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The crystallization, the morphology and the thermal behaviour of thin films of isotactic polypropylene
(iPP) blended with elastomers such as random ethylene-propylene copolymers (EPM) with different
ethylene content and polyisobutylene (PiB) were investigated by means of optical microscopy,
differential scanning calonmetry and wide angle X-ray diffractometry. During crystallization EPM
copolymers are ejected on the surface of the film forming droplet-like domains A different morphology 1s
observed in 1IPP/PIB blends For these mixtures the elastomers separate from the iPP phase forming
sphencal domains that are incorporated in the IPP intraspherulitic regions. Both EPM and PiB elastomers
act as nucleant agents for iPP spherulites. This nucleation efficiency is strongly dependent on the
chemical structure and molecular mass of the elastomers. The addition of EPM causes an elevation of the
observed and equilibrium melting temperature of IPP. This unusual effect may be accounted for by
assuming that the elastomers are able to extract selectively the more defective molecules of 1PP. The
depression of the growth rate of spherulites and the observed and equilibrium melting temperature of
iPP, noted in 1PP/PiB blends, suggests that these two polymers have a certain degree of compatibility in

the melt
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INTRODUCTION

The use of various elastomers such as ethylene--propylene
copolymers (EPM), ethylene—propylene—diene
terpolymers (EPDM), butyl rubber (BR), polyisobutylene
(PiB), styrene-butadiene (or isoprene}-styrene block
copolymers (SBS or SIS elastomers) to improve the
impact strength and the environmental stress-cracking
resistance at normal and low temperatures of
polyethylene (PE) and isotactic polypropylene (iPP}), has
been known, in commercial practice for many years.

Intensive research in this field led to the formulation of
a new class of polymeric materials such as polyolefins
modified with elastomers'.

EPM rubbers have a lower glass transition temperature
than iPP. the resulting blends show reduced rigidity
improved toughness and impact strength. According to
Horie et al.> EPM acts as plasticizer for iPP and PE
blends.

In their studies Ermilowa er al® found that EPM
rubbers affect the flow properties and the low temperature
properties of iPP and PE.

Impact modification of iPP with EPM and EDPM
based elastomers have been the subjects of several patents.
It has been shown by Kumbhoni* that butyl rubber is
beneficial in improving environmental stress-cracking
and impact resistance at low temperatures in PE and iPP.
Spenadel® made an extensive study on the influence of
rubber on the environmental stress-cracking resistance
(ESCR) of PE. He found that on increasing rubber
concentration the ESCR improved at the expense of
decreased stiffness and melt flow. The extent to which
ESCR can be improved was found to be highly dependent
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on the chemical nature of the added rubber and in the case
of PiB also on molecular weight. The ESCR increases with
increasing molecular mass of PiB.

Due to the crystallization process at temperatures
below T, iPP(PE)/elastomer blends are generally
heterogeneous. Thus their properties will depend on the
overall morphology of the blend, i.c. the shape and size
distribution of polyolefin spherulites and of rubbery
domains, adhesion at the interface, nature and structure of
the rubbery domains,

The overall morphology of the iPP/elastomers blends
has been studied by Karger Kocsis et al® by using
wide and small angle X-ray diffractometry. small angle
light scattering, light and electron microscopy and
differential scanning calorimetry. The blends were
prepared by extrusion and the test specimens were then
injection moulded. From this investigation 1t emerges
that:

(i) The incorporation of an elastomer alters the
superstructure of iPP matrix by decreasing the average
size of spherulites,

(i) The mechanical properties are dependent on the
interphase structure and on the size of the amorphous
elastomer domains and iPP spherulites.

(1i)) The impact modifiers act as nucleating agents for
the iPP monoclinic phase and they seem to decrease the
degree of 1PP undercooling.

According to Karger-Kocsis er al® above T, the
clastomer, by absorbing energy, influences the crazing
susceptibility of the iPP matrix.

