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Melt rheology of long-chain-branched
polypropylenes

Abstract Rheological properties of
long-chain-branched isotactic poly-
propylene (PP) via copolymerization
with a very small amount of noncon-
jugated α,ω-diene monomer using
metallocene catalyst system in both
linear and nonlinear regions were
investigated, comparing with conven-
tional linear and long-chain-branched
PP modified at postreactor. Although
comonomer incorporation was equal
to 0.05 mol% or less, it caused high
molecular weight, broad molecular
weight distribution, and long-chain
branching. A detailed study on the
effect of diene incorporation on the
polymer properties was conducted,
comparing with modified PP in post-
reactor. Polymer chain microstructures
were characterized by gel permeation
chromatography with multiangle laser
light scattering (MALLS), differential
scanning calorimetry, and rheological

means: dynamic viscoelasticity, step-
strain, uniaxial elongational flow
measurements, and large amplitude
oscillatory shear. The PP, which
incorporated a small amount of diene
monomer, showed significantly im-
proved viscoelastic behaviors. The
diene-propylene copolymer contain-
ing long-chain branches showed
extremely long relaxation mode under
shear and outstanding viscosity
increase under elongational flow,
so-called strain hardening. The differ-
ence in microstructure of diene-pro-
pylene copolymer with modified PP
with long-chain branches is investi-
gated by MALLS and rheological
characterizations.

Keywords Diene-propylene
copolymer . MALLS . Long-chain
branch . Strain hardening . Step-shear
stress relaxation . LAOS

Introduction

Polypropylene (PP) is one of the most globally produced
and widely used polymers in the marketplace since PP has
good physical properties such as rigidity, impact strength
and chemical resistance, and a low cost. The processability
of PP is often unfavorable, as the melt strength of PP is low
in comparison with those of polyethylenes (PEs). There-
fore, considerable efforts were made to improve the melt
rheological properties of PP (Gotsis and Zeevenhoven
2004; Hingmann and Marczinke 1994; Scheve et al. 1990;
Sugimoto et al. 1999, 2001a,b; Weng et al. 2002; Williams
et al. 1998; Wong and Baker 1997; Yoshii et al. 1996).

Long-chain-branched, moderately cross-linked or highly
branched polymers were found to have the following
rheological properties: lower Newtonian viscosity and
strong shear thinning at same molecular weight, strong
melt elasticity expressed by the first normal stress dif-
ference and storage modulus, and enhanced strain harden-
ing under elongational flow. As for PP, numerous reports
have illustrated that chemical treatment enables a produc-
tion of long-chain branches. Electron beam irradiation
causes chain-scission and polymer degradation but could
also lead to improved melt rheology (Scheve et al. 1990;
Sugimoto et al. 1999; Williams et al. 1998; Yoshii et al.
1996). The combination of electron beam with polyfunc-
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tional monomers was found to enhance elasticity and strain
hardening (Yoshii et al. 1996). Several approaches using
peroxides have been explored to improve the processability
of PP (Hingmann and Marczinke 1994; Sugimoto et al.
1999; Tsenoglou and Gotsis 2001; Wong and Baker 1997).
A peroxide initiator has been used to promote free-radical
melt grafting of functional monomers onto the polymer
molecules. Some organic peroxides, which decompose at
low temperature, are used to promote branching reaction
because of the high reactive efficiency and dehydrogena-
tion ability from polymer chains. Unfavorable effects of
these postreactor treatments may be residues and odor due
to uncontrolled decomposing reaction.

In this study, we used metallocene-catalyzed propylene-
diene copolymer with a very small amount of nonconju-
gated diene. The homogeneous single-site catalysts not
only enable the production of polyolefins with narrow mo-
lecular weight distribution, narrow chemical composition
distribution, and precisely controlled stereoregularity of
polymer chain, but also allow the copolymerization with
higher olefins and long-chain branching by incorporating
added vinyl-ended or in situ generated macromonomers
(Paavola et al. 2004; Weng et al. 2002; Ye et al. 2004). The
methodology of copolymerization of propylene with diene
in this study is important as an in situ polymerization of
long-chain-branched PP in reactor. It has been known that a
very small amount of diene causes a significant level of
long-chain branches (Paavola et al. 2004; Ye et al. 2004).
As for PE, Gabriel et al. (2002) reported molecular char-
acterization with gel permeation chromatography (GPC)
with multiangle laser light scattering (MALLS) and nuclear
magnetic resonance (NMR), and rheological characteriza-
tion for metallocene-catalyzed ethylene homopolymers.
Some studies have been reported on copolymerization of
ethylene with nonconjugated α,ω-dienes by using metal-
locene catalyst (Kokko et al. 2001). These studies focus on
the synthesis of α-olefin with nonconjugated dienes. Few
detailed studies have so far been made on rheology and
structure of propylene copolymer incorporated with non-
conjugated α,ω-dienes by metallocene catalysis. On the
other hand, some studies for long-chain-branched PP
modified in a postreactor have been examined from the
viewpoint of melt rheology. However, difference of the
physical properties and microstructure between metallo-
cene catalyzed and modified polymer is still open to
question. In this study, we report the fundamental study on
the rheological properties and characterization of micro-
structure of PP incorporated with a small amount of 1,9-
decadiene. The data obtained were compared with those of
conventional PP and long-chain-branched PP treated by
high-energy electron beam irradiation at postreactor. We
performed rheological analysis by dynamic shear, step-
shear and elongational viscosity tests. Furthermore, large
amplitude oscillatory shear (LAOS) measurements in non-
linear regime were carried out to characterize and discuss
the relationship between their rheological behaviors and

