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ABSTRACT: The morphology and mechanical properties of novel block copolymers
consisting of isotactic polypropylene (PP) and ethylene—propylene rubber (EPR) syn-
thesized by a short-period polymerization method were examined using differential
scanning calorimetry, atomic force microscopy, dynamic mechanical analysis, and a
rheooptical technique. It was found that the novel block copolymers show a single glass
transition and EPR segments are trapped into the amorphous region of PP. Further-
more, the rheooptical analysis demonstrates that a drawing process of the EPR-rich
block copolymer induces orientation of the PP lamellae in the EPR matrix. © 1999 John
Wiley & Sons, Inc. J Appl Polym Sci 74: 958-964, 1999
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INTRODUCTION

In a previous paper,’ we demonstrated the possi-
bility of preparing diblock copolymers of isotactic
polypropylene (designated as PP) and ethylene—
propylene random copolymer (designated as EPR)
with a short-period polymerization method. It
was determined that the short-period (or stopped-
flow) polymerization makes it possible to perform
“quasiliving polymerization” during a very short
period (up to about 0.2 s) in such a way of avoiding
chain-transfer reactions.> * The formation of a
block structure, in which EPR is chemically
linked with PP, has been suggested from the ex-
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perimental facts’ that molecular distribution
curves in gel-permeation chromatography (GPC)
are unimodal and the EPR component exists on
13C-NMR spectra after extraction with heptane.

The block copolymers of PP and EPR have been
assumed to have the potential of improving the
low-temperature toughness of PP.°~ Very little is
known, however, regarding the morphology, ther-
mal behavior, and mechanical properties of
diblock copolymers of PP and EPR because of the
lack of complete diblock copolymers of PP and
EPR. In this work, we examined the morphologi-
cal characteristics and the melting and mechani-
cal behaviors of the present copolymers using
atomic force microscopy, differential scanning cal-
orimetry, dynamic mechanical analysis, and in-
frared dichroism in combination with stress—
strain measurements.



Table I Characterization of Polymers
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Composition Ethylene®
- Content T,, Density Crystal
Polymer PP EPR M, x 10°* M, /M, (mol %) (K) (kg m~®) Form

PP 100 — 2.9 3.0 — 435 911 Monoclinic
EPR — 100 3.2 3.3 39.5 — 870 —
PP-b-EPR 75 25 5.1 3.2 17.2 434 899 Monoclinic
PP-6-EPR 50 50 4.2 3.0 25.7 433 892 Monoclinic
PP-6-EPR 25 75 3.6 3.0 29.7 428 886 Monoclinic

2 Determined by gel permeation chromatography, PP standard.

» Determined by >C-NMR.

EXPERIMENTAL

Materials

The block copolymers of PP and EPR (designated
as PP-b6-EPR) were synthesized by a short-period
polymerization method. The polymerization was
carried out for about 0.1 s with a MgCl,-sup-
ported Ziegler catalyst in toluene at 303 K. The
length of each sequence was controlled by chang-
ing the polymerization times. For comparison, the
PP homopolymer and EPR copolymer were also
prepared using the same polymerization process.
Details of the polymerization procedure were
shown in the previous paper.}

The molecular characteristics of the polymers
used in this study are summarized in Table I. The
molecular weight and its distribution were deter-
mined using a high-temperature GPC instrument
(Senshu SSC-7100) with o-dichlorobenzene
(ODCB) as a solvent at 413 K. The ethylene con-
tent in the samples was determined by *C-NMR
spectra using a Varian Gemini-300 spectrometer.

Sample Preparation and Characterization

For the mechanical measurements, the samples
were melt-pressed in a laboratory hot press at 463
K and at 12 MPa. The film specimens were pre-
pared by quenching from the melts into an ice-
water bath. The thickness of the compression-
molded films was adjusted to a suitable thickness
to suit the intended experiment. The results of
the film characterization are also included in Ta-
ble I.

The crystal form of the film specimens which
were used for the mechanical measurements was
examined by wide-angle X-ray diffraction
(WAXD). The measurements were carried out at a
scanning speed of 1°/min over a 260 range from 8°

to 40° using a WAXD instrument (Rigaku RINT-
2000).

Densities of the specimens were determined by
a floatation method.® A binary medium prepared
from various ratios of distilled water and ethyl
alcohol was used.

DSC measurements were carried out using a
Mettler Tredo calorimeter DSC820 that was cal-
ibrated for temperature and melting enthalpy us-
ing indium as a standard. The samples of about
10 mg weight sealed in aluminum pans were used
for the measurements. The samples were heated
from 170 to 500 K at a scanning rate of 10 K/min
under a nitrogen atmosphere.

