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ABSTRACT: A parallel analysis of the polymorphic behavior and mechanical properties of syndiotactic
polypropylene samples with different stereoregularity and crystallized in the helical form and in the
trans-planar mesomorphic form, stretched at room temperature and at 4 °C, is reported. Oriented fibers
show good elastic properties at room temperature, regardless of the crystalline form present in the original
fiber. The elastic behavior is associated with reversible polymorphic transitions occurring in the crystalline
regions during the stretching and relaxation of fibers. The helical form or trans-planar mesomorphic
form present in the fibers transform by stretching into the form Ill, which transforms back into the
helical or trans-planar mesomorphic forms by removing the tension. At 4 °C fibers in trans-planar
mesomorphic form do not transform into the form Il by stretching, and no phase transition is observed
upon releasing the tension. Correspondingly, the elastic recovery at 4 °C of mesomorphic fibers is
significantly reduced in a very small deformation range. These results indicate that both the enthalpic
effect, due to the polymorphic transition occurring in the crystals, and the entropic effect, due to the
conformational transitions of the amorphous tie chains, contribute simultaneously to the elastic recovery

of syndiotactic polypropylene fibers.

Introduction

Syndiotactic polypropylene (s-PP) represents an un-
usual example of highly crystalline thermoplastic mate-
rial with a relatively high glass transition temperature
(Tq =~ 0 °C), showing unexpected elastic properties.t™*
More precisely, unoriented compression-molded samples
of s-PP, generally crystallized in the most stable form
156 with chains in s(2/1)2 helical conformation, undergo
plastic deformation upon stretching and show poorly
elastic properties. The crystalline domains tend to
assume preferred orientation along the stretching direc-
tion and a phase transition from the helical form | into
the trans-planar form 11178 of s-PP gradually occurs.
Form 111 is unstable in unstrained samples and trans-
forms into the more stable helical form Il upon removing
the tension in stretched fibers.23°712 The crystalline
orientation is preserved in the relaxed fibers, and only
a small recovery of the initial dimensions of specimens
is observed.2™

On the contrary, strained and stress-relaxed fibers
of s-PP present very good elastic properties, showing a
nearly total recovery of the initial dimensions of the
specimens upon successive stretching and relaxation
cycles.r=* In highly crystalline fibers stretched at room
temperature, the crystalline helical form Il present in
the stress-relaxed fiber transforms by stretching into
the crystalline trans-planar form I11, which transforms
back into the helical form Il after releasing the ten-
sion.210:12 It has been suggested that this reversible
crystal—crystal phase transition is related to the elastic
behavior of s-PP.2312 This hypothesis is supported by
the fact that when the formation of the trans-planar
form 11l by stretching is inhibited, as in the case of
stereo- and regioirregular s-PP produced by traditional
Ziegler—Natta vanadium-based catalysts?1® or s-PP
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samples stretched at temperature higher than 60 °C,3
the elastic properties are lost. Therefore, contrary to the
common thermoplastic elastomers, the elastic behavior
of s-PP fibers seems to be characterized by an enthalpic
contribution and related to a crystal—crystal reversible
phase transition.2312 An entropic effect, due to the
chains in the amorphous regions, which tend to restore
the disordered random coil conformation, also contrib-
utes to the elastic recovery.l=*

The role played by the enthalpic and entropic contri-
butions on the elastic behavior of s-PP depends on the
degree of crystallinity and stereoregularity of the s-PP
sample.

Recently, the mechanical properties and elastic be-
havior of high-molecular-weight low syndiotactic polypro-
pylene samples, prepared with catalysts of new design
based on “constrained geometry” complexes of titanium,
have been described.1314 Contrary to highly stereoreg-
ular and crystalline s-PP, low syndiotactic samples
present good elastic properties even for unoriented
compression-molded films, showing a nearly total re-
covery of the initial dimensions already after the first
stretching.1#2 Because of the very low crystallinity, these
samples experience a negligible irreversible plastic
deformation and behave like typical thermoplastic elas-
tomers in which the small crystalline domains act as
physical knots in a prevailing amorphous matrix, pre-
venting the viscous flow of the chains. In this case the
entropic effect due to the conformational transition of
the amorphous chains, which connect as tie chains the
crystalline domains, is mainly responsible for the elastic
behavior.1314 A reversible phase transition between the
mesomorphic form?>~17 of s-PP with chains in the trans-
planar conformation and the helical form I, occurring
in the crystalline regions during successive stretching
and relaxation, provides an enthalpic contribution which
assists the elastic recovery of the samples.'*
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Table 1. Fully Syndiotactic Pentad Contents ([rrrr]),
Molecular Weights (My), Indices of Polydispersity (Mw/
Mp), and Melting Temperatures (Tn,) of the Samples sPP1

and sPP2
sample [rrrr] (%) My Muw/Mn Tm (°C)?
sPP1 93 2.13 x 10° 2.4 149
sPP2 78 1.93 x 10° 4.5 124

a Measured on the polymer powders with a differential scanning
calorimeter (Perkin-Elmer DSCY7) in a flowing N2 atmosphere at
a heating rate of 10 °C/min.

