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Abstract

An analysis of the mechanical properties and polymorphic transformations occurring during plastic deformation of isotactic polypropylene
with variable stereoregularity, containing only rr stereo-defects, is presented. Thermoplastic materials showing high stiffness, or high
flexibility, or elastic properties can be produced depending on the concentration of defects. Relationships between the different mechanical
behavior and the different observed polymorphic transformations occurring during tensile deformation are discussed. The elastic behavior of
the poorly isotactic samples and the values of the corresponding mechanical parameters are related to the structural transformations occurring
during stretching. The y-form present in the unstretched sample transforms by stretching into the a-form, which in turn, transforms into the
mesomorphic form at very high deformations. The mesomorphic form transforms back into the crystalline a-form upon releasing the tension
and elastic recovery is observed. The crystallization of the mesomorphic form into the a-form upon releasing the tension is not observed in
the case of flexible or stiff-plastic samples, which do not show elastic behavior. This indicates that in the elastomeric samples elasticity is

probably partially due to the enthalpic contribution associated with the crystallization of the mesomorphic form into the a-form.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of metallocene catalysts for the
polymerization of olefins has allowed production of new
materials having microstructures that cannot be obtained
with conventional Ziegler—Natta catalysts [1-4]. In the case
of polypropylene, any type and degree of stereoregularity,
from highly isotactic to highly syndiotactic, can be
produced [4]. The fine-tuning of the microstructure is
nowadays possible through the rational choice of the
catalytic system, and polypropylenes characterized by
different kinds and amounts of regio- and stereo-irregula-
rities, different distributions of defects and different
molecular masses, are now available [4].
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Recent studies of the crystallization properties of
metallocene-made polypropylene have demonstrated that
the microstructure strongly influences the crystal structure,
the polymorphic behavior and, as a consequence, the
physical properties of isotactic polypropylene (i-PP)
[5-13]. Depending on type and concentration of micro-
structural defects, and their distribution along the polymer
chain, polypropylenes with different melting temperatures
having physical properties of stiff thermoplastic materials or
of elastomers, can be obtained [13].

In particular polypropylenes of very high isotacticities
(mmmm=>99%) and molecular weights and melting points
as high as 160 °C [14], or less stereoregular, but fully
regioregular polypropylenes, are produced with a variety of
C,-symmetric complexes [15,16].

Elastomeric polypropylene has instead been obtained
with different classes of metallocene catalysts. For instance,
poorly isotactic polypropylene with low melting tempera-
tures, or amorphous polypropylene, showing elastic proper-
ties has been produced by different C,-symmetric
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metallocene catalysts described by Chien [17], Collins [18]
and Rieger [19], or by C,,-symmetric and C,-symmetric
ansa-zirconocene complexes described by Resconi et al.
[20-24]. Moreover, elastomeric polypropylene has been
also produced with unbridged oscillating zirconocene
catalysts, described by Coates and Waymouth [25], which
produce a reactor blend of stereoblock polypropylene with
different tacticities and melting temperatures. In most of
these cases the elastic properties arises from the crystal-
lization of poorly isotactic sequences [12,13,17-19,23] or of
stereoblocks [9,11,25].

Depending on the used catalysts and the corresponding
polymerization mechanism, different types of microstruc-
tural defects may be present in the polypropylene
macromolecules (defects of stereoregularity as for instance
isolated rr triad, and/or defects of regioregularity as for
instance secondary 2,1 insertions of monomer in a
prevailing primary 1,2 enchainment). The different produced
microstructures induce a different crystallization behavior
(in particular crystallization of a- or y-forms is observed)
[5-13,26-29] and different physical properties [12,13].

A unified view of the crystallization behavior of
metallocene-made polypropylene has been recently suggested
[10,12,13]. i-PP samples characterized by chains including
different types of microstructural defects (strereodefects and
regiodefects) generated by different catalysts, generally
crystallize as a mixture of o- and y-forms [5-13]. The
fraction of y-forms increases with increasing crystallization
temperature and the content of defects [5—13,28,29]. Since the
defects are randomly distributes along the polymer chains
even a small amount of defects shortens the length of the
regular isotactic sequences, reducing the melting temperature
and favoring the crystallization of the y-form [9—13]. Crystals
of the y-form obtained in these samples always present
structural disorder [8,10,12,13], characterized a succession of
bilayers of chains along a crystallographic direction with
chain axes either parallel, as in the a-form, or perpendicular to
each other, as in the y-form [8]. Therefore, metallocene made
i-PP crystallize in a continuum of disordered modifications
intermediate between a- and y-forms, the amount of disorder
being dependent on the crystallization conditions and on the
stereoregularity of the sample [8,10].

In this paper we report a study of the mechanical
properties of metallocene-made i-PP samples containing
only one kind of stereo-irregularity (isolated rr triads) in a
wide range of concentration. The relationships between
content of rr defects and mechanical properties are analyzed
and related to the crystallization behavior and polymorphic
transitions occurring during the plastic deformation.

2. Experimental section
i-PP samples have been prepared with the zirconocene

catalysts shown in Chart 1 activated with methylalumoxane
(MAO) [15,16,30-33]. All propylene polymerizations have

been performed in liquid propylene at polymerization
temperatures between 30 and 70 °C. Some of the MAO-
activated complexes were also supported on porous
polyethylene and polypropylene spheres by following a
Basell technology [34] and tested under the same non-
supported system. All the analyzed samples are listed in
Table 1. The more isotactic sample iPP1 has been prepared
with the C,-symmetric catalyst 1, rac-H,C(3-rbutyl-
indenyl),ZrCl, [15,16]. The samples iPP2—iPP7 have been
prepared with the C;-symmetric ansa-zirconocenes 2—7 of
Chart 1, based on the (substituted indenyl)-dimethylsilyl-
[bis(2-methylthieno)cyclopentadienyl] ligand framework
[30-33]. These catalysts are highly active in propylene
polymerization and produce highly regioregular, high
molecular weight i-PPs characterized by different stereo-
regularity and containing only rr triad stereodefects.

The intrinsic viscosity [n] was measured in tetrahydro-
naphtalene at 135 °C using standard Ubbelohde viscosi-
meter. The average molecular masses of i-PP samples were
obtained from their intrinsic viscosity values according to
(1= K(M,)*, with K=1.93X10"* and a=0.74 [35].

The GPC curves of the samples show narrow molecular
mass distributions, typical of single-center zirconocene
catalysts, with polydispersity indices M,,/M,, variable in the
range 2-3.

The melting temperatures were obtained with a differ-
ential scanning calorimeter Perkin—Elmer DSC-7 perform-
ing scans in a flowing N, atmosphere and heating rate of
10 °C/min.

