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Abstract

Melt rheology, phase morphology and properties of (60/40) isotactic polypropylene/ethylene-co-propylene (iPP/EPR) blends containing
EPR copolymer synthesized by means of a titanium based catalyst with very high stereospecific activity (EPRTi) were compared to that of
(60/40) iPP/EPR blends containing EPR copolymer synthesized by using a traditional vanadium based catalyst (EPRV). It was found that
both the melts are to be classified ‘negative deviation blends’ and that for such a composition the copolymer represents the dispersed phase.
SEM investigations showed in fact that the EPR phase segregate in to irregular shaped domains localized in the core of the bars, the
dispersion coarseness increasing with an increase in the ratio between the EPR viscosity and iPP viscosity. At low temperatures the iPP
impact strength was improved, comparatively better properties being shown by the blends containing the EPRV copolymer. The different
behaviour of EPRTi and EPRV phases as impact modifiers was ascribed to their both different dispersion degree and microstructure. For test
temperatures higher than EPRTg the ethylenic crystallinity exhibited by the EPRTi phase was considered to induce toughening deterioration
by decreasing tie molecules density in the EPRTi domains, notwithstanding the beneficial effect of the ethylenic build-up. The reduction in
iPP crystallinity index (Xc) value found for iPP/EPRTi blends indicated a strong interference of the crystallization process of EPRTi ethylenic
sequences with the iPP crystallization process. SAXS investigations revealed in addition that the iPP/EPRTi materials are characterized by an
amorphous interlamellar layer (La) higher than that shown by plain iPP and iPP phase crystallized in presence of EPRV copolymer. Taking
also into account results obtained studying blends containing lower content of such EPR phases composition effects were investigated. WAXS
studies showed that with increasing copolymer content the ratio between the apparent crystal size of iPP phase grown in a direction perpendicular
to the (110) crystallographic plane [D (110)] and that grown in direction perpendicular to the (040) crystallographic plane [D (040)] increases. Such an
effect was related to an increased iPP nucleation density according to DSC results.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The role played by the molecular parameters of the
components on melt rheology, phase morphology and
toughening of blends of isotactic polypropylene (iPP)
and ethylene-co-propylene copolymers (EPR), with the
focus on 80/20 composition, were treated in detail [1–
5]. It was shown that the desired final properties can be
imparted by an appropriate choice of molecular mass and
molecular mass distribution, constitution and tacticity of
the blend components. A further critical factor is represented
by the iPP crystallization conditions through which it is
possible to optimize the overall phase structure.

With the aim at deepening the effects of the EPR micro-
structure (particularly effects of distribution of composition
and sequences length of the structural units) on the struc-
ture-properties correlations so far established for iPP/EPR
pairs, in the present paper we report on results of studies
dealing with blends containing EPR copolymer synthesized
by means of a Titanium based catalyst with very high
stereospecific activity (EPRTi) and with blends containing
EPR copolymer synthesized by using a traditional vanadium
based catalyst (EPRV). The EPR samples were synthesized
‘ad hoc’ to exhibit comparable propylene content, average
molecular masses and molecular mass distribution. Melt
rheology, phase morphology and properties of 60/40 mate-
rials have therefore been investigated and compared.

Taking also into account results obtained studying melt
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rheology, phase morphology and impact behaviour of 80/20
iPP/EPRTi and iPP/EPRV blends [6] composition effects
were also investigated.

2. Experimental

2.1. Materials

The materials used in this study were an isotactic
polypropylene (iPP) (HS005) made by Himont and two
ethylene-propylene copolymers (EPR) synthesized at the
Himont–‘Giulio Natta’ Research Centre following two
different procedures: the first was a synthesis process in
gas phase with a titanium based catalytic system, the
second one a suspension polymerization with vanadium
based catalytic system. The EPR copolymers so obtained
were referred to as EPRTi and EPRV, respectively. The
average molecular masses and molecular masses
distribution of the starting polymers determined by
means of gel permeation chromatography (GPC) in
ortho-dichlorobenzene at the temperature of 1358C are
reported in Table 1.

