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ABSTRACT: Isotactic polypropylene (PP) was found miscible on a molecular level with hydrogenated polybutadiene
(hBR). As there is a possibility of using this blend for designing new types of thermoplastic elastomer (TPE), mechanical
properties were measured with the emphasis on elastic behavior. The best elastomeric behavior was found for blends
crystallized at room temperature (26°C), while poor elastomeric properties with high modulus were found for blends
crystallized at high temperatures (e.g., 1207C). Elastic properties of blends quenched to low temperatures (e.g., 0C—
—73°C) were slightly worse. Transmission electron microscopy showed that the blend crystallized at the high tempera-
ture had a crosshatch lamella structure, while the blends crystallized at lower temperatures (below room temperature)
had only small fragmented lamellar crystallites. The latter structure of PP is very unique and can be found only under
special conditions. The essential may be the presence of high molecular weight impurity, which prevents formation of
crosshatch lamellar structure at the high supercooling depths. Fragmented crystals then probably function as tie points
for amorphous chains so that good elastomeric behavior can be achieved. There is a certain possibility of improvement in
elastic properties, by annealing quenched samples at high temperature close to melting point of PP. In this case, the

crystallinity and size of lamellae increased, while the fragmented character of lamellae was preserved.
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One can prepare the polyolefinic thermoplastic elasto-
mer (TPE) by dynamic vulcanization of the blend of poly-
propylene (PP) with ethylene-propylene rubber (EPDM);
e.g., by melt-mixing a 40/60 PP/EPDM blend in the pres-
ence of curatives, such as sulphur, accelerators and per-
oxides.}? This process yields a two-phase material in
which cured EPDM particles with a diameter of a few
um are dispersed in PP matrix. There have been several
approaches to explain the elastic behavior of this blend.
One is analysis of deformation mechanism of the two-
phase system by the finite element method (FEM).? In
this FEM analysis, the matrix is implicitly assumed to
consist of neat PP. However, the matrix may be a mix-
ture of PP and EPDM.

Most pairs of dissimilar polymer are immiscible in a
quiescent state. At high shear rates, however, the LCST
(lower critical solution temperature) shifts to higher
temperatures and thus one-phase mixture is achieved at
high shear rates.* ® In polyolefinic blends, Sano et al.
found a regularly phase-separated structure with peri-
odic distance of about 150 nm in injection-moulded blend
of PP with high-density polyethylene (PP/HDPE 60/40).
This structure can be achieved only by spinodal decom-
position mechanism (under zero shear rate in mould)
from a single-phase mixture attained (by UCST depres-
sion or LCST elevation) in high shear fields in an injec-
tion moulding machine (UCST-upper critical solution
temperature).’

Yang et al. found that the matrix in commercial polyo-
lefinic TPE, Santoprene®, is probably composed of PP/
EPDM blend. This implies that the matrix is less ductile
and more elastomeric than neat PP. In rubber particles
the lamellae of PP were found. Thus, partial miscibility
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between those two components seems caused by high
shear field during the dynamic vulcanization.®

Otsuka et al. found that hydrogenated poly(styrene-
co-butadiene) is miscible with PP above the melting
point of PP even at quiescent condition. This could be a
good model blend for the matrix of commercial TPE.
However UCST was found at around 100C. A two-phase
structure is thus formed with periodic distance about 40
nm. This blend shows very good elastomeric properties
and can be called as a new type of TPE. However, the
structure is still rather complicated, because crystalliza-
tion is probably affected by spinodal decomposition.*

Recently we found that PP is completely miscible with
hydrogenated polybutadiene (hBR) above the melting
point of PP and the UCST or LCST type of phase bound-
ary does not exist. The situation is simpler; i.e., the
single-phase melt can be crystallized without liquid-lig-
uid phase separation and crystallized blend could be a
nice model system for the matrix of TPE. The aim of this
study was at first to find the effects of hBR (high molecu-
lar weight impurity) on mechanical properties for blends
crystallized at different crystallization temperatures
and secondly to find the relationship between mechani-
cal properties and the crystalline morphology. The elas-
tic behavior was tested at tensile test machine by meas-
uring the residual strain after stretching to desired
strain. For morphology analysis, transmission electron
microscopy (TEM), wide-angle X-Ray diffraction (WAXD)
and differential scanning calorimetry (DSC) were con-
ducted.

