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ABSTRACT: Relationships between the rheological properties and the molecular weight
distribution of two polypropylene series with different molecular weight distribution
characteristics were studied. The end correction coefficient in capillary flow is deter-
mined by the molecular weight Mw and the molecular weight distribution Mw/Mn, and
is higher as both characteristic values are larger. The die swell ratio at a constant shear
rate depends on Mw, Mw/Mn, and Mz/Mw, and is higher as the three characteristic
values are larger. The critical shear rate at which a melt fracture begins to occurs
depends on the molecular weight Mw and the molecular weight distribution Mz/Mw,
and is proportional to Mz/Mw

2 in a log–log plot. The critical shear stress does not
depend on the molecular weight, and is higher as Mz/Mw is higher. The zero-shear
viscosity is determined by a molecular weight of slightly higher order than Mw, and the
characteristic relaxation time is determined by Mz. The storage modulus at a constant
loss modulus scarcely depends on the molecular weight, and is higher as the molecular
weight distribution Mw/Mn is higher. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 84:
2128–2141, 2002
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INTRODUCTION

The Ziegler-Natta catalyst for polyolefins has
been actively studied from both scientific and in-
dustrial aspects for about 45 years since its dis-
covery. This made progress in the manufacturing
processes and qualities of polyethylene and
polypropylene (PP).

Particularly for the PP catalyst, the early
TiCl3-type catalyst has been improved to the
MgCl2-supported titanium catalyst, which has
largely improved the activity of polymerization
and the tacticity of polymer. As a result, the PP
manufacturing process has been simplified from

the deashing and washing process to the non-
deashing and nonwashing process, and further to
the ultimate gas-phase process. At the same time,
the quality of the polymer also has made an im-
proved step, leading to industrial production of
PPs with high tacticity and crystallinity.

We study the effects of molecular structures
(molecular weight distribution and tacticity) on
qualities such as processing and product proper-
ties of PPs prepared by use of the TiCl3-type cat-
alyst and the MgCl2-supported titanium catalyst.
In the present article, rheological properties inti-
mately related with the processing properties are
studied. First, the molecular weight distribution
characteristics of both series of PPs are investi-
gated, then how they affect the rheological prop-
erties is studied, and last, the effect of molecular
weight distribution on the rheological properties,
and in turn, on the processing properties is clar-
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ified. The rheological properties studied are cap-
illary flow properties such as flow curve, end cor-
rection, die swell, and melt fracture behaviors,
and dynamic viscoelasticities such as complex vis-
cosity, zero-shear viscosity, characteristic relax-
ation time, storage modulus, and loss modulus.

As for the product properties, the difference in
structure and properties of injection moldings
molded from both series of PPs is studied, and the
effects of molecular weight distribution and tac-
ticity on the structure and properties of the mold-
ings are clarified in the following article.

EXPERIMENTAL

Samples

PPs prepared by the MgCl2-supported titanium
catalyst and by the TiCl3-type catalyst are called
cat.-A PPs and cat.-B PPs, respectively. The
cat.-A PPs were prepared by use of a MgCl2-sup-
ported TiCl4 compound, which is generally used
industrially, as a main catalyst, of AlEt3 as a
cocatalyst, and of an organic silane compound as
a tacticity modifier (external donner). The poly-
merization was carried out in a medium of pro-
pylene monomer at 60–70°C. The MFI (molecular
weight) was adjusted by use of hydrogen as the
chain transfer. cat.-B PPs were prepared by use of
a general �-type TiCl3 compound (Solvay-type cat-
alyst) as a main catalyst, of AlEt2Cl as a cocata-
lyst, and of an organic ester compound as a tac-
ticity modifier (external donner). The polymeriza-
tion method is the same as that of cat.-A PPs.

Table I shows the characteristics of the sam-
ples. MFI (melt flow index) was measured at
230°C under a load of 2160 g according to ASTM
D1238-62T. Ethylene content was measured by
infrared spectroscopy. The isotactic pentad frac-
tion was measured by 13C-NMR. A-1 and B-1, A-2
and B-2, A-4 and B-3, and A-5 and B-5 have
similar MFIs, respectively.

Measurements

Molecular Weight Distribution

Molecular weight distribution was measured with
a gel permeation chromatography apparatus
GPC150-C Type (Waters Ltd., USA) by use of a
column system of 103, 104, 105, 106, and 107 Å and
of o-dichlorobenzene as solvent.

Capillary Flow Properties

The relation between pressure P (Pa) and volu-
metric flow rate Q (cm3/s) was measured at 230°C,
with a capillary rheometer, Koka Flow Tester
(Shimazu Seisakusho Co., Ltd., Japan) using
straight dies of a diameter 2R � 0.5 mm, lengths
L � 1, 2.5, and 5 mm, and L/R � 4, 10, and 20.

