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’ INTRODUCTION

The mixing of two vinyl polymers characterized by a different
kind or degree of stereoregularity to obtain new materials with
improved properties is not uncommon.1�3 In the case of
polypropylene the studies performed to date have delineated
the difficulties encountered at directly probing the level of
miscibility of components characterized by different kind and
degree of stereoregularity in the melt and building up the phase
diagram of the corresponding blends.2,3 This is due to the similar
refractive index of the two components in the melt and the scarce
effect of the degree of stereoregularity on the glass transition
temperature Tg, which is around 0 �C, regardless of degree of
stereoregularity.2�4 In addition, the study of the thermal beha-
vior of these blends by standard DSC measurements is compli-
cated by the fact that the melting point depression of a
semicrystalline polymer mixed with another component is gen-
erally small.5�7 As argued by Mandelkern,7 this is an intrinsic
property of polymer blends since the melting point depression is
a colligative property and the added species are generally of high
molecular mass. The blends used in this paper are a typical
example of this category of mixtures.

In this paper, exploiting the ability of metallocene catalysts to
synthesize polyolefins with well-defined molecular micro-
structures,8�13 we have studied the structure and properties of
blends obtained bymixing two samples of isotactic polypropylene of

different degree of stereoregularity, which have been prepared with
two different metallocene catalysts.11 The two components of the
blends have been prepared under conditions such as they present
similar molecular mass, molecular mass distribution with polydis-
persity index around two and no detectable amount of regiodefects,
the only difference being the degree of stereoregularity.11 The
13C NMR spectra of the two polymers show a random distribution
of defects of stereoregularity consisting of only isolated stereoinver-
sions (indicated as rr from here on, according to the NMR
nomenclature).11 In particular, we havemixed a highly stereoregular
sample (iPP1) with a low concentration of rr stereodefects equal to
0.49 mol %, high melting temperature of≈158 �C, and mechanical
properties typical of a rigid plastomer associated with a high level
of crystallinity, and a less stereoregular sample, with concentration of
rr stereodefects of 11.0 mol %, melting in the temperature range of
≈55�88 �C and elastomeric properties associated with a low level
of crystallinity.11,12 The idea that we have pursued in the study of
these blends relies in the possibility of obtaining materials with a
range of properties varying from those of stiff plastomers of high
rigidity, typical of iPP1, to those of more flexible materials, up to
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ABSTRACT: The structure and properties of some blends obtained by mixing
two semicrystalline samples of isotactic polypropylene (iPP) characterized by
different degree of stereoregularity have been analyzed in the whole range of
composition. The two components are a highly isotactic and crystalline sample
(iPP1) and a stereoirregular and less crystalline sample (iPP2), and have been
synthesized using two different metallocene catalysts. The blends show
separate and independent crystallization and melting of the two components,
and crystallinity content decreasing almost linearly with increasing the con-
centration of the low stereoregular component. A continuous change of tensile
properties with the composition occurs, with properties ranging from those of
thermoplastic materials with high stiffness, typical of the neat iPP1, to those of
high-strength elastomers, typical of neat iPP2. The mechanical properties of these blends reflect the complex lamellar morphology
that develops upon crystallization, characterized by a high degree of inclusion of both components in the same stacks, with lamellae
interconnected by the amorphous portions of chains of the components mixed at molecular level. Similar properties intermediate
between stiff plastic materials and elastomers can also be obtained with a series of stereodefective iPP samples by tailoring the
concentration of stereodefects, using different metallocene catalysts. The advantage of preparing binary blends of the two iPP
samples having different concentration of stereodefects for obtaining the same properties is that only two different catalysts must
be used.
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achieve elastomeric properties, typical of iPP2, by simply changing
the composition of the blend.14,15

It is worth noting that metallocene catalysts provide a versatile
route for tailoring material properties because of the large variety
of accessible chemical structures of the metallocene complex
precursor, each catalyst in turn producing polypropylene with
different microstructures.8�13 In particular, as shown in refs
11�13 and 16, using different catalyst systems, isotactic poly-
propylene samples with different microstructures, showing dif-
ferent crystallization behavior and different physical properties
may be obtained. For instance, in the case of isotactic polypro-
pylene stiff plastic materials, with concentration of rr defects up to
3�4% and melting temperatures of 130�160 �C, highly flexible
materials, with rr content of 5�6% and melting temperatures
around 115�120 �C, and high-strength elastomers, with [rr] =
7�11% and melting temperatures in the range 80�110 �C, can
be produced.11,12 Within this framework we have explored the
possibility of obtaining materials showing properties that gradu-
ally vary from those of stiff to flexible and finally to elastomeric
materials, depending on blend composition, making use of only
two catalysts for the synthesis of the iPP components, instead of
using different catalysts for each desired property.

Of course the possibility of tailoring material properties by
blending two semicrystalline polymers is critically dependent on
the degree of mixing at molecular level of the two components in
the melt, and on the number of phases and interphases and the
overall morphology that develops upon crystallization.6

Recently, using a theoretical approach for analysis of small-
angle X-ray scattering (SAXS) data from semicrystalline blends, a
unified vision of the complex morphology at nanometer length
scale of the blends iPP1/iPP2 has been obtained.15 Our theore-
tical approach allows overcoming some limitations of more
classic methods of analysis of SAXS data, in cases of blends of
semicrystalline/semicrystalline polymers crystallized from the
melt in conditions far from thermodynamic equilibrium.We have
shown not only that lack of definite correlation peaks in the SAXS
profiles associated with the presence of large amount of diffuse
scattering shown by some blends does not necessarily corre-
spond to the lack of lamellar morphology but also that these
featureless SAXS patterns may also originate from lamellar stacks
with the lamellae of the two components randomly mixed within
the same array, stacked with faults. In particular, it has been
demonstrated that the nanostructural organization of the blends
iPP1/iPP2 depends on the composition. In all cases mixed
lamellar stacks are formed. In the case of blends rich in the
highly stereoregular and high temperature crystallizing (HTC)
component iPP1, a high degree of inclusion of lamellae of the
second less stereoregular component is achieved, up to reach the
maximum degree of inclusion in the blends with≈30 wt % iPP2.
In the case of blends rich in the less stereoregular and low

temperature crystallizing (LTC) component iPP2, at least two
families of lamellar stacks are formed: a family rich in the
component iPP1, which forms at high temperatures, achieving
the maximum degree of inclusion of lamellae of the component
iPP2, and a second family that forms at lower temperatures,
including the excess of the component iPP2 and eventually the
lamellae of iPP1 not comprised in the first family.15 Formation of
mixed lamellar stacks in these systems provides clear evidence
that the two components are miscible in the melt state.

In this paper the structure, and thermal and mechanical proper-
ties of binary blends of iPP1 and iPP2 are analyzed in the frame-
work of all structural information gained at nanometer length scale
in ref 15, with the aim of establishing precise correlations between
the microstructure of the chains of the components, the structural
organization of crystalline and amorphous phases and the mechan-
ical properties. This analysis is accomplished by performing a direct
comparison of the properties of iPP1/iPP2 blends with the proper-
ties of a parent series of stereodefective iPP samples prepared using
different metallocene catalysts, characterized by molecular mass
similar to those of iPP1 and iPP2 components, the absence of
regiodefects, and concentration of rr stereodefects similar to the
average concentration of defects in the iPP1/iPP2 mixtures.11,12

’EXPERIMENTAL SECTION

Materials. The samples used for preparation of blends have been
synthesized with the catalysts 1 and 2 of Chart 1. The C2-symmetric
ansa-zirconocene catalyst 1 is fully regioselective and produces iPP
samples of high stereoregularity, molecular mass and melting tempera-
ture (sample iPP1, Table 1).11b The C1-symmetric zirconocene catalyst
2 of Chart 1 produces fully regioregular iPP samples of low stereo-
regularity and melting temperature (sample iPP2 of Table 1).11c Both
catalysts 1 and 2 are activated with methylalumoxane (MAO).

