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ABSTRACT: Uniaxial extensional flow behavior was measured for the high-melt-strength polypropylene
using a Meissner-type rheometer under transient extensional flow with constant tensile strain rate. The
equibiaxial extensional flow behavior of the high-melt-strength polypropylene was measured via the
lubricated squeezing flow method under constant strain rate. The high-melt-strength polypropylene
consists of polypropylene (PP) as a main component and high-molecular-weight polyethylene (PE)
component as a long relaxation time component (see part 1). This system is generally believed to be an
immiscible system, at least under the quiescent state. Nevertheless, in part 1, we have found that the
high-melt-strength PP with very high-molecular-weight PE shows distinctly different shear flow behaviors
from conventional PP, e.g., high elasticity and two-step viscosity at low shear rates and strong and weak
strain-dependent nonlinear damping functions characterizing fast and slow relaxation processes. In this
study, the transient uniaxial viscosity of the high-melt-strength PP melts first increased gradually with
time, following the linear viscoelastic rule in which the uniaxial extensional viscosity is 3 times the shear
viscosity development. Beyond a certain critical strain, the uniaxial extensional viscosity showed rapid
increase, which was referred to as strain hardening. Furthermore, the transient biaxial extensional
viscosity showed also the strain hardening behavior over a critical strain. These prominent behaviors
are unexpected for conventional PP. The nonlinear upturn behavior was discussed from a high-molecular-
weight chain stretching point of view via molecular constitutive equations given by Osaki et al. for bimodal

polymer blends.

Introduction

In part 1 of this series of papers, we have examined
the linear and nonlinear viscoelastic behavior under
shear flow for conventional polypropylene (PP) and high-
melt-strength PP. The high-melt-strength PP was syn-
thesized by introducing a small amount of very high-
molecular-weight polyethylene (PE) to PP via hetero-
geneous catalyst, viz. reactor-made binary compositions.
The high-melt-strength PP was found to exhibit high
elastic response and two-step viscosity at low frequen-
cies (shear rates) and fast and slow relaxation processes
in the nonlinear relaxation modulus.

In this paper we further examine uniaxial and biaxial
extensional behavior of the high-melt-strength PP.
Extensional flow plays an important role in any polymer
processing in which the streamlines are not parallel.
The presence of nonlinearity in the extensional viscosity
is one of the most important characteristics for blow
molding, foaming extrusion, thermoforming, film-blow-
ing resins, etc. When stretched or drawn, the strain
hardening refers to a melt, which becomes more stiffer
and stronger, rather than one that thins and breaks.

The uniaxial extensional viscosity has been exten-
sively studied by many researchers during the past few
decades. An extensive collaborate study was carried out
on the rheology and processability of three model PEs
by IUPAC Working Party.2 The extensional flow of low-
density PE (LDPE) and linear low-density PE (LLDPE)
have been studied as well. Schlund and Utracki? studied
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on the composition and rheology of various LLDPEs
containing three type comonomers polymerized in gas
phase and in solution. The extensional behavior is
sensitive to the molecular architecture and polymer
composition, e.g., the long chain branching such as
LDPE 45 and high-molecular-weight tails.6”

Only a few publications exist on the biaxial exten-
sional flow behavior of polymer melts in contrast to
those on the uniaxial flow,8~11 though the flow manner
is related to many polymer processings. Takahashi et
al.’2 reported the biaxial extensional behavior of PS and
PP melts utilizing the lubricated squeezing flow method
under the constant strain rates. These results exhibit
that the strain hardening under biaxial flow is much
weaker than that of uniaxial extensional viscosity or
disappears even for LDPE with long chain branches.