These studies have indicated that the physical and
mechanical properties of s-PP are strongly influenced
by the complex polymorphism, which in turn depends
on many parameters, as the stereoregularity of the
polymer samples,2912-14.17 the experimental conditions
(i.e., stretching temperature),18 and also the crystalline
modification of the starting materials.18 It has been,
indeed, recently shown that the memory of the crystal-
line forms initially present in the unoriented s-PP
samples, and of those formed during stretching, has a
relevant effect on the structural transitions occurring
in stretched and stress-relaxed fibers.1® In particular,
the metastable trans-planar form I1l, obtained by
stretching samples initially in the helical form or in the
trans-planar mesomorphic form, transforms into the
crystalline forms present in the unoriented sample or
formed during the stretching, when the tension is
released.'®1® These data indicate that the structural
evolution of the trans-planar form Ill upon removing
the tension in stretched fibers depends on the memory
of the crystalline forms present in the unoriented
materials and on the memory of the crystalline forms
produced during the stretching.18

In the hypothesis that the elastic behavior of s-PP
fibers is related to the structural evolution of the trans-
planar form 111, it is expected that the elastic properties
are affected by the same parameters that influence the
structural transitions.

In this paper the mechanical properties and the
elastic behavior of s-PP samples having different ste-
reoregularity and crystallized in different polymorphic
modifications are analyzed. The mechanical analysis has
been performed at room temperature and at 4 °C on
unoriented films and oriented fibers of s-PP in the
helical or mesomorphic forms. Since the formation of
the trans-planar form I11 is inhibited by stretching at 4
°C s-PP samples in pure mesomorphic form,!8 this study
may give new insights into the role that the structural
transitions play on the elastic behavior of s-PP.

Experimental Section

Two s-PP samples (sPP1 and sPP2) were synthesized with
the single center metallocene catalyst isopropylidene(cyclo-
pentadienyl)(9-fluorenyl)zirconium dichloride, activated with
methylalluminoxane according to standard procedure.?’ The
fully syndiotactic pentad contents, the molecular weights (My),
the indices of polydispersity (Mw/M,), and the melting tem-
peratures of the two samples sPP1 and sPP2 are reported in
Table 1.

Unoriented compression-molded films of samples sPP1 and
sPP2, crystallized in different forms, were prepared by melting
the powder samples in a hot press at 180 °C and cooling the
melt in different experimental conditions. Precisely, the
samples sPP1A and sPP2A were obtained by cooling the melt
to room temperature at cooling rate of about 10 °C/min and
are in the crystalline helical form | of s-PP. The samples sPP1B
and sPP2B, instead, were obtained by quenching the melt at
0 °C and keeping the samples at 0 °C for 4 and 90 days,
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respectively, and are crystallized in the pure trans-planar
mesomorphic form and in mixtures of helical form | and
mesomorphic form, respectively.

Oriented fibers were obtained by stretching at room tem-
perature and at 4 °C films of the samples sPP1B and sPP2B
at different values of deformation ¢ (e = 100 x [(Lf — Li)/Li],
with Lsand L; the final and the initial lengths of the specimen,
respectively).

Mechanical tests were performed at room temperature and
at 4 °C with a miniature mechanical tester apparatus (MINI-
MAT by Rheometric Scientific), following the standard test
method for tensile properties of thin plastic sheeting ASTM
D882-83.

Mechanical tests were first performed on unoriented films
of the samples sPP1A, sPP1B, sPP2A, and sPP2B. Rectangular
specimens 10 mm long, 5 mm wide, and 0.3 mm thick were
stretched up to the break or up to a given strain ¢ at constant
deformation rate. Similar tests were then performed on
oriented stress-relaxed fibers of the samples sPP1A, sPP1B,
sPP2A, and sPP2B. Stress-relaxed fibers were obtained by
stretching at room temperature and at 4 °C unoriented films
at a given deformation, keeping the fibers under tension for 2
h at the stretching temperature, and then removing the
tension allowing the fibers to relax.

The values of the tension set ts (ts = 100 x [(Lr — Li)/Li],
with L, the length of the specimen after the relaxation) and
the elastic recovery r (r = 100 x [(L¢ — Ly)/L,]) were measured
following the recommendation of the standard test method for
rubber properties ASTM D412-87.

X-ray diffraction patterns were obtained at room tempera-
ture with Ni-filtered Cu Ko radiation. The powder profiles
were obtained with an automatic Philips diffractometer,
whereas the fiber diffraction 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 fibers under
tension as well as for relaxed fibers, that is, after keeping the
fibers under tension for 2 h and then removing the tension
allowing the complete relaxation of the specimens.

The index of crystallinity (x:) of the unoriented samples 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.

Results and Discussion

Unoriented Samples. The X-ray powder diffraction
profiles of the samples sPP1A, sPP1B, sPP2A, and
sPP2B are reported in Figure 1.

The samples sPP1A and sPP2A, obtained by cooling
the melt to room temperature at 10 °C/min, are in the
helical form I, as indicated by the presence of the 200
and 020 reflections at 20 = 12.3° and 16°, respectively,
in the diffraction profiles a of Figure 1. It is worth noting
that the 211 reflection at 260 = 18.8°, typical of a regular
alternation of right- and left-handed 2-fold helical chains
along both axes of the unit cell of form 1,5 is absent in
the diffraction profile of samples sPP2A and very weak
in the case of sample sPP1A. This indicates that
disordered modifications of form |, characterized by
statistical disorder in the positioning of right- and left-
handed helical chains in the unit cell,® are obtained.

