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Isotactic polypropylene (iPP) is of enormous and still
increasing commercial importance because of its favored
combinations of properties, such as good rigidity, high thermal
resistance, low density, and ease of processability, which can
be achieved at relatively low costs.[1] The wide range of
applications of iPP results from its versatility and the variety
of possible modifications of the basic material, which already
starts in the polymerization reactor[1] and can be further
achieved during crystallization and processing. In particular,
the full understanding of the crystallization and complex
polymorphic behavior made it possible to tailor the properties
through control of the crystallization of the different crystal-
line forms (a, b, and g forms) and of the mesophase.

As examples for these concepts, many properties are
changed and enhanced by modification of the neat polymer,
such as the mechanical strength by incorporation of glass
fibers, optical clarification by addition of nucleation agents,[1]

or enhancement of the ductility and flexibility by crystalliza-
tion in the mesophase.[2] While highly crystalline samples of
iPP crystallized in the stable a form results in a rigid material,
the same sample crystallized in the mesophase by rapid
quenching of the melt at low temperature results in a ductile
and flexible material with greatly enhanced deformability.
This effect has been related to the different morphology of the
mesomorphic crystals. Mesophases are highly disordered
crystals, characterized by a degree of order intermediate
between the disorder of the amorphous phase and the order
of crystalline phases, and are generally easily obtained by
quenching the melt at low temperatures. In the cases of iPP
the crystallization of solid mesophases by quenching the melt
produces defective crystals of size and morphology which are
very different from the spherulites obtained at low cooling
rates or high crystallization temperatures. In general, with the
transformation from ordered crystals to mesomorphic enti-
ties, a change of the crystallite morphology from almost
perfect spherulites to bundlelike or nodular crystals is
observed.[3–5] All these variations in number, size, and
perfection of the crystallites and morphological details
significantly influence the mechanical behavior of the materi-
als, that is, the rigidity, impact strength, and ductility.[2]

The crystallization of iPP in the mesophase may offer
additional options for tailoring the properties.[2] In fact,
optically transparent but highly crystalline films of iPP can be
prepared by nonspherulitic crystallization, without employing
optical clarifiers,[5b] through crystallization of the nonspher-
ulitic mesophase by rapid cooling of the melt, and then in a
second step through tailoring the crystallinity and mechanical
characteristics by annealing at elevated temperature, to
induce the transformation from the mesophase to crystals of
the a form, and maintaining the absence of higher-order
organization in a spherulitic superstructure.[4]

Here, we compare the role of the crystal morphology, in
particular, the presence of lamellar crystals organized in
spherulitic superstructures or of nodular non-spherulitic
mesophase, and of the occurrence of stress-induced poly-
morphic transformations, on the deformability of crystalline
polymers. Contrary to observations made in Ziegler–Natta
iPP samples, we show that stereodefective iPP samples
prepared with single-center metallocene catalysts, crystallized
in a lamellar g form, show an unexpected high ductility and
deformabilty, which is much higher than that observed in
samples crystallized in the nodular nonspherulitic mesophase.
We show that when phase transformations occur during
deformation large values of ductility and flexibility are
achieved. This effect turns out to be more important than
the presence of initial nodular nonlamellar crystals of the
mesophase for inducing deformability. The key is the use of
single-center metallocene catalysts that make it possible to
tailor the stereoregularity and to control the crystallization of
the a and g forms.[6]

iPP samples of different stereoregularity have been
prepared with the metallocene catalysts shown in Scheme 1.
These catalytic systems are able to produce iPP samples
characterized by chains containing largely one type of stereo-
irregularity (rr triad defects),[6–8] the amount of which depends
on the structure of the catalyst. Samples with concentration of
rr defects ranging from 0.5 and 11% and melting temper-
atures in the range of 160–80 8C have been analyzed and
compared with a highly stereoregular iPP sample prepared
with a conventional Zigler–Natta catalyst.

The X-ray power diffraction profiles and the stress–strain
curves of a highly stereoregular and crystalline sample of iPP
prepared with a Ziegler–Natta catalyst (see the Supporting
Information), slowly crystallized from the melt as well as by
rapid quenching from the melt at 0 8C, are reported in
Figure 1. Similar data have been reported and extensively
discussed by Androsch and co-workers.[2, 9] The sample slowly
solidified from the melt and crystallized in the stable a form,
as shown by the presence of the typical 110, 040, and 130
reflections of the a form at 2q = 14, 16.8, and 18.68 of the
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a form in the diffraction profile (a) of Figure 1A, whereas the
sample rapidly quenched at 0 8C crystallized in the mesomor-
phic form, as indicated by the presence of the two broad
reflections at 2q = 158 and 21.38 in the diffraction profile (b)
of Figure 1A.