difference of the microstructure of propylene-nonconju-
gated diene copolymer. This analysis has an importance in
characterizing the flow of polymer melts since a polymer
solution or melt undergoes large strain in actual polymer
processing operation. Nonlinear response is frequently
measured in the steady-state nonlinear regime. It has been
reported that the LAOS test can provide plentiful additional
information on the microstructure in the nonlinear regime
(Yosick et al. 1997). In this article, we apply large
oscillatory shear strain to complex polymer samples.
Although there have been many works on the LAOS,
only few attempts were made with long-chain-branched
polymers.

Experimental

Materials

Three grades of PPs were used: PP-A, PP-B, and PP-C. PP-
A is a commercial grade of Chisso Corporation or Japan
Polypropylene Corporation (Grade: K1014); PP-B is a
copolymer of propylene and a very small amount of 1,9-
decadiene, which was produced at 0.05 mol% 1,9-
decadiene monomer concentration using the supported
metallocene catalyst activated with methylamuminoxane.
The detailed polymerization procedure is described else-
where (Tsutsui et al. 2001). The actual diene content used
for the copolymer incorporation could not be detected by
NMR (13C NMR, GX270, Jeol) due to the detection
sensitivity limit. The desired metallocene homo PP was not
obtained without the diene component under the same
reaction conditions as PP-B, resulting in very high melt
flow rate (MFR; >100 g/10 min) and low molecular weight.
Reactor powder incorporated with phenol-type stabilizer
was palletized by a single-screw extruder. The other sample
(PP-C) is a propylene homopolymer treated with electron
beam irradiation at postreactor that contains long-chain
branches according to the manufacture.

Gel permeation chromatography with multiangle laser
light scattering

A presence of branch causes classical gel permeation
chromatography (GPC) to fail in measuring accurate
molecular weight since difference in molecular conforma-
tion strongly affects the hydrodynamic volume. The av-
erage molecular weight, molecular weight distribution, and
branching degree were determined by GPC coupled to an
online multiangle laser light scattering (GPC-MALLS)
system. GPC-MALLS measurements are not affected by
the hydrodynamic volume because absolute molar masses
are obtained with the light scattering technique.

In the size exclusion and MALLS measurements, sam-
ples were dissolved in 1,2,4-trichlorobenzene. The samples
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were injected into Waters 150 chromatograph operating at
135°C, at a flow rate of 1.0 mL/min. The detection system
was composed of 14 photodetectors placed at precise
angles around the sample cell to collect and analyze the
scattered laser light. The wavelength of the laser light
source was 690 nm. The GPC-MALLS results were
analyzed by commercial software ASTRA (Wyatt Tech-
nology Co.).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses were
performed by a PerkinElmer Model DSC-7. The measure-
ments were carried out at a heating rate of 20°C/min under
dry nitrogen atmosphere. A sample of 10 mg was used. To
remove the thermal history, the sample cell was heated
from the room temperature to 230°C and then cooled to
−20°C. For the melting test, a second run was made at a
heating rate of 20°C up to 230°C, immediately after the
first run was completed. The melting temperatures reported
here were obtained from the second melting endotherm.

Viscoelastic measurements

Dynamic test

Shear dynamic measurements were carried out on a
rheometer (Ares, TA instruments) using parallel plates
with a diameter of 25 mm. The gap height of the plates was
about 2 mm for the frequency sweeps. The samples were
prepared by compression molding at 200°C, followed by
cut from the sheet. The frequency range was 0.3–100 rad/s,
and the maximum strain was fixed at 5%. We confirmed
that these conditions were within the linear viscoelastic
region. The temperature was kept constant at 180°C, and
dry nitrogen was maintained to suppress oxidative degra-
dation of the samples during the experiments.