The apparent shear stress �� and the apparent
shear rate �̇� at the wall in capillary flow are
given by eqs. (1) and (2), respectively:

�� �
PR
2L (1)

�̇� �
4Q
�R3 (2)

Table I Characteristics of Samples

Catalyst
Sample
Name

MFI
(g/10min)

Ethylene
Content
(wt %)

Isotactic
Pentad

Fraction
Mn

(104)
Mw

(104)
Mz

(104)
Mz�1

(104) Mw/Mn Mz/Mw Mz�1/Mz

A A-1 0.51 0.31 8.37 57.2 255 609 6.8 4.5 2.4
A-2 1.77 0.33 0.951 8.26 40.0 158 460 4.8 4.0 2.9
A-3 2.0 0 0.956 7.86 40.9 167 385 5.2 4.1 2.3
A-4 4.0 0.35 5.77 31.6 123 259 5.5 3.9 2.1
A-5 14.5 0 4.29 22.7 92 227 5.3 4.1 2.5
A-6 32.6 0 2.76 16.6 70 169 6.0 4.2 2.4

B B-1 0.49 0 8.02 63.0 212 395 7.9 3.4 1.9
B-2 1.73 0 0.930 4.61 43.2 169 330 9.4 3.9 2.0
B-3 4.0 0 3.53 32.1 147 289 9.1 4.6 2.0
B-4 8.9 0 2.80 26.6 132 275 9.5 5.0 2.1
B-5 14.7 0 2.67 23.8 127 264 8.9 5.3 2.1
B-6 25.1 0 2.39 20.2 114 258 8.5 5.6 2.3
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The effective shear stress � corrected by the en-
trance pressure loss P0 at the capillary inlet, the
true shear rate �̇ corrected by non-Newtonianity,
and the true viscosity � are given by eqs. (3)1, (4),2

and (5), respectively:

� �
�P � P0�R

2L �
R

2�L � 	R�
(3)

�̇ �
1
4�3 �

dlog�̇�

dlog� ��̇� (4)

� �
�

�̇
(5)

here, 	 is the end correction coefficient corre-
sponding to P0.

Arranging eq. (3),

P � 2��L
R� � 2	� (6)

a straight line should be obtained if pressure P
required to produce a definite shear stress � and,
hence, a definite shear rate �̇� is plotted against
L/R (Bagley plot1), and the end correction coeffi-
cient 	 is obtained as an intercept of L/R axis. By
use of 	, the effective shear stress � is obtained by
eq. (3). Next, the apparent shear rate �̇� is cor-
rected to the true shear rate �̇ by eq. (4). In this
way, the true flow curve (� � �̇ or � � �̇) is
obtained.

After the extrudate solidified, its diameter D at
the part 5 mm from the front was measured with
a micrometer and the ratio D/D0, where D0 is the
capillary diameter was called die swell ratio and
used as a measure of die swell.

The appearance of the extrudate was observed
with the naked eye, and the occurrence of melt
fracture was checked.

Dynamic Viscoelasticity

The storage modulus G�(
), loss modulus G�(
),
and absolute value of complex viscosity ��*�(
)
were measured at 170, 200, and 240°C under N2
atmosphere with a concentric cylinder rheometer,
Rheometer Almighty (Iwamoto Seisakusho Co.,
Ltd., Japan). The zero-shear viscosity �0 was ob-
tained as the value of ��*�(
) at low 
. The char-
acteristic relaxation time �0 was obtained from 
0
where ��*�(
) drops to 0.8 �0 according to the
Graessley’s empirical formula:3


0�0 � 0.6 (7)

RESULTS AND DISCUSSION

Molecular Weight Distribution

Figure 1(a) and (b) shows the molecular weight
distribution curves of cat.-A PPs and cat.-B PPs,
respectively, and various average molecular
weights are shown in Table I. It is seen in Figure
1 that the shape of molecular weight distribution
curve of cat.-A PPs scarcely depends on MFI, and
the curve shifts in parallel to the molecular
weight axis according to MFI. As for cat.-B PPs,
the shape of the curve at low molecular weight
side from the peak scarcely changes by MFI,
whereas the high molecular weight side from the
peak narrows with decreasing MFI.

Figure 2 shows the changes of various average
molecular weights with MFI. Compared at the
same MFI, Mn is higher for cat.-A PPs, Mw shows
little difference between both series PPs , and Mz
and Mz�1 are higher for cat.-A PPs at low MFI,
reversing at high MFI. The slope of dependence of
each average molecular weight on MFI is nearly
the same for cat.-A PPs, whereas it decreases
with increasing the order of average for cat.-B
PPs.