Oriented fibers of the i-PP samples have been obtained
by stretching at room temperature and at drawing rate of
10 mm/min compression molded samples. Compression-
molded samples have been prepared by heating powder
samples at temperatures higher than the melting tempera-
tures under a press at low pressure, and slowly cooling to
room temperature.

X-ray diffraction patterns were obtained with Ni filtered
Cu K, radiation. The powder profiles were obtained with an
automatic Philips diffractometer, whereas the fiber diffrac-
tion patterns were recorded on a BAS-MS imaging plate
(FUJIFILM) using a cylindrical camera and processed with
a digital imaging reader (FUJIBAS 1800). The X-ray fiber
diffraction patterns have been recorded for stretched fibers
soon after the stretching and keeping the fiber under tension,
as well as for relaxed fibers, that is, after keeping the fiber
under tension for 2h and then removing the tension
allowing the complete relaxation of the specimens.

The index of crystallinity was evaluated from the X-ray
powder diffraction profiles by the ratio of the crystalline
diffraction area and the total area of the diffraction profile.
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
semicrystalline samples.

The relative amount of crystals in the y-form present in
our samples was measured from the X-ray powder
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Chart 1. Structures of C,-symmetric (1) and C;-symmetric zirconocene (2—7) pre-catalysts.

diffraction profiles, by measuring the ratio between the
intensities of the (117), reflection at 26=20.1°, typical of
the y-form, and the (130),, reflection at 26 =18.6°, typical of
the a-form: f, =1(117),/[1(130),,+1(117),]. The intensities
of (117), and (130),, reflections were measured from the
area of the corresponding diffraction peaks above the diffuse
background intensity in the X-ray powder diffraction
profiles.

Mechanical tests have been performed at room tempera-
ture on compression-molded films and oriented fibers with a
miniature mechanical tester apparatus (Minimat, by
Rheometrics Scientific), following the standard test method
for tensile properties of thin plastic sheeting ASTM D882-
83. Compression-molded films have been prepared by
heating powder samples at temperatures higher than the
melting temperatures between perfectly flat brass plates
under a press at very low pressure, and slowly cooling to
room temperature. Special care has been taken to obtain
films with uniform thickness (0.3 mm) and minimize
surface roughness, according to the recommendation of
the standard ASTM D-2292-85.

Mechanical tests have been first performed on the
unstretched compression-molded films. Rectangular speci-
mens 10 mm long, 5 mm wide and 0.3 mm thick have been
stretched up to the break or up to a given deformation ¢=
[(L¢— Lo)/Lg] X 100, where L and Ly are the initial and final
lengths of the specimen, respectively. Two bench marks
have been placed on the test specimens and used to measure
elongation. Similar tests have been then performed at room
temperature on the strained and then stress-relaxed fibers.
Stress-relaxed fiber specimens have been prepared by
stretching the compression molded films of initial length
Ly up to strains of 500 and 1000% (final lengths L= 6L, and
11L,), keeping the fibers under tension for 10 min at room
temperature, then removing the tension, allowing the
specimens to relax to the final length L,.

Values of tension set and elastic recovery were measured
according to the standard test method ASTM D412-87. The
specimens of initial length L, were stretched up to a length
Ly, i.e. up to the deformation e=[(L¢— Ly)/Ly] X 100, and
held at this elongation for 10 min, then the tension was
removed, and the final length of the relaxed specimens L,
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Table 1

Polymerization temperatures (7,), viscosity average molecular masses (M,), melting temperatures (7},), and content of triads and pentads stereosequences (%) of i-PP samples prepared with catalysts of Chart 1

mrrm

(%)

rrrr (%) rrrm (%)

rmrm

mr (%) rr (%) mmmm mmmr rmmr mmrr XMrX
(%) (%) (%) (%) (%) (%)

mm (%)

T (°C)

Mb

T, (°C)

Catalyst/cocata-
lyst/carrier”

1/MAO

Sample

0.49
2.35
3.29
4.61
4.87
591
7.37

0.00
0.13
0.27
0.61
0.70
1.18

2.43

0.00
0.06
0.14
0.31
0.35
0.59
1.21

0.00
0.13
0.27
0.61
0.70
1.18

0.01
2.43

0.97
4.70
6.58
9.22
9.73
11.82
14.75

0.00
0.06
0.14
0.31
0.35
0.59
1.21

97
70

97.55 0.

0.49
2.54
3.70
5.52
5.92
7.68
11.01

0.99

98.52
92.37

162
140
133

195,700
106,000
202,400
505,800
210,900
166,400
123,400

50
60
60
30
60
60
70

iPP1
iPP2
iPP3
iPP4
iPP5
iPP6
iPP7

0.26
0.55
1.22
1.40

2.36

4.

87.61

08

5.

7/MAO/PE

6.58

82.19

7.40
11.05
11.83
15.37
22.02

88.90
83.43
82.25
76.95

6/MAO/PP
3/MAO

9.22
9.73
11.82
14.75

73.91

119
116
111

72.17

5/MAO/PE
2/MAO

64.54
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4.85

51.00

66.97

84

4/MAO

No or negligible regioerrors (2,1 insertions) could be observed in the '*C NMR spectra of the samples [32,33].

polypropylene, PE =polyethylene.

4 PP=

® From the intrinsic viscosities.

¢ The melting temperatures were obtained with a differential scanning calorimeter Perkin—Elmer DSC-7 performing scans in a flowing N, atmosphere and heating rate of 10 °C/min.

was measured after 10 min. The tension set was calculated
by using the following formula: #,(e) = [(L.— Lo)/Lo] X 100,
whereas the elastic recovery was calculated as r(e)=[(L;—
L,)/L;] X 100.

Mechanical cycles of stretching and relaxation have
been performed at room temperature on the stress-relaxed
fibers and the corresponding hysteresis have been
recorded. In these cycles the stress-relaxed fibers of i-PP
samples, having the new initial length L. have been
stretched up to the final lengths Li=6Lg or 11L,, i.e. up to
the elongation ¢=[(L{—L;)/L;] X 100, and then relaxed at
controlled rate. After each cycle, the values of the tension
set have been measured. The final length of the relaxed
specimens L. has been measured 10 min after the end of
the relaxation step and the tension set has been calculated
as: t,(e) = [(L. —L,)/L.] X 100.

Values of tension set and elastic recovery have also
been measured on unoriented compression-molded films
of elastomeric samples after breaking. Specimens of initial
length L, have been stretched up to the break. Ten
minutes 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 L, of
the specimen has been obtained by measuring the distance
between the two bench marks. The tension set after
breaking has been calculated as #,=[(L.— Lo)/Lo] X100,
whereas the elastic recovery has been calculated as: r,=
[(Le— Ly)/L]1 X 100.