The blends of iPP and ethylene-propylene rubbers
have been studied by Danesi and Porter’ in order to
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Table 1 Molecular characteristics, source and code of the polymers used in the present investigation

Viscositd Mooney Ethylene propylene

Polymer Source and trade names Molecular mass ML (1 +4) at 100°C ratio (W/W)
Isotactic polypropylene M, = 3.07 x 105 _ _
(iPP) RAPRA M, =156 x 109
Dutral Co054 — 43 60/40
{(Montedison)
Ethyiene-propylene Buna AP201 (Huels) - 44 50/50
copolymers {EPM) Epcar 306 (Goodrich) 345 >67/30

Polyisobutylene (PiB)} Vistanex 120 (Esso)

M, =1.6x106* - -

* Measured in cyclohexane at 30°C

establish relationships between morphology and physical
properties and to examine the principles which govern the
developments of morphologies. The influence of blending
conditions on the dispersion state was also explored. The
blends were prepared by using a Brabender single screw
extruder in combination with a ‘Static Mixer’. They were
rheologically characterized using in Instron capillary
rheometer. The mechanical and morphological
characterization was performed directly on the extrudates
obtained from the capillary rheometer.

Here the isothermal crystallization, the morphology
and the thermal behaviour of thin films of iPP/elastomers
blends were investigated to study the influence of the
elastomer chemical structure and composition on the
shape and size of the spherulites and rubbery domains, on
the spherulite growth rates, on the equilibrium melting
temperatures and the crystallinity of iPP phase.

EXPERIMENTAL

Materiqls

The characteristics of the polymers used in the present
study are reported in Table 1.

Before blending, all polymers were purified as follows:
they were dissolved in xylene at 120°C and washed with
HCl (water solution 10°, volume). Then they precipitated
with methanol under a strong agitation. washed again
with acetone and dried under vacuum at 80 C for 12 h to
remove any water and residual solvent.

Preparation of blends

The binary blends of iPP with Dutral. Buna, Epcar and
PiB at different compositions were prepared by using the
following standard procedure: the two components were
first dissolved in xylene at 120°C in the desired
proportions: then the solvent was rapidly evaporated by
using a rotavapor and the resulting powder dried under
vacuum to remove any trace of solvent. Thin films (about
10 p1 in thickness) were obtained by compression moulding
of the blend powder at 200 C.

Radial growth rate measurements

The radial growth rates G=dR/dt (R=radius of
spherulites, r=time), were calculated by measuring the
size of iPP spherulites as function of time during the
isothermal crystallization process. An optical polarizing
microscope fitted with an automatized hot stage was used.
The hot stage could be held at a steady temperature to
+0.02'C by a proportional controller. The following
procedure was used: blend films were sandwiched between
a microscope slide and a cover glass, heated 20" C above
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Table 2 Blend compositions and range of crystallization
temperature explored

Range of T,
Blend Composition explored
iPP/Epcar 95/ 5 119-139
90/10 119—-139
80/20 119-137
iPP/Dutral 95/ 5 119-141
90/10 119-141
80/20 119-141
70/30 119-141
iPP/Buna 90/10 119-139
80/20 119-141
70/30 119-135
iPP/PiB 90/10 119-135
80/20 119-135

the melting point of iPP and kept at this temperature for
10 min to destroy any trace of crystallinity; the
temperature was then rapidly lowered to T, and the blend
allowed to crystallize isothermally.

The photomicrographs were taken on the growing
spherulites at appropriate intervals. The radius R was
measured on print and G calculated as the slope of the
straight lines obtained by plotting R against time.

The observed melting temperatures 7, of iPP,
crystallized from melt blends. were also measured by
using the optical microscope by heating the film from T to
T, at a rate of 10°C/min. The temperature at which
birefringence disappeared was taken as T,,.

Crystallinity measurements

The values of crystallinity X, were determined
calorimetrically by using a Perkin-Elmer {model DSC2-
B) differential scanning calorimeter.