The samples sPP1B and sPP2B have been obtained
by quenching the melt at 0 °C and keeping the samples
at 0 °C for 4 and 90 days, respectively. The sample
sPP1B is in the pure trans-planar mesomorphic form,
as indicated by the presence of only two broad peaks at
20 = 17 and 24°, typical of the trans-planar mesomor-
phic form of s-PP,1516 in the diffraction profile b of
Figure 1A. The sample sPP2B, instead, is characterized
by a mixture of crystals of the trans-planar mesomor-
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Figure 1. X-ray powder diffraction profiles of the compres-
sion-molded films sPP1A and sPP1B of the sample sPP1 with
[rrrr] = 93% (A) and of the films sPP2A and sPP2B of the
sample sPP2 with [rrrr] = 78% (B). Dashed lines indicate the
diffraction profiles of the amorphous contribution. The 200,
020, and 121 reflections at 20 = 12.3°, 16°, and 20.9°,
respectively, of the helical form | and the broad peaks at 260 =
17° and 24° of the trans-planar mesomorphic form are indi-
cated. The samples sPP1A and sPP2A are in the helical form
I, the sample sPP1B is in the trans-planar mesomorphic form,
and the sample sPP2B is in a mixture of the helical form |
and the trans-planar mesomorphic form.

phic form and the helical form I, as indicated by the
presence of the typical reflections of form I of s-PP and
broad peak at 26 = 17° of the trans-planar mesomorphic
form, in the diffraction profile b of Figure 1B.

The different crystallization behavior of the samples
sPP1 and sPP2 after quenching at O °C is related to the
different strereoregularity. It has been recently dem-
onstrated that the formation of the trans-planar meso-
morphic form at 0 °C depends on the syndiotacticity of
the sample:17@ the higher the stereoregularity, the faster
the formation of the mesomorphic form.'” For the most
stereoregular sample sPP1 ([rrrr] = 93%) the residence
time of 4 days at 0 °C is enough to stabilize the trans-
planar mesomorphic form and inhibit the crystallization
of the helical form | at room temperature, whereas for
the less stereoregular sample sPP2 ([rrrr] = 78%), even
very long residence time at 0 °C is not sufficient to
stabilize the mesomorphic form and large amounts of
crystals of form | are obtained when the sample is
removed from the bath at 0 °C and heated to room
temperature.
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Figure 2. Stress—strain curves recorded at room temperature
of unoriented compression-molded films sPP1A and sPP1B of
the sample sPP1 with [rrrr] = 93% (A) and of the films sPP2A
and sPP2B of the sample sPP2 with [rrrr] = 78% (B).

The amount of mesomorphic form in the samples
sPP1B and sPP2B can be evaluated from the diffraction
profiles of Figure 1 considering that the X-ray diffraction
profiles arise from the contribution of three different
phases: the crystalline helical form I, the trans-planar
mesomorphic form, and the amorphous phase, which
can be easily separated knowing the diffraction pattern
of the three single phases. In particular, the diffraction
pattern of the amorphous phase has been obtained from
an atactic polypropylene sample, whereas those of the
pure trans-planar mesomorphic form and helical form
I have been obtained from the sample sPP1 quenched
from the melt at 0 °C and kept at 0 °C for long time
(=10 days) and few seconds, respectively. Hence, the
fractions of the three phases in the samples have been
evaluated by the ratios between the area subtending the
diffraction profile of the single phase and the area of
the whole diffraction profile.

The total fraction of crystalline phase, corresponding
to the sum of the amounts of trans-planar mesomorphic
form and helical form I, of 30% has been evaluated for
both samples sPP1B and sPP2B. It corresponds to the
maximum index of crystallinity achievable at room
temperature, regardless of the stereoregularity of the
sample, the quenching temperature, and the residence
time at that temperature.’>” The amount of trans-
planar mesomorphic form, measured at room temper-
ature as described before, is 30% (100% of the total
crystalline phase) for the sample sPP1B and 9% (30%
of the total crystalline phase) for the sample sPP2B.

Stress—strain curves recorded at room temperature
of the unoriented compression-molded films sPP1A and
sPP1B of the most stereoregular sample sPP1, in the
helical form | and mesomorphic form, respectively, are
reported in Figure 2A. Stress—strain curves recorded
at room temperature of the unoriented films sPP2A and
sPP2B of the less syndiotactic sample sPP2, crystallized
in the helical form | and in a mixture of helical and
mesomorphic forms, respectively, are reported in Figure
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Table 2. Values of Young’'s Modulus (E), Stress (op) and Strain (ep) at Break, and Stress (gy) and Strain (ey) at Yield Point,
Measured at Room Temperature, of Unoriented Compression-Molded Films of the Samples sPP1 and sPP2 Crystallized
in Helical Form | (sPP1A and sPP2A), in Trans-Planar Mesomorphic Form (sPP1B), and in a Mixture of Form | and
Mesomorphic Form (sPP2B)2

sample crystalline form [rrrr] (%) Xc (%) E (MPa) op (MPa) ep (%) oy (MPa) €y (%)
sPP1A form | 93 45 251 + 25 20+5 710 + 30 14.4 13.4
sPP1B mesomorphic form 93 30 27+ 4 7+1 920 £ 40 3.1 20.0
sPP2A form | 78 35 119+ 8 12+1 750 + 20 7.8 16.3
sPP2B form I + mesomorphic form 78 30 39+5 11+3 620 + 60 8.1 63.8

a The fully syndiotactic pentad contents ([rrrr]) and the indices of crystallinity (x;) of the samples are also reported.