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

The stress-relaxation tests were performed on unoriented
compression-molded films following the procedure
described in the standard test method ASTM D2991-84.
Instantaneous strains of 500 and 1000% were applied and
the values of the stress were recorded as a function of the
time.

3. Results and discussion

The i-PP samples were prepared using the metallocene
catalysts of Chart 1 and are listed in Table 1. All samples are
highly regioregular and contain only mistakes in the
stereoregularity consisting in isolated rr triad defects and
no measurable regioerrors. The amount of rr defects depend
on the structure of the catalyst, in particular the indenyl
substituents, and the conditions of polymerization and can
be varied in the range between 0.5 and 11%. Correspond-
ingly, the samples show melting temperatures variable
between 162 and 80 °C (Table 1).
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3.1. Unoriented samples

Samples used for the study of the structural transform-
ations occurring during stretching and for the mechanical
tests have been prepared by compression molding. The
X-ray powder diffraction profiles of compression-molded
films of some samples of Table 1 are reported in Fig. 1. The
samples crystallize from the melt in mixtures of o- and
v-forms, the fraction of y-form being dependent on the
concentration of rr defects. The diffraction profiles of Fig. 1
present, indeed, both (130),, and (117), reflections at 20=
18.6 and 20.1° of o~ and y-forms, respectively, the relative
intensity of the (117), reflection of the y-form increases
with increasing concentration of rr defects.

The relative amount of y-form, with respect to the
a-form, is reported in Fig. 2 as a function of the
concentration of rr defects. The most isotactic sample
crystallizes basically in the a-form (Fig. 1(a)), with a limit
low concentration of y-form of 15-20%. The amount of
vy-form increases with increasing content of 7r defect up to
100% for rr contents higher than 6-7%. The more
stereoirregular samples iPP5, iPP6 and iPP7, indeed,
crystallize from the melt totally in the y-form, as indicated
by the high intensity of the (117), reflection of the y-form at
260=20.1° and the absence of the (130), reflection of the
a-form at 260 = 18.6° in the diffraction profiles d—f of Fig. 1.

Examples of stress—strain curves of compression-molded
films of i-PP samples of Fig. 1, having different

iPP1
[rr] =0.49%

iPP2
[rr] =2.54%

iPP3

(c) [rr] =3.70%

Intensity

iPP5

@ [rr] =5.92%

iPP6
[rr] =7.68%

iPP7
[rr]=11.01%

20 (deg)

Fig. 1. X-ray powder diffraction profiles of i-PP samples of Table 1
crystallized from the melt by compression molding and cooling the melt to
room temperature at 1 °C/min. The (130),, reflection of the o-form at 26 =
18.6° and the (117), reflections of the y-form at 26=20.1° are indicated.

1.0
0.8-
f
0.6- o
0.4-

0.2 1

0.0

0 2 4 6 8 10 12
[rr] (%)

Fig. 2. Relative amount of y-form, f,, in the i-PP samples of Table 1
crystallized from the melt by compression molding and cooling the melt to
room temperature at cooling rate of 1°C/min, as a function the
concentration of rr defects.

concentrations of rr defects and showing the mechanical
behavior of stiff-plastic, highly flexible and elastomeric
materials, are reported in Fig. 3 [13]. The values of the
mechanical parameters (elastic modulus, stress and defor-
mation at yield point and at break) evaluated from the stress—
strain tests of all samples of Table 1 are reported in Table 2
and in Fig. 4 as a function of the concentration of rr defects.
The values of Young modulus (Fig. 4(A)) and stress at
yielding (Fig. 4(B)) decrease, whereas the values of
deformation at yield point and at break (Fig. 4(C)) increase
with increasing concentration of rr defects and decreasing
crystallinity (Table 2), indicating increase of ductility and
toughness (Figs. 3 and 4(C)). Therefore, whereas samples
with concentration of rr defects lower than 3—-4% are stiff
materials, samples with rr contents in the range 5-6% are
highly flexible thermoplastic materials and, finally,
elastomers can be obtained for concentrations of rr defects
higher than 7% [13]. Itis also apparent from Fig. 4(B) that the
tensile strength strongly increases for very high concen-
trations of rr defects, due to the strong strain hardening at
high deformation experienced by the lowest crystalline
elastomeric sample containing the highest concentration of
defects (sample iPP7 with [rr]=11%, Figs. 3 and 4(B)).
The values of the tension set after breaking or after the
deformation e, reported in Table 2, clearly indicate a quite

[rr]=11.01%
30 elastomeric i-PP
[rr]=0.49%
_ stiff-plastic i-PP
& 204
=
©
i [rr]=5.92%
10 flexible i-PP
0 T T T 1
0 500 1000 1500 2000

e (%)

Fig. 3. Examples of stress—strain curves of unoriented compression molded
films of three i-PP samples having different concentration of rr defects and
showing mechanical properties of stiff-plastic, highly flexible and
elastomeric materials.
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Table 2

stress (o) and strain (&) at the yield point, tension set (#,) and elastic recovery (r,) after breaking, tension set after deformation of 500% (,(500)) and

>

Elastic modulus (E), stress (gy,) and strain (¢;,) at break.

1000% (t,(1000)) and crystallinity (x.) of unoriented compression molded films of i-PP samples prepared with catalysts of Chart 1

rr (%) M, E (MPa) oy MPa) & (%) v, (MPa) &y (%) 1, (%) 1y (%) 1(500) (%)  1,(1000) xc (%)
(%)

Catalyst

Samples

70
66
64
60
55
45

310£50
250+24
356+ 56
454450

1248 +96

2213
2312
20+8
15+2
16+2
22+4
32+4

16+2
3218
40+7
45+5
50+1
60+6
109 +46

17+2
20+4
17+3
1243
12+1
102

198 £32
125124

195,700
106,000
202,400
505,800
210,900

0.49
2.54
3.70
5.52
5.92
7.68
11.01

1/MAO
9/MAO/PE

iPP1
iPP2
iPP3
iPP4
iPP5
iPP6
iPP7

80+6
70+9
6416
27+6
19+4

7/MAO/PP
4/MAO

850; 140
17874214

6/MAO/PE
3/MAO

337+25
184+39

40+5

580192
38143

166,400
123,400
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42

494+15

292+10

9+1

5/MAO

The contents of rr defects and the molecular weights (M,) of the samples are also indicated.