The time sweeps were conducted at a frequency of
0.1 rad/s, the maximum strain of 5%, and the temperature
of 180°C, to confirm a change in the molecular structure of
the samples.

Step-shear stress relaxation

Stress relaxation measurements were performed by Ares
(TA Instrument). Parallel plates of 25 mm in diameter and
of 1 mm in the gap height were used for PP-A and PP-C.
The shear relaxation moduli were corrected owing to the
inhomogeneity of strain in the plates (Soskey and Winter
1984). For PP-B, we used cone-and-plate (25-mm plate
diameter and cone angle of 0.1 rad) configuration, as the
parallel plate correction was not applicable for PP-B.
Therefore, the step-shear experiments of PP-B were

conducted with more attention to slippage between plate
and sample. The relaxational stresses σ(t, γ) were measured
over three decades of magnitudes after imposition of step
strain γ (=0.3–6 for PP-A and PP-C, 0.1–5 for PP-B) at
180°C, and the nonlinear relaxation moduli G(t, γ) were
determined using the expression:

G t; �ð Þ ¼ � t; �ð Þ��
The data before the step strains were imposed were

excluded.

Uniaxial elongational viscosity

For elongational viscosity measurements, the samples were
prepared by compression molding at 200°C into the sheet
shape of 1- to 2-mm thickness. The test specimens were cut
in a width of 10 mm and the length of 56 mm. The sample
width was recorded during the tests to confirm the uniform
elongation and to calculate the actual strain rates. The
measurements were carried out at constant strain rates of
0.05–1 s−1 and temperature of 180°C. The test chamber
was maintained by dry nitrogen to suppress oxidative
degradation of the samples.

LAOS measurement

Nonlinear oscillatory measurements were carried out on a
strain-controlled rheometer (RMS 800, TA Instrument)
using a parallel plate fixture with a diameter of 25 mm. For
the raw data acquisition, a 16-bit ADC card (PCI-6052E;
National Instruments, Austin, USA) with a sampling rate
up to 333 kHz was used. This ADC card was plugged into a
stand-alone PC equipped with LabView software (National
Instruments). Strain sweep tests were carried out in the
strain range from 10 to 1,000% at a fixed frequency of
1 rad/s and constant temperature of 180°C. The stress data
were obtained simultaneously by ADC card.

Results and discussion

DSC and GPC-MALLS analysis

The molecular characterization was carried out by multi-
angle laser light scattering analysis coupled with a GPC
instrument (GPC-MALLS), which gives molecular weight
and the radius of gyration (Rg) for the eluted polymer
fractions from the GPC column. The absolute molecular
weight was determined by laser light scattering at each
retention volume, and the Rg was obtained by fitting the
angular dependence of the light scattering signal to a ran-
dom coil model for both linear and branching molecules.
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Molecular weight distribution curves for the linear PP-A,
and PP-B, and PP-C are given in Fig. 1. PP-A shows a
single peak and mono-modal molecular weight distribu-
tion. Table 1 shows the number-average, weight-average
and molecular distribution, Mn , Mw and Mw

�
Mn , re-

spectively, measured by GPC-MALLS. PP-B has low
molecular weight and similar distribution shape in com-
parison with PP-A, though it has a slight tail in high
molecular weight region. PP-C clearly shows a shoulder in
the high molecular weight region of the curve.

In the θ solvent, the ratio of the mean square gyration

radius of branching polymer R2
g

D E
b
to that of linear poly-

mer R2
g

D E
l
(at same molecular weight) was represented by

g known as Zimm-Stockmayers branching parameter g
(Zimm and Stockmayer 1949):

g ¼ R2
g

D E
b

.
R2
g

D E
l

(1)

The radius of gyration depends on the molecular archi-
tectures: a g parameter smaller than unity indicates a
presence of branching chains. Fig. 2 shows the double-
logarithm plot of radius of gyration Rg vs molecular weight
M for PP-A, PP-B, and PP-C. The values of Rg of PP-B and
PP-C are apparently lower than that of linear PP-A. This
plot provides information concerning the conformation of
polymer chains in the 1,2,4-trichrolobenzene solutions. For
these samples, the relationship between Rg and M is well
described by power law:

Rg ¼ kM� (2)

The slopes α of Rg vsM is given in the caption of Fig. 2.
The α values for random coils are between 0.5 and 0.6 for
many polymers in good solvent, and a smaller α value than

the range hints the presence of long-chain branches
(Davidson et al. 1987; Grcev et al. 2004; Sun et al. 2001;
Wyatt 1993). For PP-A, α value of 0.55 is obtained, which
is a typical value for a random coil in a solvent and close to
the theoretical exponent of 0.588 (Guillou and Zinn-Justin
1977). This suggests that PP-A takes random coil confor-
mation in the solvent. The α values of PP-B and C are 0.43
and 0.46, respectively, and smaller than that of PP-A, im-
plying that the degree of branching of PP-B and C is
enough to affect their Rg to appreciable extent in the
solution.