2.2. Blending and sample preparation

The iPP and EPR copolymers were mixed in a Werner
mixer with a blending time of 3.5 min. Blends with
composition 60/40 (wt/wt) were prepared. After blending
the materials were injection moulded by means of an
injection press at 2608C with a mould temperature of 608C.

2.3. Techniques

2.3.1. Oscillatory shearing flow properties
The oscillatory shearing flow properties, namely the

complex viscosityh* (defined byh* ¼ h9 ¹ ih0, whereh9
is the dynamic viscosity or the real part of the viscosity and
h0 is the imaginary part of the viscosity), the storage
modulusG9 (defined byG9 ¼ qh0, whereq is the frequency
of the oscillations in radians per second) and the loss
modulusG0 (defined byG0 ¼ qh9) of the plain components
and blends were determined at 2008C and 2508C by means
of a rheometrics mechanical spectrometer in the plate–plate
mode with a constant strain and an angular frequency
ranging between 0.01 and 100 rad s¹1.

2.3.2. Differential scanning calorimetry
The thermal behaviour of the single components and

blends was analyzed by means of a differential scanning
calorimeter Mettler TA 3000 equipped with a control and
programming unit (microprocessor Tc 10). The apparent
melting temperatures (T9m) and the crystallinity indices
(Xc) of the single components and blends were determined
following this procedure: the samples were heated from
room temperature up to 2008C with a rate of 108C min¹1

and the heat evolved during the scanning process (dH/dt)
was recorded as a function of temperature. TheT9m values
and the apparent enthalpies of melting (DH*) were obtained
from the maxima and the area of the melting peaks, respec-
tively. The crystallinity indices were calculated from the
ratio betweenDH* value and the enthalpy of melting of
100% crystalline phase (DHo).

The effect of nucleating ability of EPR phase on crystal-
lization process of iPP was investigated following this pro-
cedure: the samples were heated from room temperature up
to 2008C with a rate of 108C min¹1 and kept at this tempera-
ture for 10 min and then they were cooled with a rate of
108C min¹1.

2.3.3. Dynamic mechanical thermal analysis
The tangentd and storage modulus of samples of single

components and blends were measured by means of a
dynamic mechanical thermal analysis (Rheometric Scienti-
fic MK III). Test data was collected in tensile mode from
¹1008C to 1008C using a scanning rate of 1.58C min¹1 and a
frequency of 1 Hz.

2.3.4. Scanning electron microscopy
iPP/EPR cryogenical fracture surfaces of injection moulded

samples after coating with gold-palladium were observed by
means of a scanning electron microscope (Philips 501).

2.3.5. Wide angle X-ray scattering
Wide angle X-ray scattering (WAXS) studies were car-

ried out on samples of single components and blends by
means of a PW 1060/71 Philips diffractometer (Cu Ka

Ni-filtered radiation) equipped with sample spinning, the
high voltage was 40 kV and the tube current was 30 mA.

2.3.6. Small angle X-ray scattering
Small angle X-ray scattering (SAXS) studies were

carried out on samples of single components and blends

Table 1
Number-average molecular mass (M̄n), weight-average molecular mass (M̄w), molecular mass distribution (M̄w=M̄n), glass transition temperature (Tg) and
apparent melting temperature (T9m) for plain iPP and EPR copolymers together with the EPR propylene content (C3)

Sample M̄n·103 M̄n·103 M̄w=M̄n C3 content (% wt/wt) Tg (8C) T9m (8C)

iPP 78.7 509 6.5 — 7 165
EPRTi 34.8 213 6.1 38.5 ¹41 122a

EPRV 30.8 199 6.5 38.5 ¹43 —

aPolyethylenic sequences.
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by means of a compact Kratky camera equipped with a
Braun one-dimensional positional sensitive detector. Ni-
filtered Cu Ka radiation generated from a Philips X-ray
generator (PW 1730/10) operating at 40 kV and 30 mA
was used. The raw scattering data were corrected for para-
sitic scattering, absorption and slit smearing by using
Vonk’s method [7]. The desmeared intensities were then
Lorentz factor corrected by multiplying bys2 (s ¼ 2 sinv/
l) [8].