The properties of the blends iPP1/iPP2 in the whole range of
composition have been compared with those of a parent series of
stereodefective iPP samples prepared using different metallocene catalysts
listed in Table S1, Supporting Information. These samples are character-
ized by similar molecular mass, absence of regiodefects, and concentration
of rr stereodefects intermediate between those of iPP1 and iPP2.
Preparation of Blends. The blends have been prepared by

dissolving the samples iPP1 and iPP2 in the appropriate weight ratio
in refluxing xylene (bp 140 �C) for 1 h, up to obtain homogeneous
solutions. The components were then precipitated from hot solutions
using an excess (3:1) of cold methanol, and the so obtained powders
were filtered and dried under vacuum at 60 �C for 1 day. About 1 wt % of
BHT (2,6-di-tert-butyl-4-methylphenol) was added in the methanol as
an antioxidant. The weight loss of dried samples has been checked to be
in all cases less than 1%, indicating that the dissolution and successive

Chart 1. Structures of the Zirconocene Catalysts Table 1. Polymerization Temperatures (Tp), Viscosity
Average Molecular Masses (Mv), Content of Triad Stereo-
sequences, and Melting Temperatures (Tm) of the iPP Sam-
ples Prepared with Catalysts of Chart 1

sample

Tp

(�C) catalyst Mv
a

[mm]

(%)b
[mr]

(%)b
[rr]

(%)b
Tm

(�C)c

iPP1 50 1/MAO 195 700 98.54 0.98 0.49 158

iPP2 50 2/MAO 162 000 67.0 22.0 11.0 55�88
aViscosity average molecular mass, derived from the intrinsic viscosities
values through the equation [η] =K(Mv)

R, withK = 1.93� 10�4 andR =
0.74.17 bFrom 13C NMR analysis. cMeasured from DSC scans at heating
rate of 10 �C/min of melt crystallized compression-molded samples.
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precipitation of the two components was complete. Five blends of
composition 10/90, 30/70, 50/50, 70/30, 90/10 wt %/wt % have been
prepared. The different blend samples are designated as iPP1-x/iPP2-y,
with x and y the weight percent of iPP1 and iPP2, respectively.

Compression molded films of the iPP blends have been prepared by
melting the dry-precipitated powders at 180 �C for 10 min under a press
at very low pressure, to avoid preferred orientation in the film, and
cooling to room temperature. Oriented fibers of the iPP blends have
been then obtained by stretching compression molded films at room
temperature and at a drawing rate of 10 mm/min.
X-ray Diffraction.The X-ray diffraction patterns have been obtained

with Ni filtered Cu KR radiation. The diffraction powder profiles of
unoriented samples have been obtained with an automatic Philips
diffractometer. The indices of crystallinity (xc) have been evaluated from
the X-ray powder diffraction profiles by the ratio between the crystalline
diffraction area and the total area of the diffraction profile. The crystalline
diffraction area has been obtained from the total area of the diffraction
profile by subtracting the amorphous halo. The amorphous halo has been
obtained from the X-ray diffraction profile of an atactic polypropylene,
then it was scaled and subtracted to the X-ray diffraction profiles of the
samples.

The X-ray fiber diffraction patterns have been recorded on BAS-MS
imaging plate (FUJIFILM) using a cylindrical camera (radius = 57.3
mm) and processed with the digital imaging reader FUJIBAS 1800. The
X-ray fiber diffraction patterns have been recorded on the oriented fibers
soon after the stretching, keeping the fiber under tension (exposition
time 2 h), and on the relaxed specimens after removing the tension.
Differential Scanning Calorimetry (DSC). The thermal anal-

ysis has been performed with a Mettler-DSC30/2285 apparatus,
equipped with a liquid nitrogen cooling system for measurements at
low temperature. The scans have been recorded in flowing nitrogen
atmosphere at a scan rate of 10 �C/min.
Mechanical Tests. The mechanical tests have been performed at

room temperature on unoriented compression molded films and or-
iented fibers of the iPP blends with aminiaturemechanical material tester
(MINIMAT, by Rheometrics Scientific), following the standard test
method for tensile properties of thin plastic sheeting ASTM D882�83.
Themechanical tests have been first performed on unstretched compres-
sion molded films. Rectangular specimens 10 mm long, 2�4 mm width
and 0.3�0.5 mm thick were stretched up to the break or up to a given
strain ε = 100� (Lf� L0)/L0, with Lf and L0 the final and initial lengths
of the specimen, respectively. Two benchmarks were placed on the test
specimens and used to measure elongation. Similar tests have been then
performed on oriented stress-relaxed fibers. The stress-relaxed fiber
specimens have been prepared by stretching unoriented compression
molded films of initial length L0 up to Lf = 3.5L0 (ε = 250%) and Lf = 6L0
(ε = 500%), keeping the fibers under tension for 10 min, then removing
the tension allowing complete relaxation of the specimens.

In order to quantify the elasticity of the iPP blends values of tension
set and elastic recovery at a given strain ε (ts(ε) and r(ε), respectively)
have been measured according to the standard test method for rubber
properties in tension ASTM D412�87. Compression-molded speci-
mens of initial length L0 were stretched at room temperature up to a
length Lf (ε = 100� (Lf� L0)/L0), held at this deformation for 10 min,
then the tension was removed and the length of the relaxed specimens Lr
was measured after 10min. The values of tension set and elastic recovery
were calculated as ts(ε) = 100 � (Lr � L0)/L0 and r(ε) = 100 �
(Lf � Lr)/Lr, respectively. Values of the tension set and elastic recovery
have also been measured on unoriented compression molded samples
after breaking (tb and rb, respectively), following the procedure described in
the ASTMD412�87. Specimens of initial lengthL0 have been stretched
up to the break. Tenminutes after breaking, the two pieces of the sample
have been fit carefully together so that they are in contact over the full
area of the break and the final total length Lr of the specimen has been

obtained by measuring the distance between the two benchmarks. The
tension set and elastic recovery at break have been calculated as tb =
100 � (Lr � L0)/L0 and rb = 100 � (Lf � Lr)/Lr, respectively.

Mechanical cycles of stretching and relaxation have been performed at
room temperature on the stress-relaxed fibers of the iPP blends and the
corresponding hysteresis has been recorded. In these cycles, the stress-
relaxed fibers with initial length Lr were stretched again up to the final
length Lf = 3.5L0 (ε = 250%) or Lf = 6L0 (ε = 500%) and then relaxed at
controlled rate. After each cycle the values of tension set have been
measured.

In the mechanical tests the ratio between the drawing rate and the
initial length was fixed equal to 0.1 mm/(mm � min) for the measure-
ment of Young’s modulus and 10 mm/(mm � min) for the measure-
ment of stress�strain curves and the determination of the other
mechanical properties (stress and strain at break and tension set). The
reported stress�strain curves and the values of the mechanical proper-
ties are averaged over at least five independent experiments.

