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Morphology and phase behaviour of blends
of syndiotactic and isotactic polypropylene:
2. Differential scanning calorimetry, light
transmission measurements, and PVT

measurements

Ralf Thomann, Jorg Kressler*, Bernd Rudolf and Rolf Milhaupt
Freiburger Materialforschungszentrum und Institut flir Makromolekulare Chemie der Albert-
Ludwigs-Universitit Freiburg, Stefan-Meier-Str. 31, 79104 Freiburg i. Br., Germany
(Received 8 August 1995, revised 6 October 1995)

Blends of isotactic and syndiotactic polypropylene were studied by differential scanning calorimetry (d.s.c.),
light transmission measurements and pressure—volume—temperature (PVT) measurements. D.s.c.
measurements show the absence of any kind of melting point depression in the blends. Furthermore, the
change of the ratio of crystallized i-PP and crystallized s-PP in the blends as a function of crystallization
temperature is discussed. PVT and light transmission measurements reveal that the rate of crystallization
depends stronger on the crystallization temperature for i-PP than for s-PP. Thus at higher degrees of
supercooling the crystallization of i-PP is faster and at lower supercoolings s-PP is able to crystallize faster.

Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

In the first part of this contribution, it has been shown
that blends of isotactic polypropylene (i-PP) and
syndiotactic polypropylene (s-PP) crystallize separately
and that they are also immiscible in the melt!. This was
demonstrated by X-ray measurements and different
microscopic techniques. This part deals mainly with the
calorimetric and dilatometric properties of the blends of
i-PP and s-PP during the crystallization process.
Additionally, light transmission measurements are
carried out in order to study the kinetics of the melting
and crystallization processes.

EXPERIMENTAL
Materials and blend preparation

The materials, their characteristic data, and the blend
preparation were described in full detail in the first part
of this work!.

Light microscopic measurements

The samples for measurements of the relative light
intensity between crossed polarizers were made by
melting the powder between two cover glasses. The
layer thickness was about 40 um. The samples were held
for 10min at 180°C and then quenched to the crystal-
lization temperature with a rate of 30°C min~"'. The light
microscopic investigations were carried out with an

* To whom correspondence should be addressed

Olympus-Vanox AH2 microscope and a Linkam TMS 90
hot stage that allows observation during isothermal
crystallization. The light intensity between crossed polar-
izers was measured with a photocell in the microscope, and
normalized. This means that the constant light intensity
after long crystallization times was taken as 100% and the
initial value as 0%. A video camera was used in order to
measure the spherulite radius of i-PP as a function of
crystallization time. This resulted in straight lines and the
slope is the spherulite growth rate.

Differential scanning calorimetry

D.s.c. measurements were carried out with a Perkin
Elmer DSC 7 apparatus. The isothermally crystallized
samples were quenched to room temperature and then
heated to 200°C with heating rates of 10°C min~!,
20°Cmin~! and 30°Cmin".

Pressure—volume—temperature measurements

The PVT data were obtained using a Gnomix PVT
apparatus®. The sample cell was filled with 1 g of the neat
polymers and with 1g of the blend, respectively, and
mercury. The cell was closed on one end by flexible
bellows, and the volume change as a function of time was
measured at 10 MPa and isothermally at 140°C.

RESULTS AND DISCUSSION

Figure 1 shows a hysteresis curve of the melting and
crystallization process of neat i-PP, neat s-PP and
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Figure 1 Hysteresis curves of the meiting (upper curves) and crystal-
lization (lower curves) of i-PP/s-PP blends having different composi-
tions and the corresponding neat polymers obtained by measuring the

relative light intensity in an optical microscope using crossed polarizers.
The heating and cooling rate was 10°C min ™'

different blends obtained by measurements of the relative
light intensity of the samples between crossed polarizers
applying heating and cooling rates of 10°Cmin '. For
the neat s-PP the melting and crystallization is reflected
in a continuous decrease and increase, respectively. of the
relative light intensity. The change in the intensity is
caused by the crystallization and melting process,
respectively, which yields or erases chainfolded crys-
tallites able to change the plane of the polarized light”.
The upper curves always represent the melting process
and the lower curves the crystallization process. The i-PP
sample shows a different behaviour. Shortly before the
melting process is finished, an increase in the relative
light intensity occurs. This increase can be explained by a
transition from type I to type II spherulites’. The
transition is connected with the melting of daughter
lamellae, i.e. the cross hatching disappears, and the
formation of more perfect lamellae forming the type 11
spherulite*. The stepwise transition in the crystallization
curves depends on the blend ratio and is discussed below.