The crystallinity of the iPP phase in the blends was
calculated by means of the following relation:

X!PP:%"
‘ AH pp

where AH %, is the apparent enthalpy of fusion per gram of
iPP in the blend and AH,; is the heat of fusion of 100°,
crystalline iPP (from literature data AH,,=50 cal/g®).
Observed melting temperatures T, were also determined
from d.s.c. thermograms obtained by heating the samples
from T, to T,

The compositions of the blend examined and the
crystallization temperatures explored are reported in
Table 2.



Morphology, crystallization and melting behaviour of PP blends: E. Martuscelli et al.

Figure 1 Optical micrograph of melt crystallized film of |PP
(T, = 125°C: crossed polars)

Wide-angle X-ray diffractometry

The wide-angle X-ray scattering was performed by
means of a Philips PW 1130 diffractometer with
proportional counter using Ni filtered CuK « radiation, in
order to establish the presence, in the samples, of
crystalline iPP in the hexagonal polymorphic form.

RESULTS AND DISCUSSION

Morphology

The overall morphology of iPP/EPM and iPP/PiB
blends and the influence of composition, crystallization
temperature and chemical structure of elastomer on the
structure, size and shape of iPP spherulite were studied in
detail by optical microscopy.

Birefringent spherulitic structures, truncated by
impingement are observed when a thin film of iPP
crystallizes from the melt isothermally. The birefringent
patterns displayed a maltese cross whose arms are parallel
to the directions of the analyser and polarizer (see Figure
1)

Optical micrographs of films of iPP/EPM and iPP 'PiB
blends are shown in Figures 2 and 3.

In the case of iPP/EPM blends the elastomers are
ejected during crystallization, onto the surface of the film.
Some large interspherulitic amorphous regions are also
observed. As shown in Figure 2 the domains of the
elastomers, whose shape is mainly droplet like, are
oriented along flow lines induced by the crystallization
process. This is the reason why, giving rise to
birefringence, they may be observed, on the surface of the
films, under crossed polars. By annealing the films at
temperatures higher than T, the strains are relaxed and
the amorphous domains lose their birefringence
properties. At these temperatures only the spherulitic
structure of 1PP phase is observed when the films are
examined under the optical microscope with crossed
polars (see Figure 2c).

As shown in Figure 3, a different overall morphology is
observed for iPP-PiB blends. For this mixture the
elastomer separates from the iPP phase forming spherical
domains (with a diameter ranging from 3 to 5 um) that are
incorporated n the iPP intraspherulitic regions.

According to Stein er al® the types of overall
morphology observed in iPP'EPM and iPP ‘PiB blends

Figure 2 Optical micrographs of melt crystallized films of iPP/Buna
(80/20) bilends (a) T, = 129°C, paralle! polars; (b) Ty = 129°C,

crossed polars; (c) T, = 129°C, crossed polars after annealing at
157°C

could be related to the different values of the diffusion
rates of EPM and PiB elastomers at the investigated
crystallization temperatures.

As shown in Figure 4, the number of iPP spherulites per
unit area (N 'S). determined by light microscopy. increases
with the addition of the elastomers. This effect is more
marked in the case of iPP/Epcar blends.

In Table 3 the values of NS for blends containing 20,
(by weight) elastomers are compared at three different
crystallization temperatures (119 , 125 and 131 'C). The
figures show that in the case of iPP. EPM blends for the
same T and blend composition, N S seems to increase
with increasing ethylene content in the elastomer and with
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Figure 3 Optical micrograph of melt crystallized film of iPP/PiB
(80/20) blend {T, = 141°C, crossed polars}
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Figure 4 Number of spherulites per unit area N/S as function of
elastomer content at three different T, [119°, 125° and 131°C] :
{a), iPP/Epcar blends; (b), iPP/Dutral blends; (c), iPP/Buna blends;
(d), iPP/PiB blends