EXPERIMENTAL

Isotactic polypropylene (PP) was obtained from Mitsui
Chemicals Inc. (J 3 HG, M,,=3.5%X10% g mol ! and M=
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5X10* g mol~!). Hydrogenated polybutadiene (hnBR) was
a special sample prepared by JSR Co. Ltd. (M,, =3 X 10°
g mol !; ethylene/butene molar ratio=20/80, degree of
hydrogenation > 97%).

PP and hBR were melt-mixed (charge 0.7 g) at 200C
for 7min at 100 rpm in a miniature mixer, Mini-Max
Moulder (model CS-183 MMX, Custom Scientific Instru-
ments, Inc.). Three blend ratios were used . PP/hBR 75/
25, 50/50, and 25/75 in wt. ratio. The melt-mixed blend
was extruded and compression moulded to a thin sheet
of 0.2 mm thickness at 200°C. The moulded sheet was
quenched in various ways: dry ice-methanol (—73T),
ice-water (0C), water (26C), or put into annealing box
set at different crystallization temperatures (60°—140
C). Neat PP specimens with same thermal histories
were prepared as control samples.

Tensile stress—stain curves were measured at room
temperature with a tensile testing machine, Tensilon
UTM-II-20 (Toyo Baldwin Co. Ltd.) with a crosshead
speed of 2 mm min ™!, After the pre-set strain was at-
tained, the crosshead returned at the same speed as
stretching. After the strain reached zero, the sample was
released from the clamps and residual strain was meas-
ured at certain intervals.

For transmission electron microscopy (TEM), the spec-
imens were stained with ruthenium tetroxide (RuO,) va-
pour for 30 min at 50C. The stained specimen was mi-
crotomed to obtain an ultrathin sections of ca. 70 nm th-
ickness using an ultra-cryomicrotome (Ultracut N: Re-
ichert-Nissei) at —70°C. The structure in section was ob-
served with a JEOL electron microscope, JEM-100 CX.

In a differential scanning calorimeter (Seiko Instru-
ments—EXSTAR 6000), the specimens were heated in ni-
trogen atmosphere. In case of linear temperature in-
crease the rate was 10C min~!. The melting tempera-
ture was obtained from the minimum and enthalpy of fu-
sion from the area of the endothermic peak. Crystallin-
ity, X, was calculated by X,=AH */AH,,, where AH * is
the enthalpy of fusion per gram of PP or that in the
blend and AH,, is the heat of fusion per gram of 100%
crystalline PP (=209 J g~ 1).!! In case of TMDSC (tem-
perature modulated differential scanning calorimetry)
experiment,'? the temperature increased in sinus func-
tion; T =Ty+bt +Bsin(wt), where T, is the starting
temperature (100C), ¢ time, b heating rate (2C min™1),
o frequency (0.04 Hz) and B amplitude (0.5C). Fourier
transform treatment of the measured response was used
for data deconvolution.

WAXD pattern was observed by Rigaku Denki RU-200
X-Ray diffraction apparatus using scintillation counter
system. Radiation from the Cu anode was reflected from
a graphite monochromator to obtain monochromatic Cu-
K, radiation with a wavelength of 0.1541 nm. The gen-
erator was operated at 50 kV and 180 mA.

RESULTS AND DISCUSSION

Figure 1 shows the stress—strain behavior of 50/50 and
25/75 PP/hBR blends. The blends were stretched to 50%
elongation and then the movement of clamp was re-
versed at the same speed. The inserted small picture
shows the curve for neat PP. Even though the tempera-
ture of quenching medium was very low (—73C), the
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Figure 1. Typical stress—strain curves for quenched blends in
comparison with pure PP.

200
PP/hBR (50/50), T =26°C
after stretching to:
X150 ¢ ~/— 200%
£ —{ 100%
£ —o— 50%
% 100 [
=
=
o] I
2 L
& 50
—{ ]
0 P e Q)
0 5 10 15 20 25
Resting time / h

Figure 2. Residual strain after release from 200, 100, or 50%-
elongation as function of resting time.

curve for PP shows clear yielding behavior with plastic
deformation starting at about 8%-elongation. The resid-
ual strain of the neat PP is very high (43%), suggesting
big plastic deformation. For immiscible blends with PP,
similar curves with yielding point were obtained.’® In
contrast, for blends with miscible hBR, there is no yield-
ing point and residual strain &, is much smaller com-
pared to neat PP. Residual strain decreases with resting
time at room temperature, as shown in Figure 2.

In Figure 2 the residual strain is plotted as it was
measured at certain time intervals. Steep recovery oc-
curs during the first hour of resting, and then the recov-
ery speed decreases. After 24 h, the value did not change
any more. Hence, the value of residual strain after 24 h
should be compared for various blend compositions, ap-
plied strains and crystallization temperatures. Note that
the recovery of neat PP was quite small (from 175 to
170% during 24 h, after stretching to 200%).