2B. The mechanical properties (Young’'s modulus, stress
and strain at yield point and at break) along with the
fully syndiotactic pentad contents and the indices of
crystallinity of the unoriented films are reported in
Table 2.

It is apparent from Figure 2 and Table 2 that the
mechanical properties strongly depend on the crystalline
modification of the starting unoriented s-PP film as well
as on the stereoregularity of the polymer sample. In fact,
for the most stereoregular sample sPP1 ([rrrr] = 93%),
the values of the Young's modulus and of the stress at
any strain of the film sPP1A, crystallized in the helical
form 1, are much higher than those of the film sPP1B,
guenched from the melt at 0 °C and crystallized in pure
trans-planar mesomorphic form (Figure 2A and Table
2). This is essentially due to the higher crystallinity of
the sample in form | which gives higher rigidity and
higher values of elastic modulus. On the other hand,
the sample sPP1B, in pure trans-planar mesomorphic
form, presents strain at break higher than that of the
sample sPP1A, in the crystalline helical form | (Figure
2A). The enhanced ductility of the sample sPP1B with
respect to the sample sPP1A is basically related to the
different structural organizations: the small and dis-
ordered mesomorphic crystals can be, indeed, more
easily plastically deformed and with lower strength than
the bigger and more ordered crystallites of the helical
form 1.

Moreover, it is worth noting that, while the sample
sPP1B in trans-planar mesomorphic form experiences
a homogeneous deformation during stretching up to the
break, typical of elastomeric material, the samples
sPP1A in helical form I present a different deformation
regime, characterized by necking as indicated by the
presence of a well-defined yielding in the stress—strain
curve of Figure 2A.

In the case of the less stereoregular sample sPP2
([rrrr] = 78%) less differences between the sample
SPP2A, crystallized in the helical form I, and the sample
sPP2B, crystallized in a mixture of form | and meso-
morphic form, are observed. The two samples have,
indeed, nearly the same crystallinity and present simi-
lar values of strength and deformation at break. How-
ever, a lower value of the Young’'s modulus is observed
for the sample sPP2B due to the presence of a nonneg-
ligible amount of disordered mesomorphic crystals (30%
of the total crystalline phase).

It is also apparent from Figure 2 and Table 2 that
the different syndiotacticity of the samples sPP1 and
sPP2 gives different mechanical properties. In fact, both
samples sPP1A and sPP2A are slowly crystallized from
the melt into the helical form I, but the more stereo-
regular sample sPP1A presents higher values of Young's
modulus and strength due to the higher crystallinity.

In the case of samples sPP1B and sPP2B, quenched
from the melt at 0 °C and showing the same crystal-
linity, the different mechanical behavior is essentially

25
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= sPP1B
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Figure 3. Stress—strain curves recorded at 4 °C of unoriented
compression-molded films sPP1A and sPP1B of the sample
sPP1 with [rrrr] = 93%.

linked to the different amounts of trans-planar meso-
morphic form present in the two samples. Although the
sample sPP1B is more stereoregular than the sample
sPP2B, it shows lower values of the Young's modulus
and stress at break because it is crystallized totally in
the mesomorphic form. The presence of more ordered
crystals of the helical form 1 (70% of the total crystalline
phase) is responsible for the higher rigidity and en-
hanced strength of the less stereoregular sample sPP2B.

In the case of the most stereoregular sample sPP1 the
tensile tests have been also performed at 4 °C. The
stress—strain curves recorded at 4 °C of unoriented
films of the samples sPP1A and sPP1B are reported in
Figure 3. The corresponding values of the mechanical
properties are reported in Table 3.

It is apparent that at low temperature for both
samples a strong increase of the values of elastic
modulus, tensile strength, and stress at any strain and
a decrease of the values of strain at break are observed
(Table 3). These data are in agreement with the results
of ref 3, which have indicated that the values of elastic
modulus and tensile strength decrease with increasing
the stretching temperature in the range 25—80 °C. The
strong increase of the values of elastic modulus of
samples sPP1A and sPP1B observed at 4 °C (Table 3)
depends on the fact that at this low temperature the
samples are very close to the glass transition temper-
ature (Tg ~ 0 °C), and the mobility of the molecular
chains is strongly reduced.

Moreover, it is worth noting that in the case of the
sample sPP1B, in trans-planar mesomorphic form,
remarkable differences are observed in the stress—
strain curves recorded at 4 °C and at room tempera-
tures. In fact, it is apparent that the homogeneous
deformation regime of the sample sPP1B at room
temperature (Figure 2A) becomes a necking regime at
low temperature, as indicated by the well-defined yield-
ing and the remarkable strain hardening in the stress—
strain curve of Figure 3.