(a) 250
200

=

£ 150

2

=100
50

o (MPa)

10

(€)2000+

1500

1000

0 T T T T T 1

[rr] %

Fig. 4. Values of elastic modulus (A), stress (B) and deformation (C) at
break (full symbols) and at yield point (open symbols) as a function of
concentration of rr defects of i-PP samples of Table 1.

good elastic behavior of the two more steroirregular samples
iPP6 and iPP7. In these materials the elastic properties are
associated with remarkable values of the modulus of nearly
20-30 MPa (Table 2 and Fig. 4(A)), and, as discussed
before, very high values of tensile strength, even higher than
those of the more crystalline and isotactic samples (Figs. 3
and 4(B)).

This outstanding behavior is due to the fact that these
samples are crystalline notwithstanding the low stereo-
regularity (Fig. 1). The presence of small crystalline
domains induces elastomeric properties since crystals act
as physical cross-links in the amorphous matrix. Moreover,
a possible further crystallization and/or polymorphic
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transformations that may occur during stretching play a
fundamental role. In the next section this issue is analyzed
showing a structural analysis of samples stretched at
different deformations as in the stress—strain tests of
Fig. 3. The presence of crystallinity gives high values of
the strength (Table 2) and the possible further crystallization
during stretching may explain the strong increase of the
stress at high deformation observed for the more irregular
sample iPP7 ([rr]=11%).

3.2. Oriented fibers

Oriented fibers of the i-PP samples of Table 1 have been
obtained by stretching at room temperature compression
molded samples. As shown by the stress—strain curves of
Fig. 3 even the most isotactic sample of Table 1 can be
drawn at room temperature up to remarkable values of the
strain (300-400%). This behavior is different from that of
highly stereoregular commercial i-PP, prepared with
Ziegler—Natta catalysts, which generally does not experi-
ence cold-drawing.

The X-ray fiber diffraction patterns, and the correspond-
ing intensity profiles read along the equatorial line, of fibers
of the most irregular sample iPP7, with content of rr defects
of 11%, stretched at different values of deformation are
reported in Fig. 5. As shown in Fig. 1, the initial unstretched
compression-molded film of the sample iPP7 is in the y-form
(X-ray diffraction profile f of Fig. 1). The X-ray fiber
diffraction patterns of fibers obtained at low deformations
(e<100%) present reflections at 20=14 and 17° slightly
polarized on the equator with a low degree of orientation of
crystals (Fig. 5(A) and (B)). The absence or the very low
intensity of the (117), reflection of the y-form at 26=20°,
and of the (130),, reflection of the a-form at 20 =18.6°, in the
patterns of Fig. 5(A) and (B) indicate that the crystalline
phase of fibers stretched at low deformations is characterized
by disordered modifications intermediate between o- and
v-forms [8,10,12]. These disordered modifications of y-form
are characterized by defects in the regular packing of bilayers
of chains with axes oriented alternatively along two nearly
perpendicular directions, typical of the y-form. Bilayers of
chains succeed along a crystallographic direction with chain
axes either parallel, as in the a-form, or perpendicular to each
other, as in the y-form [8]. This disorder produces a local
situation of packing typical of the o-form, with some
adjacent bilayers having parallel chains (o/y disorder).

The patterns of Fig. 5(A) and (B) indicate that for the
sample iPP7 the disordered modifications produced by
stretching at low deformations present a prevalence of
v-like arrangement of chains with perpendicular axes.
Therefore, only orientation of crystals of y-form, or of a/y
disordered modifications, present in the unstretched film
(Fig. 1(f)), is produced by stretching at low deformation.

The degree of orientation of crystals increases with
increasing deformation (¢2>100%), as indicated by the
increase of the polarization of the reflections on the equator

in the diffraction patterns of Fig. 5(C)—(E). Moreover the
(130),, reflection of the a-form at 26 = 18.6° appears starting
from 100% deformation (Fig. 5(C)), and its intensity
increases with further increasing deformation (Fig. 5(D)
and (E)). This indicates that crystals of y-form, or of a/y
disordered modifications, present in fibers stretched at low
deformations (Fig. 5(A) and (B)), transform into o-form by
stretching at higher deformations (¢=200-600%). The
diffraction patterns of Fig. 5(D) and (E) present, indeed,
the three strong equatorial (110),, (040), and (130),,
reflections at 20=14, 16.8 and 18.6°, typical of the
a-form. This structural transition involves transformation
of modifications characterized by packing of perpendicular
chains (y-form) into crystals characterized by a prevalence
of local packing with parallel chains, typical of the o-form.

The three equatorial 110, 040 and 130 reflections at 20 =
14, 16.8 and 18.6° of the a-form transform into a broad halo
in the range 20=14-18° with further increasing defor-
mation (e>500-600%), as shown in the X-ray diffraction
patters of fibers stretched at =900 and 1000% of Fig. 5(F)
and (G). Moreover, reflections on the first layer line also
transform into a broad halo centered at 20 =21° (Fig. 5(G)).
This indicates that crystals of a-form transforms into the
mesomorphic form of i-PP [36]. At 1000% deformation
fibers in the pure mesomorphic form of i-PP are obtained
(Fig. 5(G)).

We recall that the mesomorphic form of i-PP is generally
obtained by rapid quenching the melt to very low
temperatures and is characterized by chains in the ordered
three-fold helical conformation but high degree of disorder
in the lateral packing of chains [36].

These data indicate that for the elastic sample iPP7, the
easy deformation at high values of the draw ratio produces
transformation of crystals of y-form, present in the
unstretched compression molded film (Fig. 1) and in fibers
stretched at low deformations, into the o.-form, which in turn
transforms into the mesomorphic form at very high
deformations.