The influence of hBR content on residual strain is
shown in Figure 3. The lowest residual strain values
were found for blends containing 50 and 75% hBR after
stretching to 50%-elongation. £, was about 4 and 2%, re-
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Figure 3. Residual strain vs. blend composition.
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Figure 5. Residual strain vs. crystallization temperature T, for
two blend compositions.

spectively.

Residual strain is plotted as a function of applied
strain for blends with different blend compositions in
Figure 4.
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Figure 6. (a)—(c) TEM micrographs of PP/hBR (25/75) blends
crystallized at high temperatures: (a) 100C, (b) 120C, and (c) 140
C; (d) neat PP crystallized at 140C.

Figure 5 shows optimum crystallization condition to
get best elastic properties. The results of two blends
stretched to 50%-elongation are shown. Optimum tem-
perature of cooling medium is around room temperature.
Crystallization at high temperatures is very harmful for
elasticity. When the blend is crystallized at very low
temperatures (—73C) , elasticity gets a little bit worse,
but the blend still remains elastic.

It is well known that the PP spherulite consists of
crosshatched lamellae; i.e.,, subsidiary lamellae grow
tangentially to the radiating primary lamellae.'* The
fraction of subsidiary lamellae in PP spherulite is high
at a low crystallization temperature 7, and decreases
with Tc.1?

Figure 6 shows three TEM micrographs (a—c) of blend
containing 75% of hBR crystallized at high tempera-
tures. The crosshatch lamellar structure is seen. The la-
mellae are very long and thickness is about 10, 12, and
14 nm for crystallization temperatures 100, 120, and 140
C, respectively. For comparison, TEM of neat PP crys-
tallized at 1407C is shown in Figure 6d. In contrast to
the blends, lamellae prefer parallel alignment and are
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Figure 7. TEM micrographs of PP/hBR (50/50) blends quenched
to low temperatures: (a)—73C, (b) 0C, and (¢) 26 T.

Table I. Melting point T, crystallinity X, apparent crystal size
D and morphology as function of crystallization temperature T.;
obtained by DSC, WAXD, and TEM analyses

TJC T./C X /% D/mm  Morphology

—73 159.8 15.3 5.4  Fragmented

0 161.3 18.3 10.0  Fragmented

26 161.5 218 13.9  Fragmented

140 164.2 28.0 15.0  Crosshatch

0C +annealing at 140C  161.7 22.8 12.7  Fragmented

very close together. The well-developed crosshatch la-
mellar structure may be harmful for good elastic proper-
ties, because by bulk deformation a plastic deformation
of the lamellae would occur.

Figure 7 shows three TEM micrographs of blends con-
taining 50% of hBR quenched to low temperatures.
There are no long crosshatch lamellae but only round
particles (bright domains). The round particles could be
assigned to PP crystallites, since the crystallites should
be less stained by RuQ,. Diffraction peaks of WAXD
from the blend (see Figure 11) appeared at exactly the
same diffraction angles as for neat PP. The melting tem-
peratures T, by DSC were very close to T}, of neat PP
(Table I). These results clearly support that even in the
blends quenched to very low temperatures, PP crystals
do exist, and are observed as round particles under
TEM. From the broadness of WAXD profile, apparent
crystal size (D) may be estimated by the Scherrer equa-
tion.'® Crystal size in the perpendicular direction to the
[110] plane was estimated from a peak at 26 =14.16".
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Figure 8. Schematic picture of the fragmented lamellar crystal-
lites.
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Figure 9. Comgarison of elastic behavior of Santoprene,“ﬁ; # 50/50
PP/hSBR blend,™ 50/50 PP/hBR blend, and neat PP.

Apparent crystal size in the blend quenched to low tem-
perature (—73C and 0C) is quite small. This is consis-
tent with TEM observation (Figures 7a and 7b). Then,
we call them “fragmented lamellar crystallites”, because
crystal growth to big lamellar crystals would be sup-
pressed by the presence of high molecular weight impu-
rity (hBR). The structures of fragmented lamellar crys-
tallites may be depicted as in Figure 8. The fragmented
lamellar crystallites may function as tie points for amor-
phous chains to provide a good elastic behavior.

When the blend was quenched to room temperature
(Figure 7c), crystal size was slightly bigger. For this
blend, optimum elastic properties were found. From re-
sults in Figures 5—7 and Table I, one can conclude that
there is an appropriate crystal size to achieve good elas-
tic property; i.e., when crystals are too small or too large,
it is not good for elastic behavior.