The values of tension set (ts = 100 x [(Lr — Lj)/Li])
and elastic recovery (r = 100 x [(Ls — Ly)/L(]), measured
at room temperature and at 4 °C, for unoriented films
stretched up to 500% and 600% deformation, are
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Table 3. Values of Young’'s Modulus (E), Stress (op) and Strain (ep) at Break, and Stress (gy) and Strain (ey) at Yield Point,
Measured at 4 °C, of Unoriented Films of the Samples sPP1A and sPP1B?2

sample crystalline form [rrrr] (%) Xc (%) E (MPa) op (MPa) e (%) oy (MPa) €y (%)
sPP1A form | 93 45 538 + 50 23+3 655 + 70 233 11.7
sPP1B mesomorphic form 93 30 72+ 4 20+ 3 700 £ 75 154 11.8

a The fully syndiotactic pentad contents ([rrrr]) and the indices of crystallinity (x;) of the samples are also reported.

Table 4. Values of Tension Set (ts) and Elastic Recovery (r) Measured at Room Temperature and at 4 °C after Stretching
up to 500% or 600% Deformation Unoriented Compression-Molded Films of the Samples sPP1 and sPP2 in the Helical
Form I (sPP1A and sPP2A) and in the Mesomorphic Form (sPP1B and sPP2B);2 Fully Syndiotactic Pentad Contents
([rrrr]) of the Samples Are Also Reported

sample crystalline form [rrrr] (%) ts (%) at 25 °C r (%) at 25 °C ts (%) at 4 °C r (%) at4°C
sPP1A form | 93 275 60 300 (275)° 50 (60)°
sPP1B mesomorphic form 93 250 71 367 (250)° 28 (71)°
sPP2A form 1 78 333b 61°

sPP2B form I + mesomorphic form 78 250 71 300 (250)° 50 (71)°

a Samples of initial length L; are stretched at 25 or 4 °C up to 500% deformation (final lengths L = 6L;), kept in tension at the same
temperature for 2 h, and relaxed by releasing the tension. P Measured from ¢ = 600% (L¢ = 7L;). ¢ Measured after heating the relaxed

fiber to room temperature.

reported in Table 4. These values have been obtained
by stretching at room temperature and at 4 °C strips of
unoriented s-PP films of initial length L; up to a final
length L = 6L; or 7L; (corresponding to ¢ = 500% and
600%, respectively), keeping the fibers in tension for 2
h at the stretching temperature, then removing the
tension, and measuring the final length L, of the relaxed
specimen after 10 min at the same temperature.

The high values of tension set of Table 4 indicate that,
as already reported in the literature,2=4 unoriented
samples of s-PP of high-medium stereoregularity show
poor elastic properties at room temperature, regardless
of the crystalline form of the starting unoriented mate-
rial. Both the unoriented samples sPP1A and sPP2A,
in the crystalline helical form I, or the unoriented
samples sPP1B and sPP2B, in trans-planar mesomor-
phic form or in mixtures of crystals of mesomorphic form
and form |, experience plastic deformation upon first
stretching at room temperature, and only a partial
recovery of the initial dimensions is observed upon
releasing the tension (Table 4).

The data of Table 4 also indicate that the values of
tension set measured at 4 °C for s-PP samples stretched
at 4 °C depend on the crystalline modification of the
starting unoriented material. In fact, if the crystalline
helical form 1 is present in the unoriented film, the value
of tension set at 4 °C is quite similar to that obtained
at room temperature (samples sPP1A or sPP2B in Table
4). If the unoriented sample is in pure trans-planar
mesomorphic form (sample sPP1B), the tension set
measured at 4 °C is higher than that measured at room
temperature, indicating that the elastic recovery of the
material is further reduced at 4 °C. Moreover, it is worth
noting that when s-PP fibers, stretched and relaxed at
4 °C, are heated to room temperature, a further shrink-
age of the specimens is observed (Table 4), and the final
elastic recovery becomes equal to the value measured
at room temperature on fibers stretched at room tem-
perature.

These data can be correlated to the structural analysis
reported in past literature?~* and in our more recent
paper.18 It has been, indeed, reported that for the s-PP
sample with relatively high stereoregularity ([rrrr] =
70—80%) stretching procedures at room temperature
induce the crystallization of the trans-planar form Il1,
regardless of the crystalline modification of the starting
unoriented material. In particular, unoriented samples
initially in the helical form | or in the trans-planar

mesomorphic form transform, by stretching at room
temperature at high deformations, into the trans-planar
form 111.2-41218.19 At Jow stretching temperature (4 °C),
instead, the trans-planar form I11 can be obtained only
starting from samples in the helical form 1.2 The
mesomorphic form, indeed, does not transform into form
111 by stretching at 4 °C.18 Moreover, the removal of the
tension in stretched fibers produces structural changes,
that depend on the crystalline form of the starting
unoriented sample and on the crystalline modifications
formed during the stretching.1®

The X-ray fiber diffraction patterns of fibers of the
sample sPP1B, initially in the pure trans-planar me-
somorphic form (Figure 1A), stretched at room temper-
ature and at 4 °C at 500% deformation are reported in
Figures 4A and 5A, respectively. The corresponding
diffraction profiles read along the equatorial line are
reported in Figures 4A' and 5A', respectively. It is
apparent from Figure 4A that the trans-planar meso-
morphic form present in the unoriented sample sPP1B
transforms into the trans-planar form 111 by stretching
at room temperature, as indicated by the presence of
the equatorial (020)¢, (110);, and (130); reflections at 20
= 16.2°, 18°, and 29.5°, respectively (Figure 4A'), and
the (021); and (111); reflections on the first layer line
(Figure 4A), typical of the trans-planar form 111 of s-PP.8
The stretching at 4 °C of the sample sPP1B produces,
instead, only orientation of the mesomorphic crystals,
as indicated by the presence of the equatorial reflection
at 26 = 16.7° and the broad reflection on the first layer
line in the diffraction patterns of Figure 5A A"