GPC-MALLS technique provides another important
branching characteristic which can be calculated as the
number of branches per molecules. The relation between
the branching number per molecule and g parameter de-
pends on the branching functionality and the polydispersity
of the sample. We assumed that PP-B and PP-C contain
tri-functional random branch architecture. For the tri-
functional random branch polymer, it is known for poly-
dispersed polymer that g (Zimm and Stockmayer 1949)
can be expressed in terms of the number of branches per
molecule m as

g ¼ 6

m

1

2

2þ m

m

� �1=2

ln
2þ mð Þ1=2 þ m1=2

2þ mð Þ1=2 � m1=2

" #
� 1

( )

(3)

We used Eq. (4) to calculate the degree of branching per
molecule for each narrow fraction eluted from a GPC
columns. The long-chain branching frequently λ can be
calculated from the number of branches and defined as the
number of branches per 1,000 repeat units,

� ¼ 1; 000w
m

M
(4)

where w is molecular weight of monomer unit. Finally, a
practical issue should be mentioned here. To obtain a value
of g from the experimental radius of gyration data of linear
and branched polymer (see Eq. (1)), the molecular weight
of both polymers should be the same. The degree of
branching g can only be calculated for overlapped section
of the molecular weights for linear and branched polymers.
We calculated the values of the radii of gyration in high
molecular weight region (107–108 for PP-A, 107.5–108 for
PP-B and PP-C) by extrapolation of each linear part of
semilogarithmic plots, supposing that the linear relation-
ship held even in the high molecular weight region. Fig. 3
shows the branching frequency calculated from Eq. (4)
as a function of molecular weight for PP-B and PP-C. The
long-chain branching frequency λ of PP-B decreasedwith an
increase in molecular weight. λ for PP-C showed relatively
gradual decrease with molecular weight (less than 107.5).
What has to be noticed is an increase in λ with 8 molecular

104 105 106 107 108

a.
 u

.

Molecular weight

PP-A

PP-C

PP-B

Fig. 1 Molecular weight distribution of PP-A, PP-B, and PP-C
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weight in the fairly high molecular weight range. This
suggests a presence of highly branched chains with high
molecular weights, though the values in the high molecular
weight region may be argued due to its assumption which
was mentioned before.

Table 1 shows the results of melting temperature Tm
measurements. In the DSC thermograms, all the samples
showed a single endotherm peak and monomodal curves.
PP-B and PP-C, which have broad molecular weights,
indicate lower Tm's than that of PP-A.

Dynamic tests: small amplitude oscillatory shear

Thermal stabilities of the samples were confirmed by time-
sweep tests under constant angular frequency (ω=0.1 rad/s)
and temperatures (180, 190, 200, and 210°C). Each dynamic
test was carried out within the stable durations of the
samples. The dynamic measurements are carried out at 180,
190, and 210°C. The results were horizontally shifted to the
curve at 180°C of the reference temperature. The principle
of time-temperature superposition was valid for all the
samples. Figs. 4, 5 and 6 show the storage modulus G' and
the loss modulus G" plotted as a function of angular fre-
quencies at a reference temperature of 180°C for PP-A to
PP-C. The shear viscoelasticity behavior of PP-A is typical
for that reported by many researchers, though the terminal

flow regime where G' and G" are proportional to ω2 and ω,
respectively, is not observed within this frequency region.
At low frequencies, the deformation is more viscous than
elastic for most uncross-linked polymers; G" is greater than
G'. Note that, on the other hand, Figs. 5 and 6 exhibit that
values of G' and G" of PP-B and PP-C are parallel to each
other over a wide frequencies tested here. Themelt rheology
is used in the determination of the gel point for thermoset-
ting and cross-linkable polymers. At a transition near the gel
point of stoichiometrically balanced networks, G' and G"
show crossover values over awide range of frequencies. The
gel point appears in deficient cross-linker system when G'
and G" are parallel to each other. The gel point char-
acterization method developed by Chambon and Winter
(1987, 1986) has been used to define the exact point of
conversion from liquid to solid, a chemical network with
permanent cross-links. According to this criterion, this gel
point is defined as the point at which the moduli scale in an
identical fashion with frequency,

G0 !ð Þ; G00 !ð Þ � !n 0 < n < 1 (5)

or

G00 !ð Þ�G0 !ð Þ ¼ tan n�=2ð Þ (6)

where n is called the relaxation exponent and can be linked
to microstructural parameter. The frequency independency