’RESULTS AND DISCUSSIONS

Polymorphic Behavior. It is well-known that metallocene-
made iPP samples, characterized by chains including different
types of microstructural defects (stereodefects, or regiodefects),
generally crystallize as mixtures ofR and γ forms, and the relative
amount of the two polymorphs depends on the crystallization
temperature and the content of defects.11�13,18�20 The forma-
tion of γ form is favored by the presence of stereodefects (mainly
isolated rr triads)11,12,18,21 and/or regiodefects (mainly 2,1 and
3,1 insertions)13b,18,20 and also by the presence of constitutional
defects, like comonomeric units.19,20,22

The X-ray powder diffraction profiles of as-polymerized
samples of the neat iPP1 and iPP2 and as-prepared samples of
the blends iPP1/iPP2, after precipitation from solution and
drying, are reported in Figure 1A. They are compared with the
X-ray powder diffraction patterns of compression molded films
of the samples obtained by crystallization from the melt to room

Figure 1. X-ray diffraction profiles of iPP1 (a) and iPP2 (g) neat
components and of blends iPP1/iPP2 (b�f) of indicated compositions
for solution precipitated samples (A) and melt crystallized films (B).
The (130)R reflection of R form,23 and (117)γ reflection of γ form,24 at
2θ≈ 18 and 20�, respectively, are indicated by arrows. For curves f and g,
these reflections merge into a single broad peak, due to crystallization
in disordered modifications intermediate between R and γ forms
(R/γ disorder).21b,25
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temperature (Figure 1B). Similar profiles in the case of melt
pressed films have been already discussed in ref.15

In both cases the highly isotactic sample iPP1 ([rr] = 0.49%)
crystallizes in the R form, as indicated by the presence of the
(130)R reflection at 2θ = 18.6� of theR form23 and the absence of
the (117)γ reflection at 2θ = 20.1� of the γ form24 in the X-ray
diffraction profile a of Figure 1.11 The less stereoregular sample
iPP2 ([rr] = 11.0%), instead, crystallizes from solution in

disordered modification of the γ form intermediate between R
and γ forms (R/γ disordered modifications),11,21b,25 as indicated
by the low intensity of both (130)R and (117)γ reflections in the
diffraction profile g of Figure 1.
In both as-prepared and melt-crystallized samples, all blends

crystallize as a mixture of crystals of R form, due to the
component iPP1, and of R/γ disordered modifications, due to
the component iPP2, even though the diffraction profiles of
blends for each composition is dominated by the Bragg peaks of
the most crystalline component iPP1, down to iPP1 concentra-
tions of 30 wt %. In fact, blends with content of iPP1 in the range
90 - 30 wt % basically crystallize in theR form, as indicated by the
presence of the (130)R reflection at 2θ = 18.6� in profiles b�e of
Figure 1A,B. For concentrations of iPP1 lower than 30 wt % the
blends crystallize basically in R/γ disordered modifications, in
mixture with low amount ofR form, as evident by the decrease of
the intensity of the (130)R reflection in the profiles e and f of
Figure 1A,B. At 30 wt % content of iPP1 a faint (117)γ reflection
of γ form at 2θ = 20.1� is present in curve e of Figure 1B, and only
for the blend with 10 wt % iPP1 (curve f of Figure 1) the intensity
of the (130)R reflection of R form becomes less evident, and the
formation of R/γ disordered modifications, as in the case of neat
iPP2, mixed with a low amount of crystals of R form, is apparent.
The content of crystallinity derived from the X-ray diffraction

profiles of Figures 1 is reported in Figure 2 as a function of blend
composition. In the same figure the crystallinity content of
stereodefective iPP samples having stereoregularity intermediate
between those of the samples iPP1 and iPP2 is also reported for
comparison, as a function of the concentration of rr sterodefects.11,12

To this aim, we have associated with each sample of blend the
parameter [rr(eq)] that represents the average concentration of
rr stereodefects in the blend, given by rr(eq) = (1 � x)0.49 +
x11.0, with 0.49 and 11.0 being the concentration of rr sterode-
fects in iPP1 and iPP2, respectively, and x the weight fraction of

Figure 2. Content of crystallinity of blends iPP1/iPP2 for the solution
precipitated (2) and melt-crystallized samples (b) as a function of
blend composition (lower horizontal scale) and the average concentra-
tion of rr stereodefects of an equivalent single component system
([rr(eq)]) (upper horizontal scale). The content of crystallinity of
melt-crystallized samples of stereodefective iPPs (O), having concentra-
tion of rr stereodefects intermediate between those of samples iPP1 and
iPP2 is also reported as a function of rr concentration (upper horizontal
scale).12 The average concentration of rr stereodefects of blends has
been calculated as [rr(eq)] = (1 � x)0.49 + x11.0, with x the weight
fraction of the iPP2 component in the blend.

Figure 3. DSC heating (A) and cooling (B) scans, recorded at 10 �C/min, of melt-crystallized compression-molded samples of the blends iPP1/
iPP2 of the indicated composition. TheDSC curves recorded at 10 �C/min of compression-molded samples of the highly stereoregular iPP1 (a) and less
stereoregular iPP2 (g) neat components are also reported.
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the iPP2 component in the blend. The value of the parameter
[rr(eq)] corresponds to the concentration of isolated rr triads of
an equivalent stereodefective iPP sample, obtained as if the rr
defects of iPP1 and iPP2 components in a blend were uniformly
distributed over all the chains.
The crystallinity of blends iPP1/iPP2 decreases almost linearly

with increasing the content of the low stereoregular component
iPP2 (full symbols in Figure 2) suggesting that the crystallization
ability of each of the two components is not greatly influenced by
the presence of the other component, also in agreementwithDSC
results (vide infra). Furthermore, the decrease of crystallinity
content follows the same trend as observed in the case of
stereodefective iPP samples with increasing the amount of rr
stereodefects (open symbols in Figure 2). This indicates that the
influence of the composition of blends on the crystallinity is
similar to that produced by the increase of concentration of rr
stereodefects in melt-crystallized samples of stereodefective iPP
samples.
Thermal Analysis. The DSC heating curves of melt-crystal-

lized compression-molded samples and the cooling scans from
the melt of the neat components iPP1 and iPP2 and of iPP1/
iPP2 blends, recorded at 10 �C/min, are reported in Figure 3,
parts A and B, respectively. Similar data have been already
presented and discussed in ref.15 The blends iPP1/iPP2 show,
regardless of composition, separate and sequential crystallization

andmelting of the two components, with the highly stereoregular
component iPP1 crystallizing and melting at high temperatures
and the low stereoregular component iPP2 crystallizing and
melting at lower temperatures. In particular, the melting and
crystallization of the component iPP1 occur at temperatures
close to the temperatures of melting and crystallization of the
neat sample iPP1, equal to≈154 and≈112 �C, respectively. For
the low stereoregular component iPP2, the double melting
behavior in the range 50�90 �C of neat iPP2 is retained also
in the blends. The major differences occur for the crystallization
temperature of the component iPP2, which, in the blends is at
≈55�60 �C, that is,≈ 30 �C higher than that of neat iPP2, equal
to 32 �C. The increase of crystallization temperature of iPP2 in
the blends has been attributed to the nucleating effect of the
already formed crystals of the HTC component iPP1 on the LTC
component iPP2.15

As show in the Supporting Information, themelting behavior of
solution precipitated blends, after drying (Figure S2B, Supporting
Information), is similar to that of melt-crystallized compression-
molded films (Figures 3A and S2A (Supporting Information)),
regardless of the composition. This result indicates that a good
degree of blending is achieved already in the preparation step
from solution, and reflects the good degree of compatibility of the
chains of iPP1 and iPP2 constituents, in the melt, in the
amorphous phase, as well as in solution in a common solvent.
The values of melting and crystallization temperatures of the

components iPP1 and iPP2 in the blends and of pure compo-
nents obtained from DSC scans of compression-molded films
and the values of melting temperature of solution precipitated
powders are reported in Figure 4A as a function of the blend
composition. The decrease of melting temperature of both
components and crystallization temperature of the highly stere-
oregular iPP1 in the blends is small, regardless of the preparation
method. The small melting point depression of our blends has

