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ABSTRACT: The dynamic viscoelastic properties for binary blends consisting of an iso-
tactic polypropylene (i-PP) and an ethylene-1-hexene copolymer (EHR) were investi-
gated in both solid and molten states to reveal the relation between miscibility in the
molten state and the morphology in the solid state. In this study, two types of EHRs
were employed: “ethylene-rich” EHR and “1-hexene-rich” EHR. The blend of i-PP and
EHR of 30 mol % 1-hexene content shows a very long time relaxation due to the phase
separation in the molten state. The blend film shows two separate glass-relaxation
processes associated with those of the pure components. These indicate that the blend
shows phase-separated morphology in the solid state as well as in the molten state.
On the other hand, dynamic moduli in the molten state of the blends of i-PP and EHR
of 57 mol % 1-hexene were found to be intermediate between those of individual pure
components. Furthermore, the apparent activation energy of the blends is constant
and is identical with those of i-PP and the EHR. The blend films show a single glass-
relaxation process at the temperatures between those of the pure components, indicat-
ing that the EHR molecules are incorporated in the amorphous region of i-PP in the
solid state. Accordingly, it was found that the polymer miscibility in the molten state
for the i-PP/EHR blends directly affects the morphology in the solid state. © 1997 John
Wiley & Sons, Inc. J Appl Polym Sci 63: 467—-474, 1997
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INTRODUCTION

It is well known that immiscible polymer blends
in the molten state show the long-time relaxation
associated with the phase separation'® and pro-
nounced elastic properties such that storage mod-
uli at lower-frequency regions become higher than
those of the pure components. Numerous studies
on rheological properties of miscible polymer
blends have been extensively carried out using
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various polymer pairs having specific interaction.
The rheological behavior®~'* is not always simple
because specific interchain interaction like hydro-
gen bonding leads to the reduction of the entan-
glement®”~® and the homogeneous phase is no
longer maintained during macroscopic flow.*'?
However, systematic studies concerning the ef-
fects of miscibility on rheological properties of
blends with no specific interaction are few and of
another interest.

A previous article'® demonstrated that the
compatibility of isotactic polypropylene (i-PP)
and rubbery ethylene-a-olefin copolymers such as
ethylene-1-butene copolymers (EBR) and ethyl-

467



468 YAMAGUCHI ET AL.

Table I Molecular Characteristics of i-PP and
EHRs

a-Olefin

Content M, M, M,
Sample (mol %) X 1075 X 107° x 107°
i-PP — 0.74 1.36 2.19
EHR30 30.0 1.03 1.39 1.84
EHR57 57.1 1.42 1.96 2.70

ene-1-hexene copolymers (EHR) depends largely
on the content of a-olefin units. The “a-olefin-rich”
copolymers are miscible with the amorphous do-
main of i-PP, whereas i-PP and “ethylene-rich”
copolymers are immiscible and form a phase-sepa-
rated domain. The morphology of binary blends
of i-PP and ethylene-a-olefin copolymers in the
solid state will be closely related to the miscibility
of the components in the molten state. Thus, the
rheological properties of the blends at high tem-
peratures are of great interest to study to control
the morphology in the solid state as well as the
processability. In this article, dynamic viscoelas-
tic properties of the binary blends of i-PP and
EHR are investigated in the molten state as well
as in the solid state, in which an “ethylene-rich”
EHR and an “1-hexene-rich” EHR are employed.
The former EHR is immiscible and the later is
miscible with i-PP in their amorphous domain.
The relation between the morphology in the solid
state and the miscibility in the molten state are
discussed.

EXPERIMENTAL

Materials and Blend Preparation

Isotactic polypropylene (i-PP) and two types of
EHRs were used in this study. The molecular
weights of these polymers were determined by in-
trinsic viscosity and by gel permeation chromatog-
raphy in ortho-dichlorobenzene. The 1-hexene
content in the copolymers was determined from
13C-NMR measurements.'* Molecular characteris-
tics of the i-PP and EHRs are given in Table 1. All
the samples were synthesized with a metallocene
catalyst'® and the values of M,,/M,, of all the poly-
mers are around 1.5. Sample codes for EHRs em-
ployed in this study are as follows: EHR30 is an
ethylene-1-hexene copolymer containing 30.0 mol
% 1-hexene, and EHR57 is an ethylene-1-hexene
copolymer containing 57.1 mol % 1-hexene.

The i-PP and an EHR were mixed in a solution

of xylene at 383 K. The compositions of the compo-
nents in the i-PP/EHR57 blend were 75/25, 50/
50, and 25/75 (w/w) and that in i-PP/EHR30
blend was 75/25 (w/w). The polymers were pre-
cipitated from the solution into methyl alcohol
and then dried in a vacuum oven at room tempera-
ture. The blend samples were pressed in a labora-
tory hot press for 8 min at 473 K and at 10 MPa
to prepare films to be used for the dynamic visco-
elastic measurements in the solid state. The film
specimens were prepared by quenching from the
melts into an ice-water bath.