Table 3 Number of spherulites per unit area (N/S) at three different
T, for iPP/EPM and iPP/PiB (80/20) blends

Ethylene content

Sample T.(°C) NS5 in E/P copolymers
119 125 131 (% W/W)

iPP/Epcar

80/20 34 28 23 >67
iPP/Dutral

80/20 19 9 7 60
iPP/Buna

80/20 <] 7 5 50
iPP/PiB

80/20 12 7 5 -
iPP 7 4 3 -

decreasing molecular mass (see viscosity values in Table I).
For iPP/Epcar blends at 1250°C N/S is about 7 times that
of iPP.

According to the above results we can conclude that
EPM and PiB elastomers work as effective nucleating
agents for iPP spherulites. Furthermore the nucleation
efficiency of elastomers seems to be strongly dependent on
their chemical structure and molecular mass.

A decrease in the size of iPP spherulites by addition of
elastomers was observed also by Karger-Kocsis et al.® in
injection moulded samples.

According to their results the average spherulite size of
a sample containing 40°, of EPM elastomer (Dutral
Co054 by Montedison) is about 1/3 of the original iPP
with a 679, reduction. Similar effects were found in blends
containing styrene-butadiene—styrene block copolymer
(SBS) (commercial grade, TR 1102 by Shell) and
polyisoprene (commercial grade, Cariplex IR 305 by
Shell) as elastomers. In these blends the addition of a 109
of elastomer causes a reduction in the size of spherulites of
the 639, and 21°, respectively.

Now it may be considered as established that the
overall morphology and then the properties of blends of
iPP and non crystallizing elastomers will depend to a
considerable extent, not only on the composition, but also
on the chemical structure of the amorphous component as
well as on the molecular weight!®.

Ruadial growth rate of spherulites

The radius of iPP spherulites, crystallized from
iPP/Dutral and iPP/PiB melt blends, as function of time
isshown in Figure 5 at a given T.. The trend is linear in the
whole range of investigated times. The values of the radial
growth rates of spherulites G, in thin films of iPP,
iPP/EPM and iPP/PiB blends are given in Table 4 as
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Figure 5 Typical plots of radius of iPP spherulites crystallized
from melt blends as function of time (T, = 131°C}
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Table 4 Radial growth rate of iPP spherulites, G x 103 (cm/min),
as function of crystallization temperature and composition

Percent of amorphous material in the blend

Te 0% 5% 10% 20% 30%
1194 47 405 3.78 3.85
1212 3.25 3.15 2.73 2.68
1232 2.25 2.21 1.90 1.76
1259 152 1.39 1.30 1.27
1274 1.03 0.89 0.94 0.85
1292 0.68 0.66 057 0.56
1312 0.46 0.42 0.41 0.38
1332 0.25 - 0.27 -
1354 0.18 0.18 0.17 0.18
1196 4.7 4.15 4,02 3.63 3.67
121b 3.25 3.15 297 2.75 2.82
123b 2.25 2.14 2.16 1.98 185
125b 1.52 1.35 1.36 1.21 1.8
1270 1.03 098 0.97 091 0.84
1200 0.68 051 052 0.67 0.62
1316 0.48 0.38 0.38 0.35 0.37
1330 0.25 0.25 0.25 0.25 0.26
1350 0.18 0.18 0.17 0.18 0.18
1370 0.12 0.12 0.10 0.10 0.13
1390 0.06 0.08 0.07 0.07 -
1410 0.05 0.05 0.05 0.04 0.05
119€ 47 3.80 3.98 3.70