The X-ray diffraction patterns, and the corresponding
equatorial profiles, of the fibers of Figures 4A and 5A
after the tension was removed are reported in Figures
4B,B' and 5B,B'. It is apparent that the trans-planar
form 111 obtained by stretching at room temperature
transforms back into the mesomorphic form by releasing
the tension, as indicated by the presence of the equato-
rial reflections at 26 ~ 17° and 30° of the mesomorphic
form in the diffraction pattern of Figure 4B’. No
structural transition is, instead, observed by releasing
the tension in the fiber in trans-planar mesomorphic
form stretched at 4 °C (Figure 5).

This different polymorphic behavior may probably be
related to the different mechanical properties shown by
the sample sPP1B when stretched at room temperature
and at 4 °C. The data of Table 4 and of Figures 4 and 5
indicate, indeed, that when the formation of the trans-
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Figure 4. X-ray fiber diffraction patterns (A, B) and corresponding diffraction profiles read along the equator (A', B') of fibers
obtained by stretching the sample sPP1B at room temperature up to deformation ¢ = 500%, keeping the fiber in tension (A, A")
and after the tension was removed (B, B'). The (020),, (110), and (130), reflections of the trans-planar form Il (A’") and the 26
position of the most intense equatorial peak of the mesomorphic form (B') are indicated. On the first layer line the reflections
arising from the diffraction of crystals of form 111 ((021);, (111) reflections (A)) and of mesomorphic form (B) are also indicated.
The fibers in (A) and (B) are in the form Il and mesomorphic form, respectively.

planar form 111 by stretching is prevented, as in the case
of stretching at 4 °C, and no structural transition occurs
by releasing the tension (Figure 5), a lower degree of
elastic recovery is observed (Table 4).

The X-ray fiber diffraction patterns of fibers of the
less stereoregular sample sPP2B, characterized in the
unstretched state by a mixture of crystals of the trans-
planar mesomorphic form and the helical form I (Figure
1B), stretched at room temperature and at 4 °C are
reported in Figures 6A,C and 7A, respectively. It is
apparent that, as reported in the literature,? for low
stereoregular samples the trans-planar form Ill is
obtained at room temperature by stretching only at high
deformation (¢ = 600%, Figure 6C), whereas at lower
deformation fibers in mixtures of crystals of helical form
I and mesomorphic form, originally present in the
unoriented sPP2B film, are obtained (¢ = 500%, Figure
6A). This is shown by the presence of the 200 and 400
reflections of the helical form | and of a quite broad peak
at 20 = 16.4° in the diffraction profile of Figure 6A'.
The latter, indeed, arises by the overlapping of the
reflection of the trans-planar mesomorphic form (20 =
17°) and the 020 reflection of the helical form | (260 =
16°). On the first layer line, reflections corresponding
to both the trans-planar and helical chain periodicities
are present (Figure 6A). For higher values of deforma-
tion (e = 600%) both crystals of helical form | and trans-
planar mesomorphic form transform into the form Ill,
as indicated by the presence of the (020);, (110);, and
(130); reflections of the trans-planar form Ill in the
diffraction profile of Figure 6C’, while the 200 reflection
of the helical form | disappears.

When the sample sPP2B is stretched at 4 °C, crystals
of the helical form I, initially present in the unoriented
film, transform more easily into the trans-planar form
I11. This is shown in the X-ray diffraction pattern of a
fiber of the sample sPP2B stretched at 4 °C up to 500%
deformation, reported in Figure 7. In this condition
fibers with mixtures of crystals of the helical form I and
trans-planar form 11l are obtained, as indicated by the
presence of (020);, (110):, (021);, and (111), reflections
of the trans-planar form Il and the 200 reflection at
20 = 12° of the helical form (Figure 7A,A"). The high
intensity of the reflection at 260 = 16° is due to the
contribution of the (020); reflection of form 111 and the
020 reflection of form | and indicates that the crystals
of helical form still present in the oriented fiber cor-
respond to the antichiral form 1.° The comparison with
Figure 6A indicates that the amount of helical form
present in the fiber stretched at 4 °C (Figure 7A) is
lower than that present in the fiber stretched at room
temperature (Figure 6A). Hence, while the stretching
at room temperature at 500% deformation basically
produces orientation of the crystals of helical form I and
trans-planar mesomorphic form (Figure 6A), originally
present in the sample sPP2B, with a negligible transi-
tion into the form 111, the stretching at low temperature
produces higher amount of crystals in the trans-planar
form, which are mainly in the crystalline form 111
(Figure 7A). As reported in the literature,!® these data
indicate that at low stretching temperature crystals of
form I transform more easily into the trans-planar form
1.
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Figure 5. X-ray fiber diffraction patterns (A, B) and corresponding diffraction profiles read along the equator (A', B") of fibers
obtained by stretching the sample sPP1B at 4 °C up to deformation ¢ = 500%, keeping the fiber in tension (A, A') and after the
tension was removed (B, B'). The reflections of the trans-planar mesomorphic form are indicated. The fibers in (A) and (B) are in
the mesomorphic form.
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Figure 6. X-ray fiber diffraction patterns (A—D) and corresponding diffraction profiles read along the equator (A'—D') of fibers
obtained by stretching the sample sPP2B at room temperature up to different deformations ¢, keeping the fiber in tension (A, A',
C, C') and after the tension was removed (B, B', D, D'). The 200, 020, and 400 reflections of the antichiral helical form | (A", B"),
the (020);, (110);, and (130); reflections of the trans-planar form 111 (C'), and the 110 reflection of the isochiral helical form Il (D')
are indicated. On the first layer line reflections arising from the diffraction of crystals of helical and trans-planar mesomorphic
forms (A, B, D) and of form 111 ((021),, (111), reflections (C)) are also indicated. The fibers are in a mixture of form I and mesomorphic
form (A), in form | (B), in form 111 (C), and in a mixture of form Il and mesomorphic form (D).