Figure 3 shows the changes of various molecu-
lar weight distribution parameters, Mw/Mn, Mz/

Figure 1 Molecular weight distribution curves of (a)
cat.-A PPs and (b) cat.-B PPs.
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Mw, and Mz�1/Mz with MFI. Although Mw/Mn
shows large scattering, it scarcely depends on
MFI for both series of PPs and their values are 5.5
and 9 for cat.-A PPs and cat.-B PPs, respectively,
the former being lower than the latter. Mz/Mw, a
parameter of molecular weight distribution at
high molecular weight region, increases with in-
creasing MFI for cat.-B PPs, whereas it scarcely
depends on MFI for cat.-A PPs. As a result, cat.-A
PPs show higher Mz/Mw than cat.-B PPs at low
MFI; the order reverses at an MFI of about 2 g/10
min, and cat.-B PPs show higher Mz/Mw at high
MFI. Frank4 reports in an article of 1966 that a
molecular weight distribution of PP measured
rheologically narrows with increasing molecular
weight. Mieras and Rijn5 report in an article of
1969 that Mz/Mw of PP narrows with increasing
Mw. These tendencies are similar to that of cat.-B
PPs. cat.-B PPs were manufactured before 1989.

There is a possibility that the PPs used in these
three studies are prepared by similar catalyst
systems. Mz�1/Mz, a parameter of molecular
weight distribution at a still higher molecular
weight region, slightly increases with increasing
MFI for cat.-B PPs, whereas it scarcely depends
on MFI for cat.-A PPs. Furthermore, cat.-A PPs
show slightly higher Mz�1/Mz than cat.-B PPs,
reversing in the case of Mw/Mn.

Capillary Flow Properties

Flow Curve

The true viscosity � was calculated from the ef-
fective shear stress � corrected in the end effect by
eq. (3) and the true shear rate �̇ corrected in
non-Newtonianity by eq. (4). As a result, no sub-
stantial significant difference in viscosity at �̇
� 101 � 3 � 104 s�1 was found between cat.-A
PPs and cat.-B PPs. As an example, a comparison
in flow curve between A-2 and B-2 samples that
have similar MFIs is shown in Figure 4. They
show a similar behavior, from which both series
PPs are assumed to behave similarly in the shear
rate range that a molten resin encounters at ex-
trusion and injection molding.

End Correction

The change of the end correction coefficient 	 with
shear rate �̇� of each sample at each temperature
was obtained from Bagley plots according to eq.
(6). Figure 5 shows its example for A-2 sample. 	
increases with log�̇� in an upward tendency. In
the following article, PPs used in the present
study will be injection molded, and the structure
and properties of the moldings will be studied.

Figure 2 Changes of various average molecular
weights with melt flow index (MFI).

Figure 3 Changes of various molecular weight distri-
bution parameters with melt flow index (MFI).

Figure 4 Flow curves (viscosity �–shear rate �̇) of A-2
and B-2 samples at 240°C.
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Because the shear rate that a molten resin en-
counters at the gate of the mold in the following
study is 4200 s�1, 	 at �̇� � 4200 s�1 will be
examined for the reference of the following study.
As shown in Figure 5 as an example, because the
shape of curve of 	 vs. log�̇� plot is similarly inde-
pendent of sample and temperature and only its
position shifts in parallel to log �̇�-axis according
to the sample and temperature, 	 at other �̇�
changes only in absolute value, and shows similar
behaviors to that at 4200 s�1. Figure 6(a) and (b)
shows the changes of 	 at �̇� � 4200 s�1 with
temperature for cat.-A PPs and cat.-B PPs, re-
spectively. 	 decreases with temperature. 	 con-
tinues to decrease even at high temperatures for
cat.-A PPs. Although the slope of decrease in 	 of
cat.-B PPs is higher than that of cat.-A PPs below
280°C, it tends to level off or turn to increase at
high temperatures. The fact that 	 decreases with
temperature is generally observed for PP6,7 and
other polymers.8–17 As a large tendency, 	 is
higher as MFI is lower or the molecular weight is
higher. This tendency is also generally reported
for PP7,18–21 and other polymers.12,14,17,22–24

Compared at a similar MFI (molecular weight),
cat.-B PPs with generally broader molecular
weight distribution tend to show higher 	. The
same tendency is reported for PP by Kamide and
Fujii7 and Fujiyama and Awaya,19 for HDPE by
LaMantia et al.18 and for chloroprene by Ka-
wasaki et al.23,24 From the above, it may be said
that 	 of PP is higher as the temperature is lower,
the shear rate is higher, the molecular weight Mw

is higher, and the molecular weight distribution
Mw/Mw is broader.