The sources of the strain hardening have been identi-
fied by following three methods: a presence of long
chain branching, broad molecular weight distribution,
and bimodality of the molecular weight distribution. PP
generally has a high-molecular-weight and broad mo-
lecular weight distribution but no strain hardening. The
main reason why the PP-resin has been difficult to
process is recognized as this extensional behavior. One
possible method to improve the strain hardening of PP
is to give long side branches in postreactor. The modified
PP with an electron beam or a peroxide showed the
apparent enhancement of the strain hardening.'31 This
results from constraint of the chain relaxation owing
to a presence of long chain branching. Otherwise,
introducing “spiky” high-molecular-weight component
into a normal molecular mass distribution of a polymer
has a possibility to improve the strain hardening.6715-17
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Munstedt® reported bimodal polystyrene (PS) system
with a distinct high-molecular-weight component showed
the strong strain hardening. Koyama and Ishizuka’
carried out research for the effect of a small amount of
long relaxation time mode on the strain hardening using
the Lodge-type constitutive equation. In recent years
the spiky system has been attracting the attention of
more and more researchers. Minegishi et al.1617 reported
that the enhancement of the strain hardening is ob-
served only when the concentration of the spiky high-
molecular-weight components reaches and exceeds the
critical concentration for molecular entanglement for PS
blended with ultrahigh-molecular-weight (uhmw) ana-
logue. The enhancement of the strain hardening is
visible only for miscible blends.3615717 These results are
supported by a computer simulation of Masubuchi et
al.’® by means of a Brownian dynamics simulation for
the freely rotated bead—rod model.

The extensional properties of PP has been more and
more interesting and important because of its beneficial
and desirable physical properties. This study presents
the extensional properties of the high-melt-strength PP
containing uhmw-PE under uniaxial and biaxial flow.
The data obtained are compared to those of the conven-
tional PP. These extensional flow behavior are discussed
from the high-molecular-weight chain stretching point
of view via molecular constitutive equations given by
Osaki et al. for bimodal polymer blends.

Experimental Section

Materials. All the samples were supplied by Chisso Petro-
chemical Co. (Chiba, Japan). The characteristics of conven-
tional PP (HT1050, PP-A) and the high-melt-strength PP
(NEWSTREN/NEWFOAMER: X065HW (PP-B) and X066HW
(PP-C)) were described in our previous paper (part 1). PP-B
and PP-C were synthesized by a series polymerization of
propylene and ethylene employing a heterogeneous catalyst,
which generally produce high-molecular-weight and broad
molecular weight distribution. The content of uhmw-PE of
PP-B and PP-C is 0.4 and 1.0 wt %, respectively.

Rheology Measurements. A. Uniaxial Extension. For
uniaxial extensional viscosity measurements, the polymer
melts were extruded at a rate of 5 mm/min to sample rods at
230 °C through a die with a single orifice of 2 mm (for PP-B
and PP-C) or 3 mm (for PP-A) diameter (Capilograph,
Toyoseiki Co. Ltd., Japan). The rods had a diameter of 3—4
mm and the length of 15—20 cm. To eliminate residual stresses
of the samples, 15 min of equilibration time was allowed before
measurements. Using these rods, uniaxial extensional viscosity
at constant strain rates was measured by Meissner-type'®
rheometer at 180 °C. The sample diameter was recorded by a
CCD camera and a videotape recorder during the tests in order
to confirm the uniform elongation and to calculate the actual
strain rates.

B. Biaxial Extension. Biaxial extensional viscosity was
measured by a constant area method?®° utilizing a lubricated
squeezing extensional rheometer (lwamoto Seisakusyo Co.,
Ltd., Japan). The geometry is schematically shown in Figure
1. An overview of the method has been reported by Takahashi
et al.*?> The main part is composed by parallel plates which
diameter is the same with the sample (see Figure 1). The upper
plate is computer-controlled to drive at an exponentially
decreasing speed so as to realize the constant strain rate. At
the center of the lower plate a pin was fixed to prevent the
lubricated sample from sliding out of the center of the jig. The
upper plate has a hole to accommodate the pin. For the biaxial
extensional measurements the samples were prepared by
compression molding at 230 °C into the disk shape of 20 mm
diameter and 5 mm gap height. A hole of 1.5 mm diameter
was drilled at the center of the sample to accommodate a pin
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Lubricant

Figure 1. Schematic diagram of lubricated squeezing geom-
etry for biaxial extensional measurement.

fixed on the lower disk. To achieve a uniform deformation, we
used silicone oils with kinematic viscosities ranging from a
minimum of 5 x 103 to a maximum of 1 x 10° ¢St (at 25 °C)
as a lubricants. The silicone oils were applied to the upper
and lower plates and the sample.