121¢€ 3.25 2.75 291 3.00

123¢ 2.25 1.94 2.28 2.08

125¢ 152 1.42 1.40 1.40

127¢ 1.03 0.84 0.96 0.90

129¢ 0.68 0.43 0.46 0.42

131¢€ 0.46 0.27 0.29 0.33

133¢ 0.25 0.23 - 0.20

135°€ 0.18 0.10 0.15 0.13

119d 4.7 3.20 2.50

121d 3.25 2.35 1.96

123d 2.25 1.76 1.50

125d 1.52 1.31 096

127 1.03 0.82 062

12090 0.68 0.45 0.30

131d 0.46 0.27 0.16

1334 0.25 0.20 0.12

135d 0.18 0.12 0.10

2 {PP/Buna blends
b iPP/Dutral blends
¢ iPP/Epcar blends

d iPP/PiB blends

function of T, at the given compositions. From these
tables it cmerges that the dilution of iPP with EPM
elastomers causes only a small depression in G. On the
contrary. a notable reduction in growth rates on addition
of PiBto iPP1s observed. At 121 and 125 C, for example,
G falls sharply from 3.25 x 1073 to 1.96 x 107* (cm min ™)
and from 1.52x107% to 096x107% (cm min™!)
respectively for the 1PP PiB (80 20) blend.

Melting behaviour

Figure 6 {u. b, ¢ and d) shows the relation between the
observed optical melting temperatures T, and the
crystallization temperatures 7T, for iPP and its blends with
EPM and PiB elastomers. For each composition the data
points can be represented by straight lines in accordance

with the relation!!
N EAE |
m= rm N’ —*_7:”/y (1)

where T, 1s the equilibrium melting temperature and ;' 1s a
morphological factor that turns out to be almost indepen-
dent of composition and of chemical structure of
elastomers (see Table 6).

The application of equation (1) to the experimental
points in Figure 6 (a, b, ¢ and d) allowed the calculation
of T, The values are given m Tuble 5.

Mixtures of iPP and EPM elastomers have values of T,,
higher than that of pure iPP (AT, =T, —~ T, <0). On the
contrary, a melting point depression is observed in the
case of iPP/PiB blends (AT, >0) [see Table 6).

It is interesting to point out that AT, is a function of
composition and of the nature of used elastomer. For
example in the case of iPP/EPM blends the larger effect in
increasing T, is obtained by adding Epcar to iPP (T,
=215 C for iPP/Epcar (8020) blend while for pure iPP
T, =197 C).

The behaviour of binary blends at the melting point,
with only one crystallizable component. has been studied
by various authors who have investigated many systems.

The results, reported in the hterature on this matter.
show how the dependence of the observed melting point
temperature T, from T, may be more complex than that of
homopolymers and that the equilibrium melting point 7,
can vary, or not with the composition. Some binary
systems do not have any depression phenomenon (AT,
=0} this means that 7, and T,, do not depend on the
composition. In this way. the non crystallizable
component, neither interacts at the melting point or
during the crystallization with the crystallizable
component.

The following types of behaviour at the melting point
have been noted and reported in the literature, when the
blend shows a melting point depression (AT, > O

(1) The observed melting temperature, increases linearly
with 7, and analogously to what happens to the
homopolymer. The slope of the straight line is
independent of the composition and of T,. Assuming
equation (1) is valid. this means that the stability or the
morphological factor is constant.

The lines extrapolate to values of the equilibrium
melting point that are much lower when the
concentration of the crystallizable component ts higher
{sec Figure 7u).
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Figure 6 Variation of observed optical melting temperature Ty, with crystallization temperature T, (a), iPP and iPP/Epcar blends: O, iPP 100%;
A, iPP 95%; 0, iPP 90%; M, iPP 80%; (b), iPP and iPP/Dutral blends: @, iPP 100%; 2, iPP 90%; 0, iPP 80%; M, iPP 70%; (c), iPP and iPP/Buna
blends: @, iPP 100%; 2, iPP 90%; 0, iPP 80%; 8, iPP 70%; (d), iPP and iPP/PiB blends: O, iPP 100%; 2, iPP 90%; 0, iPP 80%

(ii) The T, of the blends increase linearly with the 7,, and
in opposition to the previous case the lines extrapolate to
the same T, value of the homopolymer and their slopes
depend on the composition (see Figure 7b).