Figure 4. Values of melting (b, O, 9, 0, (, )) and crystallization
(2,1) temperatures (A) andmelting enthalpy (b,O,9,0) (B) of iPP1
and iPP2 components in the blends iPP1/iPP2 and neat samples, for
compression-molded films (full symbols) and solution precipitated
powders after drying (open symbols), measured from the DSC curves
of Figures 3 and S2B (Supporting Information), respectively, as a
function of blend composition.15

Figure 5. Stress�strain curves recorded at room temperature of
unoriented compression molded films of the blends iPP1/iPP2 and of
the neat components iPP1 and iPP2.
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been explained by the fact that the values of lamellar thickness
achieved upon crystallization by the components iPP1 and iPP2
in the blends are similar to those of pure components, crystallized
in similar conditions.15 Such morphological features are asso-
ciated with thermodynamic considerations. In fact since iPP1 and
iPP2 in the melt and amorphous state are miscible, owing to the
chemical similarity of the two components, their reciprocal
interactions are so weak that the chemical potentials of the
chains in the blends are not greatly altered with respect to those
of neat components.1,6,7

The experimental values of the melting enthalpy of compres-
sion-molded films obtained from DSC scans of Figure 3A and
those of samples precipitated from solution as powdersmeasured
from DSC curves of Figure S2A (Supporting Information) are
compared in Figure 4B with those calculated assuming complete
crystallization of the two components. The calculated values have
been obtained by multiplying the value of melting enthalpy of
neat iPP1 (98.7 J/g) and iPP2 (40.2 J/g) by the corresponding
weight fraction in the blend. It is apparent that for iPP1 the values
ofΔHm,iPP1 in the blends are nearly identical to those calculated.
For the low stereoregular component iPP2, instead, the values of
ΔHm,iPP2 are slightly lower than those calculated. This indicates
that, regardless of thermal history of our blends, whereas the
crystallization from the homogeneous melt of the highly stere-
oregular component iPP1 is undisturbed as in the neat sample,
for the low stereoregular iPP2 component the constrained
crystallization within the preformed lamellar crystals of the
component iPP1 in somehow precludes the full crystallization
of iPP2.
Mechanical Properties. The stress�strain curves of unor-

iented compression-molded films of the blends iPP1/iPP2 and of
the neat components iPP1 and iPP2 are reported in Figure 5. The
values of Young’s modulus (E), stress and strain at yield point
(σy and εy) and at break (σb and εb), tension set and elastic
recovery at break (tb and rb) are reported in Table 2.
The highly stereoregular and crystalline sample iPP1 behaves as

stiff material, whereas the stereodefective sample iPP2 shows
properties of a high-strength elastomer (Figure 5 andTable 2).11,12

The blends iPP1/iPP2 show mechanical behavior intermediate
between those of the neat components iPP1 and iPP2. In
particular, blends having iPP1 content higher than 50 wt % are
stiff materials, with high values of Young’s modulus (200�300
MPa) and stress at yield (20�25 MPa), due to the high crystal-
linity (Figure 2). The addition of only 10 wt % of the stereo-
irregular component iPP2, however, produces enhancement of
ductility and flexibility (εb = 600%), but does not induce elasto-
meric properties, the value of residual deformation after breaking tb

of 570% being similar to the deformation at break (Figure 5A and
Table 2).
With increasing content of iPP2 in the blend, a further

decrease of Young’s modulus and increase of ductility are
observed, associated with the development of elastomeric prop-
erties, as indicated by the decrease of the values of tension set
after breaking (Table 2). For instance, the blend iPP1�50/
iPP2�50 behaves as a flexible thermoplastic material, with values
of Young’s modulus and stress at yield intermediate between
those of iPP1 and iPP2 and with partial elastic recovery after
breaking (Figure 5A and Table 2).
The elastomeric properties improve with further increase of

the concentration of the stereoirregular component iPP2. The
blends iPP1/iPP2 with iPP2 content higher than 50wt%, indeed,
behave as a high-strength elastomeric material, with low values of
Young’s modulus and stress at yield, high values of strain at break
(εb = 800�850%) and high tensile strength (σb = 17�22 MPa),
due to the strong strain hardening at high deformations, asso-
ciated with good elastomeric properties (Figure 5B and Table 2).
The values of tensile parameters of the blends iPP1/iPP2,

evaluated from the stress�strain curves of Figure 5, are reported
in Figure 6 as a function of the blend composition. The values of
the tensile parameters of stereodefective iPP samples, having
concentrations of rr defects intermediate between those of the
samples iPP1 and iPP2, are also reported in Figure 6 as a function
of rr content.11,12 This allows making a direct comparison
between the mechanical properties of blends and those of an
equivalent single component system having a degree of stereo-
regularity rr(eq) given by the average concentration of rr
stereodefects in the blends.
It is apparent from Figure 6 that the tensile behavior of the

blends iPP1/iPP2 is similar to that of the stereodefective iPPs,
especially at low deformations. In fact, the decrease of the
Young’s modulus (Figure 6A) and stress at yield (Figure 6B)
and the increase of the deformation at break (Figure 6C)
observed in stereodefective iPP samples with increasing concen-
tration of rr defects,11,12 are similar to the trends observed in the
blends iPP1/iPP2 with increasing the content of the stereoirregular
component iPP2. Moreover, the values of stress at break
(Figure 6B) strongly increase for high concentration of stereode-
fects in the iPP samples, or of the stereoirregular component iPP2 in
the blends iPP1/iPP2, due to the strain hardening occurring at high
deformations for less crystalline and more defective samples.
The continuous change of the tensile properties with the

composition of the blends iPP1/iPP2 is in agreement with the
gradual decrease of crystallinity (Figure 2), which accounts for
the decrease of Young’s modulus (Figure 6A) and the increase of

Table 2. Values of Young’s Modulus (E), Stress and Strain at Yield (σy and εy) and at Break (σb and εb), Tension Set and Elastic
Recovery at Break (tb and rb), and Crystallinity Content (xc) of Unoriented Compression Molded Films of the Blends iPP1/iPP2
and of the Neat Components iPP1 and iPP2

sample E � 10�2 (MPa) σy (MPa) εy (%) σb (MPa) εb � 10�2 (%) tb � 10�2 (%) rb � 10�2 (%) xc (%)
a

iPP1 2.7( 0.3 17( 2 16( 2 22( 3 3.1( 0.5 3.1( 0.5 0 73

iPP1�90/iPP2�10 2.3( 0.3 21( 3 20( 3 21( 3 6.0( 0.50 5.7( 0.5 0.08 73

iPP1�70/iPP2�30 2.1( 0.5 20( 1 15( 5 20( 3 6( 1 4.0( 0.3 0.2 67

iPP1�50/iPP2�50 1.3( 0.1 14( 2 21( 3 17( 4 7.5( 0.5 3.0( 0.5 1.1 56

iPP1�30/iPP2�70 0.62( 0.01 11( 2 29( 2 17( 2 8.0( 0.8 2.5( 0.3 1.5 43

iPP1�10/iPP2�90 0.55( 0.08 10( 1 38 ( 6 22( 4 9( 1 1.7( 0.4 2.5 40

iPP2 0.48( 0.01 11( 1 35( 4 26( 6 9( 1 1.6( 0.4 2.9 39
a From X-ray diffraction analysis (Figure 2).
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ductility (Figure 6C) with increasing the concentration of the
stereoirregular component iPP2. It is worth noting that, contrary
to the stereodefective iPP samples that need incorporation of at
least 5�6 mol % of rr stereodefects to obtain a significant
increase of ductility and flexibility,11,12 for the blends even a
small amount (≈10 wt%) of the stereoirregular component iPP2
induces a considerable increase of the deformation at break
(Figure 6C).
In Figure 6A, the experimental values of the Young’s modulus

of the blends are compared with the calculated values (dotted
and dashed lines), evaluated by the weighted average (eq 1) and
the weighted harmonic average (eq 2), respectively, of the
Young’s moduli of the neat components iPP1 and iPP2, weighed
by the corresponding volume fractions ϕ and 1 � ϕ of the
components iPP2 and iPP1, respectively:

