Comparison of flow curve among samples.
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Figure 19 Relation between zero-shear viscosity 7,
and weight-average molecular weight M.

ticity expressed by the storage modulus G’ is very
(about one decade) lower for the former than for
the latter, which means that the relaxation time
is shorter and the elasticity is weaker for the
former.

Figure 18 shows flow curves in a wide shear
rate range, which were obtained as the absolute
values of complex viscosities |n*|(w) from dynamic
viscoelastities and as the steady-state viscosities
1n(y) from capillary flow properties. That the ab-
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solute value of complex viscosity |n*|(w) and the
steady-state viscosity m(y) are equivalent func-
tions is known as the Cox—Merz’s empirical law>?
and is widely applied to evaluate the flow proper-
ties of polymer melts. Comparing the viscosity of
MET-PP with that of ZN-PP at an equivalent
MFI, the former is lower than the latter at low
shear rates, whereas the former is higher at high
shear rates. From this it may be said that MET-
PP is inferior in shape-holding ability in the mol-
ten state and is easy to cause drawdown. Further-
more, it is also inferior in fluidity at extrusion and
injection molding where high shear rates are en-
countered.

The fact that comparing the viscosity of MET-
PP with that of ZN-PP the former is lower at low
shear rates while the former is higher at high
shear rates has been already reported.*3-34

Figure 19 shows a log—log plot of the zero-shear
viscosity n, (viscosity at extreme low shear rate in
Fig. 18) against the weight-average molecular
weight M,,,. Regardless of the kind of catalyst, the
relation is expressed by a straight line with a
slope of 3.4 and the well-known 3.4th-power law>®
holds.

Evaluation as Raw Resin for Sheet-Extrusion

When MET-1 sample (MFI = 1.66 g/10 min) and
MET-2 sample (MFI = 2.16 g/10 min) out of MET-
PPs in the present experiment were sheet-ex-
truded with an extruder equipped with a T-die at
a resin temperature of 270°C, the extrusion
torque rose too much and a gross melt fracture
occurred under the usual extrusion conditions.
Accordingly, to obtain high-quality sheet, the ex-
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Figure 20 Comparison of flow curve among samples.
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trusion must be operated at a low line speed and
the productivity rate was very low. Then, the
selection of proper MFI and extrusion tempera-
ture was studied by means of rheological mea-
surements.

Figure 20 shows the comparison of flow curve
among samples. As shown by a vertical broken
line in the figure, the shear rate at the die lip
under usual sheet-extrusion conditions is 275 s 1.
At this shear rate, the viscosity of the MET-3
sample (MFI = 6.3 g/10 min) at 230°C is equiva-
lent to those of ZN-1 sample (MFI = 2.1 g/10 min)
and ZN-2 sample (MFI = 2.5 g/10 min), which are
ZN-PPs for sheet extrusion, at 270°C (usual
sheet-extrusion temperature).

Figure 21 shows the relation between the vis-
cosity at sheet extrusion and MFI. Compared at
an equivalent MFI, MET-PPs show higher viscos-
ities than ZN-PPs. It is seen in this figure that to
make the viscosity of MET-PP equivalent to those
of ZN-PPs for sheet extrusion, the MFI of MET-
PP may be set to about 5 g/10 min. Under this
estimation, MET-3 (MFI = 6.3 g/10 min) was
used. Because the MFT of this sample is slightly
higher than the estimated value, the sheet extru-
sion was performed at 230°C, resulting in fine
extrusion without torque rise and melt fracture.
The viscosity value at 230°C of MET-3 is shown
by a mark X in Figure 21, which is only slightly
higher than those of ZN-PPs for sheet extrusion
at 270°C. The viscosity value of the ZN-3 sample
at 230°C is also shown in Figure 21, which rides
on the straight line, showing the relation for
MET-PPs at 270°C.

Figure 22 shows the relation between the crit-
ical shear rate at which a melt fracture begins to
occur and MFI. In this figure, the lower limit
shows the shear rate at which a melt fracture still
does not occur and the upper limit shows the
shear rate at which a melt fracture already oc-
curs. From this figure, to make the melt fracture
behaviors of MET-PP equivalent to those of ZN-
PPs for sheet extrusion, the MFI of MET-PP may
be set to about 3.6 g/10 min. Actually, the MET-3
sample with an MFI of 6.3 g/10 min was used,
whose critical shear rate at 230°C (X) is equiva-
lent to those of ZN-PPs for sheet extrusion at
270°C (@). In fact, when the MET-3 sample was
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Figure 22 Relation between critical shear rate at which melt fracture begins to occur

and MFTI.



RHEOLOGICAL PROPERTIES OF MET-PP 2169

Table II Rheological Characteristics of Metallocene PP (Compared with Ziegler-Natta PP

at Equivalent MFI)

Characteristics of Rheological Properties

Influence on Processibilities and Higher Order Structures

Viscosity at low shear rates is low and viscosity
at high shear rates is high.

Although loss modulus G” (viscosity) scarcely
differs, storage modulus G’ (elasticity) is very
(about one decade) low.

Die swell is very small.

Entrance pressure loss and end correction
coefficient are low.

Critical shear rate at which melt fracture begins
to occur is low.

Melt tension and MFIR are low.

Elongational viscosity is low.

Relation between zero-shear viscosity and weight-
average molecular weight obeys 3.4-th power
law.

Flow activation energy is a little low.

Drawdown is large and not suitable to blow molding and
thermoforming.
Fluidity is low at extrusion and injection molding.

Because elasticity is low and relaxation time is short,
suitable to fields where low resilience is needed.

Molecular orientation of processed article is low, surface
smoothness is high and suitable to precision molding.

Suitable to profile extrusion (low MFI is needed).

Pressure loss at part where shape of cross section of flow
path changes at extrusion is low.

Melt fracture is easy to occur at extrusion.

High-speed drawability is good and suitable to T-die
extrusion, extrusion lamination, inflation extrusion,
and spinning. However, neck-in is large.

Drawdown is large.

Processing stability is good.

sheet-extruded at 230°C, it could be processed
without problems such as melt fracture under
usual line speed.

CONCLUSION

Table II lists the rheological characteristics of
MET-PPs obtained from the present experiments
and estimations of their influence on melt proces-
sibilities and higher order structures. The present
study made clear the rheological characteristics
of MET-PPs and offered data for the free selection
and setting of MFI of raw resin and processing
conditions in various processes of the PPs.
Namely, as an example for sheet extrusion, to
make the viscosity of MET-PP equivalent to that
of ZN-PP, the MFT of the former may be raised by
2-2.5 times or the temperature may be elevated
by 30—40°C. To make the melt fracture behaviors
of MET-PP equivalent to those of ZN-PP, the MFI
of the former may be raised by about three times

or the temperature may be elevated by about
40°C.

The authors thank Tokuyama Corp. for permission to
publish this article.
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