Figure 2a shows d.s.c. traces for a 50:50 wt% blend
isothermally crystallized at different temperatures. The
heating rate was 20°C min~'. At crystallization tempera-
tures of 115 and 120°C the d.s.c. traces show a single
melting peak with a small shoulder at higher tempera-
tures. Applying higher crystallization temperatures
(ranging from 125 to 135°C), this shoulder shifts towards
higher temperatures and finally appears as a second
peak. It is possible to simulate all these d.s.c. traces using
d.s.c. traces of the neat polymers, crystallized at the same

Figure 2 (a) D.s.c. heating curves of i-PP/s-PP 50,50 (wt%) blends
isothermally crystallized at different temperatures; (b) d.s.c. traces of
the neat polymers and a 50/50 (wt%) blend isothermally crystallized at
130°C. The upper trace is calculated (for detail see text); (¢) measured
crystalline fraction of i-PP in 50/50 (wt%) blends after crystallizing at
different temperatures and reaching the plateau value in the light
intensity measurements
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temperature. An example for a blend, isothermally
crystallized at 130°C, is shown in Figure 2b. It is clearly
demonstrated that the discussed second peak originates
from the crystalhzatlon of i-PP. Using the Hoffmann-
Weeks procedure™® for the determination of equilibrium
melting points and the maximum temperature of the
second peak yields the same temperature for neat i-PP
and the i-PP in the blend. The absence of any meiting
point depression is also an mdrcatlon for the complete
immiscibility of i-PP and s-PP’.

Quantitative evaluation of the simulated peak areas of
the d.s.c. traces provides information on the ratio of
crystallized i-PP and s-PP in the biend. For these
calculations, the peaks of the neat polymers are weighted
and fitted to the peak of the blend. Figure 2c shows that
the amount of crystallized i-PP in the blend is a function
of the crystallization temperature. The blend ratio in the
as-prepared material is 50/50 (wt%) but the crystalline
material in blends, isothermally crystallized at 100°C,
contains e.g. 66% i-PP. The crystallized material at
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Figure 3 (a) Enthalpy of fusion (AH) for neat i-PP, s-PP and a 50/50
(wt%) blend isothermally crystallized at different temperatures
measured by d.s.c; (b) AHyy versus crystallization temperature for
50/50 (wt%) blends; measured (dotted line), calculated assuming
50/50% i-PP and s-PP in the crystalline state (full line) and
calculated assuming weighted fraction of crystallized i-PP and s-PP
as discussed in the text (dashed line)

T. = 140°C contains 40% of crystalline i-PP. This is also
supported by the measurement of the heat of fusion of
the neat components and a 50/50 (wt%) blend in
dependence on the crystallization temperature as
shown in Figure 3a. For the neat polymers, the heat of
fusion increases as expected with increasing crystal-
lization temperature. The heat of fusion of the i-PP is
clearly larger than the heat of fusion of s-PP. This is
mainly caused by the lower degree of crystallization of
the s-PP. Different values for the heat of fusion of a
100% crystalline s-PP are reported ~19 Using the highest
reported value of 196.6 J/g%, the degree of crystallization
is 32.5% for s-PP isothermally crystallized at a tempera-
ture of 140°C, and 50% for i-PP with the same thermal
hlstory (usmg the value for 100% crystalline i-PP of
209J/g'"). The decrease of the melting enthalpy with
increasing melting temperature for the 50:50 (wt%)
blend seems to be surprising. Figure 3b shows the linear
regression line taken from Figure 3a (dotted line) and the
calculated values assuming that the crystallized material
contains 50% i-PP and 50% s-PP (full line). Thus the
assumption that the crystallized material contains equal
amounts of i-PP and s-PP is obviously wrong as already
discussed. The explanation can be given by keeping in
mind the ratio of the polymers in the crystallized material
(see Figure 2c). At high crystallization temperatures the
s-PP dominates in the crystalline material. As already
discussed the heat of fusion (i.e. the measured value and
not the value of 100% crystalline material) of the s-PP is
also much lower than the heat of fusion of i-PP. The
amount of the polymer in the crystalline material with the
lower heat of fusion increases with increasing crystal-
lization temperature. Thus the decrease of the heat of
fusion with increasing crystallization temperature as
shown in Figure 3a can be interpreted. The dashed line
in Figure 3b represents the calculated heat of fusion of the
blends, using the heat of fusion of the neat polymers and
the real amount of crystalline s-PP and i-PP taken from
d.s.c. data. This line is in a reasonably good agreement
with the regression line of the measured blend (dotted line).