Ec ¼ ð1� ϕÞEiPP1 þ ϕEiPP2 ð1Þ

Ec ¼ ½ð1� ϕÞ=EiPP1 þ ϕ=EiPP2��1 ð2Þ
It may be shown that eq 1 corresponds to a model where the

two components iPP1 and iPP2 act as two elements (modulus
EiPP1 and EiPP2) working in parallel (Scheme 1A) so that they
experience the same level of strain (isostrain model), whereas
eq 2 corresponds to a model where the two components iPP1

and iPP2 act as two elements working in series (Scheme 1C) so
that they experience the same level of stress (isostress model).26

The isostrainmodel represents an upper bound model, where the
predicted modulus is the highest achievable, whereas the isostress
model is a lower bound model, yielding the lowest modulus the
material may have.26 At low deformations, samples of blends
iPP1/iPP2 with high content of the highly stereoregular and
crystalline component iPP1 behave as stiff materials (Figure 5
and Table 2) and the dependence of Young’s modulus on the
blend composition is well described by the upper bound isostrain
model (Figure 6A, dotted line). Samples of blends iPP1/iPP2
with high content of the stereoirregular component iPP2,
instead, have elastomeric properties (Figure 5 and Table 2)
and exhibit lower bound isostress behavior (Figure 6A, dashed
line). The tensile behavior of the blend iPP1�50/iPP2�50 is
intermediate between that of plastic and rubbery materials and
the values of Young’s modulus are intermediate between the
values predicted by the isostress and isostrainmodels (Figure 6A).
It is worth noting that, by exploiting the concept of phase

continuity in heterogeneous systems as proposed by Kolarik in
ref 27, these models may be used to a first approximation to
describe the mechanical behavior of heterogeneous systems
characterized by phase continuity of both components in the
case of isostrain model; i.e., each phase is continuous in the
direction parallel to the direction of the applied tensile stress, by

Figure 6. Values of Young’s modulus E (b,O) (A), stress at break σb (9,0) and stress at yield σy (2,Δ) (B), strain at break εb ((, )) (C) and elastic
recovery at break rb (1, 3) (D) of melt crystallized samples of the blends iPP1/iPP2 (full symbols) as a function of the blend composition (lower
horizontal scale) and the average concentration rr(eq) of stereodefects of an equivalent single component system (upper horizontal scale), and
of stereodefective iPP samples (open symbols) as a function of the rr concentration.11,12 In part A, curves a and c have been calculated using the
mechanics of material models in the limiting cases of isostrain (Scheme 1A, eq 1) and isostress models (Scheme 1C, eq 2), respectively. Curve b has been
calculated with the eq 3 according to the combination model B of Scheme 1 to fit the experimental data. Inset A0: values of p calculated for ϕmax =
0.4 using eq 4 (0) and continuous curve obtained by modeling the value of p with a sigmoid function (curve a0).
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no phase continuity of constituents for the isostress model, i.e.,
lack of continuity of the phases in the direction parallel to the
direction of the applied tensile stress, due for instance to an
insufficient degree of connectivity between the phases. The fact
that the isostrain and isostressmodels work quite well also for our
blends, may be envisaged in the peculiar morphology of the
blends iPP1/iPP2 at nanometer length scale. In fact, as demon-
strated in ref 15, blends iPP1/iPP2 have a complex morphology
derived from the tight intermingling of the chains of the two
components in the melt, and tendency of iPP1 and iPP2 to
crystallize separately, forming mixed lamellar stacks, where the
lamellae of the two components are connected by an entangled
amorphous network constituted by the chains of the two
components mixed at molecular level. In particular, as shown
in ref 15, in the case of blends rich in the high temperature
crystallizing component iPP1, the lamellae of the second less
stereoregular component iPP2 are entirely included in the
lamellar stacks of iPP1, up to reach a maximum degree of
inclusion of iPP2 corresponding to ϕmax ≈ 0.3�0.4.28 In these
blends, the two constituents form two cocontinuous phases,
the phase continuity of the two components being ensured by
the miscibility at molecular level of the chains of iPP1 and iPP2
in the amorphous regions placed in between the lamellae. There-
fore, blends with iPP2 content less than 30% behave at low
deformation namely opposing the high rigidity of the well
ordered crystals of R form of the component iPP1, coupled with
the high flexibility of the disordered crystals of the low stereo-
regular component iPP2. This gives rise to stiff materials which
substantially exhibit the upper bound isostrain behavior, where
iPP1 and iPP2 sense the applied stress as working in parallel.27 In
other terms, phase continuity in blends with iPP2 content ϕ e
ϕmax is ensured by the formation of a continuous network that is
guaranteed by the miscibility of the components in the melt and

in the amorphous phase and in which the well interlocked
crystalline lamellae of the two components form junctions of
nanometer size.
In the case of blends rich in the less stereoregular component

iPP2, at least two families of lamellar stacks are formed. A family
rich in iPP1, which forms at high temperatures, achieving the
maximum degree of inclusion of lamellae of the component iPP2
equal to ϕmax, and a second family of lamellar stacks that forms at
lower temperatures, including the excess of the component iPP2
and eventually the iPP1 lamellae not included in the first family.
Therefore, for blends with iPP2 content ϕ higher than ϕmax, a
fraction ϕp of the rubbery component iPP2 is included in the
lamellar stacks of the HTC component iPP1, and a fraction ϕs of
iPP2 is rejected outside these lamellar stacks that form at high
temperatures (with ϕ = ϕp + ϕs), where ϕp may be calculated
considering that the maximum concentration of iPP2 within
these stacks corresponds to ϕmax/(1-ϕmax), so that ϕp =
(1 � ϕ)[ϕmax/(1 � ϕmax)]. As a consequence, with increasing
the iPP2 concentration, the amount of iPP2 included within the
lamellar stacks of the HTC component iPP1 decreases, whereas
the amount of the component iPP2 that is excluded, ϕs, increases.
Applying the concept of phase continuity to these blends,27 we
have observed that a good degree of continuity occurs only
between the amount (1 � ϕ) of the component iPP1 and the
fraction ϕp of the component iPP2 involved in the mixed lamellar
stacks, the remaining fraction of iPP2, ϕs, being scarcely “con-
nected” to the rest of the material. The gradual decrease of the
degree of continuity of iPP1 and iPP2 constituents with the
concentration of iPP2, in turn, results, for the blends with
content of the HTC component iPP1 less than ≈30%, in no
effective phase continuity of constituents, so that these blends
behave as soft materials exhibiting mechanical behavior at
low deformation more close to the lower bound isostress
model, where iPP1 and iPP2 sense the applied stress as
working in series.27