The X-ray fiber diffraction patterns of fibers of Figure It is apparent that the release of the tension in the
6A,C and 7A after the tension was removed are reported fibers of the sample sPP2B stretched at room temper-
in Figures 6B,D and 7B, respectively. ature at ¢ = 500% (Figure 6A) and 600% (Figure 6C)
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Figure 7. X-ray fiber diffraction patterns (A, B) and corresponding diffraction profiles read along the equator (A', B") of fibers
obtained by stretching the sample sPP2B at 4 °C up to deformation ¢ = 500%, keeping the fiber in tension (A, A') and after the
tension was removed (B, B'). The (020),, (110);, and (130); reflections of the trans-planar form I11 (A") and the 200 and 400 reflections
of the isochiral helical form Il, along with the 26 position of most intense equatorial peak of the mesomorphic form (B’) are
indicated. On the first layer line the reflections arising from the diffraction of crystals of helical form | and form 11 ((021), (111):
reflections (A)) and trans-planar mesomorphic form (B) are also indicated. The fiber in (A) is in a mixture of form | and form IllI,
whereas the fiber in (B) is in a mixture of form Il and mesomorphic form.

gives different results. The fiber relaxed from 500%
deformation is basically in the antichiral helical form
I, as indicated by the presence of the strong 200 and
020 reflections of form | at 20 = 12° and 16°, respec-
tively, in the diffraction pattern of Figure 6B,B’. How-
ever, the presence of reflections on the first layer line
corresponding to the chain periodicity of 5.1 A (Figure
6B) indicates that a small fraction of crystal in trans-
planar conformation, likely in mesomorphic form, is
present in the fiber. When the fiber is relaxed from
600% deformation, instead, a mixture of the isochiral
helical form Il and the trans-planar mesomorphic form
is obtained, as indicated by the presence of the 200 and
110 reflections at 26 = 12.3° and 17°, typical of form I1,
and reflections on the first layer line corresponding to
the trans-planar chain periodicity in the pattern of
Figure 6D,D'.

A similar result is obtained after removing the tension
in fibers of the sample sPP2B stretched at 4 °C (Figure
7). As shown in Figure 7B, the trans-planar form 111
present in the stretched fiber (Figure 7A) transforms
into a mixture of helical form Il and trans-planar
mesomorphic form upon releasing the tension.

These data further confirm the hypothesis recently
reported in the literature that the structural evolution
of the trans-planar form I11 upon removing the tension
in stretched fibers depends on the memory of the
crystalline forms present in the starting unoriented
material'® and that the formation of the isochiral helical
form 11 of s-PP is strictly related to that of the trans-
planar form 111.312714 Moreover, the similar polymorphic

behavior of the sample sPP2B, in a mixture of helical
form | and trans-planar mesomorphic form, upon re-
laxation from fibers stretched at room temperature
(Figure 6) and at 4 °C (Figure 7) is related to the similar
elastic recovery experienced by the fibers at room
temperature and at 4 °C (Table 4). In fact, crystalline
phase transitions occur upon removing the tension,
regardless of the stretching temperature. The trans-
planar mesomorphic form transforms into the helical
form | upon relaxation from stretching at room tem-
perature (Figure 6A,B), and the trans-planar form 111
transforms into the helical form Il upon relaxation from
stretching at 4 °C (Figure 7) or at room temperature at
higher deformation (Figure 6C,D).

Oriented Samples. The mechanical tests have been
also performed on stress-relaxed fibers of the samples
sPP1 and sPP2. These fibers were prepared by stretch-
ing at room temperature the samples sPP1A, sPP1B,
and sPP2B up to 500% deformation, and the sample
sPP2A up to 600% deformation, keeping the fibers under
tension at the same temperature for 2 h, and then
removing the tension, allowing the specimens to relax.
(The fibers stress-relaxed from 500% deformation are
identified as sPP1A-500, sPP1B-500, and sPP2B-500,
whereas the fiber of the sample sPP2A stress-relaxed
from 600% deformation is identified as SPP2A-600.) The
less stereoregular sample sPP2A has been stretched at
higher deformation in order to obtain a fiber in trans-
planar form II1.