Finally, it is interesting to compare elastic behavior of
PP/hBR blend with that of the PP/hSBR blend which
contains non-crosslinked rubber particles of size 20 nm,
and with that of a commercial TPE Santoprene®, which
contains crosslinked rubber particles 1—3 ym. The com-
parison is shown in Figure 9. The PP/hSBR blend and
Santoprene® have better elastic behavior than PP/hBR;
i.e., by the presence of rubber particles the elastic behav-
ior seems to be improved. The favourable contribution of
rubber particles to elastic behavior can be due to volu-
metric strain of the rubber phase with high Poisson’s ra-

Polym. J., Vol. 32, No. 11, 2000
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Figure 11. 'WAXD curves of PP/hBR (50/50) blends.

tio (~0.5; very small volumetric change with bulk defor-
mation), as has been discussed by finite element meas-
urement (FEM) analysis.!” However, one can under-
stand that the contribution is minor, if one compares
with the strain recovery of neat PP. Major contribution
is from the elastic nature of matrix in PP/hSBR and San-
toprene®, which originates from the characteristic mor-
phology of “fragmented PP crystallites” as in the case of
PP/hBR blend.

APENDIX

More fragmented crystallites formed by quenching to
very low temperatures (0C, —73°C) render less elastic
behavior (see Figure 5 and Table I). The less ordered
crystallites thus may not play the role of tie points, since
they easily undergo plastic-deformation by bulk defor-
mation. If crystallites get more ordered state by thermal
annealing, elastic properties may improve.

Figure 10 shows the results of TMDSC analysis for
samples crystallized at 140°C and —73°C. Conventional
DSC showed curves similar to TOTAL curves in this Fig-
ure. In TOTAL curves, there is only difference in heat of
fusion (area below the peak). On the NONREVERSE
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Figure 12. TEM micrograph of PP/hBR (50/50) blend quenched
to 0°C and then annealed 17 h at 140C.
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Figure 13. Residual strain vs. applied strain of PP/hBR (50/50)
blends of blend quenched to 0T in comparison with blend
quenched to 0C and then annealed to 140°C.

curve the exothermic peak (shewn by arrow) is seen for
blend quenched to —73°C. It suggests that when the
quenched blend was heated above 120C, recrystalliza-
tion took place. The reference sample crystallized at 140
C does not show any exothermic peak, implying that the
well-crystallized lamellae had been formed. Recrystalli-
zation in the blend quenched to —73C may involve
healing of defects and increase in crystal size.

To investigate the effects of recrystallization on crys-
tal structure and elastomeric property, a 50/50 blend
was first quenched to 0°C, and annealed for 17 h at 140
C. In Figure 11 WAXD curves before and after the an-
nealing are shown. With annealing, crystallinity in-
creased from 18.3 to 22.8% and apparent crystal size in-
creased from 10.0 to 12.7 nm. The structure of the blend
after annealing by TEM is shown in Figure 12. At the
upper right, there is a white stripe of the size approxi-
mately 7 X35 nm (shown by arrow), showing clearly that
the size of fragmented lamellae increased with anneal-
ing. TEM also shows that fragmented character of lamel-
lae still remains even after annealing. The fragmented
lamellae thus cannot grow to crosshatch lamellae as in
the case of neat PP. Figure 13 shows the strain recovery
behavior of the blend before and after annealing. There
is a small improvement possibly caused by ordering in
crystal structure.
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CONCLUSION

PP/hBR blends served as a model for explanation of
the elastic behavior of polyolefinic TPE containing PP.
There is a big difference in structure and properties for
neat PP and PP/hBR blend. Regardless of crystallization
temperature, PP shows always yielding point, i.e., plas-
tic deformation after stretching even to small deforma-
tion. In neat PP, crosshatch lamellar crystals were al-
ways formed. For PP/hBR blend, elastic properties are
highly affected by crystallization temperature. Optimum
in temperature of cooling medium was around room tem-
perature. In this case the formation of long crosshatch
lamellae was prevented and small fragmented crystal la-
mellae were formed. Fragmented crystallites function as
tie points for amorphous chains to render good elas-
tomeric behavior. There is no yielding point in stress—
strain curves for those blends. Elastic behavior can be
improved by annealing the blend at higher temperature
(after quenching), when the crystal size increases, but
the fragmented character remains. When the blend crys-
tallizes at high temperature, large crosshatch lamellae
are formed and the blend shows very poor elastic proper-
ties.
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