This behavior provides an example of plastic defor-
mation via necking (Fig. 3) of a semicrystalline bulk
polymer accompanied by polymorphic transitions. Several
molecular models of the plastic deformation have been
discussed in the literature [37,38]. The occurrence of a
polymorphic transition during deformation and the relation-
ships between crystallographic features (for instance crystal
symmetry and helical hands of the chain conformation) of
the involved polymorphic forms, have been used to suggest
an appropriate model. Peterlin has described the plastic
deformation by a lamellae tilting and crystal shearing along
the chain axes, followed by oriented rearrangement of these
crystalline fragments [37]. A complete destruction of the
crystalline lamellae followed by fibrillar recrystallization is
suggested in other models [38]. Crystal—crystal transform-
ations occurring during stretching in which helical
conformations are involved are subjected to severe
constraints. The major one is the need to preserve the initial
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Fig. 5. X-ray fiber diffraction patterns (A)—(H), and corresponding profiles read along the equatorial lines (A’)—(H'), of fibers of the sample iPP7 with content of
rr defects of 11.01%, obtained by stretching at room temperature compression molded films at values of the strain ¢ of 70% (A), 90% (B), 100% (C), 200% (D),
400% (E), 900% (F) and 1000% (G), and after releasing the tension from 1000% strain (H). The fiber in (G) is in the mesomorphic form, whereas the fiber in
(H) is in the crystalline a-form. The (110),, (040),, and (130),, reflections of the a-form at 26 =14, 17 and 18.6° are indicated. The azimuthal angle y of the

reflection at 26=17°, indicated by arrows in (A) and (B), is defined in (A).

helical hand during the transformation process. Therefore,
lamellae tilting and the shear mechanism cannot explain the
change of handedness of a helical chain during the
polymorphic transition. This is for instance the case of the
observed transformation of the isochiral B-form of i-PP into
the antichiral a-form by stretching [39]. Similar constraints
are involved in the transformation of the y-form into a-form
[7,10,40]. In fact, even though both forms are characterized
by a packing of right- and left-handed threefold helical
chains with a similar stacking of ordered bilayers of
enantiomorphic chains along the b, and c, axes, in the o-
and y-forms, respectively [41], two consecutive bilayers are
faced with chains of opposite chirality in the a-form and of

the same chirality in the y-form [41]. The transformation of
v- form into o-form occurring during stretching (Fig. 5)
necessarily involves change of the chirality of helical chains
and, therefore, cannot be explained by a simple lamellae
tilting and crystal shearing along the chain axes. The y-form
transforms into the a-form through breaking of the lamellae
and successive re-organization of the chains and fibrillar
recrystallization with parallel chain axes oriented along
the stretching direction. The fibrillar recrystallization may
also produce increase of the total crystallinity by further
crystallization of chains initially in the amorphous phase.
This explains the strong strain-hardening observed in the
stress—strain curve of the sample iPP7 (Figs. 3 and 4(B)).
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At higher deformations the o-form transforms into the
mesomorphic form (Fig. 5). This transformation has already
been observed in the case of stretching at room temperature
of i-PP samples prepared with Ziegler—Natta catalysts [42].
These studies by small angle and wide angle X-ray
diffraction have indicated that there was no lamellar structure
in the mesomorphic form of the i-PP 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 [42]. Also in the case of the
elastomeric sample iPP7 of Fig. 5, we can assume that, after
formation of fibers in the a-form at 400-500% deformation,
the chains are pulled out from the lamellae of a-form by
further stretching at higher deformation and re-organize
forming crystalline mesomorphic aggregates characterized
by chains in 3/1 helical conformation, where the parallelism
of the chain axes is maintained and only a poor correlation in
the lateral positioning of the chain axes is present.

It is worth noting that in the X-ray fiber diffraction
patterns of fibers of the sample iPP7 stretched at low
deformations (¢ <100%, Fig. 5(A)—(C)) the second equa-
torial reflection at 26=17°, corresponding to the (040),,
reflection for the o-form and the (008), reflection for the
y-form, appears polarized either on the equator, or on off-
equatorial layer lines on the region close to the meridian
(reflections indicates by arrows in Fig. 5(A) and (B)).
The position of this reflection may be indicated by the
azimuthal coordinate y defined in Fig. 5(A) (x=0 and 90°
for equatorial and meridional reflections, respectively). The
distribution of the intensity of the reflection at 26=17°
along the azimuthal arc in the X-ray fiber diffraction
patterns of Fig. 5 is reported in Fig. 6 for fibers stretched at
different values of deformation. It is apparent that for low
deformations the azimuthal profiles of Fig. 6(b)—(d) present

e=80%

Intensity

e="70%

Intensity

AT

diffraction maxima at x =60 and 120°, symmetric with
respect to the meridional position at x =90°, besides to the
equatorial maxima at x =0 and 180°. The intensity of the
maxima at x =60 and 120° on off-equatorial layer lines
decreases, whereas that on the equator at y =0 and 180°
increases with increasing deformation (Fig. 6(e)—(i)). At
very high deformation (¢>700%) the reflection at 26=17°
is polarized only on the equator and only the corresponding
diffraction maxima at x=0 and 180° are observed in the
azimuthal profiles of Fig. 6(h) and (i).

The (040),, or (008), reflection at 260=17° corresponds to
crystallographic planes perpendicular to the direction of
stacking of bilayers, that is perpendicular to the b,, axis in the
a-form, or to the ¢, axis in the y-form. The polarization of
this reflection on off-equatorial layer lines at x =60 and 120°
(Figs. 5(A), (B) and 6(b)—(d)) indicates that crystals are
oriented with the axes of stacking of bilayers of chains (c,
axis of the y-form) aligned preferably along the stretching
direction (as shown in Fig. 7 for the y-form), precisely at
nearly 30° to the stretching direction [12]. In this orientation
the polymeric chains are oriented in directions nearly
perpendicular to the stretching direction. The presence of
diffraction maxima also on the equator at x=0 and 180°
(Figs. 5(A), (B) and 6(b)—(d)) indicates that a fraction of
crystals with chain axes oriented along the stretching
direction are also present. These crystals are probably in a/
v disordered modifications closer to the o-form with high
fraction of consecutive bilayers having parallel chains, as in
the o-form.

This non-standard fiber orientation is achieved before
necking (e<100%, Fig. 3) and, therefore, can be obtained
through lamellar tilting and crystal shearing. At higher
deformations the amount of crystals oriented with chains
axes nearly perpendicular to the stretching direction
decreases with increasing deformation, as indicated by the
decrease of the intensity of the (040),, or (008)., reflection at
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Fig. 6. X-ray diffraction azimuthal profiles of the reflection at 26 =17° in the fiber diffraction patterns of Fig. 5 of fibers of the sample iPP7 with [rr]=11.01%
stretched at the indicated values of the deformation ¢. The azimuthal scan at deformation ¢ =90% is reported in two different intensity scales (profiles d,e).
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.
»

Stretching direction

Fig. 7. Model of packing of i-PP chains in the y-form. The dashed
horizontal lines delimit bilayers of chains and are parallel to the (008),
crystallographic planes. a,, b, and c, are the unit cell parameters of the
orthorhombic unit cell of y-form [41]. R and L identify rows of all right-
and all left-handed 3/1 helical chains, respectively. In fibers of Fig. 5(A)
and (B) the c, axis is oriented along the stretching direction, hence the chain
axes are nearly perpendicular to the stretching direction.

x=60 and 120°, on off-equatorial layer lines, and the
increase of the intensity on the equator at x=0, with
increasing deformation (e¢>100%, Figs. 5(B)-(H) and
6(e)—(i)). In the necking zone the breaking of the lamellae
and successive fibrillar recrystallization produce standard
fiber orientation with parallel chain axes oriented along the
stretching direction and, contemporarily, the transformation
of y-form crystals into o-form.