2.3.7. Impact strength and elastic behaviour
Notched Izod impact strengths of injection moulded

samples were measured by means of a Ceast pendulum in
a temperature range from¹ 608C to 238C according to
ASTM D256. The elastic modulus of the materials was
determined by means of an Instron machine at room
temperature according to ASTM D638.

3. Results and discussion

3.1. Melt rheology

3.1.1. Dynamic viscoelastic properties
Fig. 1 shows the dependence of the logarithm of the mod-

ulus value of the complex viscositylh* l upon the logarithm
of the investigated frequencies at the temperatures of 2008C
and 2508C for (60/40)Ti and (60/40)V blends. As shown and
as expected, such melts are pseudo-plastic, i.e.lh* l values
decrease with increasing frequency. Moreover for a given
frequency the observed decrease in systems viscosity
depends on temperature. With increasing temperature both
the melts exhibit a lower sensitivity to frequency (see Fig. 1)
indicating that the entanglements concentration decreases
with increasing temperature. At the temperature of 2008C
(60/40)Ti and (60/40)V melts exhibit, for a given frequency,

Fig. 1. Logarithm of the modulus value of the complex viscosity (lh* l) as a function of the logarithm of the frequency (q) for iPP/EPR blends at the
temperatures of 2008C and 2508C.
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comparablelh* l values, whereas with increasing tempera-
ture lower lh* l values are shown by the EPRV containing
system. Such results indicate that at 2508C the iPP/EPRV
melt is characterized by lower entanglements concentration
and/or that the entanglements have time to slip and relax out
the stresses.

As shown in Fig. 1 for both iPP/EPR systems mixing
results in a decrease in viscosity below the mean value of
the plain components, such a decrease becoming larger with
decreasing frequency in agreement with results obtained
studying 80/20 (wt/wt) blends [6]. This effect is designated
as a ‘negative deviation’ from the following logarithm rule
of mixture that applies at constant temperature and shear

rate [9,10]:

logh¼ f1logh1 þ f2logh2

whereh is the viscosity of the mixture,h1 and h2 are the
viscosities of the two components measured at the same
temperature andf1 andf2 are their volume fractions. More-
over for both iPP/EPR melts the extent of the observed
negative deviation as a function of frequency increases
with increasing test temperature (see Fig. 1). Such a finding
is to be related to the lower sensitivity shown by the melts to
frequency with increasing temperature.

Figs 2–5 show for (60/40)Ti and (60/40)V blends the
dependence of the logarithm ofG9 andG0 values upon the

Fig. 2. Logarithm of the storage modulusG9 as a function of the logarithm of the frequency (q) for plain components and iPP/EPR blends at the temperature of
2008C.
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logarithm of the investigated frequencies at the
temperatures of 2008C and 2508C, in each plot the
modulus logarithm of the single components is also
reported. As shown by the comparison among such fig-
ures, the amounts of energy stored and dissipated by both
the systems decreases on increasing temperature. For a
given temperature the amounts of energy stored and dis-
sipated seem to depend upon frequency rather than upon
the EPR microstructure. In the first two decades theG9 and
G0 values shown by both the iPP/EPR systems result in
fact higher or comparable to that exhibited by the plain
iPP, whereas in the last frequency decade such values

investigated range between those shown by the single
components.

Note moreover that at the temperature of 2008C (60/40)Ti

and (60/40)V melts show comparableG9 andG0 values as
a function of frequency. With increasing temperature, for
a given frequency, comparatively larger amounts of
energy are stored and dissipated by the iPP/EPRTi melt,
the extent of the observed increase being larger forG9
values. Such findings suggest that with increasing tem-
perature the iPP/EPRTi melt is characterized by a higher
entanglements concentration and/or by higher time to
relax out the stress.