In order to better account for the crossover from the upper
bound isostrain behavior to the lower bound isostress behavior of
our blends with increasing the iPP2 content we have used a
combination model intermediate between the isostress and
isostrain models,26c in the assumption of a continuous change
of phase continuity of the components with composition. As an
example, a good fit of the experimental values of the Young
modulus of our blends could be obtained through the use of the
combination model illustrated in the Scheme 1B, where the
entire amount of theHTC component (volume fraction 1� ϕ) is
assumed as working in parallel only with the portion of the
rubbery component iPP2 included within the mixed lamellar
stacks that are formed at high temperature (volume fraction
ϕp = pϕ), whereas the remaining amount, which is rejected outside
these mixed lamellar stacks, (volume fraction ϕs = ϕ(1 � p)), is
assumed as working in series with the first two phases. Therefore,
the parameter pmay be regarded as a sort of partition coefficient of
the low stereoregular component in two kinds of regions, the
regions that are well interconnectedwith the component iPP1, and
the nonconnected regions. As long as the iPP2 content is below
ϕmax the rubbery component is entirely included within the
lamellar stacks of the HTC component and p = 1, whereas for
blends with iPP2 content ϕ > ϕmax the value of p decreases with ϕ
according to the equation p = [ϕmax/(1� ϕmax)][(1� ϕ)/ϕ] up
to reach the value of 0 for ϕ = 1.
The constitutive equation that relates the Young modulus Ec

of blends to those of the components iPP1 and iPP2 in the case of

Scheme 1. Mechanics of Material Models for the Blends
iPP1/iPP2 with Volume Fraction O of the Rubbery Compo-
nent iPP2 in the Limiting Case of Isostrain (A) and Isostress
Models (C) and Combination Model (B)a

a In the combination model (B) a fraction ϕp = pϕ of the component
iPP2 is included within the lamellar stacks of the highly stereoregular
component iPP1 crystallizing at high temperatures, and a fraction ϕs =
ϕ(1 � p) of iPP2 is rejected outside these mixed lamellar stacks. This
model is idealized as if the entire amount of the component iPP1
(volume fraction 1� ϕ) were working in parallel with a fraction ϕp of the
component iPP2, the remaining fraction ϕs of iPP2 that is rejected
outside these mixed lamellar stacks is assumed as working in series with
the first two phases.
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the combination model of Scheme 1B is given by:26c

1
Ec

¼ ð1� pÞϕ
EiPP2

þ ½1� ϕð1� pÞ�2
pϕEiPP2 þ ð1� ϕÞEiPP1 ð3Þ

with p ¼ 1 for ϕ e ϕmax and

p ¼ ϕmax
1� ϕmax

1� ϕ

ϕ
for ϕ g ϕmax ð4Þ

In agreement with the results of ref 15, the values of p to be
introduced in the eq 3 have been calculated using the eq 4 by
varying the value of ϕmax in the range of 0.3�0.4, close to the
value of the maximum amount of rubbery component that is
included within the mixed lamellar stacks formed by the HTC
component iPP1, up to reach a good fit of experimental data of
Young modulus. In Figure 6A, the values of Young modulus of
our blends have been fitted quite well by the eq 3 in the whole
range of composition (curve b). In this model, the values of p in
the eq 3 decrease with the blend composition ϕ, according to the
eq 4, and have been calculated for ϕmax = 0.4 using the eq 4
(symbols of Figure 6A0) and modeled with a sigmoid continuous
function (curve a0 of Figure 6A0). Therefore, by using the concept
of phase continuity and the results of ref 15, the experimental
values of Young modulus of the blends iPP1/iPP2 blends in the
whole range of composition may be fitted by eq 3 with practically
no adjustable parameters. The gradual loss of phase continuity of
the two components with increasing iPP2 content, for blends
with ϕ > 0.4, in turn, explains the fact that blends of nearly
equimolar content of the two components show mechanical
properties at low deformations intermediate between those of
the isostress and isostrain models, and that the lower bound
isostress behavior is already reached for blends with iPP2 content
of 70 wt %.
The values of elastic recovery after breaking of the blends,

reported in Figure 6D, clearly indicate that the blends iPP1/iPP2
with content of iPP2 higher than 50 wt % present significant
elastomeric properties. It is also apparent from Figure 6D that the
development of elastomeric properties in the blends with in-
creasing concentration of the component iPP2 is “faster” than
that observed in stereodefective iPP samples with increasing
concentration of rr stereodefects.11a,12

It is worth noting that the gradual change of properties
occurring in the blends iPP1/iPP2 with increasing the concen-
tration of the low stereoregular component iPP2 from the
properties of stiff plasticmaterials to the properties of elastomeric

materials with high strength (Figure 6, full symbols), is parallel to
the change of properties observed in the case of metallocene-
made stereodefective iPP samples with increasing the concentra-
tion of rr stereodefects (Figure 6, open symbols). This analogy
suggests defining for the blends iPP1/iPP2 the “average degree of
stereoregularity”, as the concentration of rr triads of the equivalent
single component system ([rr(eq)]), as a unique parameter that
well addresses the properties of the blends. Blends with high
values of average degree of stereoregularity behave as stiffmaterials,
blends with low values of average degree of stereoregularity become
more flexible up to approach elastomeric properties.
In order to compare the elastomeric properties of samples

stretched at different strains, the percentage of deformation
which is recovered (R) have been evaluated as R = 100 �
[(Lf � Lr)/[(Lf � L0)], where L0 and Lf are the initial and final
lengths of the film stretched up to the deformation ε and Lr is the
length of the relaxed sample after removing the tension. These
values are reported in Figure 7 as a function of the blend
composition. It is apparent from Figure 7 that the blends
iPP1/iPP2 with content of the stereoirregular component iPP2
higher than 50 wt % show similar values of recovered strain at any
deformation and after breaking indicating good elastomeric
behavior regardless of the maximum elongation at which the
sample is stretched. The elastomeric properties of the material
increases with increasing the content of the stereoirregular com-
ponent iPP2 and it is basically associated with the gradual
decrease of crystallinity (Figure 2).
In the case of the blends iPP1/iPP2 with content of iPP2

higher than 30 wt %, the elastomeric properties have been
studied also in oriented stress-relaxed fibers, prepared by stretch-
ing compression-molded films of initial length L0 up to ε = 250%
(Lf = 3.5L0) and ε = 500% (Lf = 6L0) and then removing the
tension allowing complete relaxation of the specimens to the
length Lr. The mechanical cycles of stretching and relaxation at
room temperature of fibers of the blends iPP1/iPP2 and of the
stereoirregular component iPP2, stress-relaxed from ε = 250%
and ε = 500%, are reported in Figure 8. In these hysteresis cycles
stress-relaxed fibers of iPP2 (Figure 8A) and of blends iPP1/iPP2
(Figure 8B�D) of initial length Lr are stretched up to the final
lengths Lf = 3.5L0 or Lf = 6L0 and then relaxed at controlled rate.
For each sample at least four successive hysteresis cycles have
been recorded, each cycle has been performed 10 min after the
end of the previous cycle. After each cycle the values of the
tension set and the percentage of dissipated energy have been
measured and reported in Table 3.
The data of Figure 8 and Table 3 indicate that fibers of the

blends iPP1/iPP2 with content of iPP2 higher than 50 wt %
display good elastomeric properties, similar to that of the neat
component iPP2. Regardless of the blend composition and of the
maximum strain achieved during the preparation of the fibers, the
values of tension set decrease after the first cycle and become zero
after the second cycle (Table 3), the hysteresis curves successive
to the second one being coincident, indicating a perfect elastic
recovery. The values of the percentage of dissipated energy,
instead, depend on the blend composition and increase with
increasing the content of the stereoregular component iPP1, that
is with increasing the degree of crystallinity (Table 3 and
Figure 2). For instance, the sample iPP1�50/iPP2�50 with
crystallinity of 56% presents a good elastomeric behavior with
total elastic recovery (ts = 0, after the first hysteresis cycle), but the
range of elastic deformation is very small and is associated with a
significant loss of mechanical energy (Figure 8D and Table 3).