The biaxial extensional strain ¢g is given by the following
equation, assuming a uniform and ideal deformation for
incompressible materials:

1 h(ty)
=il w

where h(0) and h(t;) are the sample thicknesses at the
extensional time t = 0 and t;, respectively. The strain rate ¢g
is given by

deg(t
e = 220 @

The net stretching stress og(t) is defined from the thrust force
F(t), neglecting the surface tension and inertia force:

F
oa(t) Eﬁ @)

where r is a plate diameter. Thus, the biaxial extensional
viscosity 7s*(t,¢g) is given by the following equation:

7]B+(tléB) = og(t)/ég 4)

The biaxial extensional measurements were done at 180 °C.
To eliminate residual stresses of the samples, each test was
carried out after 15 min of equilibration time at the measure-
ment temperature.

The biaxial extensional viscosity is affected by the viscosity
of the lubricant.}11220.21 pgpanastasiou et al.?° and Nishioka
et al.?! reported the effect of the oil viscosity; too much low
viscosity results in rapid lubricant squeezing out, and too much
high viscosity gives rise to shear deformation of the sample.
We used the silicone oil with viscosity of 5 x 10 ¢St (at 25 °C)
which attained ideal deformation and gave no extra influence
on the biaxial extensional stress for each samples.

Results

Uniaxial Extensional Flow Behavior. Figures 2—4
illustrate g™ (t, ¢g) for various ég at 180 °C for PP-A,
-B, and -C, respectively. The solid lines in the figure are
the 3-fold linear viscosities 35*(t). The extensional
viscosities of PP-A increased smoothly for various
extensional strain rates. There was no upward deviation
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Figure 2. Variation of transient uniaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C

for PP-A. The solid line indicates 3 times the dynamic viscosity,
3yt (see part 1), at 180 °C.
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Figure 3. Variation of transient uniaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C
for PP-B. The solid line indicates 3 times the dynamic viscosity,
3n" (see part 1), at 180 °C.

from the linear viscosity within the strain rate meas-
ured, ze*(t) was independent of the strain rates. ye*(t)
of PP-A had a tendency to follow the linear viscoelas-
ticity rule:22 g™ (t) = 35 7(t) in the limit of steady state
(t — o). Likewise, ngt for PP-B and -C increased
smoothly with time within small strains. These samples
which contain a small amount of PE with high molec-
ular weight, however, exhibited remarkable upward
deviations in g™ called “strain hardening”, depending
on the extensional strains. This is unexpected behavior
for conventional linear PP as mentioned before.
Equibiaxial Extension Flow Behavior. Figure 5
shows the transient biaxial extensional viscosity 7g™(t,ég)
of PP-A for various strain rates at 180 °C. The solid line
represents 677(t), where 5™(t) is the shear viscosities
within the linear viscoelastic region. For PP-A ng™(t,ég)
at the low strain rate which section accorded with that
at the high strain rate was nearly equal to 6 times 7*(t),
as should be expected from linear viscoelastic rule. This
behavior is similar to that in uniaxial extensional flow.
After the smooth increase in early stage, the transient
viscosity ng™(t) appears to be steady during about 0.6—
0.9 of the Hencky strain. In the final stage g™ returned
to the level of 65%. The strain hardening which g™
deviated from the linear viscosity was not observed.
Figures 6 and 7 show the transient viscosities of PP-B
and -C, respectively. In the early stage the transient
viscosities of the samples increased smoothly with time.
ne" tends to follow the linear viscoelastic rule inde-
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Figure 4. Variation of transient uniaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C
for PP-C. The solid line indicates 3 times the dynamic viscosity,
3n* (see part 1), at 180 °C.
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Figure 5. Variation of transient biaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C

for PP-A. The solid line indicates 6 times the dynamic viscosity,
67, at 180 °C.
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Figure 6. Variation of transient biaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C

for PP-B. The solid line indicates 6 times the dynamic viscosity,
67, at 180 °C.