0.02

0.04

0.06

0.08

0.1

6 6.5 7 7.5 8 8.5

PP-B

PP-C

log M

λ

Fig. 3 Branching degree of PP-B and PP-C

Table 1 Molecular and thermal characterization of samples

Code MFR (g/10 min) Mn 10�5ð Þ Mw 10�5ð Þ Mw
�
Mz Tm (°C) aT (kJ/mol)

PP-A 3.5 1.3 3.9 3.0 160.4 37
PP-B 4.4 0.8 5.4 7.0 154.3 42
PP-C 3.0 1.6 15.8 9.6 156.9 48

PP-A, PP-B, PP-C polypropylene (grades A, B, and C, respectively), MFR melt flow rate

1
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PP-C
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g 

R
g (

A
)
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Fig. 2 Root mean square radius as a function of molecular weight
of PP-A, PP-B, and PP-C. Slopes of the conformational plots are
0.55, 0.43, and 0.46, respectively
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of loss tangent tan δ(G"/G') has been widely examined for
chemical and physical gels (Chambon and Winter 1987;
Chiou et al. 2001; Li andAoki 1997; Power and Rodd 1998;
Winter and Chambon 1986). Fig. 7 indicates tan δ as a
function of frequencies for PP-A, PP-B, and PP-C. The
result, i.e., tan δ independency on frequency, implies that the
melt rheological behaviors of PP-B and PP-C corespond to
that of cross-linked polymer in the gel point according to
Eqs. (5) and (6). Furthermore, the exponent n is found to be
0.46 (PP-B) to 0.53 (PP-C) forG' andG" from Figs. 5 and 6.
Chambon et al. (1986) and Chambon and Winter (1987)
reported that n was found to be 0.5 and independent of the
strand length between cross-links for stoichiometrically
balanced, difunctional, endlinking polyurethanes and poly-
dimethylsiloxanes. The low specific exponent value of n
(∼0) indicates a rigid gel, while the exponent approaching 1

indicates a more viscous gel. In general, excess cross-linker
gives rise to a generation of three-dimensional chemical gel,
and deficient cross-linker results in poor processability in
polymer fabrication. From mentioned above, it is possible
that PP-B and PP-C were prepared at balanced stoichiom-
etry in consequence.

The horizontal shift factors aT of all the samples were
obtained by small oscillation measurements. Then the
activation energies Ev's of flow were calculated by an
Arrhenius plot of the shift factor against the reciprocal of
the absolute temperature. The Ev values of PP-A, PP-B,
and PP-C are shown in Table 1. Ev of PP-A is almost the
same as that reported for linear PP (Kurzbeck et al. 1999;
Sugimoto et al. 2001a,b). Ev's of PP-B and PP-C are higher
than that of PP-A. The high Ev can be related to molecular
architecture such as long-chain branching or a (partially)
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Fig. 4 G' and G" curves of PP-A plotted as a function of angular
frequencies at 180°C
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Fig. 5 G' and G" curves of PP-B plotted as a function of angular
frequencies at 180°C
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Fig. 6 G' and G" curves of PP-C plotted as a function of angular
frequencies at 180°C
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of angular frequencies at 180°C
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cross-linked structure (Kurzbeck et al. 1999). Thus, the
result implies that PP-C with higher Ev than that of PP-B
has relatively high branching structure.

Step-shear stress relaxation

In the past, extensive studies were reported on the mea-
surements of stress relaxation modulus of polymer solution
and melts with flexible chains by imposing a sudden step
strain (Archer 1999; Einaga et al. 1971; Fukuda et al. 1975;
Inoue et al. 2002; Larson et al. 1988; Mhetar and Archer
2000; Osaki 1993; Osaki and Kurata 1980; Vrentas and
Graessley 1982).

Figures 8, 9 and 10 show the time-dependent shear
modulus, G(t, γ), measured mechanically for PP-A to PP-C
at various strains and constant temperature 180°C. As ex-
pected, the result of PP-A is similar to that of PP reported

already, monotonically decreasing with time. For PP-C, we
found from double-logarithmic plots of G(t, γ) as a
function of time that the shear relaxation modulus curves
are parallel to each other. On the other hand, G(t, γ) of PP-
B curves seem to be not parallel to each other for different
values of γ. The reproducibility or reliability of the data
was carefully inspected by using other rheometer. This
cannot be related to the experimental error such as
malfunction of the rheometer and slippage at the wall.
We shall discuss this unusual behavior of PP-B later.