Fig. 3. Logarithm of the storage modulusG9 as a function of the logarithm of the frequency (q) for plain components and iPP/EPR blends at the temperature of
2508C.
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3.1.2. Determination of zero-shear viscosity and activation
energy for viscous flow

Taking into account that in oscillatory measurements on
polymer melts the frequency (q) becomes analogous to
shear rate (̇g) [11–14] and assuming an approximate equiva-
lence ofh* and apparent viscosity (ha) [14–19], the zero-
shear viscosity (h0) of both single components and blends
was calculated by using the following modified Cross–
Bueche equation [20]:

h0

ha
¼ 1þ (aġ)m

whereh0 is the zero-shear viscosity,a is a parameter that

according to Cross should correspond to the characteristic
relaxation time related to molecular mass for the linear
polymer solution andm gives a measure of the shear-thin-
ning of the melt, i.e. a measure of decrease in viscosity with
increasing rate of shear. According to Iwakura et al. [21] for
polymer meltsa is related to the size of the apparent flow
unit, the reciprocal ofa corresponds to the shear rate at
which ha ¼ h0/2. From the lines 1/ha versusġm the zero
shear viscosityh0 and a values are easily obtained from
the reciprocal of the intercept and from slope respectively.

The m, h0 and a values of the single components and
blends at the temperatures of 2008C and 2508C are reported
in Table 2 and Table 3, respectively, for the blends the zero

Fig. 4. Logarithm of the loss modulusG0 as a function of the logarithm of the frequency (q) for plain components and iPP/EPR blends at the temperature of
2008C.
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shear viscosity values calculated assuming the additivity
logarithm rule (h09) are also reported. The application of
the Cross equation to iPP/EPR blends reveals that, for a
given temperature, slightly higherh0 and a values are
obtained for the blend containing the EPRTi copolymer,

the same value being found for them parameter (2/3) (see
Table 3). Moreover theh0 values of both the blends show a
negative deviation from the logarithm additivity rule, the
extent of such a deviation decreasing strongly on increasing
the temperature (seeh09 values in Table 3).

Fig. 5. Logarithm of the loss modulusG0 as a function of the logarithm of the frequency (q) for plain components and iPP/EPR blends at the temperature of
2508C.

Table 2
Application of Cross equation: values ofh0, a andm for plain iPP and EPR copolymers at the temperatures of 2008C and 2508C

Sample h0 (Pa) a (s) m
2008C 2508C 2008C 2508C 2008C 2508C

iPP 18791 8200 0.886 0.804 2/3 4/7
EPRTi 12489 4271 0.138 0.078 2/3 4/7
EPRV 17383 7298 0.488 0.233 4/7 6/11
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The activation energy for the viscous flow values (DE*)
for the single components and blends, obtained by applying
the following exponential relation accounting for the tem-
perature dependence of the viscosity at temperatures far
above theTg or the melting point [22]:

h0 ¼ Aexp(DE¬=RT)

whereA is a constant characteristic of the polymer and its
molecular mass,DE* is the activation energy for the viscous
flow (Table 4,R is the gas constant andT is the temperature in
Kelvin degrees, for comparison theDE* values obtained for
the blends containing the 20% (wt/wt) are also reported. As
shown the (60/40)V melt exhibits aDE* value noticeably
higher than that shown by the (60/40)Ti melt, thus indicating
a higher volume of the flow element. TheDE* value found for
the (60/40)Ti system closely approaches that shown by the
plain iPP. Note moreover that theDE* values of such iPP/
EPR pairs are composition dependent, i.e. such values increase
with increasing copolymer content (wt/wt) (see Table 4).

3.2. Thermal behaviour and crystallinity

DMTA analysis shows that both (60/40)Ti and (60/40)V
systems exhibit, as expected, two distinct glass transition
temperatures (Tg) to be ascribed to EPR and iPP
components, respectively. SuchTg values are reported in
Table 5 and are comparable to that found for blends
containing lower EPR amounts (20% wt/wt) [1–6]. The
DSC thermograms of samples of the (60/40)V blends
show a single endothermic peak whose temperature
position is characteristic of the melting of thea-form of
iPP (see Table 5). Two endothermic peaks are shown by
samples of the (60/40)Ti blends, the temperature positions
of such peaks are characteristic of the melting of linear
polyethylene (PE) anda-form of iPP, respectively (see
Table 5). All the above results indicate that the immisci-
bility between iPP and EPR, both in the amorphous
condensed and in the melted state, are independent of
composition.