Die Swell

Figure 7(a) and (b) shows the changes, with shear
rate, of the die swell ratio D/D0 measured by use
of a die of L/R � 20 at 240°C for cat.-A PPs and
cat.-B PPs, respectively, as examples. Because
D/D0 measured by use of a die with smaller L/R at
lower temperature shows a relatively higher
value, it is enough to examine only the value
measured by use of a die of L/R � 20 at 240°C
when compared among samples. The die swell
ratio increases with shear rate. Although the die
swell ratio tends to show higher value as the MFI
is lower or the molecular weight is higher for
cat.-A PPs, it shows a nearly constant value inde-
pendent of MFI for cat.-B 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 former (effect
of molecular weight) is reported for PP,25 PE,26,27

HDPE,28 and polychloroprene.24,29 The latter (ef-
fect of molecular weight distribution) is reported
for PP in relation to general molecular weight

Figure 6 (a) Temperature change of end correction
coefficient 	 at �̇� � 4200 s�1 for cat.-A PPs. (b) Tem-
perature change of end correction coefficient 	 at �̇�
� 4200 s�1 for cat.-B PPs.

Figure 5 Change of end correction coefficient 	 with
apparent shear rate �̇� for A-2 sample.
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distribution,19 for PE in relation to Mw/Mn,27 for
HDPE in relation to Mw/Mn,28 and for polychlo-
roprene in relation to Mz/Mw.24 The fact that the
die swell ratio of cat.-A PPs is higher as the MFI
is lower is assumed to be because the molecular
weight distribution is independent of the MFI,
and almost constant, as shown in Figures 1 and 3,
and hence, the effect of only molecular weight
must appear. The fact that the die swell ratio of
cat.-B PPs is constant independent of MFI is as-
sumed to be because Mz/Mw is higher for higher
MFI resin, as shown in Figure 3, and hence, the
increase of the die swell ratio due to an increase of
molecular weight balances the decrease of die
swell ratio due to a decrease of Mz/Mw, the die
swell ratio being just constantly independent of
MFI. Furthermore, the fact that cat.-B PPs gen-
erally show higher die swell ratios than cat.-A
PPs is assumed to be because the former have
higher Mw/Mns than the latter, as shown in Fig-
ure 3. Summarizing the above experimental re-
sults, the die swell ratio of PP at constant shear

rate is governed by the molecular weight Mw, and
the molecular weight distributions Mw/Mn and
Mz/Mw, and is higher as these three parameters
are higher. As for the extrusion conditions, the die
swell ratio becomes higher when extruded by use
of a die of small L/R at high shear rate at low
temperature.

Melt Fracture

Figure 8(a) and (b) shows the changes of the crit-
ical shear rates �̇c� at which a melt fracture be-
gins to occurs with temperature for cat.-A PPs
and cat.-B PPs, respectively. These �̇c�s are aver-
aged ones of the values obtained by use of dies of
three L/Rs. �̇c� increases with temperature. Fig-
ure 9 shows the change of �̇c� at 200°C with MFI.
cat.-A PPs show higher �̇c� than cat.-B PPs at low
MFI; both series PPs show similar �̇c� at MFI � 2
g/10min, and cat.-B PPs inversely show higher �̇c�
than cat.-A PPs at higher MFI. For cat.-B PPs, �̇c�
of B-6 could not be measured due to too high a
value. The change of �̇c� with MFI is similar to the

Figure 8 (a) Temperature change of critical shear
rate �̇c� for cat.-A PPs. (b) Temperature change of crit-
ical shear rate �̇c� for cat.-B PPs.

Figure 7 (a) Change of die swell ratio D/D0 with
shear rate �̇� for cat.-A PPs at 240°C. (b) Change of die
swell ratio D/D0 with shear rate �̇� for cat.-B PPs at
240°C.

REHOLOGICAL PROPERTIES OF POLYPROPYLENES 2133



change of Mz/Mw with MFI in Figure 3, meaning
that �̇c� is governed by the high-order molecular
weight distribution Mz/Mw as well as the molec-
ular weight. Figure 10 shows plots of �̇c� against
the product Mz/Mw

2 of the reciprocal of weight-
average molecular weight, 1/Mw, and molecular
weight distribution parameter Mz/Mw. Both
quantities show a linear relationship in log–log
plot independent of the kind of catalyst. This
means that �̇c� is higher as the molecular weight
Mw is lower, and the molecular weight distribu-
tion Mz/Mw is broader. Generally the extrusion
operation must be carried out at a shear rate
below �̇c� because the melt fracture deteriorates
the extrudate appearance. Referring to Figure 10,
a high-speed extrusion is possible by extruding a
resin with low molecular weight and broad molec-
ular weight distribution at high temperature. The
fact that �̇c� increases with temperature holds for
any polymers and is common knowledge. The in-

crease of �̇c� with increasing MFI or with decreas-
ing molecular weight is also generally reported
for PP19,20 and other polymers.9,17,23,29–34 As for
the effect of molecular weight distribution, no
study on PP is found. Stabler et al.35 found that
�̇c� of HDPE is higher as the molecular weight
distribution is broader. Goyal et al.36 report that
�̇c� of LLDPE increases with increasing molecular
weight distribution Mw/Mn below 10, and steeply
drops at Mw/Mn above 10. The experimental fact
in the present study that �̇c� of PP is determined
by the molecular weight distribution Mz/Mw as
well as the molecular weight Mw and increases
with increasing Mz/Mw

2 is the first finding.
Figure 11(a) and (b) shows the changes of the

critical shear stress �c at which a melt fracture
begins to occur with temperature for cat.-A PPs
and cat.-B PPs, respectively. These �cs are aver-
aged ones of the values obtained by use of dies of
three L/Rs. �c is generally almost constant (1 � 3
� 105 Pa) independent of temperature. While �c of
cat.-A PPs is almost constant, independent of MFI
or molecular weight, that of cat.-B PPs tends to

Figure 9 Change of critical shear rate �̇c� at 200°C
with melt flow index (MFI).