The X-ray diffraction pattern, and the corresponding
equatorial profile, of fibers of the sample iPP7 stretched at
1000% elongation (Fig. 5(G)), after releasing the tension,
are reported in Fig. 5(H) and (H'), respectively. It is
apparent that the mesomorphic form (Fig. 5(G)) transforms
into the o-form of i-PP upon releasing the tension, as
indicated by the presence of the (110),, (040),, and (130),,
reflections at 20 =14, 17 and 18.6°, typical of the crystalline
a-form, in the diffraction pattern of Fig. 5(H) and (H'). This
transformation is reversible upon successive stretching and
relaxing cycles. The crystalline o-form transforms by
stretching into the disordered mesomorphic form, which,
in turn, transforms back into the a-form by releasing the
tension (Fig. 5(G) and (H)).

As shown in the previous section the sample iPP7 show
elastic behavior, hence, after removing the tension in fibers
stretched up to 1000% deformation a recovery of the initial
dimension is observed. The data of Fig. 5 indicate that in
correspondence to this elastic recovery a reversible
polymorphic transition of the mesomorphic form into the
crystalline a-form occurs. It is worth noting that
the transformation of the mesomorphic disordered form

into the a-form corresponds to an increase of crystalline
order. The crystallization upon removing the tension in
stretched fibers is not common in polymers and is opposite
to what is generally observed in a common elastomer as the
natural rubber, for which crystallization occurs during
stretching, whereas melting occurs upon releasing the
tension [43,44].

Similar behavior has been observed for the other
elastomeric sample iPP6 having content of rr defect of
7.68%. The X-ray diffraction patterns, and the correspond-
ing equatorial profiles, of fibers of the sample iPP6 stretched
at different values of deformation are reported in Fig. 8.
Also for this samples the initial unstretched compression-
molding film is in the y-form (Fig. 1(e)). The diffraction
patterns of fibers stretched at low deformations, up to e=
300% (Fig. 8(A)), present reflections of the y-form with the
(008),, reflection at 26 = 17° polarized on the equator at x =
0 and on off-equatorial layer lines at x =60 and 120°,
indicating, also in this case, orientation of crystals of y-form
with the ¢, axis aligned nearly along the stretching
direction, as in Fig. 7.

Crystals of y-form partially transform into o-form with
increasing deformation (¢=400%), as indicated by the
presence of (110),, (040), and (130), reflections of the
a-form at 260=14, 17 and 18.6° in the diffraction pattern of
Fig. 8(B), or in a/y disordered modifications closer to the
a-form. A fraction of crystals of y-from or of a/y disordered
modifications with crystals oriented with the ¢, axis aligned
along the stretching direction, is still present, as indicated by
the non-negligible intensity of the reflection at 26=17° on
off-equatorial layers at y =60 and 120° (Fig. 8(B)). At very
high deformation, &¢>500-600%, the o-form transforms
into the mesomorphic form and the (110),, (040), and
(130),, reflections transform into a broad halo in the range of
20=14-18°. This transformation is complete at the limit of
deformation of the sample at e=600-800% (Fig. 8(C)).

Also for the sample iPP6 the mesomorphic form partially
crystallize in the o-form upon releasing the tension, as
indicated by the better resolution of the (110),, (040),, and
(130),, reflections in the X-ray diffraction pattern of
Fig. 8(D), and, correspondingly, the fiber experiences
elastic recovery.

It is worth noting that a similar elastomeric behavior has
been observed for much more stereoirregular i-PP samples
prepared with a C,-symmetric metallocene catalyst [12,13].
For instance a poorly isotactic polypropylene having
concentration of the isotactic mmmm pentad of 35%,
much lower than that of the sample iPP7 ([mmmm]=51%,
Table 1), and a total content of rr triad defects of 16%,
higher than that of the sample iPP7 ([rr]=11%), shows
outstanding elastic properties [12]. However, in this case a
completely different polymorphic behavior during tensile
deformation has been observed [12]. Due to the high
concentration of defects this sample is essentially
amorphous and does not crystallize from the melt. It slowly
crystallizes upon aging at room temperature or by stretching
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Fig. 8. X-ray fiber diffraction patterns (A)—(D), and corresponding profiles read along the equatorial lines (A")~(D"), of fibers of the sample iPP6 with content of
rr defects of 7.68%, obtained by stretching at room temperature compression molded films at values of the strain ¢ of 150% (A), 400% (B) and 600% (C), and
after releasing the tension (D). The (110),, (040),, and (130),, reflections of the a-form at 20=14, 17 and 18.6° are indicated. The azimuthal angle x of the

reflection at 260 = 17°, indicated by arrows in (A) and (B), is defined in (A).

in disordered modifications intermediate between the o- and
v-forms, with a maximum degree of crystallinity of only
16% and a melting temperature of 45 °C [12]. The stretching
of this sample even at high deformation does not produce
formation of the a-form or the mesomorphic form, as
instead occurs for the samples iPP7 and iPP6, but only o/y
disordered modifications, more similar to the o-form, are
obtained [12]. This different behavior is due to the very
short length of the regular isotactic sequences, the average
value being only five monomeric units [23]. For this reason
the pure o-form is never obtained and, even at high
deformation, a not negligible fraction of bilayers of chains
arranged with non parallel chain axes as in the y-form is
always present [8,12]. In this sample the elastic properties
are associated to the reversible transformation between o/y
disordered modifications having high fraction of a-like
arrangements with parallel chains (obtained by stretching)
and modifications having high fraction of y-like arrange-
ments with perpendicular chains (obtained after relaxation)
[12]. This confirms that polypropylenes of different
stereoregularity, containing different concentrations of
stereodefects, may exhibit completely different crystal-
lization properties and deformation behavior, so that they
should be considered as different materials showing
different mechanical properties.