pendent of three strain rates ¢g. Over a certain critical
strain, however, PP-B and -C showed a deviation from
the linear viscoelastic region. This strain hardening is
especially noteworthy in the case of biaxial extensional
flow, since the strain hardening under biaxial flow is
generally much weaker than that under uniaxial ex-
tensional flow or disappears.23-25 The reproducibility of
the strain hardening at the lower strain rates was
carefully inspected by utilizing silicone oils with various
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Figure 7. Variation of transient biaxial extensional viscosity
with time at constant strain rates and temperature of 180 °C
for PP-C. The solid line indicates 6 times the dynamic viscosity,
67", at 180 °C.
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Figure 8. Nonlinear parameter as a function of strain for
uniaxial extensional flow of PP-A, PP-B, and PP-C at 180 °C.
The strain rates are indicated in the figure.

viscosities. This cannot be related to the effects of
lubricant loss or of the viscosity of the silicone oil.

Discussion

Uniaxial Extensional Flow. The magnitude of the
strain hardening, nonlinearity parameter 1, can be
defined by14.26.27

77E+(tvé)
37 ()

where A, is the nonlinear viscoelastic element of the
extensional flow and 377" (t) is the 3-fold linear viscosity.
Figure 8 shows a logarithmic plot of 1, against €. The
strain hardening behavior of PP-B and PP-C can be
clearly seen. The critical strain for rupture of the strand
was improved according to a concentration of PE (0.4
— 1 wt %). Otherwise, what has to be noticed is the
dependence of the nonlinear parameter on strain
rates: the stronger the strain hardening, the lower the
strain rate. We will return to this point later.

Biaxial Extensional Flow. The steady-like ng was
observed for PP-A (see Figure 5). Ebrahimi et al.?®

y)

()

n
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Figure 9. Nonlinear parameter as a function of strain for
biaxial extensional flow of PP-A, PP-B, and PP-C at 180 °C.
The strain rates are indicated in the figure.

reported a quasi-steady state where g decreases with
increasing strain for anionic PS. In our case, PP-A has
a broad molecular weight distribution; it would need
further consideration whether the »g behavior of PP-A
is the quasi-steady state.

In the same manner with eq 5, the nonlinearity
parameter for biaxial extension 1,g is defined by

778+(t1é B)
61" (t)

Figure 9 shows a logarithmic plot of 1,5 against eg.
When comparing Figure 9 with Figure 8, it is evident
that the strain hardening is less intensive under the
biaxial extension than the uniaxial extension. This
behavior is observed by Meissner et al.2328 and Taka-
hashi et al.122% The different flow behavior suggests
differences in the chain stretching manner under uni-
axial and biaxial extensional flows.

Morphology of Extended Strand. Our previous
result on the TEM micrograph (see part 1) indicated the
domain structure, assigned to high-molecular-weight
PE. To examine the effect of deformation of the domains
on extensional behavior, we rapidly cooled the samples
in ice/water, immediately after the Hencky strain
became 1.2 at the strain rate of 0.1 s™1. To suppress the
relaxation of the rod, the extended rod was hold by a
clip and then cut. To observe the morphologies, the
trimmed sample embedded in epoxy resin was stained
by RuQO4 vapor for 12 h at room temperature. Then the
sample was sectioned using an ultramicrotome with a
diamond knife. Figure 10a,b represents the morpholo-
gies before and after the elongation in the center of the
rod. The vertical direction of Figure 10 is the extensional
direction. For PP, lath- and crosshatched lamellar
arrangements are usually observed.2%3! The morphology
are not clear in our case. This ambiguous lamellar
structure of PP (light region) may be due to the low
crystallization temperature. It is reported that PP
guenched from melt into dry ice/ethanol has unclear

’lnB

(6)
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Figure 10. TEM micrographs of PP-H1 strands (a) before and
(b) after elongation at 180 °C. The Hencky strain is 1.2 and
the strain rate is 0.1 /s. The vertical direction is the extensional
direction.

morphology owing to its nodule-like domains as a result
of clustering of microcrystals which could not grow into
sheet crystals.32 The dark region is assigned to the PE
phase, in which much thicker lamellar crystals charac-
teristic of PE than those of PP can be observed. Sano et
al.32 reported the structural changes of PP and HDPE
during RuO, staining by monitoring change of peak
intensities of carboxylic acid, carboxylate, and ruthe-
nium oxide before and after staining in infrared spectra.
For PE, the results showed oxidation and formed
carbonyl groups colored the polymer. As regards to PP,
the oxidation behavior was almost the same as that for
PE, but the saturated amount of carbonyl groups was
smaller, corresponding to the lower degree of staining.
This provides difference of the image contrast between
PP and PE.