Figure 10 Relation between critical shear rate �̇c� at
200°C and Mz/Mw

2.

Figure 11 (a) Temperature change of critical shear
stress �c for cat.-A PPs. (b) Temperature change of
critical shear stress �c for cat.-B PPs.
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increase with increasing MFI or with decreasing
molecular weight. �c values of 105–106 Pa are
reported for many polymers.37 As for the temper-
ature dependence of �c, that �c scarcely changes or
slightly increases with increasing temperature is
reported for PP38-41 and most other poly-
mers,11,17,38,39,42,43 and is main stream, a reverse
tendency being reported for PVC.15,34,44 As for the
molecular weight dependence of �c, a reduction of
�c with increasing molecular weight is reported
for PP19,29,41,45 and other polymers,9,23,29–33,42,44

some reports19,20,30 declaring �c � Mw � constant
(3–4 � 1010 Pa). Kamide et al.25 report that �c of
PP is constant, independent of the molecular
weight. Sieglaff et al.34 report that �c of PVC
increases with the molecular weight. Vlachpoulos
et al.43 theoretically derived the dependence of �c
on Mw according to the Graessley and Segal’s
theory,46 and showed that generally �c � Mw 	
Mw and as extreme cases �c � Mw � constant
when the entanglement density E 

 1 and �c
� constant when E �� 1. As for the dependence
of �c on molecular weight distribution, the case31

where �c increases with broadening the molecular
weight distribution, the cases33,42,43,47 where �c
scarcely depends on the molecular weight distri-
bution and the cases35,41 where �c decreases with
broadening the molecular weight distribution are
variously reported, and there is no definite opin-
ion. When studying the effect of molecular weight
distribution, sometimes the molecular weight also
changes, and hence, the study where the effect of
only molecular weight distribution is extracted is
scarcely found, which is assumed to be the cause
of diversity of the experimental results. According
to the present experimental results, �c is almost
constant (about 1.5 � 105 Pa) independent of tem-
perature and molecular weight for cat.-A PPs. On
the other hand, �c scarcely depends on tempera-
ture, and tends to increase with increasing MFI
or with decreasing molecular weight for cat.-B
PPs. From the facts that the molecular weight
distribution scarcely changes when the MFI or
molecular weight changes for cat.-A PPs and that
�c is constant independent of the molecular
weight for cat.-A PPs, it may be said that the
molecular weight scarcely affects �c. �c of cat.-B
PPs is slightly lower than that of cat.-A PPs in the
high molecular weight region, increases with de-
creasing molecular weight, and becomes higher
than that of cat.-A PPs at the low molecular
weight region.

Because it has been proven that �c of cat.-A PPs
scarcely depends on the molecular weight, the

fact that �c of cat.-B PPs increases with decreas-
ing the molecular weight is due to the effect of
molecular weight distribution Mz/Mw, and it may
be said that �c increases with increasing Mz/Mw.
Why the molecular weight distribution parameter
affecting �c is not Mw/Mn but Mz/Mw is due to the
following two reasons: first, if Mw/Mn affects �c, �c
of cat.-B PPs must be higher than that of cat.-A
PPs at the high molecular weight region because
the Mw/Mn of cat.-B PPs is higher than that of
cat.-A PPs also at the high molecular weight re-
gion, as shown in Figure 3, but the experimental
results were not the case. Second, although
Mw/Mn is almost constant independent of the mo-
lecular weight for cat.-B PPs, Mz/Mw increases
with decreasing the molecular weight. From the
above, it may be concluded that the critical shear
stress of PP scarcely depends on the molecular
weight and is higher as the molecular weight
distribution Mz/Mw is broader.

The following conclusions have been obtained
from the above experimental results of melt frac-
ture: the critical shear rate �̇c� depends on the
extrusion temperature, the molecular weight Mw,
and the molecular weight distribution Mz/Mw,
and increases with increasing the temperature
and Mz/Mw

2. The critical shear stress �c scarcely
depends on the extrusion temperature and molec-
ular weight, and increases with broadening the
molecular weight distribution Mz/Mw.