As expected and already shown by Androsch and co-
workers,[2] the sample, crystallized in the a form with typical
cross-hatched lamellae and spherulites superstructure[2, 9] and
a crystallinity of about 50 %, shows mechanical tensile
deformation of a brittle material, with a strain at break
being of the order of only 10 % and a high modulus of
720 MPa (curve (a) of Figure 1B).[2] A post-yield deformation
region is not detected for this particular specimen, that is,
plastic crystal deformation and fibrillation is not observed.[2]

In contrast, the sample crystallized by quenching in the
mesophase shows a rather ductile deformation behavior, with
deformation at break higher than 1000% and a low modulus
of 36 MPa.[2] The mass fraction of the ordered phase (or of the
disordered crystals) in the mesomorphic sample is about
48%. Despite a similar amount of the ordered phase, the
tensile stress–strain behavior is distinctly different.[2]

The deformation of crystalline polymers leads to defor-
mation of amorphous chain segments, separation and rotation
of lamellae, interlamellar shear, disintegration of spherulites,
and fragmentation/dissolution of lamellae by fine and coarse
slip.[10] At larger strain, when the stress acting on the
crystallites reaches a value at which the crystals are no
longer stable, stress-induced mechanical melting occurs,
followed by recrystallization in newly oriented crystallites,
the assembly of which forms aligned fibrils.[10d,e] These critical
values of strain and stress depend on the plastic resistance and
stability of the crystals and the entanglement density of the
amorphous phase.[10c] The intrinsic stability of the crystals,
given by the thermodynamic stability of the crystalline form,
and their organization in morphological entities define the
mechanical strength and the resistance of the material to
plastic deformation.

In the specific case of iPP in the a form, even at
temperatures above the glass-transition temperature, a
rather brittle failure is observed, as shown in Figure 1 B.[11]

The absence of plastic crystal deformation and fibrillation has
been attributed to the restricted mobility of amorphous chain
segments which are interlocked in regions between cross-
hatched lamellar a crystals, which is a typical morphological
feature of conventionally crystallized iPP.[11, 12]

The higher deformability/ductility, observed in the tensile
stress–strain behavior of the mesomorphic iPP (curve (b) of
Figure 1B),[2,13] confirms that the deformation behavior of iPP
is controlled by the crystal morphology, the presence or
absence of spherulitic superstructure, and by the linkage
between the phases.[2] Tensile loading of semicrystalline
polymers first leads to the deformation of the amorphous
phase, then this stress is transferred to the crystals by tie
molecules which then contribute to the deformation by
rotation and slip. The brittle and ductile response of speci-
mens with lamellar and nodular crystals, respectively, is due to
different transfers of stress between the amorphous and
crystalline phases.[2] In slowly crystallized samples containing
a lamellae, the number of tie molecules is lower than in
samples with nodular mesomorphic crystals, and the limited
stress transfer between phases produces brittle failure prior to
plastic deformation of the crystals.[2] In contrast, in specimens,
crystallized in the mesophase, nodules are embedded in the
amorphous phase and are connected by a larger number of tie

Scheme 1. Structure of the zirconocene catalysts. The concentrations
of the rr triad stereodefects produced by each catalyst are indicated.[7,8]

Figure 1. X-ray powder diffraction profiles (A) and stress–strain curves
of samples of highly stereoregular iPP prepared with a Ziegler–Natta
catalyst slowly crystallized from the melt in the a form (a) and in the
mesophase by quenching the melt at 0 8C (b).
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molecules, which initially were formed at extremely high
supercooling. Tie molecules transmit stress to nodules, caus-
ing their orientation and alignment into the draw direction.[2]

Crystal slip or disintegration of nodular crystals and fibrilla-
tion may also occur, as supported by the observation of a
distinct yield point in the stress–strain curves of the meso-
phase.[2]

The X-ray powder diffraction profiles of samples of
stereodefective iPP samples, prepared with the catalysts
shown in Scheme 1, crystallized from the melt by slow cooling
(A) and by quenching at 0 8C (B), as shown in Figure 2. The

most isotactic sample with rr contents lower than 1%
crystallizes in the a form, as indicated by the presence of
110, 040, and 130 reflections of the a form at 2q = 14, 16.8, and
18.68, respectively, in the diffraction profile a Figure 2A,
whereas stereoirregular samples with rr concentrations higher
than 6–7 % crystallize in the g form, as shown by the presence
of the (117)g reflection at 2q = 20.18 of the g form in the
diffraction profiles (c,d) of Figure 2A.[6] All samples crystal-
lize by quenching of the melt at 0 8C in the mesophase, as
indicated by the presence of two broad reflections at 2q = 158
and 21.38 in Figure 2B.