Measurements

Dynamic shear moduli, i.e., storage shear modu-
lus G’ and loss modulus G", at temperatures be-
tween 353 and 523 K were measured using a cone-
plate-type rheometer (Rheology Co., Ltd., MR-
500) in the angular frequency range of 6.28 X
1072t0 1.88 X 10* s *. A dynamic mechanical an-
alyzer (Rheology Co., Ltd., DVE V-4) was used to
measure G’ and G" of EHR57 in the rubbery state
at temperatures between 275 and 323 K with a
sandwich-type geometry.’® Measurements for
other samples could not be extended to the pla-
teau region because of the crystallizability of i-
PP. The master curves were obtained by hori-
zontal shifts without vertical ones. The tempera-
ture dependence of the dynamic tensile moduli,
storage tensile modulus E’ and loss modulus E”,
were also measured for all the film specimens be-
tween 180 and 440 K at a constant frequency of
10 Hz and a heating rate of 2 K/min. Sample di-
mensions are length of 20 mm, width of 5 mm,
and thickness of around 0.5 mm.

Density for all the film specimens was mea-
sured using a water—isopropanol density gradient
column at 296 K. It was found that the densities
of EHR30 and EHR57 were 854 and 857 (kg/m?)
and they are almost identical with the density
of amorphous polyethylene, suggesting that the
copolymers are noncrystalline polyolefins. This
was also confirmed by differential scanning calo-
rimetry measurements and wide-angle X-ray dif-
fraction analysis.

RESULTS AND DISCUSSION
Dynamic Viscoelastic Properties
in the Molten State

Figure 1 shows the master curves of dynamic
shear moduli, G’ and G", for EHR57. The refer-
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Figure 1 Master curves of the storage modulus G’
and the loss modulus G” for EHR57. The reference tem-
perature is 443 K.

ence temperature is 443 K. The curves show the
terminal, rubbery plateau, and transition zones
in the frequency range. We estimated the average
molecular weight between the entanglement cou-
pling by points (M,) for EHR57, using a classical
rubber elasticity theory, %7 as

M, = pRT/GY (1)

where GY is the entanglement modulus and p is
the density. The value of G} was determined us-
ing the following relation'®'®:

G?V=zf G" d Inw (2)
T J o

where a is the upper limit before the transition
zone is entered. In general, these parameters can
be obtained by the integration of G” over In w
encompassing the maximum of G". In this study,
the G” vs. In w curve was numerically integrated
from In w = —oo to the maximum of G”, and the
result was doubled. Consequently, the M, of
EHR57 was estimated to be 10000, and G%, to be
2.1 x 10° Pa. The M, of EHR57 is much higher
than those of PP (M, = 4650 [Ref. 19] or 2900
[Ref. 20]) and of PE (M, = 1100 [Ref. 21]) and is
comparable with that of poly(1-butene) (M,
= 11600 [Ref. 21]).

Figure 2(a) and (b) shows the master curves
of dynamic moduli for the blends of i-PP/EHR57
and i-PP/EHR30 in the molten state. The blend
ratio of both blends is 75/25 (w/w). The time—
temperature superposition principle was applica-
ble to the frequency dependence of the dynamic

moduli for both blends, indicating that the molec-
ular aggregation state of the blend samples is sta-
ble over the entire experimental regions of fre-
quency or temperature. The i-PP/EHR30 blend
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Figure 2 Master curves of the storage modulus G’
and the loss modulus G” for (a) i-PP/EHR57 (75 w/25
w) and (b) i-PP/EHR30 (75 w/25 w). The reference
temperature is 443 K.
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Figure 3 The logarithm of the shift factor a, plotted
against the inverse of temperature for i-PP, EHR57,
and their blends: ((5) i-PP 100%; (O') i-PP 75%; (O-)
i-PP, 50%; (Q) i-PP, 25%; (O) EHR57 100%.

shows the “second plateau” in the G' curve at
low-frequency regions, although the G’ curve of
the i-PP/EHR57 blend has a slope of 2.0. Fur-
thermore, the G” curve of the i-PP/EHR57 blend
at the regions has a slope of 1.0.