Dynamic Viscoelasticity

Dependence of Complex Viscosity, Zero-Shear
Viscosity, and Characteristic Relaxation Time on
Temperature and MFI

Figure 12 shows, as an example, the absolute
values of complex viscosity ��*�(
) of A-2 sample

Figure 12 Change of absolute value of complex vis-
cosity ��*�(
) with angular frequency 
 for A-2 sample.
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measured at various temperatures, and Figure 13
shows, as an example, ��*�(
)s of cat.-A PPs mea-
sured at 200°C. Behaviors from Newtonian region
to non-Newtonian region are observed. ��*�(
) is
lower as the temperature and MFI are higher.

Figure 14 shows the Arrhenius plots, according
to eq. (9), of the zero-shear viscosity �0 obtained
from eq. (8).

�0 � lim

30

��*��
� (8)

�0 � A exp
�Ha,f

RT (9)

Similar plots were obtained for cat.-B PPs. The
activation energy obtained from the slopes, �Ha,f
is about 42 kJ/mol, independent of MFI for both

PPs. Similar values are reported by other re-
searchers.19,47–54

Arrhenius plots of the characteristic relaxation
time �0 obtained from ��*�(
) by use of eq. (7) are
shown in Figure 15. Similar plots were obtained
for cat.-B PPs. The activation energy of relaxation
�Ha,r is about 25 kJ/mol, independent of MFI for
both series PPs. Dunlop and Williams50 report
the value of �Ha,r to be about 42 kJ/mol, which is
almost the same as that of �Ha,f. Ottani et al.51

report the value of �Ha,r to be slightly (about 10%)
less than that of �Ha,f. The �Ha,r value of the
present study is far less than these previously
reported values.

The steady-state compliance Je
0 can be calcu-

lated from the zero-shear viscosity �0 and charac-
teristic relaxation time �0 by the following equa-
tion:

Je
0 �

�0

�0
(10)

Therefore, the activation energy of the steady-
state compliance �Ha,c is calculated by entering
the Arrhenius equations for Je

0, �0, and �0 into
eq.(10), and hence, by eq. (11). Its value is about
�17 kJ/mol, which means that Je

0 (��0/�0) in-
creases with increasing temperature.

�Ha,c � �Ha,r � �Ha,f (11)

�Ha,f, �Ha,r, and �Ha,c do not have clear phys-
ical or chemical meaning. However, they are mea-
sures for the degree of temperature changes of �0,
�0, and Je

0.

Figure 13 Change of absolute value of complex vis-
cosity ��*�(
) with angular frequency 
 for cat.-A PPs at
200°C.

Figure 14 Arrhenius plot of zero-shear viscosity �0

for cat.-A PPs.

Figure 15 Arrhenius plot of characteristic relaxation
time �0 for cat.-A PPs.

2136 FUJIYAMA, KITAJIMA, AND INATA



In general, beginning with the Rouse theory,55

many viscoelasticity theories such as the Bueche
theory56 and Doi-Edwards theory57,58 predict that
Je

0 is proportional to the reciprocal of absolute
temperature and slightly decreases with increas-
ing temperature. Namely, �Ha,c is a little posi-
tive, substantially being 0. Accordingly, the ex-
perimental results in the present study are irra-
tional. However, facts seeming such irrational
have so far been reported. First as for PP, Ottani
et al.51 showed that �Ha,c obtained from �0/�0
shows slightly negative value, as mentioned
above. Plazek et al.59 showed that Je

0 of a poly-
styrene (PS) measured by creep experiment de-
creases with decreasing temperature toward Tg
below 40°C. Penwell et al.60 report that because
the temperature dependence of the characteristic
relaxation time where a non-Newtonian flow be-
gins is weaker than that of the zero-shear viscos-
ity for a PS melt like the present study, �0/�0
decreases with decreasing temperature at a tem-
perature range of 150–190°C. Heron et al.61 mea-
sured Je

0 of a PS melt by means of die swell,
stress relaxation after cessation of steady-state
flow, and first normal stress difference indepen-
dently, and found that Je

0 measured by any
method increases with increasing temperature in
a range of 160–200°C. Han et al.62 measured the
steady-state compliance Je of an LDPE melt by
means of first normal stress difference and found
that Je at low shear rate where Je approaches the
zero-shear steady-state compliance Je

0 increases
with increasing temperature. Sakai et al.63 mea-
sured Je

0 of a pitch from shear creep experiment
and found that it is proportional to temperature.
As mentioned above, because other researchers

also report irrational phenomena at a look that
Je

0 increases with increasing temperature, which
is similar to the experimental results of the
present study, some substantial fact that cannot
be explained by the common sense may be hidden.

Figure 16 shows the relation between the zero-
shear viscosity �0 and MFI. There exist relations
with slopes of about �1 in the log–log plot of the
two quantities. cat.-A PPs show higher �0 than
cat.-B PPs at low MFI region and cat.-A PPs show
inversely lower �0 than cat.-B PPs at MFI � 0.8
g/10min. Because �0 is the viscosity at shear rate
or shear stress of 0 and MFI is a quantity propor-
tional to the reciprocal of viscosity at a shear
stress of 2 � 104 Pa, there exists a relation of
nearly inverse proportionality between the two,
this relation being delicately different between
the two series of PPs in the present study. It is
assumed from Figures 12 and 13 that a non-
Newtonianity already manifests at the shear
stress of MFI measurement, and the molecular
weight distribution characteristics of the two se-
ries of PPs affect the relationship.