The phenomenon described above can be explained
with different temperature dependencies of the crystal-
lization rates for the two neat polymers. Figure 4 shows
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Figure 4 Relative light intensity measured in an optical microscope
with crossed polarizers as a function of crystallization time for i-PP,
s-PP and a 50/50 (wt%) blend isothermally crystallized at 120 and at
135°C (inset)
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the relative intensity of the transmitted light as a function
of crystallization time when the i-PP, the s-PP and a 50/50
(wt%) sample is placed between crossed polarizers. The
crystallization temperature is 120°C. The curve of the
50/50 (wt%) blend shows a clear step. The initial increase
is in agreement with that one of neat i-PP and the second
part of the curve starts to increase at the same time when
s-PP starts to crystallize. Thus the curve of the blend can
be considered to be composed of the two separate
crystallization processes of the neat polymers. It has been
shown in Figure | that the position of the step is a
function of the blend composition. The beginning of the
step in the curve of the blend in Figure 4 is also identical
with the occurrence of space filling spherulites of i-PP as
could be detected by optical microscopy. In the first part
of this contribution it has been explained that the i-PP
spherulites were space filling before the s-PP crystal-
lization started (at a crystallization temperature of
120°C). At a crystallization temperature of 135°C, this
behaviour is changed completely. The typical s-PP
structures appear before the i-PP spherulites fill the
space completely. The inset in Figure 4 shows the relative
light intensity as a function of crystallization time at a
crystallization temperature of 135°C. The s-PP crystal-
lizes approximately as fast as the i-PP and the step in the
blend curve almost disappeared. A comparison of both
relative intensity measurements shows unambiguously
that the decrease of the crystallization rate of s-PP with
increasing crystallization temperature is smaller than the
crystallization rate decrease of the i-PP. It can be
assumed that in regions already filled with structures of
one polymer, the crystallization of large amounts of the
second polymer is hindered simply by sterical reason.
This causes also the increasing amount of crystallized
s-PP in the blends annealed at lower supercoolings.
Furthermore, it can be seen that the relative intensity of
the 50/50 (wt%) blend increases in the initial stage faster
with the crystallization time than the curves of the
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Figure 5 Spherulite growth rate as a function of crystallization time
for neat i-PP and for i-PP in a 50/50 (wt%) blend of i-PP and s-PP. The
inset shows the relative number of spherulites in i-PP/s-PP blends
relative to the number in neat i-PP isothermally crystallized at 125°C
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respective neat polymers. This behaviour might be
caused by two different phenomena. Firstly, it is possible
that the spherulite growth rate of i-PP in the blends is
faster than for the neat i-PP. But a comparison of both
spherulite growth rates at different crystallization
temperatures shows that they are nearly identical (see
Figure 5). Secondly, the faster increase of the light
intensity for blends compared to the neat components
might be caused by a higher nucleation density in the
blends. The inset of Figure 5 shows the relative number
of growing spherulites for different blend ratios. ‘Rela-
tive’ means that the number of spherulites per unit area is
related to the number of spherulites in the same area in
pure i-PP having the same thermal history. There are up
to 20 times more spherulites per unit area in the blends
compared to neat i-PP. Thus s-PP is a nucleation agent
for i-PP as already discussed in the first part of this
contribution.