The stress–strain curves of the samples of iPP of Figure 2
slowly crystallized from the melt in the a and g forms or by
quenching in the mesophase are shown in Figure 3. In samples
slowly crystallized in a and g forms (curves a) the mechanical
properties depends on the concentration of rr defects and a
remarkable increase of ductility is observed with increasing
content of rr defects (see the Supporting Information).[6] In
these samples the presence of rr triad defects of stereo-
regularity and the facile inclusion of defects in the crystals of
iPP produces outstanding mechanical properties of high
ductility and drawability, even when the samples are slowly
crystallized in the stable a or g forms with lamellar morphol-

ogy. By tailoring the concentration of rr defects, through the
choice of the metallocene catalyst, samples of iPP showing a
range of different mechanical properties, from stiff materials
to flexible and elastomeric materials, can be prepared (Fig-
ure 3A).[6] In particular, even highly isotactic samples, con-
taining a low concentration of rr defects ([rr] = 0.49 %) that
crystallize in the lamellar a form (profile (a) of Figure 2A)
still show good ductility, with values of strain at break of 200–
300 %,[6] much higher than those (less than 10%) shown in
Figure 1B for Ziegler–Natta iPPs, slowly crystallized from the
melt in the lamellar a form. Samples with rr concentrations
higher than 4–5 mol% show an outstanding high flexibility
and ductility with deformation at break higher than 1000%,
even though the samples crystallize slowly in the g form.[6]

The data of Figures 1B and 3 show that the a form is
harder than the g form. This is related to the intrinsic stability
of crystals of the a form, the lower concentration of included

Figure 2. X-ray powder diffraction profiles of metallocene–iPP samples
containing the indicated concentration of rr triad stereodefects and
prepared with the catalysts of Scheme 1, crystallized from the melt by
slow cooling to room temperature at 1 8Cmin�1 (A) and by quenching
at 0 8C (B). The 110, 040, and 130 reflections of the a form at 2q = 14,
16.8 and 18.68, respectively, and the (117)g reflections of the g form at
2q = 20.18 are indicated in (A). The numbers in parentheses in the
symbol iPP(n) indicate the used catalyst of Scheme 1.

Figure 3. Comparison between the stress–strain curves of samples of
metalocene–stereodefective iPP with the indicated concentration of rr
stereodefects slowly crystallized from the melt in the a and g forms
and in the mesophase by quenching at 0 8C. The numbers in paren-
thesis indicate the used catalyst of Scheme 1.
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stereodefects in the a form, and the different morphology,
with cross-hatched lamellar crystals and restricted mobility of
amorphous chain segments for the a form, and the needlelike,
distorted, thin, elongated, and easily deformable crystals for
the g form.[14]

The mechanical properties of the same samples crystal-
lized by quenching in the mesomorphic form (curves (b) of
Figure 3) indicate that all samples show a similar good
ductility with similar values of deformation at break, regard-
less of the concentration of rr defects. Moreover, all samples
in the mesomorphic form show a mechanical strength that is
lower than that of the corresponding samples crystallized in
the a or g forms (Figure 3). This is in agreement with the
result of Figure 1B of good drawability of the mesophase
even for high degrees of ordered (crystalline) phases in the
case of Ziegler–Natta iPP. It is apparent the more stereo-
regular samples with concentration of rr defects lower than
5 mol% show a better ductility when crystallized in the
mesomorphic form than in the a and g forms (Figure 3A,B),
in agreement with the results of Figure 1 for the mesophase
obtained with Ziegler–Natta iPP.[2] For the more stereo-
irregular samples, iPP(3) and iPP(4), with concentrations of rr
defects of 5.9 and 11 %, respectively, the samples slowly
crystallized in the g form (profiles (c,d) of Figure 2A) show
deformations at break higher than those of the corresponding
quenched samples crystallized in the mesomorphic form
(Figure 3C,D). Therefore, stereoirregular iPP samples show
an unexpected better ductility when they slowly crystallize
from the melt in the g form in lamellar morphology than when
they crystallize in the nodular solid mesophase.

The behavior of the less stereoregular iPP(3) and iPP(4)
samples may be explained by considering that when these
samples crystallize in the g form, polymorphic transforma-
tions occur during deformation, whereas when they crystallize
in the mesophase no structural transformations occur during
the stretching. The X-ray diffraction patterns of fibers of the
sample iPP(3) with 5.92 % of rr defects, obtained by stretching
at different values of deformation e and crystallized initially
in the g form (slow crystallization from the melt) or in the
mesophase (quenched sample), are shown in Figure 4.
Crystals of the g form originally present in the films slowly
crystallized from the melt, and transform into the mesomor-
phic form during deformation, as indicated by the trans-
formation of the three reflections of the g form at 2q = 14, 17,
and 20.18 to two broad haloes at 2q = 158 and 218 on the
equator and first layer line, respectively, in the diffraction
patterns of Figure 4A–C. Data similar to those of Figure 4 A–
C for samples of iPP at different concentrations of stereo-
defects (see Figure 2) made possible the construction of a
structural–mechanical phase diagram of iPP, where the
regions of stability of the different polymorphic forms of
iPP are defined as a function of the stereoregularity and the
degree of deformation.[6b] In the case of the sample iPP(4)
with 11 % of rr defects, crystals of the g form first transform
by stretching into the a form and then, at high deformation,
into the mesomorphic form.[6b]