(iii) The T, is a linear function of 7., only for a certain
interval of T.. At high T, the trend is no longer linear and
the depression value is negligible (see Figure 7c).

The behaviour of blends belonging to case I, has been
interpreted, for low undercooling values, by assuming
that the depression of the equilibrium melting point is due
to a diluent effect of the non crystallizable component.
Therefore the two components must be compatible in the
amorphous state for temperatures higher than those of
crystallization.

A quantitative analysis of the melting point depression
for such systems has been presented by Nishi e al.'? and
later by Imken et al.'® based upon a previous treatment
elaborated by Scott!*. The results of this analysis lead to
the following equation for AT,;

Table 5 Values of the morphological factor y for the pure iPP and
its blends

m

iPP 20
iPP/Epcar

95/ 5 2.1
90/10 1.6
80/20 1.8
iPP/Dutral

90/10 1.9
80/20 1.8
70/30 1.9
iPP/Buna

90/10 1.7
80/20 1.8
70/30 16
iPP/PiB

90/10 2.0
80/20 21

An:-r{&?]m& 2)
2u

_RTX,,
e

lu

with B (3)

234 POLYMER, 1982, Vol 23, February

where T, is the equilibrium melting temperature of pure
crystallizable component; AH,,/V,, is the latent heat of
fusion of 100%, crystalline polymer per unit volume; V,, is
the molar volume of non crystallizable component; X, is
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Table 6 Equilibrium melting temperature T,?, for iPP and its blends
with EPM and PiB elastomer T,

Tm (°CY; T, T — T =4aTm
iPP 197 -
iPP/Epcar
95/ 5 202 -5
90/10 207 -10
80/20 215 -18
1PP/Dutral
90/10 206 -9
80/20 209 -12
70/30 210 -13
iPP/Buna
90/10 201 — 4
80/20 204 -7
70/30 202 -5
iPP/PiB
90/10 192 + 5
80/20 189 + 8

the Flory—Huggins interaction parameter and V| is the
volume fraction of non crystallizable component in the
melt.

According to equation (2) plots of AT,, versus V' should
be linear with an intercept at the origin, if there are no
entropic contributions to AT,. Entropic contribution
gives an additional depression of!?

V. Sl psIn V. p P j ,
AT —_R 24 T- 2 2 2 ( 2 _Fr I
[ m].s [AHZ ]( m) [ M2 + 1\/12 Ml, 17

(4)

The entropic term to AT, is normally less than 1 C for
components with rather high molecular mass (larger than
104)15. The equilibrium melting temperature depression
observed for blends, compatible in the melt, such as
poly(vinylidene fluoride)/poly(methyl  methacrylate)
(PVF,/PMMA) and poly(vinylidene fluoride)/poly(ethyl
methacrylate) (PVF,/PEMA) results in a linear function
for the composition according to equation (2)'%:!3:1°.
From these plots, the values of the interaction energy
density B and of interaction parameter X,, were
obtained.

The behaviour according to case Il (see Figure 7b), has
been interpreted by Paul and others'? and Natov and
others'?, showing that the depression in the values of T,,
observed under the same condition for T, especially at
low T, is attributed to morphological effects. The
crystalline regions are smaller and less perfect than in the
absence of non crystallizable component!?.

The blends polylethylene  oxide)/poly(methyl
methacrylate) (PEQO/PMMA) show a behaviour at a
melting point similar to that for case I11'7, schematically
illustrated in Figure 7c. According to Martuscelli and
others!” this kind of behaviour is interpreted that, for low
T, (linear part of the plot T,,— T;) the two components are
completely muscible in the melt (the non crystallizing
component acts as a diluent), at higher T, the mutual
solubility of the components decreases giving rise to the
formation of a two-phase system'”.