The hindered crystallization of a polymer in areas
where a different polymer already formed supermolecu-
lar structures has also implications on the melting
behaviour of polymer blends containing two semi-
crystalline polymers. The observed melting behaviour
of the blends is thus not simply the opposite process of
the crystallization. Due to the phase separation of the
blends in the liquid state, the re-melting of the crystal-
lized samples occurs separately for s-PP and i-PP,
respectively. During the re-melting of samples, iso-
thermally crystallized at relatively large supercoolings
(crystallization temperatures < 125°C), the phases
cannot be distinguished. Observed between crossed
polarizes, these samples become continuously darker
during the re-melting. In samples crystallized at lower

Figure 6 Light micrographs of i-PP/s-PP 50/50 (wt%) blends: (a)
isothermally crystallized at 135°C: (b) the same sample but then slowly
heated with 0.2°Cmin~! to 159°C
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Figure 7 Hysteresis curve for the melting (lower curve) and crystal-
lization (upper curve) of an i-PP/s-PP 50/50 (wt%) blend obtained by
PVT measurements at p = 10 MPa

supercoolings and re-melted with a heating rate of 0.2°C,
the different polymers can clearly be observed separately
as can be seen in Figures 6a and b. The melting point of
s-PP is 12°C lower compared to i-PP when isothermaily
crystallized at 135°C. Therefore, the syndiotactic mosaic
structures melt first, and the spherulites remain
unaltered. Additionally, the spherulites of i-PP seem to
grow and become more ordered than before. This is in
agreement to the described sterical problem to form large
regular spherulites of i-PP in the blends. Therefore, it can
be assumed that the i-PP included in domains which
contain mainly s-PP is able to crystallize after the s-PP is
molten. This is only possible in the case that the i-PP in
the s-PP rich phase has a lower melting point compared
to the i-PP in the i-PP rich domains or that a large
amount of amorphous i-PP is present in the s-PP rich
domains. The re-crystallization or reorganization pro-
cess of i-PP during the heating below the melting point is
suppressed when fast heating rates are applied as already
observed for a number of different polymers'*~

In order to confirm the results obtained by light
microscopy and d.s.c., PVT measurements are carried
out. The PVT apparatus is able to detect the volume
change during crystallization. Figure 7 shows the
hysteresis curve of an i-PP/s-PP 50/50 (wt%) blend. In
agreement with the hysteresis curves obtained by light
microscopy (Figure 1), a step in the cooling run and a
smooth transition in the heating run can be observed.
Again, this can be assigned to the separate crystallization
of i-PP and s-PP in the blend. The change of the specific
volume as a function of crystallization time for the neat
polymers and a 50/50 (wt%) blend isothermally crystal-
lized at 140°C is shown in the inset of Figure 8. It can be
seen that at this crystallization temperature the s-PP and
the i-PP/s-PP 50/50 (wt%) blend crystallize significantly
faster compared to neat i-PP. This is in agreement with
microscopic measurements carried out at a crystal-
lization temperature of 135°C (see inset of Figure 4).
The small maximum of the specific volume as a function
of crystallization time in the initial stage might be an
artefact of the PVT measurement. A possible reason
could be the overshooting during the cooling to the
crystallization temperature before reaching the isother-
mal state. Finally, the conversion versus crystallization
time is shown in Figure 8. Here, the conversion is defined
as the relative volume change in dependence on the
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Figure 8 Conversion as a function of time for the isothermal
crystallization at 140°C and p = 10 MPa. The inset shows the decrease
of the specific volume during isothermal crystallization in a PVT
apparatus at p = 10 MPa and 140°C

crystallization time. The area below the curves, shown in
the inset of Figure 8, indicating the volume change is
normalized to 1. Again, the main conclusion of the
experiments concerning the crystallization kinetics is
proved. At iower supercoolings the s-PP is able to
crystallize faster than the i-PP and acts simultaneously as
a nucleation agent for i-PP.

CONCLUSION

Again, it can be shown that blends of i-PP and s-PP are
completely phase separated. The morphology of the
blends is widely influenced by the crystallization kinetics.
The rate of crystallization of i-PP is higher compared to
s-PP at large supercoolings and vice versa at low
supercoolings. At low supercoolinigs much more s-PP
nuclei are formed which are able to act as nucleation
agents for i-PP. Therefore, the whole blend crystallizes
faster at low supercoolings compared to neat i-PP.
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