Figure 10 shows that the PE domains still keep the
shape even after large deformation, at which the strain
hardening property emerges. The viscosity ratio of the
domains to the major components is large enough, so
that those would behave as rigid particles owing to the
extremely high molecular weight as mentioned later.

Influence of Strain Rate on the Strain Harden-
ing. From Figure 8 and Figure 9 a fascinating indication
may be drawn concerning the effect of extension rates
on strain hardening behavior. The more pronounced
strain hardening was observed at the lower strain rate
under both the uniaxial and biaxial extensional flows.
For example, for PP-B at 0.5 s™1, a deviation from the
linear viscoelastic region is not apparent, though strong
strain hardening could be seen at lower strain rates.
According to the Doi and Edwards theory,33 the high
extension rates prevent a primitive chain from the
contraction, so that it causes contour length stretching
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above an equilibrium length. Thus, the higher exten-
sional rates can be related to the more intensive strain
hardening under extensional flow, while at enough low
strain rates a chain retracts quickly and the tube length
does not change. In fact, this behavior has been observed
for many polymeric materials, e.g., PS, HDPE, LDPE,
etc. On the other hand, some exceptions do exist for the
modified PP1427 and LLDPE.33* Hingmann and Marc-
zinke?” reported the marked strain hardening at lower
strain rates but weakness at higher strain rates for
modified PP via cross-linking agents. They suggested
that this might be due to a very small amount of long
chain branches (less than 3 per molecule) and a variety
of different molecular structures. A similar behavior is
reported by Kurzbeck et al.1* for electron beam irradi-
ated PP. Munstedt and Kurzbeck3* reported that a
significant strain hardening did not occur at higher
strain rates (>1 s71) for LLDPE, which is a mixture of
two metallocene-type copolymer. They postulated that
the extensional behavior resulted from the immiscibility
of the high-molecular-weight linear chains with short
chains branching. In our case the behavior is, however,
not responsible for the long or short chain branching.
One possible explanation could be due to the inhomo-
geneity of PP-B and PP-C which were composed of PP
and PE. TEM micrographs (see Figure 10) indicated the
undeformable domain structure, ca. 0.1-0.4 um in a
diameter. The effect of rigid particles on the rheological
properties has been reported by several authors.35-38
The strain hardening property becomes weaker or
disappears by an addition of rigid particles. For acrylo-
nitrile—butadiene—styrene copolymer (ABS) melts,
Takahashi et al.®® reported that the hard particles (ca.
0.1-0.5 um in a diameter) distinctly make the strain
hardening property weakened, leading to disappearance
at a butadiene content of over 20 wt % at all the strain
rates tested. It may be that the rigid domains including
in PP-B and PP-C affect the dependence of strain
hardening on the extensional strain rates. However,
some rheological behaviors of PP-B and PP-C cannot be
explained merely by the influence of domains. As we
discussed carefully in part 1, we consider that the
unusual behaviors of PP-B and PP-C may result from
a part of “effective” uhmw-PE chains dissolved into PP.
Viewed in this light, the description above may give rise
to an assumption of the two competing factors: increas-
ing the transient viscosity owing to the effective high-
molecular-weight PE, on one hand, and reducing it
because of the presence of the rigid domains, on the
other. However, even if assuming a presence of the
domain structure in the melts, the content of the
particles is much fewer than the case such as ABS
copolymer mentioned before.