The melting point behaviour observed for blends

iPP/EPM cannot be described in any cases reported so
far.

In fact in the literature there are no examples of binary
blends with only one crystallizable component, which
present an elevation of the melting point temperature,
owing to the addition of a non crystallizable component.

Formally, the Nishi- Wang treatment permits an
elevation of the melting point (see equation (2)).

In fact a positive X |, would determine an elevation of
T,

A value for X, >0 requires according to the Huggins
lattice theory'® a positive AHyy s0 in the case of X |, >0,
in order to allow the two components to be miscible in the

(°C)

Z

Blends{

(°C)

7

7, 10C)

7. (5C)

Figure 7 Possible meiting behaviours of binary blends with one
crystallizable component {schematic): {a) Case i: Blends whose
components are compatible in the melt. The melting point depres-
sion is caused by a diluent effect. (b} Case ll: The observed melting
point depression is due to morphological effects, (c) Case I1l: The
biends in this case present reduction phenomena of the mutual
solubility in the melt as function of 7.
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Table 7 Mass crystallinity (d.s.c.) of polypropylene phase in
iPP/EPM and iPP/PiB blends

Sample Mass crystallinity (%)

E’ 31 35 37
ﬂEpjlf 35 38 45
(80/20}) +13% +8.6% +21.6%
iPP/Dutral 35 36 42
(80/20) +13% +2.8% +11.4%
iPP/Bu na 34 36 39
(80/20) +9.6% +2.8% +5.4%
iPP/PiB 30 32 34
(80/20) —3% —8.6% -8.1%
T. (°C) 125 129 137

melt, i.e. AFyx <0 and that equation (2} is valid, it will be
necessary to verify that the absolute value of term TAsyy
is higher than the enthalpic one. It is well known that,
generally, the entropy of mixing of two polymers, is
always very low. Then it seems to be improbable to
interpret the melting behaviour of iPP/EPM blends on
the basis of equation (2) only.

The data reported in Figure 6a, b, ¢ can be explained if
we assume that during blending the EPM copolymers are
able to dissolve a certain amount of iPP molecules having,
along the chain, an average higher concentration of
chemical defects (steric defects), and molecules with lower
molecular mass. In other words, we admit that EPM
copolymers may extract selectively from the iPP bulk,
more defective molecules, leaving a matrix of iPP
molecules having, on average, a higher degree of
stereoregularity. The polypropylene matrix would be
characterized by a higher melting point and also a higher
crystallinity.

In fact, Martuscelli et al.'®, studying the melting
behaviour of crystals, grown from diluted solutions. of
iPP fractions with a different content of isotactic pentads,
have shown that the equilibrium melting temperature of
iPP, increases as the concentration of sterical defects
along the chains diminishes.

The mass crystallinity values of the iPP phase in the
iPP/EPM blends, obtained by d.s.c. confirm the above
mentioned hypothesis. In fact, as evidenced by Table 7
data, for the same T, the iPP matrix crystallinity in
iPP/EPM blends is always higher than that of pure iPP.

This effect turns out to be more marked in the case of
iPP/Epcar blends. In fact for T,=137"C an increase in
crystallinity of the polypropylene phase, in iPP/Epcar
(80,20) blends of 22°; is observed; meanwhile iPP/Dutral
and iPP/Buna (80,20) show an increase of only 11,4 and
54°,, respectively. The melting behaviour of iPP/PiB
blends agrees with case 1. Consequently, the two
components are likely to have a certain degree of
compatibility in the melt. Thus PiB acts as a diluent for
iPP.

This diluent effect is probably responsible for the
depression of the radial growth rate of spherulites
observed in the case of iPP/PiB blends.