Table 3
Application of Cross equation: values ofh0, a andm for iPP/EPR blends together with the zero-shear viscosity values calculated assuming log additivity (h09)
and the melt flow viscosity ratio (m) at the temperatures of 2008C and 2508C

Sample h0 (Pa) a (s) m h09 (Pa) m

2008C 2508C 2008C 2508C 2008C 2508C 2008C 2508C 2008C 2508C

(60/40)Ti 16040 7527 0.427 0.397 2/3 4/7 375562 172109 0.66 0.57
(60/40)V 15905 6623 0.381 0.351 2/3 4/7 451129 243630 0.92 0.89

Fig. 6. Non-isothermal crystallization curve of: (a)the plain iPP; (b) iPP/EPRTi; and (c) iPP/EPRV.
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On the other hand it is interesting to observe that the
crystallinity index (Xc) of iPP phase crystallized in the
presence of EPRTi copolymer results depressed noticeably
(see Table 5) suggesting an interference of the crystalliza-
tion process of the EPRTi ethylenic sequences with the crys-
tallization process of the iPP phase. From previous study [6]
it was shown that the chain of the EPRTi copolymer is char-
acterized by the presence of long ethylenic sequences with
constitutional and configurational regularity required for
crystallization of PE phase occurring. Taking into account
that the iPP phase crystallized from its blends containing the
20% (wt/wt) of EPRTi copolymer showedXc values com-
parable to that exhibited by the plain iPP [6], the result
suggests that the iPP crystallization process in presence of
EPRTi phase can be strongly affected by composition.

The non-isothermal crystallization exotherms of the plain
iPP and of iPP/EPR blends are shown in Fig. 6, the crystal-
lization exotherm of the EPRTi ethylenic sequences showed
that such sequences crystallize between 1118C and 888C (see
Table 5), the temperature position of the maximum of the
peak being at 1028C. As shown in Fig. 6 when the iPP crystal-
lizes in the presence of EPRTi or EPRV phase the crystalliza-
tion peak shifts to higher temperatures indicating that both the
copolymers contain heterogeneous nuclei that migrate toward
the iPP phase, even though the extent of such a migration
phenomenon is much higher from the EPRTi phase (see also
Table 5). In addition for a given iPP/EPR pair the observed
shift to higher temperatures increases with increasing the EPR
content, thus indicating that the number of heterogeneous
nuclei for the iPP volume unit, i.e. the nucleation density of
the iPP phase, is composition dependent.

A shift to higher temperatures in the blend is also under-
gone in the non-isothermal crystallization curve of EPRTi

ethylenic sequences, the maximum being found at 1108C.
Taking into account that the crystallization process of the
PE sequences starts in the presence of iPP crystals it could
be supposed that the observed shift is caused by a nucleating
ability of the iPP solid phase for PE crystal growth. Hetero-
geneous nuclei, owing to their comparatively higher inter-
facial free energy with respect to molten iPP, could also
migrate from iPP phase toward EPRTi phase. Note moreover
that the range of non-isothermal crystallization tempera-
tures shown by the iPP phase crystallizing from (60/40)Ti

melt is found very close to that shown by the EPRTi ethy-
lenic sequences (see Table 5) indicating that the crystalliza-
tion processes of iPP and PE phase could be correlated as
suggested also by the observed reduction in the crystallinity
degree of the two components in the (60/40) blends (see
Table 5).

3.3. Phase structure

3.3.1. Mode and state of dispersion of the minor component
The analysis by SEM of the mode and state of dispersion

of the EPR copolymers shows that with increasing the EPR
content the layered structure originally developed in the
injection moulded samples of the 80/20 (wt/wt) iPP/EPR
blends (see Fig. 7) is dramatically modified according to
the schematic model reported in Fig. 8. As shown in Fig.
8 moving from the border toward the core of the samples
only two layers are found:

1. A skin layer (S) where no dispersed EPR domains can be
observed; to be noted that such a layer is about 1200mm
thick irrespectively of the EPR microstructure.

2. A core showing phase separation, the same thickness
(about 800mm) was measured in samples of both
EPRV and EPRTi containing blends. In such a layer the
EPR domains are mainly irregularly shaped, even tough
spherical shaped domains can also be observed. It could
be supposed that the irregularly shaped EPR domains are
formed following a coalescence phenomenon undergone
by primary spherical shaped particles. To be remarked
that in the iPP/EPRTi blends a comparatively finer dis-
persion of the minor component is achieved (compare
Fig. 9 with Fig. 10).