The stress—strain tests of Fig. 3 have shown that the
slightly more stereoregular sample iPP5, with rr content of
5.92%, behaves as a highly flexible materials, since it can be
stretched up to very high deformations (higher than 1000%),
but does not show elastic properties. The structural
evolution of the sample iPP5 during stretching is reported
in Fig. 9. Crystals of the yy-form present in the unstretched

film (profile d in Fig. 1) are oriented at low deformations as
in Fig. 7, with the ¢, axes oriented at nearly 30° to the
stretching direction, as indicated by the polarization of the
(008),, reflection at 260=17° on off-equatorial layer lines at
x =060 and 120° in the diffraction pattern of Fig. 9(A). At
higher values of deformation, instead of formation of
the a-form, as occurs for the samples iPP7 and iPP6 (Figs. 5
and 8), a transformation of the y-form into the mesomorphic
form is observed. It is apparent from Fig. 9(B), indeed, that
the formation of the broad halo on the equator in the range
of 20=14-18°, typical of the mesomorphic form, is
observed already at 300% deformation. Crystals of y-form
oriented as in Fig. 7 are, however, still present, along with
the mesomorphic form, up to 500% deformation, as
indicated by the presence of the reflection at 260=17°
polarized on off-equatorial layer lines at y =60 and 120° in
the diffraction patterns of Fig. 9(B) and (C). At the highest
deformation (¢>500%) a pure mesomorphic form is
obtained (Fig. 9(D)). At variance with the elastic samples
iPP6 and iPP7, no polymorphic transition is observed for the
sample iPP5 upon releasing the tension from fibers stretched
at the highest deformation. The mesomorphic form obtained
by stretching at high deformation (Fig. 9(D)) does not
transform into the o-form by removing the tension, as
instead occurs for samples iPP6 and iPP7, and the relaxed
fiber remains in the mesomorphic form. Correspondingly no
elastic recovery of the fibers is observed.

These data indicate that when the sample experiences
elastic recovery after releasing the tension in stretched
fibers, a polymorphic transition between the mesomorphic
form and the a-form is also observed. When the sample does
not show elastic recovery, no polymorphic transition occurs.
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Fig. 9. X-ray fiber diffraction patterns (A)—(D), and corresponding profiles read along the equatorial lines (A’)~(D’), of fibers of the sample iPP5 with content of
rr defects of 5.92%, obtained by stretching at room temperature compression molded films at values of the strain € of 100% (A), 300% (B), 500% (C) and 800%
(D). The (110),, (040),, and (130),, reflections of the a-form at 26 = 14, 17 and 18.6° are indicated. The azimuthal angle y of the reflection at 26 =17°, indicated

by arrows in (A) and (B), is defined in (A).

Therefore, the elasticity in metallocene-made isotactic
polypropylene, at least in these samples, is always
associated with a reversible polymorphic transition.

For all the other more stereoregular i-PP samples of
Table 1, with contents of rr defects lower than 5%,
compression-molded unstretched films are generally in
mixtures of o~ and y-forms (Fig. 1(b) and (c)), whereas
the most isotactic sample iPP1 is basically in the a-form
(Fig. 1(a)). These samples can be easily stretched up to
200-300% deformation (Fig. 3). At the maximum possible
value of deformation crystals of a- or y-forms transform
into the mesomorphic form of i-PP. The X-ray diffraction
patterns of fibers of the samples iPP1, iPP2 and iPP3 with rr
contents of 0.49, 2.54 and 3.70%, respectively, stretched at
the maximum deformation are reported in Fig. 10. It is
apparent that in the diffraction patterns of fibers of the most
stereoregular samples iPP1 and iPP2 (Fig. 10(A) and (B),
respectively), even at the maximum deformation, along with
the broad halo in the range of 20=14-18° of the
mesomorphic form, non-oriented reflections of the o-form
(for the sample iPP1, Fig. 10(A)) and of both o~ and y-forms
(for the sample iPP2, Fig. 10(B)) are present.

This indicates that along with oriented crystals of the
mesomorphic form, a fraction of non-oriented crystals of a-
or y-forms are still present. In the case of the most isotactic
sample iPP1 these crystals are basically in the o-form,
whereas for the more irregular sample iPP3 they are mainly
in the y-form or in disordered o/y modifications. The
stretching at room temperature of these samples, therefore,
does not produce a high orientation of crystals, probably
because of the limited possible deformation. Crystals that
undergo plastic deformation and achieve orientation,

rapidly transform into the mesomorphic form, whereas
non-deformed crystals remain in the crystalline forms (a- or
v-forms) of the initial unoriented film. Also in these samples
that behave as stiff-plastic materials with no elastic
properties, the mesomorphic form does not transform into
the a-form upon removing the tension.

The analysis of the mechanical properties (Fig. 3 and
Table 2) and the structural characterization of the most
irregular elastomeric samples iPP6 and iPP7 (Figs. 5 and 8)
has shown that, because of the presence significant level of
crystallinity, unoriented films undergo irreversible plastic
deformation, involving structural and morphological trans-
formations. This explains the relatively high values of
tension set measured after breaking or after a given
deformation (Table 2), which indicate a non-complete
elastic recovery after the first stretching. In particular the
more crystalline sample iPP6 presents an elastic recovery
lower than that of the sample iPP7 (Table 2).

Strained and stress-relaxed fibers of the samples iPP6 and
iPP7, that have already undergone plastic deformation,
present instead complete elastic recovery. To quantify the
elastic behavior mechanical cycles of stretching and
relaxation have been performed at room temperature on
oriented stress-relaxed fibers of the samples iPP6 and iPP7,
and the corresponding hysteresis and values of tension set
have been measured. These fibers have been obtained by
stretching compression-molded films at 500 and 1000%
deformations, up to final lengths of Ly=6L, and 11L, with
Ly the initial length of the unoriented film, and then
removing the tension, allowing the fibers to relax. The
values of tension set 7,(¢) observed after this first stretching
up to =500 and 1000% are similar to those observed after
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Fig. 10. X-ray fiber diffraction patterns (A)—(C), and corresponding profiles read along the equatorial lines (A’)~(C’), of fibers of the sample iPP1 with [rr] =
0.49% (A), iPP2 with [rr] =2.54% (B) and iPP3 with [rr] =3.70% (C) obtained by stretching at room temperature compression molded films at the indicated
values of the strain &. The (110),, (040),, and (130),, reflections of the o-form at 26 =14, 17 and 18.6° are indicated.

breaking and are also reported in Table 2 (z,(500) =337 and
184% for the samples iPP6 and iPP7, respectively, and
t(1000)=494% for the sample iPP7). These fibers have
been identified as iPP6-500 for the sample iPP6, and iPP7-
500 and iPP7-1000 for the sample iPP7. As shown in Figs. 5
and 8 these stress-relaxed fibers are in the o-form.

The hysteresis cycles, composed of the stress—strain
curves measured during the stretching of the fiber iPP7-
1000, immediately followed by the curves measured during
the relaxation at controlled rate, are reported in Fig. 11 as an
example.