The temperature dependence of the isothermal growth
rate, G, for a pure polymer can be described by the
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following expression:

AF* Ap*

G=G, exp< % Tf)exp( KTL> (5)
where A@* is the free energy of formation of a nucleus of
critical size, AF* is the activation free energy for the
transport process at the liquid-solid interface, K is the
Boltzmann constant, T, is the crystallization temperature
and G, is supposed to be constant with temperature at
least for low values of undercooling. The term AF* is
usually taken from the WLF time-temperature
superposition principle?* as

C,T. 4120 T,

AF*:’————-:‘————
C,+T,—T, 516+T,—T,

(6)

where T, is the glass transition temperature.
The Ag* term, according to the kinetics theory'', can
be expressed as

_ 4byo,0,T,

Apr= 0%ln
O TAHAT-T,

(7)

AH . is the enthalpy of fusion, o, and ¢, are the lateral and
fold surface free energies of the lamellae, by, is the distance
between two consecutive monolayer fold planes and 7,,, is
the equilibrium melting point. Then the equation (5)
becomes:

G (_ 4120 oo 000 T 1
o\ TRGI6+T—T)) P\ AH,AT KT,

t)

For a polymer—diluent system the equation of spherulite
growth rate G must be modified in the following way

4120
G=V,Gyexp| — . 0
2 "e"p( RGI6+T— 7;))

exof — 4byo, 0, T, 20,1, InV,
P\ TKTAH,AT T b, AH AT

)

where V, is the volume fraction in the melt of crystallizable
component and AH, is the enthalpy of fusion per unit
volume.

The additional terms in equation (9), V; and

20, T, InV,
b,ATAH,

result from the fact that the rate of nucleation is
proportional to the concentration of crystallizable units
and from entropic contribution to the free energy of a
nucleus of critical size respectively. This last additional
term is related to the probability of selecting the required
number of crystalline polymeric sequences in the blend.

Using the empirical relation o,=0.1h,AH, the
equation of the spherulite growth rate is given in
logarithm form as:
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Figure 8 Plots of « against Ty /T, AT for iPP and iPP/PiB blends:
(a), Ty = Ty (iPP); (b}, Ty = Ty (Fox). The weight percentage of
PiB is indicated on the lines
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The « term in equation (10) was calculated for iPP/PiB
blends in two different ways according that T, was
obtained from the Fox equation®? or assumed to be
constant with composition and equal to that of pure iPP
(the following literature data were used: T, (iPP)=
—18°C*% T, (PiB)= —73' C**).

To convert weight fractions into volume fractions we
used for iPP the density value measured at melting
temperature (p(iPP)=0.765 g/cm® **) and for PiB that
measured at 25°C (p(PiB)=0.90 g/cm?).

As shown in Figure 8 plots of o against T, /T.AT are
linear.

From the slopes and the intercepts of these lines ¢, and
logG,, have been calculated. A value of 5.24 A?” was used
for b,. As shown in Tuble 8, g, and logG, seem to be
dependent upon composition; in fact both quantities
decrease with increasing percentage of non crystallizable
component in the blends.

Similar behaviour was observed by Martuscelli et al.'” in
the case of PEO/PMMA blends.

The linear trend observed in plots of x against T,/ TAT
is further convincing evidence of compatibility in the melt
between iPP and PiB. The PiB. acting as diluent for iPP,
causes an increase in the overall free energy of formation
of a nucleus of critical size [see equation (5)]. At the same
time a reduction in the value of g, is found with increasing

Table 8 Values of free energy of folding oceand of log G for iPP
and iPP/PiB blends

oe {erg cm—2) log Gy

ﬂ’ 230* 230** 11.60* 11.60**
iPP/PiB

9?/16_ 193* 192** 1052* 10.09**
iPP/PiB

80/20 186* 186** 10.56* 10.34**
LA

g g

the percentage of PiB in the blends. This last result may be
accounted for by assuming that the presence of PiB
molecules dissolved in the 1PP melt may induce an
increase in the surface entropy of folding. As a
consequence. iPP lamellar crystals with a less regular fold
surface are obtained when the iPP,PiB blends are allowed
to crystallize isothermally at low undercooling.
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