Figure 7. Values of percentage of strain which is recovered (R) by
stretching unoriented compression molded films of the blends iPP1/
iPP2 up to a maximum deformation ε upon release of the tension, and
after breaking, as a function of blend composition.
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The remarkable values of tensile strength (Figures 5 and 6B)
associated with low values of plastic residual deformation
(Figures 7, 8 and Table 3) of the blends iPP1/iPP2 having
content of the stereoirregular component iPP2 higher than
30 wt %, are probably related to the high values of crystallinity of
the samples (xc = 40�56%) and to the occurrence of structural
transformations during deformation.
The X-ray diffraction patterns of fibers of the samples

iPP1�90/iPP2�10, iPP1�50/iPP2�50, and iPP1�10/
iPP2�90 stretched at different values of strain, keeping the fibers
under tension and after removing the tension, are reported in
Figure 9, as an example. In the case of the blends with high
content of the highly isotactic component iPP1, crystals of R
form initially present in the compression-molded unstretched
film (curve b of Figure 1B) are still not well oriented in the fiber
stretched at 100% deformation (Figure 9A). These crystals
gradually transform into the mesomorphic form by stretching
(Figure 9B) and at 400% deformation fibers in pure meso-
morphic form are obtained (Figure 9C). Formation of meso-
morphic form is indicated by the progressive broadening along

the equator of theDebye�Scherrer rings relative to 110, 040, and
130 reflections of R form, which, with increasing the deforma-
tion, merge into a single halo spanning the 2θ range of 14�18�
and become well polarized on the equator in the diffraction
pattern of Figure 9C. Crystals of R form that undergo plastic
deformation and achieve orientation rapidly transform into the
mesomorphic form (Figure 9A�C) and no oriented crystals ofR
form are observed in the patterns of Figure 9A�C.
The complete transformation of R or γ forms into the

mesomorphic form by stretching at room temperature has also
been observed in stereodefective iPP samples having concentra-
tion of rr stereodefects higher than 3�4 mol %.11,12 It has been
suggested that the easy formation of the mesomorphic form
accounts for the high flexibility and ductility of these iPP
samples.12 In fact, in these samples defective crystals of γ form
are easily deformed and destroyed by mechanical melting
followed by recrystallization into the mesomorphic form.29

The formation of mesomorphic aggregates, in turn, facilitates
further stretching up to very high values of strain resulting in high
flexibility.12 In the case of the highly stereoregular samples

Figure 8. Stress�strain hysteresis cycles, composed of stretching and relaxation steps according to the directions of arrows, of fibers stress-relaxed from
ε = 500% and ε = 250% of the sample iPP2 (A) and of the blends iPP1�10/iPP2�90 (B), iPP1�30/iPP2�70 (C), and iPP1�50/iPP2�50 (D). For
each sample the first hysteresis cycle (solid lines) and the second cycle coincident to successive three cycles (dashed lines) are reported.

Table 3. Values of Tension Set (ts) and Percentage of Dissipated Energy (Wdiss) Measured in the Hysteresis Cycles of Figure 7 of
Stress-Relaxed Fibers of the Neat Component iPP2 and the Blends iPP1/iPP2 with Content of iPP2 Higher than 30 wt %

sample ts (%) 1st cycle ts (%) 2nd cycle ts (%) 3th, 4th cycles Wdiss (%) 1st cycle Wdiss (%) 2nd -4th cycle

iPP2, ([rr] = 11.0%) ε = 250% 7( 4 2( 1 0 38 29

iPP1�10/iPP2�90 ε = 250% 9( 5 1.0( 0.5 1.0( 0.5 64 56

iPP1�30/iPP2�70 ε = 250% 4( 2 3( 1 0 76 60

iPP1�50/iPP2�50 ε = 250% 7( 1 2( 1 0 79 80

iPP2 ([rr] = 11.0%) ε = 500% 13( 4 0 0 68 40

iPP1�10/iPP2�90 ε = 500% 16( 2 1.0( 0.5 0 75 65

iPP1�30/iPP2�70 ε = 500% 12( 2 2( 1 0 76 60

iPP1�50/iPP2�50 ε = 500% 11( 1 0 0 77 75
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(with rr content lower than 2�3mol %), as the sample iPP1 ([rr]
= 0.49%), only a small fraction of crystals of R form present
initially in the compression-molded film transforms into the
mesomorphic form.12 Most of the crystals of R form has high
resistance to the plastic deformation and does not transform into
the mesomorphic form before breaking of the sample (ε =
200�300%, Figure 5).12 This results in highly stiff and less
ductile materials.11,12 It is worth noting that the stress-induced
phase transition ofR and/or γ forms into the mesomorphic form
of iPP has been already observed not only in the case of
metallocene-made stereodefective iPP samples having concen-
tration of rr stereodefects higher than 3�4 mol %,11,12 but also in
the case of stretching at room temperature of iPP samples
prepared with Ziegler�Natta catalysts.29 As shown in ref29

studies performed by use of small angle and wide-angle X-ray
diffraction have indicated that there was no lamellar structure in
the mesomorphic form of the iPP fibers. It has been suggested
that the formation of the mesophase is through the destruction of
the lamellar crystalline phase, probably by pulling chains out
from crystals, and the dominant constituent of the mesomorphic
form may be oriented bundles of helical chains.
In the case of the blends iPP1/iPP2, the addition of even small

amounts of the stereoirregular component iPP2 allows achieving
high deformations without breaking (Figure 5). The increase of
ductility, in turn, allows reaching deformations high enough
before breaking so that transformation of pre-existing crystals
of R form of the highly stereoregular component iPP1
(Figure 9A) into the mesomorphic form (Figure 9C) may occur.
We argue that the increase of ductility is associated with the good
level of miscibility iPP1 and iPP2 in the melt and in the
amorphous state, the formation of mixed lamellar stacks of the
two components where the lamellae of the LCT component
iPP2 are entirely included inside the lamellar stacks of the major

component, and the consequent buildup of a continuous
network.15 More precisely, the miscibility of iPP1 and iPP2
chains in the intralamellar amorphous regions creates phase
continuity of the two components even at high deformations
and an effective mechanism able to transmit the stress all over the
sample. We presume that at these high deformations, when the
mechanical energy adsorbed by the crystalline phase becomes
high enough, the formation of the mesomorphic form occurs
probably via the pulling out of the chains from pre-existing
lamellae and successive reorganization of the chains in the
mesomorphic aggregates.29 Therefore, resorting to the concept
of “average tacticity”, contrary to the pure component iPP1,
blends with low iPP2 content show high ductility and stress-
induced phase transitions similar to those observed in the case of
iPP homopolymer samples with rr concentration close to the
value of the “average tacticity” of blend.
For the blend iPP1�90/iPP2�10 the mesomorphic form

obtained by stretching at high deformation remains stable upon
removing the tension (Figure 9D) and, correspondingly, the
material does not show elastomeric behavior. A similar behavior
has been observed in blends with higher concentration of the
stereoirregular component iPP2.
In the blend iPP1�50/iPP2�50 crystals of R form present in

the compression-molded film (profile d of Figure 1B) transforms
into the mesomorphic form by stretching (Figure 9E-G). The
decrease of crystallinity (profile d of Figures 1B and Figure 2) and
of the “average tacticity”, due to the increase of the content of the
stereoirregular component iPP2, reduces the value of critical
stress necessary for inducing plastic deformation so that the
transition into the mesomorphic form occurs at deformations
(ε = 600�700%, Figure 9G) higher than the deformation
necessary to promote formation of the mesophase in the blends
with lower content of iPP2. However, even at the maximum