Measurements
Mechanical Properties

The measurements of the linear dynamic me-
chanical properties were made using a dynamic
mechanical analyzer (Rheology DVE-V4) on film
specimens of the following dimensions: length 20
mm, width 5 mm, and thickness 0.3 mm. The
dynamic tensile moduli, the storage modulus E’,
the loss modulus E”, and the loss tangent tané
(=E"/E") were measured between 120 to 430 K at
a constant frequency of 10 Hz and a heating rate
of 2 K/min.

We have developed a rheooptical system®'2 to
elucidate the deformation mechanism for film
specimens. In the present study, infrared dichro-
ism was measured simultaneously with the ten-
sile load during stretching of the film specimen.
The apparatus is based on a previous one de-
scribed elsewhere.?

A tensile tester was set in a Fourier-transform
infrared (FTIR) spectrometer (JASCO FT-IR500)
in such a way as to allow an infrared beam to go
through a central point of the film mounted on the
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tensile tester. The tensile tester was designed for
upper and lower clamps to symmetrically move
from the central point or the beam point in the
film. The film specimens were cut into a dumbbell
shape with 100 um thickness in which the gauge
length was 10 mm. The tensile strain was calcu-
lated from the ratio of the increment of the length
between clamps to the initial gauge length. The
tensile stress was determined by dividing the ten-
sile load by the initial cross section. The cross-
head speed was 1 mm/min in all cases.

The orientation function of the c¢ crystallo-
graphic axis (c-axis) with respect to the stretching
direction for PP can be determined from the di-
chroic ratio D for the 998 cm ' absorption
band.!314

Supermolecular Structure

The spherulitic and lamellar morphologies were
investigated using an Olympus DP-10 polarizing
optical microscope (POM) and a Digital Instru-
ments Nanoscope III multimode atomic force mi-
croscope (AFM). The AFM applied in the tapping
mode'® was used with integrated silicon tips and
cantilevers with a nominal spring constant of 30
N/m. Height, amplitude, and phase data were
recorded. Of these three types, the phase images
had usually the finest details of the surface struc-
ture for the samples prepared by the below pro-
cedure.

To examine the morphological feature and
characteristics of the PP-6-EPR samples, we pre-
pared the samples using the following experimen-
tal procedure: One to two drops of the polymer
samples dissolved in the ODCB solution at a con-
centration of 0.5% were deposited on the surface
of glass slides placed on the hot stage at the
temperature 410-430 K. After the evaporation of
the solvent during, in 1 min, the thin films were
placed in the another hot stage at 400 K for crys-
tallization for a time in the range of 10-30 min.
Some commercial antioxidants were used with
the concentration in the dry polymer samples of
0.1%.

RESULTS AND DISCUSSION

Figure 1 represents the AFM phase images of the
prepared samples’ regions with pronounced la-
mellar structure. The crosshatching, which is typ-
ical for quadrite structures,'® and the a-form
spherulites as seen in the PP'” homopolymer may

(8 (b)

Figurel AFM phase images of (a) PP-6-EPR(75-25);
(b) PP-6-EPR(50-50); and (¢) PP-b-EPR(25-75). The
scan size is 2 um for the (a) and (b) images, and 8 um
for (¢) image. Contrast (from dark to bright) covers the
height variations of phase angle in the range of 15° for
(a) and (b) images, and 90° for (c) image.

be clearly seen for all three PP-6-EPR samples.
The POM images of three block copolymers were
poorly pronounced and contained usually no
sharp boundaries between the spherulites which
were of a small size (10—20 wm). It was possible,
nevertheless, to determine that the sign of bire-
fringence for all the structures was always posi-
tive. This fact suggests the existence of a well-
developed cross-hatching structure with the char-
acteristic angle of 80°, resulting in positive
birefringence.!” It may be seen also that the long
period, L,, of these structures monotonically in-
creases with increase of the EPR weight fraction:
These values are about 25 + 5, 40 = 10, and 60
+ 20 nm for the PP-b6-EPR samples with an EPR
content 25, 50, and 75%, respectively. It should be
noted here that the average values from AFM
may not the same as in the bulk because the AFM
images basically reflect the lamellar morphology
on the surface.'®

A relatively large dispersion of L, is noticed for
the PP-6-EPR(25-75) sample, due to that lamellae
or lamellar agglomerates are randomly dispersed
in the noncrystalline matrix. One more important
result concerning the difference in phase images
among these three block samples is that the



phase contrast of the PP-6-EPR(25-75) covers the
range of about 70° in comparison to 10°-12° for
the PP-b6-EPR(75-25) and PP-b-EPR(50-50) im-
ages. This fact suggests that the PP-6-EPR(25—
75) shows a much greater energy dissipation dur-
ing scanning'® on the amorphous EPR regions
[dark portions in Fig. 1(c)] because of its higher
EPR content.