Another possible explanation could be the effect of
constraint release by fast flow. Recently, Marrucci® and
Marrucci and lanniruberto*! advanced an important
theory on convective constraint release (CCR) which
should play a significant role in the nonlinear range.
They have pointed out that fast flows convect away the
polymer molecules constraining a given chain and thus
destroy the tube surrounding that chain faster than the
reptation out of the tube. In such cases, it is likely that
the predominant relaxation mechanism is not reptation
but the convective constraint release. From this view-
point one may say as given below. The small extension
rate ¢ (¢g) examined here is already longer than recipro-
cal of the characteristic relaxation time zr~* concerning
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Figure 11. Reduced uniaxial extensional viscosity of a
bimodal polymer with H-component (¢n = 1 wt %) as a function
of time at various reduced rates of extension: 0.5, 0.1, 0.05,
0.01, and 0.005 from left to right. The broken line depicts the
contribution of the L-component.

the extension of the longer chain (PE) because of its
huge molecular weight. With increasing the ¢ (¢g) the
relaxation of the longer chain was promoted by CCR;
shorter chain (PP) was convected away out of a con-
strained chain.

Estimation of the High-Molecular-Weight Chain
Stretching. As the data in Figures 3, 4, 6, and 7
illustrated, PP-B and -C have a large strain hardening.
The distinct strain hardening of the PP-B and -C
suggest entanglement of PE with high molecular mass.
Enhancement of the strain hardening via the high-
molecular-weight chain is valid only for the miscible
system. PP and PE are generally believed to be an
immiscible system, at least under the quiescent state.
The results (in part 1 and this study), however, implied
the presence of dissolved PE chains into PP and phase-
separated PE (domains). It is reported that the phase
dissolution is induced by high shear flow field in an
injection machine even for PP and PE.*? However, PP-B
and PP-C did not undergo such high shear flow. The
unusual flow behavior cannot be attained by a simple
mixing via an extruder. One possible explanation could
be that high-molecular-mass PE dispersed finely within
PP during the polymerization process.

The average molecular weight of PE introduced into
PP is not definite, but it is clear that the PE has higher
molecular weight and thus much higher relaxation mode
than those of PP. The intrinsic viscosity [#] in tetralin
at 135 °C of the high-molecular-weight PE (solo poly-
merization of ethylene without no polymerization of
propylene) was 26 dL/g. Extrapolation of the relation-
ship between [n] and the weight-average molecular
weight M,,*3 gave My, ~ (4—5) x 108. [] and M,, of whole
polymer (PP-B and PP-C) are 3.0 dL/g and My, = 5 x
10°, respectively. In part 1, the bimodal molecular
weight distribution could be clearly seen for some
fractionated sample, though there were not two peaks
for the whole polymer. Here, for extensional flow, we
attempt to estimate the role of a small amount of higher
molecular weight chain that is dissolved into lower
molecular weight polymer.

Osaki et al.** reported an estimation on the nonlinear
flow properties (two-step stress overshoot in shear flow
and strain hardening in uniaxial flow) for binary
polymer blends (PS and its high-molecular-weight ana-
logue). The extensional stress caused by the high-
molecular-weight chain (H-chain) was calculated via a
simple dumbbell model. They utilized constitutive equa-
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tions proposed for the comb-shaped branch polymer by
McLeish and Larson?®® to estimate the chain orientation
and stretching independently. We shall show an ex-
ample calculating the extensional stress growth function
of the binary system containing small amounts of
uhmw-components by this method, assuming that all
the H-chain (high-molecular-weight PE) can dissolve
into the low molecular mass chain (L-chain, viz. PP)
matrix and the H-chain can entangle each other within
the L-chain.

Assuming a characteristic time for the orientation as
the maximum relaxation time, the orientation tensor S
of the end-to-end vector r obeys following equations:

ar_ . KLl
g Kerr + rr-K TH(rr 3I) (7a)
_rr
trrr (7b)
1 220 O
K= > 0 —¢0 (7c)
0 0 —¢

where K is the deformation rate tensor, | is the unit
tensor, 7y is the maximum relaxation time of H-chain,
and S is the orientation tensor. The time evolution of
the stretch ratio of the H-chain is given by a charac-
teristic time for the chain stretching tr as

R R
G AKS -0 ®)

Finally, a contribution of the H-chain to stress is
expressed as

0y = 3G A°S 9)

Here ¢y is the concentration of the H-components, and
Gy is the plateau modulus.