Figure 17 shows the relation between the char-
acteristic relaxation time �0 and MFI. Although
the log–log plot of �0 against MFI shows a linear
relationship with a slope of �1 for cat.-A PPs, the
slope of the plot decreases with increasing MFI
for cat.-B PPs. Furthermore, cat.-B PPs show
shorter �0 than cat.-A PPs at the low MFI region,
and cat.-B PPs show inversely longer �0 than
cat.-A PPs at MFI � 2 g/10 min. This feature is
very similar to the change of Mz/Mw with MFI in
Figure 3, and it is assumed that the molecular
weight distribution parameter Mz/Mw affects �0.
This will be referred to again later in relation
with Figure 22. Mieras et al.5 showed a linear

Figure 16 Relation between zero-shear viscosity �0

and melt flow index (MFI).

Figure 17 Relation between characteristic relaxation
time �0 and melt flow index (MFI).
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relationship with a negative slope in the log–log
plot of the characteristic relaxation time against
MFI, although with large scattering.

Molecular Weight Dependence of Zero-Shear
Viscosity and Characteristic Relaxation Time

Figure 18 shows the relation between MFI and
weight-average molecular weight Mw. It shows a
linear relationship with a slope of �3.4 in a log–
log plot, independent of the catalyst system, and
the well-known 3.4th-power law64 holds. Grant
and Dieckmann18 and Bernreitner et al.65 both
report the slope value of �2.9 for various PPs.
Tzoganakis et al.21 report a value of �3.3 for
controlled rheology PPs.

Figure 19 shows the relation between zero-
shear viscosity �0 and weight-average molecular
weight Mw. The relation is not linear64 but curved
downward in a log–log plot, and the slope is

slightly steeper for cat.-A PPs than for cat.-B PPs.
However, the difference is small. Figure 20 shows
the relation between �0 and z-average molecular
weight Mz. Here, contrary to the case of the Mw in
Figure 19, the slope of the relation curve is
steeper for cat.-B PPs than for cat.-A PPs, the
difference being larger than that in the case of
Mw. From the above, it may be said that �0 is
governed by an average molecular weight of
slightly higher order than the weight-average mo-
lecular weight Mw. This agrees with the predic-
tion of the Bueche theory.66 He showed theoreti-
cally that the average molecular weight that de-
termines �0 is one between Mw and Mz.

Figures 21 and 22 show the relations between
the characteristic relaxation time �0 and Mw and
Mz, respectively. The relation between �0 and Mz
is linear, with a slope of about 3.3 in a log–log
plot, independent of the catalyst system. From

Figure 18 Relation between melt flow index (MFI)
and weight-average molecular weight Mw.

Figure 19 Relation between zero-shear viscosity �0

and weight-average molecular weight Mw.

Figure 20 Relation between zero-shear viscosity �0

and z-average molecular weight Mz.

Figure 21 Relation between characteristic relaxation
time �0 and weight-average molecular weight Mw.
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this, it may be said that �0 is determined by Mz.
Ottani et al.51 obtained the characteristic relax-
ation time �0 from the absolute value of complex
viscosity for usual PPs and controlled rheology
PPs by the same manner as the present study and
plotted log �0 against log Mw. As a result, two
series PPs show different linear relations. How-
ever, the present authors plotted log �0 against
log Mz using their data shown in their article,51

and obtained a linear relation with a slope of 2.7,
independent of the series of PPs. This supports
the conclusion of the present study. Bernreitner
et al.65 showed that the log–log plot of �0 against
Mw of various types of PPs is linear though with
large scattering. To our regret, because they do
not show the value of Mz, we could not study the
plot of �0 against Mz.

Relation between Storage Modulus and Loss
Modulus

Chuang and Han67 first used the log–log plot of
the storage modulus G� against the loss modulus
G� to put in order the dynamic viscoelasticities of
polymer blends. Harrell and Nakajima68 used the
same plot to explain the effect of long chain
branching on the rheological properties of ethyl-
ene–propylene copolymers. Following them,
many researchers have used the plot mainly in
studying the viscoelasticities of polymer blends.
As a result, it has been found that a log G�–log G�
plot, like the log–log plot of the first normal stress
difference against shear stress, is expressed by a
curve akin to a straight line, substantially inde-
pendent of temperature for homopolymers and
compatible polymer blends. Also found is that
such a plot is sensitive to the morphological state