These surface morphological features of PP-b-
EPR may be due to that the crystallizable PP part
is linked with the noncrystallizable EPR part.
However, the morphology profile will be depen-
dent on the crystallization processes such as the
crystallization temperature and time. Details of
the crystallization mechanism of these block co-
polymers will be reported in the near future.

The melting behavior was investigated by DSC
at a rate of 10 K/min on the PP and various
PP-b-EPR samples crystallized at different cool-
ing rates from —20 to —1 K/min. As shown in
Figure 2, the PP and PP-b-EPR(75-25) block
films which have been rapidly cooled exhibit a
lower melting temperature and bimodal melting.
At lower cooling rates, the crystal thickening oc-
curs, leading to more perfect crystals due to time
for the reorganization or rearrangement of the PP
crystals. A similar result is commonly observed
for other melt-crystallized polymers as well as for
the PP/EPR blends. Oppositely, for the PP-b-
EPR(50-50) and PP-6-EPR(25-75) blocks (see
Fig. 3), the slow-cooled state has thinner crystals
to a much greater extent than the quenched state.

Recent experimental®°—2* and theoretical®>%¢
studies have demonstrated that an equilibrium
morphology of crystalline—amorphous diblock co-
polymers, having relatively low molecular weight,
is thermodynamically favorable for the accommo-
dation of the amorphous component to reside be-
tween lamellae. This is because the free-energy
reduction is not so large such that crystallization
can readily overcome the energy barrier to dis-
rupt the phase-separated morphology.?!:?2

In the case of the EPR-rich blocks, the slow-
cooled procedure induces aggregation of the EPR
phase and this leads to a disturbance of the re-
crystallization or rearrangement process of the
PP crystal. In other words, the crystalline state is
disturbed by the segregation process of incompat-
ible components that are chemically linked. On
the other hand, the reorganization of the PP crys-
tals in the “PP-rich” block film overcomes the
segregation process of the PP and EPR compo-
nents because of the longer crystallizable PP
block. Consequently, such competitive effects of
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Figure 2 DSC melting thermograms of PP and PP-b-
EPR(75-25) block copolymer measured on heating rate
of 10 K/min. The samples are prepared by cooling rates
of —1, —5, —10, and —20 K/min.

crystallization and phase separation seem to be
associated with the block formation of the present
copolymers prepared by the short-period polymer-
ization method.

The temperature dependencies of E’ and E” of
the PP-6-EPR(50-50) block film are shown in Fig-
ure 4. For comparison, the dynamic mechanical
spectra of the PP and EPR samples prepared us-
ing the present equipment (see Table I) are also
added to this figure. As is well known, the PP/
EPR blend films have a phase-separated morphol-
ogy so that there are apparently two peaks of E”
in the temperature range from 200 to 300 K, in
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Figure 3 DSC melting thermograms of PP-b-
EPR(50-50) and PP-b6-EPR(25-75) block copolymers
measured on heating rate of 10 K/min. The samples are
prepared by cooling rates of —1, —5, —10, and —20
K/min.

which the higher-temperature peak at around
275 K corresponds to the glass transition, 7, of
the amorphous region of PP, and the lower relax-
ation peak around 220 K corresponds to the T, of
the EPR component.?’ The present block copoly-
mers, having no macroscopical phase separation,
show a very broad relaxation peak between the
two relaxation peaks of the PP and EPR segments
in the dynamic mechanical spectra, which are
reminiscent of the characteristics of the compati-
ble blends.?” In addition, it was found that the
activation energy of the relaxation process for
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Figure 4 Temperature dependence of mechanical
storage modulus (E’) and loss modulus (E”) at 10 Hz for
a quenched PP-6-EPR(50-50), PP, and EPR films.

PP-b-EPR (50-50)

1010 T T T ™ T ™ 0.5
Z O Quenched
@® Slow-Cooled
10° 104
Q(_U qUa
= 108 F 703
w 7o)
g 3
< 107 | 102 &
L
10° | q0.1
105 [l 1 1 1 1 [l O
100 200 300 400

Temperature /K

Figure 5 Comparison of temperature dependence of
mechanical storage modulus (E’), loss modulus (E"),
and loss tangent (tand) at 10 Hz between a slow-cooled
PP-6-EPR(50-50) film (closed symbols) and a quenched
PP-6-EPR film (open symbols).
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Figure 6 Strain dependence of orientation function
(O) for the 998 cm ™! band and the stress—strain curve
(solid line) for PP-6-EPR(25-75) film, including the ori-
entation function (@) and stress—strain curve (dotted
line) for a binary (25/75) blend of commercial PP and
EPR grades.?”