Table 4
Activation energy for the viscous flow (DE*) for plain iPP and for iPP/EPR
blends

Sample DE* (J mol¹1)

iPP 14823
(60/40)Ti 13525
(60/40)V 21106
(80/20)Ti 11548
(80/20)V 14888

Table 5
Glass transition temperatures (Tg), apparent melting temperatures (T9m) and crystallinity indices (Xc) for plain iPP and EPRTi and iPP/EPR blends, the range of
non-isothermal crystallization temperatures for plain iPP and EPRTi and iPP/EPR blends are also reported

Sample Tg (8C) T9m (8C) Xc (blend)
(%)

Xc (iPP)
(%)

Range of non-isothermal
crystallization
temperatures (8C)

iPP 16 164 41 41 1214 92
EPRTi ¹ 41 122* 6.0 — 1114 88
(60/40)Ti 14, ¹ 40 163 21 35 1314 114

— 122 1.2 — 1134 105
(60/40)V 14, ¹ 43 163 24 40 1254 98

aPolyethylenic sequences.
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The above morphological results indicate that:

• for the 60/40 (wt/wt) iPP/EPR blend composition the
EPR copolymer is the dispersed phase;

• the EPR mode of dispersion is independent of the EPR
microstructure;

• the EPR dispersion coarseness increases with an increas-
ing melt viscosity, i.e. with increasing phase viscosity
ratio defined asm ¼ h1/h2 whereh1 is the viscosity of the
dispersed phase andh2 that of the matrix.

The type of dependence of the size of the dispersed
particles upon the phase viscosity ratio observed for all
the iPP/EPR systems investigated so far agrees at least qua-
litatively with the prediction of the Taylor–Tomotika theory
[22–24]. According to this theory plot of average particle
diameter (̄Dn) versus logm should show a minimum in the
vicinity of m ¼ 1 (see Fig. 11). Referring to Fig. 11 the
different dispersion degree shown by EPRTi and EPRV

copolymers, was accounted for by assuming that the data
points of iPP/EPR blends containing such EPR phases lie on
the left-hand branch of the curve, the data point of the iPP/
EPRTi blends tending to approach the minimum predicted
by the theory.

3.3.2. Wide angle X-ray scattering analysis
The apparent crystal size (D) of the plain iPP and iPP

phase crystallized in the presence of EPR copolymers in
the direction perpendicular to the (110), (130) and (040)
crystallographic planes was calculated by the Sherrer

equation [8]:

Dhkl ¼
Kl

bocos(vhkl)

wherebo is the half width in radians of the reflection cor-
rected for instrumental broadening,l is the wavelength of
the radiation used (1.5418 A˚ ). The shape factorK is set
equal to unity and so the size data have to be considered
as relative data.

The D values calculated for plain iPP and its blends are
reported in Table 6 together with the ratio between theD (110)

values andD (040) values, the absence in the WAXS diffrac-
tograms of (220) reflection did not allow the correction for
lattice distortion ofD (110). The apparent crystal sizes of the
iPP phase crystallized in the presence of both EPR phases
are higher in direction perpendicular to the (110) crystal-
lographic plane and lower in direction perpendicular to
(040) crystallographic plane than that respectively shown
by the plain iPP. TheD (130) values in the blends being,
within the experimental error, comparable to that found

Fig. 7. Schematic model of the layered structure generated in injection moulded samples of 80/20 (wt/wt) iPP/EPRTi and iPP/EPRV blends.

Fig. 8. Schematic model of the layered structure generated in injection
moulded samples of 60/40 (wt/wt) iPP/EPRTi and iPP/EPRV blends.