for incompatible polymer blends. Furthermore, it
is suggested that such a plot can be used to eval-
uate the relative intensity of elasticity to viscosity
of a system. As for the effect of molecular weight
distribution, the following studies are reported:
Harrell and Nakajima68 introduced long chain
branchings to an ethylene–propylene copolymer
by adding to it various amounts of dicumyl per-
oxide and then melt-mixing, and measured their
melt dynamic viscoelasticities. They found that
G� at a constant G� is the higher for the sample
prepared with a larger content of peroxide and,
hence, with broader molecular weight distribu-
tion as well as with more long chain branchings.
Han69 showed experimentally and theoretically
by use of a blend theory that, for the binary
blends of the same kind of polymers, G� at a
constant G� of the blends are higher than those of
the components. Han and Kim70 applied the tube
model theory57 to the mixtures of compatible poly-
mer blends and calculated their linear viscoelas-
tic properties. As a result, they showed that the
log G�–log G� line shifts to a higher G� side as well
as its slope decreasing from two of the monodis-

Figure 23 (a) Plots of storage modulus G� against
loss modulus G� for cat.-A PPs. (b) Plots of storage
modulus G� against loss modulus G� for cat.-B PPs.

Figure 22 Relation between characteristic relaxation
time �0 and z-average molecular weight Mz.
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perse polymers with broadening the molecular
weight distribution for the binary mixtures of the
same kind of polymers as a special case.

Figure 23(a) and (b) shows log G�–log G� plots
measured at various temperatures for cat.-A PPs
and cat.-B PPs, respectively. Although data
points scatter particularly at low and high mod-
ulus regions due to the low measurement preci-
sion of G� for both series PPs, they are on a curve
akin to a straight line with a slope of 1.2–1.3,
independent of MFI and temperature. Comparing
at the same G�, cat.-A PPs show slightly lower G�
than cat.-B PPs, which means that the elasticity
of cat.-A PPs is weaker than that of cat.-B PPs.
This corresponds to the fact that the end correc-
tion coefficient 	 (Fig. 6) and the die swell ratio
D/D0 (Fig. 7) in capillary flow properties are lower
for cat.-A PPs than for cat.-B PPs, and assumed,
by reference to the above-mentioned previous
studies, that this is because cat.-A PPs show nar-
rower molecular weight distribution (Mw/Mn)
than cat.-B PPs. Although little difference is ob-
served between the slopes of log G�–log G� plots of
both series PPs, they are considerably easier than
two of the theoretical value for monodisperse
polymer.

CONCLUSIONS

The molecular weight distribution characteristics
and the rheological characteristics are compared
between two series of PPs prepared by the MgCl2-
supported titanium catalyst (cat.-A PPs) and by
the TiCl3-type catalyst (cat.-B PPs), and the rela-
tions between the two characteristics are investi-
gated.

1. The shape of molecular weight distribution
of cat.-A PPs scarcely depends on MFI and
the curve shifts in parallel to the molecular
weight axis according to MFI. On the other
hand, for cat.-B PPs, not only the curve
shifts but also the shape at the high molec-
ular weight side narrows with decreasing
the MFI.

2. Mw/Mn, a measure of molecular weight dis-
tribution, scarcely depends on MFI for both
series PPs, and their values are 5.5 and 9
for cat.-A PPs and cat.-B PPs, respectively.
Mz/Mw, a parameter of molecular weight
distribution at the high molecular weight
region, increases with increasing MFI for
cat.-B PPs, whereas it scarcely depends on

MFI for cat.-A PPs. As a result, cat.-A PPs
show higher Mz/Mw than cat.-B PPs at
MFI 
 2 g/10 min, and cat.-B PPs show
higher Mz/Mw at higher MFI.

3. Little substantial difference is observed be-
tween both series PPs in the flow curve at
high shear rates that a polymer melt en-
counters at extrusion and injection mold-
ing.

4. The end correction coefficient and die swell
ratio, which are measures of melt elastic-
ity, is lower for cat.-A PPs than for cat.-B
PPs.

5. cat.-A PPs show higher critical shear rates
at which a melt fracture begins to occurs
than cat.-B PPs at low MFI, and cat.-B PPs
inversely show higher critical shear rates
than cat.-A PPs at high MFI. Although the
critical shear stress of cat.-A PPs is almost
constant, independent of MFI, that of
cat.-B PPs tends to increase with increas-
ing MFI. These originate from the different
changes of Mz/Mw with MFI for both series
PPs.

6. The zero-shear viscosity and characteristic
relaxation time, particularly the latter, are
higher for cat.-A PPs at the low MFI region
and for cat.-B PPs at the high MFI region.
This also originates from the different
changes of Mz/Mw with MFI.

7. Compared at the same loss modulus, cat.-A
PPs show slightly lower storage modulus
than cat.-B PPs, which means that the
elasticity of cat.-A PPs is weaker than that
of cat.-B PPs. This originates from nar-
rower molecular weight distribution (Mw/
Mn) of the former.

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