Elongational viscosity

The elongational viscosity �þE t; "
�� �

measurements were

conducted by Meissner’s elongational rheometer, which is
described elsewhere (Ivanov et al. 2004; Kotaka et al.
1997; Meissner and Hostettler 1994; Schweizer 2000). The

results of �þE t; "
�� �

on the three PPs are given in Fig. 11.

The solid lines in the figure indicate three times linear
viscosity 3η+(t). The comparison of elongational viscosity
growth function to 3η+(t) corresponding to dynamic shear

amplitude provides a check of validation of the data. �þE

t; "
�� �

curves of PP-A overlap with 3η+(t) at all the strain

rates conducted, as expected from the theory of linear

viscoelasticity (Trouton 1906). Likewise, �þE t; "
�� �

curves

of PP-B and PP-C smoothly increase, and we confirmed the

consistency of �þE t; "
�� �

with 3�þ tð Þ at shorter times,

except slow rates data of PP-B (this is due to limited fre-
quency range). At longer times, a pronounced increase in the
elongational viscosity with time, so-called strain hardening,
is found for these two samples at any strain rates. Even at the
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Fig. 8 G(t, γ) of PP-A at 180°C for various strains 0.3, 0.7, 1, 1.5,
2, 3, 4, and 6, from top to bottom
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Fig. 9 G(t, γ) of PP-B at 180°C for various strains 0.1, 0.2, 0.3, 0.5,
0.7, 1, 1.5, 2, 3, 4 and 5, from top to bottom
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Fig. 10 G(t, γ) of PP-C at 180°C for various strains 0.3, 0.5, 0.7, 1,
1.5, 2, 2.5, 3, 4, and 6, from top to bottom
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smallest experimentally available value of "
� ¼ 0:05 s�1 ,

PP-B and PP-C show the strong upward deviations (the
elongational viscosities increase by 2 orders of magnitudes).
This is an unexpected behavior for conventional linear PP.
The elongational viscosity of polymer melts is very sensitive
to a presence of long-chain-branched molecules owing to its
very long relaxation time. This has been shown in several
polymers (Gotsis and Zeevenhoven 2004; Ogura and
Takahashi 2003; Sugimoto et al. 1999; Wagner 2004),
particularly in PE (Cogswell 1981; Dealy and Wissbrum
1990; Gabriel and Munstedt 2003; Munstedt et al. 1998;
Schlund and Utracki 1987). The differences in the
elongational behaviors, between high-pressure low-density
PE with long-chain branches and linear one which shows
much less strain hardening, have been extensively studied.
We carried out calculations of the relaxation spectrum of PP-
A, PP-B, and PP-C. The relaxation spectrum derived from
the dynamic small amplitude tests was, however, incomplete
for PP-B and PP-C because of the instability to reach very
low frequencies in the experiments. In other words, either
long times or high temperatures to estimate enough long
relaxation time modes give rise to a degradation of the
samples. As described before, Figs. 2 and 3 clearly indicate
that PP-B and PP-C contain long-chain branches. The values
ofMz show that the high molecular weight fraction is present
in PP-B and PP-C. It seems reasonable to suppose that this
high molecular weight tail is responsible for the observed
strain hardening.

To allow quantitative analysis of the strain hardening
behavior of the PPs, a parameter to represent the strain

hardening may be defined by the ratio of �þE t; "
�� �

to

3η+(t) (Sugimoto et al. 2001a,b). The ratio provides the
intensity of the strain hardening. It is, however, difficult to
compare the strain rate dependency of the parameter of PP-
B and PP-C since 3η+(t) curve range of PP-B is shorter than
the elongation time due to the limited thermal exposure.

Chain structure of branched PP

The branched PPs, PP-B, and PP-C showed similar rheo-
logical response under shear and elongational flows. To
further discuss the difference of the samples, the damping
function derived from step-strain measurements and LAOS
was employed.

Damping function

It is important to note the dependence of the nonlinear
relaxation modulus on strain. The stress relaxation ex-
periments have been used to provide a useful and con-
venient method for constitutive equations of viscoelastic
fluids (Archer 1999; Inoue et al. 2002; Kasehagen and
Macosko 1998; Osaki 1993; Osaki et al. 1996). Recently, a
number of studies have been made on the nonlinear mod-
ulus to investigate the process of retraction along the tube
of a chain extended by a large deformation. A lot of mea-
surements on a variety of polymer liquids suggest that the
nonlinear feature of G(t, γ) for an entangled flexible
polymer can be expressed in a factored form, over a certain
time τk that depends on the system,

G t; �ð Þ ¼ G tð Þh �ð Þ t > �kð Þ (7)