The shift factor ar is plotted against the recipro-
cal of absolute temperature in Figure 3. The appar-
ent activation energy AH can be calculated from
the slope (see Table II). The value of AH of i-PP
was about 40 kJ/mol, which was in good agreement
with the values reported previously.?*?>?3 The AH

of EHR57 was nearly equal to that of i-PP. Further-
more, the values of AH of the blends was also about
40 kd/mol, being independent of blend composition.
According to the WLF scheme, '** AH at high tem-
peratures can be related to the thermal expansion
coefficient « so that all the samples have the same
value of . In general, thermal expansion is respon-
sible for intermolecular anharmonicity caused by
specific interaction between the neighbor mole-
cules.?*? Consequently, this suggests that there is
no local specific interaction between i-PP and
EHR57 components.

Figure 4 compares the relaxation spectra H(7)
of the blends, which are calculated from both G’
and G” using the Tschogel equations?®’

dG' 1 d°G
H(r) = -~z 3
()= e 2dn )|y (8)
and

2 4 dG" 1 d*G"
Hn=2|¢ -2 b=
(r) w[ 3dInw 3d(lnw)2] I

(4)

As seen from Figure 4, the relaxation spectra
determined from the master curves of G' agree
very well with those determined from G". The
spectrum for the i-PP/EHR57 blend falls off rap-
idly with increasing 7, indicating that the longest
relaxation mechanism of the blend is the entan-
glement slippage. The results were independent
of the blend ratio, suggesting that the miscibility
of i-PP/EHR57 blends are maintained at any com-
position. On the other hand, the spectrum for the
i-PP/EHR30 blend extends for a long time, which
will be associated with phase separation.'~®

For the miscible i-PP/EHR57 blends, G’ and
G" are proportional to w? and w, respectively, in

Table II Dynamic Viscoelastic Properties in the Terminal Zone and
Apparent Activation Energy for i-PP, EHR57, and Their Blends

no X 1073 J? x 10° Tw X 102 AH
Sample (Pa-s) (Pa™) (s) (kJ/mol)
i-PP 0.89 4.9 44 40.3
i-PP/EHR57
75/25 1.06 5.1 54 40.2
i-PP/EHR57
50/50 1.27 5.5 7.0 40.6
i-PP/EHR57
25/75 1.55 5.6 8.7 40.4
EHR57 1.88 6.2 12 40.5
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Figure 4 Relaxation spectra calculated (O, ®) from
the storage moduli [eq. (3)] and (A, A) from the loss
moduli [eq. (4)] at 443 K for i-PP/EHR (75 w/25 w)
blends.

the terminal zone. Therefore, the rheological pa-
rameters in the terminal zone, i.e., the zero-shear
viscosity 7o, the steady-state compliance J?, and
the weight-average relaxation time 7, can be de-
termined by

1o = lim(G"/w) (5)
w—0

J? = lim(G'/G"?) (6)
w0

Tw = 77ng (7)

Figure 5 shows the compositional dependence
of n, and J? at 443 K. As seen from the figure,
the magnitude of , of EHR57 is twice larger than
that of the i-PP. Furthermore, the values of 7, of
the blends are intermediate between those of the
pure components and monotonously increase with
increasing the EHR fraction.

It has been reported '*2® that /¢ is proportional
to entanglement compliance J% (= 1/G%). Fur-
thermore, it was found that J% of EHR57 is much
larger than that of i-PP because M, of EHR57 is
much higher than that of i-PP. As seen from Fig-
ure 5, however, the difference in J° between i-PP
and EHR57 is small. This result will be due to

the difference of their molecular weight distribu-
tion.?3! Assuming that J? is proportional to the
3.7 power of M,/My as in the case of polysty-
rene,?® J? of monodisperse EHR57 can be calcu-
lated as 1.9 X 107® Pa!, which is four times
larger than J. If the ratio of J? to J2 of i-PP
is identical with that of EHR57, the M, of i-PP is
estimated to be 4400, which is comparable with
the value (M, = 4650) reported by Plazek and
Plazek.® The values of JJ? of the blends are inter-
mediate between those of the pure components
and monotonously increase with increasing EHR
fraction. The values of Ty, product of n, and J?,
of the blends are also intermediate between those
of pure components. Table II summarizes the val-
ues of the parameters for the i-PP, EHR57, and
their blends.