Phase transformations occurring during deformation are
gradual, and each transformation facilitates the subsequent
deformation of the sample, and only at high strain the

crystalline forms are completely transformed to the meso-
morphic form.[6b] The occurrence of these transformations
produces an effective mechanism which gradually dissipates
some amount of mechanical energy and produces a neat
increase of the values of the strain at break. Large values of
ductility and flexibility are achieved because during the
stretching the mechanical energy is converted into a latent
heat of fusion that induces local melting of the crystals,
followed by recrystallization at high deformation in the
mesophase. This transition, indeed, occurs through mechan-
ical destruction of the crystals by pulling chains out from the
original crystals, and successive reorganization of the chains
to oriented crystalline aggregates of the mesomorphic
form.[15] The formation of the mesomorphic form at low
deformations facilitates the further successive deformation up
to a very high deformation, resulting in a high ductility and
flexibility (Figure 3C,D).

Moreover, in these samples the presence of high degrees
of structural disorder and the inclusion of rr defects in the
crystals of the g form and the similar concentration of defects
in the crystalline and amorphous phases,[6] reduce the plastic
resistance of the crystals and the stress level necessary for
inducing a plastic deformation of the crystals and phase
transformations. These properties lead to unusual polyprop-
ylene of outstanding high flexibility and elasticity.[6]

Figure 4. X-ray fiber diffraction patterns of fibers of the sample iPP(3)
with a concentration of rr defects of 5.9 mol% initially crystallized
from the melt in the g form by slow cooling (A–C) and by quenching
at 0 8C in the mesophase (D–F), stretched at the indicated values of
deformation e.
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In the case of samples initially crystallized in the
mesomorphic form under nonthermodynamic conditions by
quenching the melt, the phase behavior is necessarily not
reported in the general “thermodynamic” deformation phase
diagram of Ref. [6b]. In this case stretching does not produce
any structural transformation, and only a high degree of
orientation of the mesomorphic domains with chain axes
parallel to the stretching direction is achieved (Figure 4D–F).
As a consequence, samples of the mesomorphic form show
lower values of deformation at break than the corresponding
films crystallized in the g form.

The data of Figures 3 and 4 highlight the fundamental role
played by the stress-induced transformations on the deform-
ability and ductility of crystalline polymers. In the case of
stereodefective iPPs, this effect is coupled to the effect of the
rr stereodefects included in the crystals of the g form.[6] These
effects turn out to be even more important than the
morphology of the initial crystals, resulting in a larger
ductility of the samples with lamellar morphology than with
a nodular mesophase. However, in the case of the g-form
crystals another effect that contributes to the facile deform-
ability is related to the lateral dimension of the crystals of the
g form. Extensive investigations on the morphology of the
crystals of the g form obtained from crystallization of metal-
locene–iPP samples have shown that crystals of the g form
may show a needlelike morphology, that is, they are thin in
two dimensions and elongated in the third dimension.[14] The
needlelike crystals are organized in bundles, and bundlelike
structures form in iPP samples crystallized mainly in the
g form.[14a] The needlelike morphology of the g form with
distorted, thin, and elongated crystals contributes to the low
yield strength and Young�s modulus (Figure 3 C,D) and the
facile deformability of the g form.

In conclusion, the observed improved ductility of the
slowly crystallized g form in stereodefective iPP samples
compared to the mesophase shows that the deformability of
semicrystalline polymers is not only related to the initial
crystal morphology and classic morphological parameters
(crystal dimensions, lamellar thickness) but mainly to the
occurrence of phase transformations during deformation. The
defective and distorted lamellar crystals or needlelike crystals
of the g form including rr stereodefects are less resistant to the
plastic deformation and, therefore, can be more easily
deformed and transformed into the mesomorphic form
(Figure 4C,D). Once the stiff crystals have been broken, the
formation of the disordered mesomorphic form facilitates
further stretching up to very high values of deformation
resulting in a high ductility and flexibility (Figure 3C,D). The
facile transformation during stretching of the g form into the
mesomorphic form at low degrees of deformation provides a
mechanism of conversion of the mechanical energy to latent
heat of fusion that induces local melting of the crystals,

followed by recrystallization at high deformation into the
mesophase. These results clearly show that the single-center
metallocene catalysts may offer additional options to tailor
the properties of iPP through the control of the concentration
of stereodefects and the crystallization of the g form and of
the mesophase.
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