PP-b-EPR was 230 kd/mol, which is intermediate
between those of PP (270 kJ/mol) and EPR (210
kd/mol). According to transmission electron mi-
croscopy observations, the PP-6-EPR block film
was also found to exhibit no phase separation as
seen in the PP/ERP belnds.?” These results indi-
cate that the EPR molecules are trapped into the
amorphous region of PP.

To examine the annealing effect of the dynamic
mechanical behavior, we prepared a slow-cooled
PP-b-EPR block film which was crystallized by at
cooling rate of 2 K/min in a hot press. Figure 5
compares the dynamic mechanical spectra of
quenched and slow-cooled PP-b6-EPR(50-50)
films. The T, relaxation peak of the slow-cooled
films was found to be shifted to a lower tempera-
ture than that of the quenched one. Furthermore,
a broad dispersion in the range from 300 to 400 K,
which is ascribed to intracrystalline chain motion
and rearrangement of the slow-cooled PP-b-
EPR(50-50) film, shows a slightly lower temper-
ature shift than that of the quenched film. Oppo-
sitely, as is typical for semicrystalline polymers,
but not presented here, the slowly cooled crystal-
lization process leads to a shift of these disper-
sions of PP and “PP-rich” PP-6-EPR(75-25) block
films to higher temperatures. These annealing
effects of the dynamic mechanical spectra also
suggest that the EPR molecules are trapped into
the amorphous region of PP.

The orientation behavior of the chain axis (c-
axis) in the crystalline region was investigated by
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a simultaneous measurement of the tensile load
and infrared spectra as a function of the strain or
elongation time. The rheooptical results of PP-b-
EPR(25-75) are shown in Figure 6. The other
block samples such as PP-b-EPR(75-25) and PP-
b-EPR(50-50) were too brittle to be elongated for
the rheooptical measurements. The drawability of
the PP-6-EPR(25-75) film is due to that the PP
phases are surrounded by the rubbery EPR ma-
trix. For comparison, the data for the binary
blend of PP and EPR, which are commercial
grades, are also shown in Figure 6.

As seen in Figure 6, the elongation of the PP-
b-EPR film induces the orientation of the PP
chains and this leads to a yield point in the
stress—strain curve despite of its higher EPR con-
tent. It is of interest to note that the yield stress
of PP/EPR(25/75) is one order of magnitude less
than that of typical PP homopolymers, yet PP/
EPR(25/75) showed no yield point and no PP ori-
entation. The deformation and orientation behav-
ior of PP-5-EPR(25-75) mean that the external
force exerts directly on the PP phase through the
matrix EPR segments. This suggests that the PP
part is chemically linked with the EPR part, be-
cause PP-b-EPR(25-75) displays a clear yield
point, and its stress—strain curve is similar in
shape to the curve of PP homopolymers. The PP-
b-EPR shows a negative c-axis orientation in the
initial strain region. The magnitude and the
strain region of the negative c-axis orientation are
much greater than those of PP homopolymers.'?
This is due to that the lamellar orientation and
rotation forced by deformed EPR parts cause the
chain axis in the PP crystals (c-axis) to orient
perpendicular to the stretching direction. In the
higher-strain region, the rotation and orientation
of the fragmented lamellae occurs beyond the
yield process so that the orientation of the c-axis
becomes progressively greater with increasing
strain.

CONCLUSIONS

Some novel block copolymers consisting of PP and
EPR sequences were synthesized by a short-pe-
riod polymerization method. In the present study,
the DSC thermograms, AFM observation, dy-
namic mechanical spectra, and rheooptical prop-
erties for the novel block copolymers were inves-
tigated. These experimental results supported
the block formation of the novel copolymers. It
should be noted that the molecular basis of the
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mechanical properties of the novel block copoly-
mers is much different from that of the corre-
sponding blends. This indicates that the addition
of the copolymers has a potential to modify the
mechanical properties of PP/EPR blends. Accord-
ingly, it is very interesting to examine whether
the present block copolymers can be used as com-
patibilizing agents for PP and EPR blends. In the
near future, the additive effects of the block co-
polymer on the tensile properties of PP/EPR
blends will be reported.
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