When the molecular weight of H-chain is much larger

than that of L-chain, eqs 8 and 9 lead to respectively

orr

—_— = . . T

pm Kerr + rr-K (10)
oA _ .
ri AK:S (11)

We used egs 10 and 11 for the estimation of o4 under
an assumption of éry > ¢rg > 1. We utilized the stress
growth function data of PP-A as that of the L-chain. The
plateau modulus of the L-chain (PP) is 4.27 x 10° Pa.*¢
The result for the case of ¢y = 0.01 is shown in Figure
11 as an example. The reduced viscosity growth func-
tion, */GnzL, is plotted against reduced time, t/z., at
various reduced extensional rates, ér.. It indicates the
strong strain hardening regardless of a very small
amount of H-chain at each strain rate, where the
L-chain does not exhibit any nonlinear features.
Figure 12 shows the reduced stress growth, ¢/Gy,
against the Hencky strain for the polymer with a
bimodal molecular weight distribution obtained from
Figure 11. In Figure 12, the reduced stress increases
with strain. Over an extensional strain, the reduced
stresses at various rates converged on a single value,
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Figure 12. Reduced stress growth obtained from Figure 11
as a function of Hencky strain at various reduced rates of
extension.
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Figure 13. Stress growth as a function of Hencky strain at
various strain rates for (a) PP-A and (b) PP-C.

independent of strain rates (¢ = 4). In this region, we
may say that the stress growth is predominantly
governed merely by the strain, because of extremely
long relaxation time of the H-chain. Figure 13a,b
indicates stress growth against ¢ for PP-A and PP-C
containing uhmw-PE. In Figure 13b, the extensional
stress curves at various rates tend to converge at large
strain. This behavior would correspond to that of the
result of Figure 12 (e = 4). Off course, this behavior is
not observed for conventional PP which uhmw-PE is not
introduced (see Figure 13a). From the above-mentioned,
the eminent extensional behavior of PP containing
uhmw-PE at large strain may result from the stretch
of the uhmw-PE chain.
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Concluding Remarks

Our study demonstrates that the high-melt-strength
PP (PP-B and PP-C) containing small amounts of PE
with high molecular mass show outstanding extensional
behavior, that is, strain hardening under uniaxial and
biaxial extensional flows. The more intensive strain
hardening was observed at lower strain rates. On the
other hand, PP-A showed no strain hardening despite
the broad molecular weight distribution. The domains
observed in the high-melt-strength PP kept the shape
before and after extensional deformation. The exten-
sional behavior of a polymer with small amounts of
uhmw-chain was estimated by a model proposed by
Osaki et al. The model could qualitatively reproduced
the stress growth under extensional flow of the binary
polymer. The result gave interesting predictions for the
extensional viscosity. In part 1, the short and long
relaxation time modes were clearly observed for PP-B
and PP-C under the shear flow. This long relaxation
time mode was revealed also for the fraction which the
domains were eliminated by TREF. The extensional flow
measurement is very sensitive to the long relaxation
time mode and is an available method to judge the
miscibility (or immiscibility) of heterogeneous polymer
systems. From the facts we have mentioned, we suppose
for the high-melt-strength PP that the experimental and
theoretical studies in parts 1 and 2 suggest a presence
of the effective PE chains dissolved microscopically into
PP, leading to the strain hardening under extensional
flow.

This study shows the effectiveness and its important
role of a long relaxation time mode in order to enhance
melt properties of PP. An introduction of long chain may
be the exceptional methodology to obtain excellent melt
properties without any disadvantages such as decom-
positions, aggravation of physical properties, etc. The
PP with enhanced melt properties will find applications
such as foaming, blow molding, thermoforming, and so
on. The points made so far about an introduction of a
small amounts of uhmw-polymer could apply in prin-
ciple to any polymer. Recently, considerable progress
has been made in polymer dynamics and precision
polymerization. This study would be also expected as a
guiding principle in designing new materials with
desirable processability.
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