Table 6
Apparent crystal size (D) of plain iPP and iPP/EPR blends together with the
D (110)/D (040) ratios

Sample D (110) (Å) D (130) (Å) D (040) (Å) D (110)/D (040)

iPP 94 94 149 0.63
(60/40)Ti 99 90 78 1.27
(60/40)V 105 91 75 1.40
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for the plain iPP (see Table 6). Such structural results
suggest that for iPP phase crystallized in the presence of
40% of EPR phase the crystal growth in the directions per-
pendicular to the (110) and (040) crystallographic planes are
larger and smaller than that respectively shown by the plain
iPP. From the above it follows that the lamellar crystals
grown in directions perpendicular to the (110) and (040)
crystallographic planes of iPP phase crystallized in presence
of 40% wt/wt of EPR phase have sizes whose ratio is twice
as high as that shown by the plain iPP. Assuming that the
folding surface of the iPP lamellar crystal is perpendicular
to thec-axis of the iPP monoclinic unit cell, theD (110)/D (040)

ratio represents the ratio between the apparent crystal size in
direction parallel to thea*-axis (thea*-axis being the radial
growth direction of the spherulite) and the apparent crystal
size in direction parallel to theb-axis (Da*/Db). HigherDa*/
Db ratio values indicate that thicker lamellae are formed in
the direction of the radial growth of the iPP spherulites in
line with DSC results, i.e. with an higher number of nuclei
for iPP volume units and consequently crystal growth

occurring at lower undercooling. For the iPP phase crystal-
lized in the presence of a lower EPR content (20% wt/wt)
the D (110)/D (040) ratio was found, on the contrary, constant
being comparable to that determined for plain iPP [6].

3.3.3. Small angle X-ray scattering analysis
Typical Lorentz corrected desmeared patterns for the iPP/

EPR blends are shown in Fig. 12, note that for both the
blends defined maxima are exhibited by the desmeared
SAXS profiles. Therefore from theL values, calculated by
applying the Bragg’s law, the value the crystalline lamellar
thickness (Lc) was calculated by using the following rela-
tion:

Lc ¼
Xc·L

(rc=ra)(1¹ Xc) þ Xc

whereXc is the crystallinity index andrc and ra are the
densities of the crystalline and amorphous iPP phase,
respectively [25]. Subtracting the obtainedLc value from
the L value the average thickness of the amorphous inter-
lamellar layer (La) was obtained. TheL, Lc andLa values so
obtained are reported in Table 7 for plain iPP and its blends
with EPRTi and EPRV copolymers. As shown in Table 7 the
L iPP and L iPP/EPR values are to be considered within the
experimental error (6 5 Å) in agreement with results
obtained while studying both the same and different iPP/
EPR blends [2–6]. It is interesting to observe that when iPP
crystallizes from (60/40)Ti melt the phase structure devel-
oped in such blends is characterized by amorphous inter-
lamellar layers higher than that shown by the plain iPP.
Such a finding could be accounted for by hypothesizing

Fig. 9. SEM micrograph of surfaces of iPP/EPRTi blends fractured at¹608C
(50003 ).

Fig. 10. SEM micrograph of surfaces of iPP/EPRV blends fractured at
¹608C (50003 ).

Fig. 11. Average size (̄Dn) of dispersed particles as a function of the
logarithm of phase viscosity ratio (m), the trend as predicted by Taylor–
Tomotika.

Table 7
Long period (L), lamellar thickness (Lc) and inter-lamellar amorphous
thickness (La) for plain iPP and iPP/EPR blends

Sample L (Å) Lc (Å) La (Å)

iPP 135 52 83
(60/40)Ti 142 47 95
(60/40)V 137 52 85
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that crystalline domains of EPRTi ethylenic sequences
remain entrapped in the iPP amorphous interlamellar
regions, thus increasing its thickness and hindering the
iPP crystal growth. DSC experiments showed in fact that
the 40% (wt/wt) of EPRTi copolymer strongly interferes
with the crystallization process of the iPP phase and that
the crystallization processes of the EPRTi ethylenic crystal-
lizable sequences and of the iPP phase could be correlated.
The observed increase in iPPLa value could also be caused
by a diffusion of EPRTi molecules with a distribution of
composition and length of sequences of structural units
approaching that of the plain iPP into the iPP inter-lamellar
amorphous layer with formation of EPRTi amorphous
domains more or less interconnected with the amorphous
iPP phase. It is interesting to note that the super-reticular
parameters of iPP phase crystallized in the presence of
EPRTi copolymer depend on blend composition, i.e. theLc

andLa values decrease and increase with the EPRTi content
(wt/wt), respectively. Work is in progress to assess the
validity of the results so far obtained comparing by SAXS
the superstructure shown by the iPP phase crystallized in the
presence of 70% (wt/wt) of EPRTi copolymer with that
exhibited by iPP phase crystallized in the presence of 70%
(wt/wt) EPRV copolymer.