Figure 9. X-ray diffraction patterns of fibers of the samples iPP1/10-iPP2�90 (A�D), iPP1�50/iPP2�50 (E�H), and iPP1�10/iPP2�90 (I�N)
stretched at different values of strain ε, keeping the fibers under tension and after removing the tension. The values of tension set (ts) measured after
relaxation of specimens are also indicated.
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achievable deformations prior to breaking, along with the broad
halo in the range 2θ = 14�18� of the mesomorphic form,
reflections of non oriented crystals of R form are still present
in the diffraction pattern of Figure 9G. This indicates that at high
values of strain only a portion of the crystals initially present in
the sample experiences themechanical stress field and transforms
into well oriented aggregates of chains of the mesomorphic form.
A portion of crystals of R form, instead, remains unoriented and
does not experience any polymorphic transformation in the
fibers of the blend iPP1�50/iPP2�50. The composite diffrac-
tion pattern of this blend at high deformations (Figure 9G)
reflects the fact that the chains of iPP1 and iPP2 components
form two interpenetrating networks at 50 wt % composition.
According to SAXS data analysis of ref 15 different families of
mixed lamellar stacks are formed in this blend. For the network
dominated by the chains of the component iPP1 the lamellar
crystals of iPP1 prevail, whereas for the network dominated by
the component iPP2, the lamellar crystals of iPP2 become
prevalent. Complete transformation into the mesomorphic form
probably occurs only for the crystals of the component iPP1
embedded in the network dominated by chains of the highly
stereoregular component, since only these crystals may easily
experience the mechanical stress field. The portion of iPP1
crystals embedded in the network dominated by the chain of
the low stereoregular component iPP2, instead, are less affected
by the mechanical stress field, probably also due to the highly
compliant nature of the tie chains connecting the crystals,
associated with the low value of the “average tacticity” at local
scale. As a consequence, the deformation needed to transmit an
effective stress field also to these crystals, able to promote their
transformation into the mesomorphic form, would be so high
that the sample breaks prior to the occurrence of mechanical
melting.
Also for the blend iPP1�50/iPP2�50 the mesomorphic

form obtained by stretching remains stable upon releasing the
tension (Figure 9H) and only poor elastic recovery is observed
(Figure 8D).
Finally, the blends iPP1/iPP2 rich in the low stereoregular

component iPP2 present high flexibility, strain hardening at high
deformation and elastomeric properties (Figure 5 and 8B,C).
The structural transformations occurring during stretching of the
blend iPP1�10/iPP2�90 are shown in Figure 9I�N. Highly
defective crystals of R/γ disordered modifications present in the
compression-molded film (profile f of Figure 1B), transform by
stretching into theR form (Figure 9L) and, then, only in part into
the mesomorphic form at higher deformation close to the
breaking (Figure 9M). Contrary to the blends iPP1/iPP2 with
higher content of iPP1, in these samples the mesomorphic form
obtained by stretching at high deformation is stable only in the
stretched fibers and transforms into the R form when the tension
is removed (Figure 9N). This transition is reversible upon
successive stretching and relaxation (Figure 9M,N). Corre-
spondingly, fibers of the blend iPP1�10/iPP2�90 show elasto-
meric properties (Figure 8B).
This behavior is similar to that of the stereodefective sample

iPP2 and of iPP samples with content of rr stereodefects higher
than 6�7 mol %.11,12 In stereodefective iPPs and in blend iPP1/
iPP2 with content of iPP2 higher than 50 wt % the elastomeric
properties are associated with the reversible structural transition
between the R form and the mesomorphic form. This transition
provides an enthalpic contribution to the elasticity,12 and is respon-
sible for the outstanding properties of high-strength elastomers of

fibers of the blends iPP1/iPP2 with content of iPP2 higher than
50 wt % (Figures 5 and 8).
In these elastomeric materials the values of Young’s modulus

can be regulated by changing the concentration of the stiff
component iPP1 (Figure 6A), whereas the strong strain hard-
ening occurring at high deformations, which is related to the
structural transformations and orientation of the elastomeric
network, produces value of strength even higher than that
observed in more crystalline and stiff blends containing high
concentration of the more crystalline component iPP1.

’CONCLUSIONS

The structure and mechanical properties of blends of iPP
samples of different stereoregularity (a highly isotactic and
crystalline sample iPP1 and a poorly isotactic and elastomeric
sample iPP2), prepared with two different metallocene catalysts,
have been analyzed. These blends form crystalline lamellar stacks
with a high degree of inclusion of both components in the
same stack.

Thermal analysis of blends reveals separate melting and
crystallization of the two components at temperatures close to
those of neat components regardless of composition and thermal
history of the samples. The analysis of the mechanical properties
shows that the tensile properties of the blends iPP1/iPP2 depend
on the composition, ranging from the properties of the highly
stereoregular and stiff component iPP1 to those of the stereo-
irregular and elastomeric component iPP2. The values of Young’s
modulus gradually decrease and the ductility and flexibility in-
crease with increasing the concentration of the stereoirregular
component iPP2, in agreement with the decrease of crystallinity.
Moreover, blends with content of iPP2 higher than 50 wt %
show good elastomeric properties associated with a reversible
structural transition between the mesomorphic form obtained
by stretching and the crystalline R form obtained by releasing of
the tension.

The change of mechanical behavior of the blends iPP1/iPP2
of different composition reflects the peculiar morphology of
these blends at nanometer length scale and, in particular, the
formation of a continuous network guaranteed by the miscibility
of the components in the melt and in the amorphous phase, in
which the well interlocked crystalline lamellae of iPP1 and iPP2
components form junctions of nanometer size. Moreover, it has
been shown that the continuous change of the tensile properties
of the blends iPP1/iPP2 with the composition is similar to the
change of mechanical properties observed in the case of metal-
locene-made stereodefective iPP samples characterized by dif-
ferent concentrations of rr defects. This behavior suggests that
for these blends the concept of “average degree of stereoregularity”
rr(eq) can be used to uniquely address their properties. This
parameter, indeed, formally identifies for each blend composition
the concentration of rr triads of an equivalent single component
system obtained as if the concentration of rr triads defects of iPP1
and iPP2 was uniformly distributed over all the chains. Several
properties of our blends are similar to those of an equivalent
single component system with degree of stereoregularity nu-
merically coincident with rr(eq). In particular the concept of
“average degree of stereoregularity” explains (i) the neat increase of
ductility of iPP1 already by addition of small amounts of iPP2;
(ii) for the iPP1 rich blends, the increase of critical value of strain
able to promote full transformation of the initial R form into the
mesomorphic form; (iii) the appearance of non trivial elastomeric
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properties in iPP2 rich blends already for blends with iPP2
content higher than 50 wt %; (iv) the overall change of properties
(i.e., crystallinity, Young’s modulus, elasticity, stress at break)
with composition.

From practical standpoint, we have shown that addition of the
low stereoregular sample iPP2 to the highly stereoregular iPP1
provides a facile route for tailoring material properties, obtaining
materials with mechanical properties of highly stiff plastomers,
high flexibility, or high-strength elastomers by simple change of
the blend composition. Since a similar range of properties can
also be obtained by tailoring the concentration of rr stereode-
fects, using different metallocene catalysts, the advantage of
preparing binary blends of two iPP samples having very different
concentration of rr defects for obtaining the same properties is
that only two different catalysts must be used.
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