Dynamic Viscoelastic Properties in the Solid State

The temperature dependence of dynamic tensile
moduli, E’ and E”, for the i-PP, EHR57, and their
blend films are shown in Figure 6(a) and (b). As
seen from Figure 6(a), E’ of the i-PP and blend
films decreases with temperature and falls off
sharply at the glass-transition temperature (T;
200-300 K) and at the melting point of i-PP (438
K). The melting point of i-PP is not affected by
the blending of the EHR because the EHR mole-
cules are not incorporated into the crystal region
of i-PP as shown in Ref. 13. The magnitude of E’
decreases with increasing EHR fraction. The E’
of EHR57 falls off rapidly around 7, (230 K) and
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Figure5 Compositional dependence of the zero shear
viscosity 7o and the steady-state compliance J? for the
miscible i-PP/EHR57 blends at 443 K.
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Figure 6 Temperature dependence of (a) the storage
modulus E' and (b) loss modulus E” for i-PP, EHR57,
and their blend films: (O) i-PP 100%; (®) i-PP 75%;
(A) i-PP 50%; (A) i-PP 25%; ( ¢ ) EHR57 100%.

shows a rubbery plateau. As seen from Figure
6(b), a shoulder peak appears around 340 K only
for the i-PP film and the magnitude of this peak
is diminished by the blending of EHR57. The re-
laxation should be due to a transition from a semi-
hexagonal (smectic) form to monoclinic « form.
Similar relaxation peaks have been also observed
for the compatible blend of i-PP with hydroge-
nated oligo(cyclopentadiene).?? Furthermore,
Figure 6(b) shows that the E” curves of the blends
show a single peak at temperatures between 200
and 300 K, being ascribed to a micro-Brownian
motion of amorphous chains, i.e., a glass transi-
tion. The peak temperature decreases with in-
creasing EHR57 fraction. The single glass-relax-
ation process of the i-PP/EHR57 blends demon-
strates that the EHR chains are incorporated into
the amorphous i-PP region in the solid state.

Several theoretical equations, evaluating the
relation between T, and composition in such a
random copolymer or a miscible blend showing a
single T, have been proposed. An example is the
Fox equation®:

1 w1 Wao
e (8)
Tg Tgl Tg2

where T, is the glass transition temperature, T;
is that of the i component, and w; is the corre-
sponding weight fraction. Figure 7 compares the
experimental values obtained from the E" peak,
represented by open circles in the figure, and the
theoretical values calculated from the Fox equa-
tion, represented by the solid line. The axis of the
abscissa in the figure shows the weight fraction
of EHR in amorphous parts of the blends, which
was calculated from the degree of crystallinity es-
timated using the density. This figure shows an
excellent agreement between the calculated and
experimental values. This agreement suggests no
specific interaction between segments.

Figure 8 shows the temperature dependence of
E" for i-PP, EHR30, and their 75/25 blend films.

300 . ' ' .
i-PP/EHR57

200 . . . .
0O 02 04 06 08 1.0

weight fraction of EHR

Figure 7 Comparison of calculated and experimental
glass transition temperatures. The solid curve denotes
the calculated values from the Fox equation and open
circles represent experimental values from the E” peak.
The weight fraction of EHR represents the EHR con-
tents of amorphous parts of the blend films.
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Figure 8 Temperature dependence of E” for i-PP,
EHR30, and their blend films: (O) i-PP 100%; (®) i-PP
75%; (¢ ) EHR 100%.

As seen from the figure, the i-PP/EHR30 blend
film shows two separate peaks at 215 and at 280
K in the E” curves. The peak in the higher-tem-
perature region of the blend is located at the T, of
i-PP, whereas the peak in the lower-temperature
region is located at the T, of EHR30. This demon-
strates that the blend of i-PP/EHR30, which is
immiscible in the molten state, shows a phase sep-
aration in the solid state.

CONCLUSION

In the present study, we investigated dynamic vis-
coelastic properties in the melt and solid states of
binary blends consisting of i-PP and ethylene-1-
hexene copolymers (EHR), in which two types of
EHRs, i.e., “ethylene-rich” EHR and “l1-hexene-
rich” EHR, were employed.

The binary blends of i-PP and the “ethylene-
rich” EHR in the molten state showed a second
plateau and a long-time relaxation process in the
terminal zone, associated with phase separation.
The blend film showed two separate glass-relax-
ation processes associated with those of the pure
components, indicating that the blend shows
phase-separated morphology in the solid state.

It was found that the dynamic moduli for the
binary blends of i-PP and the “l-hexene-rich”
EHR are intermediate between those of the pure
components in the molten state. The time—tem-
perature superposition principle was applicable
to the frequency dependence of the dynamic mod-
uli for the blends, suggesting that the molecular

aggregation state in the higher temperatures is
stable over the entire frequency or temperature
regions. The apparent activation energy of the
blends is constant and is identical with those of i-
PP and the EHR. The blend films showed a single
glass-relaxation process between those of pure
components, indicating that the “l1-hexene-rich”
EHR chains are incorporated into the amorphous
region of i-PP in the solid state. Accordingly, it
was concluded that the polymer miscibility in the
molten state for the polyolefin blends directly af-
fects the morphology in the solid state. Moreover,
it is suggested that the miscible polyolefin blends
have no specific molecular interaction between
the components.
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