Here G(t) is time-dependent shear modulus at small
strain amplitude γ and is independent of strain and a unique
function for a given polymer; G(t)=σ(t)/γ. h(γ) is strain-
dependent damping function, which represents how the
stress is lower than the linear viscoelasticy limit. It has
known that h(γ) is a universal function and is accord with a
value predicted by Doi-Edwards tube theory (Doi and
Edwards 1986). It is clear from Figs. 8 and 10 thatG(t, γ)/G
(t) obtained by the step-shear tests for PP-A and PP-C is
constant at each strain. The ratios are very close to unity at
small strains and level off with increasing strain. The
values at each strain are essentially independent of time.
This represents that the factorability of Eq. (7) is
significantly valid for PP-A and PP-C as with those of
various polymers. What has to be noticed is unusual step-
shear behaviors of PP-B by an imposition of large strains.
G(t, γ) curves against γ for PP-B are not parallel to each
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Fig. 11 Transient elongational viscosities of PP-A, PP-B, and PP-C
at constant strain rates and temperature of 180°C. The solid lines
indicate three times the dynamic viscosities, 3η+, at 180°C
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other (see Fig. 9). This can be more clearly explained by
plotting G(t, γ)/G(t) against time for various γ, as shown in
Fig. 12. At small strains (γ ≤0.2), G(t, γ)/G(t) is indepen-
dent of time, irrespective of the imposed strain. The curves
of PP-B at large strains are, however, not to be simply
translated along the vertical axis. At strains ranging from
0.3 to 1.5, the normalized curves monotonically decrease
with time. Then, γ≥3, the curves initially increase with time
until a peak is reached at a certain time but, after some time,
manifest a gradual decrease. This tendency ismore evident at
large strains. Hence, the factorability expressed by Eq. (7)
is not applicable to PP-B in the time scale done here.

Figure 13 shows time-dependent damping function h(t, γ)
calculated from the values at several discrete times for PP-
B and h(γ) for PP-A and PP-C. The dotted line through the
data represents the damping function predicted by Doi and
Edwards for linear and narrow molecular weight dis-
tribution polymer liquids. h(γ) indicates a slightly weaker
dependence on strain than the theoretical line. We may say
that this is due to the polydispersity of the molecular
weight. Furthermore, it has been known that a presence of
long-chain branches brings about weaker strain depen-
dence in h(γ) (Kasehagen and Macosko 1998). In the case
of PP-C, we consider that both factors result in the weaker
dependence on strain than that of PP-A. As expected from
Fig. 12, h(t, γ) of PP-B is a time-dependent function and
shows no sign of convergence of the curves to a damping
function, irrespective of time, within the times tested in this
study. Recently, Sanchez-Reyes and Archer (2002) and
Islam et al. (2003) performed a detailed study on the
nonlinear dynamics of entangled polymer solutions with
ultrahigh molecular weight. They found that the factor-
ability time (at which Eq. (7) can be applicable) is much
longer than that of the longest Rouse relaxation time and
more closely aligns with the terminal relaxation time, while
the single damping function corresponds to the universal
damping function predicted by Doi-Edwards theory be-

yond the factorability time. In our study, it is, however,
difficult to discuss the unusual step-shear behaviors by
correlating with the characteristic relaxation time owing to
polydispersity and longer terminal relaxation time than
time scale observed. Although the issue discussed here is
still an open question, one possible explanation could be
some extremely long relaxation mode or structure such as
partial cross-link.

Large amplitude oscillatory shear

The large amplitude oscillatory shear (LAOS) measure-
ment was carried out for PP-A, PP-B, and PP-C. The
LAOS test is a useful characterization method of visco-
elastic fluids because strain amplitude and frequency can
be varied independently allowing a broad spectrum of
conditions to be attained (Yosick et al. 1997). Moreover, it
is relatively easy to generate because oscillatory shear does
not involve any sudden jump in speed or position
(Giacomin and Dealy 1993). Hyun et al. (2002, 2003)
have reported through dynamic strain sweep tests of
various solutions that the nonlinear rheology provides
more abundant information on the microstructure of a
complex fluid, and the LAOS behaviors can be used as a
way to classify complex fluids. LAOS test has, however,
one disadvantage; the stress output is not simply sinusoidal
any more at higher harmonic contributions (Dealy and
Wissbrum 1990). When strain amplitude is large, the
stress is no longer sinusoidal and has higher harmonic
contributions,