3.4. Impact behaviour

The notched Izod impact strength values of the plain iPP
and iPP/EPRTi and iPP/EPRV materials are reported in Fig.
13 as a function of the copolymer content (wt/wt) for test
temperatures of¹ 608C and ¹ 308C, for higher test tem-
peratures such materials are do not broken. As shown in Fig.
13 for temperatures below the EPRTg ( ¹ 608C) the iPP
impact strength can be improved by adding the 40% of EPR
copolymer (wt/wt), note that the impact strength value
shown by the iPP/EPRV material is almost twice as high
as that exhibited by the iPP/EPRTi material. Such a result
could be ascribed to their different state of dispersion (shape

Fig. 12. Desmeared SAXS profiles for iPP/EPR blends.

Fig. 13. Notched Izod impact strength as a function of temperature for plain
iPP and iPP/EPR blends.
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and size of domains and/or shape and size distribution of
domains) (compare Fig. 9 and Fig. 10). It is interesting to
underline, moreover, that the fracture surfaces of both the
iPP/EPRV and iPP/EPRTi blends exhibit a stress-whitening
phenomenon with comparable intensity localized in the cen-
tral part of the samples, where the maximum concentration
of domains of dispersed phase occurs. Therefore, it could be
hypothesized that in the blends containing the EPRTi phase
both cavitation process and multicrazes formation are to be
associated with the observed whitening, and/or the mechan-
ism of multicrazes formation in such blends is compara-
tively less active in avoiding fracture.

For test temperatures closer to the EPRTg and lower than
the iPPTg ( ¹ 308C) better properties are confirmed to be
shown by the blends containing the EPRV copolymer (see
Fig. 13). For such a temperature the impact strength value
exhibited by the iPP/EPRV blends results almost five times
as high as that shown by the iPP/EPRTi blends. The fracture
surfaces of both iPP/EPRV and iPP/EPRTi blends broken at
¹ 308C show a stress whitening phenomenon slightly more
pronounced than that observed in samples broken at¹608C.
The very different behaviour of EPRTi and EPRV copoly-
mers as impact modifiers (see Fig. 13) could be related both
to their different dispersion coarseness and microstructure.
The ethylenic crystallinity shown by the EPRTi phase could
induce toughening deterioration by a decrease of the mole-
cules density in the EPRTi domains, notwithstanding the
beneficial effect of the ethylenic lamellar build-up [26].
Such a hypothesis seems to be supported by the compara-
tively higher value of the elastic modulus (680 MPa) shown
by the iPP/EPRTi materials, the iPP/EPRV materials show-
ing a modulus value equal to 540 MPa.

4. Conclusions

A study aimed at investigating effects of EPR microstruc-
ture and content on melt rheology, phase morphology and
properties of (60/40) iPP/EPR pairs was performed. The
following is to be remarked:

• The iPP/EPR blends investigated in this work are to be
classified as ‘negative deviation blends’.

• SEM analysis performed on injection moulded samples
showed that for (60/40) composition the copolymers
represent the dispersed phase, the irregularly shaped
EPR domains being concentrated in a layer 800mm
thick localized in the core of the bars and the dispersion

coarseness of such domains increasing with increasing
EPR melt viscosity.

• A considerable improvement in the iPP impact strength
at low test temperatures is obtained, for a given tempera-
ture comparatively better impact properties are shown
by the blends containing the EPR phase with a micro-
structure typical of a random copolymer.

• The EPR microstructure can affect both the crystalliza-
tion process of iPP phase and the inner structure of the
iPP spherulites [crystalline lamellar thickness (Lc) and
amorphous interlayer thickness (La)].

• WAXS studies revealed that the EPR content can influ-
ence the ratio between the iPP crystal size in a direction
parallel to thea*-axis and the crystal size in a direction
parallel to theb-axis of the iPP monoclinic unit cell.
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