The values of tension set and dissipated energy measured
after each cycle are reported in Table 3. It is apparent that
for both samples iPP6 and iPP7, either the tension set or the
dissipated energy decreases in successive cycles. The
tension set measured after the third cycle is zero, successive
hysteresis cycles, measured after the third one, being all
nearly coincident, indicating a perfect elastic recovery.

Both fibers of samples iPP6 and iPP7 present, therefore,
good elastic properties; since the unstretched compression
molded film of the sample iPP6 presents elastic recovery
after the first stretching better than that of the sample iPP6
(the tension set after stretching unoriented films of the
samples iPP7 and iPP6, up to 500% deformation, being 184
and 337%, respectively), fibers of the more irregular sample
iPP7 show elastic behavior in a deformation range larger
than that of fibers of the sample iPP6.

The remarkable values of the strength of the elastomeric
samples iPP6 and iPP7 are probably related to the increase
of crystallinity and the structural transitions occurring

during stretching. Moreover the formation of the metastable
mesomorphic form at high deformation and the successive
crystallization upon relaxation may play an important role.
As shown by the structural analysis of Figs. 5 and 8 the
elastic behavior of these poorly isotactic polypropylene
samples is associated with a reversible polymorphic
transition between the o-form and the mesomorphic form
of i-PP, which occurs during successive stretching and
relaxation cycles of Fig. 11. When the sample does not
experiences elastic recovery, as in the case of the slightly
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Fig. 11. Stress—strain hysteresis cycles recorded at room temperature,
composed of stretching and relaxation (at controlled rate) steps according to
the direction of the arrows, for the stress-relaxed fiber iPP7-1000 of the
sample iPP7 with content of rr defects of 11.01%. The stress-relaxed fiber
has been prepared by stretching compression-molded films, of initial length
Ly, up to 1000% elongation (final length Ly=11L,), and, then, removing the
tension. In the hysteresis cycles the stretching steps are performed
stretching the fibers up to final length Ly=11L,. Continuous lines: first
cycle; dashed lines: second cycle; dotted lines: third cycle and successive
cycles.
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Table 3

Values of the tension set (#;) and the dissipated energy (Eg;s) measured in the hysteresis cycles for stress-relaxed fibers of the samples iPP6 and iPP7

Sample ty (%) Lcycle  tg (%) Wceycle (%) 1T t, (%) IV (Edgiss) (%) 1 (Egiss) (%) 1T (Egiss) (%) T (Egiss) (%) IV
cycles cycle cycle cycle cycle cycle
iPP6-500 6.5 25 0 0 66 62 60 60
iPP7-500 8.4 23 0 0 54 49 44 44
iPP7-1000 7.8 3.6 1.7 0 52 50 43 21
more isotactic sample iPP5, which behaves as a highly 20 -
flexible thermoplastic material, the crystallization of the
mesomorphic form into a-form is no longer observed. 151
= 1 \&=1000%
3.3. Stress-relaxation tests for unoriented films % 101
o
Stress-relaxation experiments have been performed at 54
room temperature on the compression molded films of the e =500%
elastomeric sample iPP7 with [rr]=11.01% to test the 0 ey
strength of these materials in conditions of deformations for 10 100 1000 10000
long time. In the stress-relaxation curves of the sample iPP7, log 7 (s)

reported in Fig. 12, the values of the stress are recorded as a
function of time after application on compression molded
films of instantaneous strains of 500 and 1000%.

The samples show a typical behavior of viscoelastic
materials. A loss of the stress of 50-60% after nearly 300 s,
regardless of the values of the instantaneous deformation, is
observed. Then the stress remains constant at values as high
as 4-6 MPa for long time. These data confirm the previous
observations that these poorly isotactic samples show at room
temperature high toughness and ductility and remarkable
strength even when stresses are applied for long time.

4. Conclusions

The plastic deformation of isotactic polypropylene
prepared with metallocene catalysts and the polymorphic
transformations occurring during deformation have been
studied. The influence of the presence of defects of
stereoregularity (isolated rr triad defects) on the defor-
mation behavior has been analyzed through the study of the
structure and the mechanical properties of highly regiore-
gular isotactic polypropylene with variable stereoregularity,
containing only rr stereo-defects in a wide range of
concentration, with melting temperatures ranging between
162 and 80 °C, have been obtained.

Different concentrations of rr defects induce different
crystallization behavior and different physical properties.
Samples with low concentration of rr defects, up to 3—4%,
present high melting temperatures, in the range 162-130 °C,
and behave as stiff plastic materials. Sample with higher rr
content, in the range 4-6% and melting temperatures around
115-120 °C are highly flexible thermoplastic materials,
showing very high deformation at break. Samples with
concentration of rr defects in the range 7-11% and melting

Fig. 12. Stress-relaxation curves of sample iPP7 with content of rr defect of
11.01%. The values of the stress are reported as a function of time for
compression molded films after application of instantaneous strains of 500
and 1000%.

temperature in the range 80-110°C are thermoplastic
elastomers with high strength.

The outstanding properties of the more stereoirregular
and elastomeric samples are related to the further
crystallization and structural transitions occurring during
stretching. For the elastomeric samples the y-form present
in the unstretched compression-molded film transforms by
stretching into the o-form, which in turn transforms into
the mesomorphic form at very high deformation. The
mesomorphic form transforms back into the crystalline
a-form upon releasing the tension. Correspondingly elastic
recovery of the initial dimension of the samples is
observed. Due to the relatively low crystallinity and
small crystal sizes, the molecules become suddenly free to
reorganize and crystallize in the most stable o-form when
the tension is removed.

The transformation of a- or y-form into the mesomorphic
form by stretching is also observed for the more crystalline
and stereoregular samples. However, since the level of
crystallinity is too high, and/or the size of crystals is too large,
these samples do not show elastic behavior but behave as
flexible or stiff-plastic materials and the crystallization of the
mesomorphic form into the a-form upon releasing the
tension is no longer observed. When the samples are rigid in
their stretched state even after removing the tension, the
mesomorphic form does not crystallize into the o-form.

These data indicates that the elastic behavior of less
crystalline and stereoregular samples iPP6 and iPP7 is
always associated to a reversible polymorphic transition
between the mesomorphic form and the o-form of i-PP.
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These samples show elastic behavior because the degree of
crystallinity and the size of crystals are lower than in the
case of more stereoregular samples. However, since
elasticity is generally a property of the amorphous phase,
and the degree of crystallinity of samples iPP6 and iPP7 is
still relatively high (=40%), probably elasticity in these
samples is partially due to the enthalpic contribution
associated with the crystallization of the mesomorphic
form into the a-form occurring upon releasing the tension.
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