� tð Þ ¼
X

n¼1;odd

�nsin n!1t þ �nð Þ (8)
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Fig. 12 G(t, γ)/G(t) against time for various shear strains at 180°C
for PP-B
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where the magnitude σn and the phase angle φn depend
on strain amplitude and imposed frequency ω1 (Giacomin
and Dealy 1993). This disadvantage complicates the
interpretation of data from large amplitude oscillatory
tests. The algorithms to calculate G' and G" from the stress
signal generated by a rheometer cannot discriminate linear
and nonlinear responses and will produce values for these
functions even if the stress is sinusoidal. Thus, we need to
investigate the stress data more precisely and systematically.
There are two methods to analyze stress data at large strain
amplitude; one is to investigate the stress shape directly, e.g.,
by Lissajours pattern (strain vs stress), and the other is the
Fourier transformation method. Recently, to analyze higher
harmonic contributions in LAOS, “high-sensitivity Fourier
transformation rheology” method has been introduced by
Wilhelm and co-workers (Wilhelm 2002; Wilhelm et al.
1998, 1999, 2000).

The strain sweep tests were conducted at 180°C. The
linear regime in which the moduli are independent of strain
amplitude was observed for all the samples in the small
strain region. As strain is increasing, a decrease in both G'
and G", i.e., a strain thinning, was observed. This behavior
is most typically observed for polymer solutions and melts
as well as the shear thinning. The stress curves at 719% of
strain are plotted in Fig. 14. What has to be noticed is their
different stress patterns observed here, though the materials
showed similar strain thinning behavior. PP-A shows the
“forward tilted” shape. On the other hand, PP-B and PP-C
show the “backward tilted” shape (Hyun et al. 2003). The
origin of “forward tilted” shoulder may be the alignment of
polymer chains with the flow direction. For PP-B and PP-
C, we may say that nonlinear structure such as branching
plays a role as a resistance or as an obstacle for the
alignment of polymer chains to the flow direction, which
makes the samples show the “backward tilted” stress shape.

It is important and interesting to quantify the degree of
nonlinear response under large strain by the ratio of the
higher harmonic intensity to the first harmonic intensity. It
has been reported that the higher harmonics increases as the
imposed strain increases for polymer solutions such as
aqueous xanthan gam, poly(vinyl alcohol), hyaluronic
acid, polystyrene, polyisobutylene solutions, and polymer
dispersions in water and atactic PP melt. Only few attempts
have so far been made at long-chain-branched polymer
melts, though the Fourier transformation analysis is one of
the useful means to consider in the complex microstructure.
More study on LAOS will be needed to get the total picture
since little is understood on the physical significance of the
higher harmonic contributions of stress intensity and phase
angle. The results will be reported elsewhere in the future.

Concluding remarks

We found that even an extremely small amount of 1,9-
decadiene incorporation to PP had a great influence on the
molecular architecture and the rheological behaviors,
though the diene components were not detected by
NMR. MFR of the propylene/1,9-decadiene copolymer
strongly depended on the concentration of diene monomer.
An incorporation of small fraction of diene monomer
clearly increased the molecular weight and molecular
weight distribution. From GPC-MALLS analysis, PP-C
showed extensive tail in the high molecular weight region,
while PP-B did not show appreciable change in the high
molecular weight tail in comparison with PP-A. MALLS
exhibited, however, a presence of a small amount of
branching chains of PP-B and PP-C in the high molecular
weight fractions. From the branching chain frequency
analysis, it is possible that λ of PP-B has a small de-
pendence on the molecular weight and large value in the
high molecular weight fraction. Both branched PPs showed
an increase in the extremely long relaxation mode at
rheological characterizations: apparently enhanced elastic-
ity, strong non-Newtonian behavior, and gradual decline of
relaxation modulus under shear flow. In addition, PP-B
copolymerized with an extremely small amount of diene
showed the outstanding strain hardening under elonga-
tional flow, as well as PP-C, which is unexpected for linear
conventional PP. However, under step-strain flow, PP-B
indicated that G(t, γ) curves at various γ were not parallel
to each other and not factorable into two functions within
the tested time. The nonfactorable damping function is
unusual for entangled flexible polymers. We consider that
this rheological behavior implies a presence of micro-
structure that causes the unusual relaxation mode. The
LAOS experiments provided some interesting results from
stress intensity and phase angle. The branched PPs showed
“backward tilted shoulder” stress signal, while linear PP
showed “forward tilted shoulder.” We consider that this is
due to the alignment of polymer chains with the flow
direction. The result of LAOS may lead a lot of useful
information on the fluid microstructure by the high-
sensitivity Fourier transformation method, related to the
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Fig. 14 Normalized stress plotted against time at angular frequency
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polymer processing undergoing large deformation. It is,
however, difficult to discuss it from the result of LAOS at
present since the relationship between the contribution of
higher harmonic and the microstructure is less well
understood for long-chain-branched polymer. Further
work will be needed to analyze the physical significance
of the moduli in the nonlinear region.
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