As discussed in the previous section, the stress-
relaxed fibers sPP1B-500 and sPP2B-500 are in the
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Figure 8. Stress—strain curves recorded at room temperature
of strained and stress-relaxed fibers sPP1A-500, sPP1B-500,
sPP2A-600, and sPP2B-500. The fibers have been obtained by
stretching at room temperature unoriented films of the
samples sPP1A, sPP1B, and sPP2B up to 500% deformation,
keeping the fibers under tension at room temperature for 2 h
and then removing the tension. For the sample sPP2A the
stress—strain curve of a fiber stress-relaxed from 600%
deformation is reported.

Table 5. Values of Young’s Modulus (E), Stress (ov) and
Strain (ep) at Break, Measured at Room Temperature, of
Stress-Relaxed Fibers of the Samples sPP1 and sPP2;2
Fully Syndiotactic Pentad Contents ([rrrr]) of the
Samples Are Also Reported

crystalline  [rrrr]

sample form (%) E(MPa) op(MPa) e, (%)
sPP1A-500 form Il 93 254+6 60+8 96+10
sPP1B-500 mesomorphic 93 1324+20 84+2 8543
form
sPP2A-600° form Il 78 167+10 72+2 90+5
sPP2B-500 form I 78 67 +£3 44+2 80+6

a The stress-relaxed fibers were prepared by stretching at 25
°C up to 500% deformation samples of initial length L; (final
lengths Ls = 6L;), keeping the fibers in tension at the same
temperature for 2 h, then removing the tension allowing the
specimens to relax. ? For this sample the fiber was stress-relaxed
from € = 600% (Lt = 7L;).

trans-planar mesomorphic form (Figures 4B,B') and
mainly in the helical form I (Figures 6B,B"), respectively,
whereas the stress-relaxed fibers sPP1A-500 and sPP2A-
600 are in the isochiral helical form 11.2:312

The stress—strain curves recorded at room tempera-
ture of these stress-relaxed fibers are reported in Figure
8. The corresponding mechanical properties are reported
in Table 5.

All the fibers present similar stress—strain curves
with comparable values of the stress and strain at break
(Figure 8 and Table 5). Substantial differences are
observed only in the values of Young's modulus which,
as occurs for the unoriented films (Table 2), are es-
sentially related to the stereoregularity and the crystal-
line modification of the relaxed fibers. The values of
elastic modulus of fibers of the more stereoregular
samples sPP1A and sPP1B are higher than those of
fibers of the less stereoregular samples sPP2A and
sPP2B, respectively (Table 5). On the other hand, for
both samples sPP1 and sPP2, fibers sPP1A-500 and
sPP2A-600 in the helical form Il show values of elastic
modulus higher than those of fibers sPP1B-500 and
sPP2B-500 in the trans-planar mesomorphic form (Fig-
ure 4B) and in a mixture of crystals of the mesomorphic
form and the helical form | (Figure 6B), respectively
(Table 5).

Moreover, in agreement with the literature,?31314 the
tensile behavior of oriented fibers of s-PP is different
from that of unoriented samples. In fact, while unori-
ented films present stress—strain curves typical of
thermoplastic materials (Figure 2), oriented fibers show
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Figure 9. Stress—strain hysteresis cycles recorded at room
temperature, composed of the stretching and relaxation steps
according to the directions of the arrows, of strained and stress-
relaxed fibers of the samples sPP1 and sPP2. Fibers sPP1A-
500 (A), sPP1B-500 (B), and sPP2B-500 (D) are stress-relaxed
from fibers of the samples sPP1A, sPP1B, and sPP2B, respec-
tively, stretched at room temperature up to 500% deformation.
The fiber sPP2A-600 (C) is stress-relaxed from fibers of the
sample sPP2A stretched at room temperature up to 600%
deformation. The first hysteresis cycles (solid lines) and curves
averaged over three consecutive cycles successive to the first
one (dashed lines) are reported.

stress—strain curves typical of elastomers, with small
yielding and remarkable strain hardening (Figure 8).

To quantify the elastic properties of the oriented
fibers, hysteresis cycles have been performed at room
temperature on the stress-relaxed fibers of the samples
sPP1 and sPP2. The hysteresis cycles composed of the
stress—strain curves measured during the stretching,
immediately followed by stress—strain curves measured
during relaxation, are reported in Figure 9. In these
cycles, stress-relaxed fibers of the new initial length L,
are stretched up to the final length L¢ (L = 6L; for the
fibers sPP1A-500, sPP1B-500, and sPP2B-500, whereas
L = 7L; for the fiber sPP2A-600), that is, up to a
maximum strain (emax) Numerically coincident with the
value of elastic recovery reported in Table 4. The value
of maximum strain was chosen in order to avoid further
plastic deformation of the fibers during the stretching
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Table 6. Values of Maximum Strain (emax), Tension Set (ts), and Dissipated Energy (Egiss) Measured in the Hysteresis
Cycles of Figure 9 Recorded at Room Temperature for Stress-Relaxed Fibers of the Samples sPP1 and sPP2

€max (%) ts (%) Ediss (%) €max (%) ts (%) €max (%) ts (%) [Egiss@ (%)

sample (I cycle) (1 cycle) (I cycle) (11 cycle) (11 cycle) (111=V cycles) (111=V cycles) (11=V cycle)
sPP1A-500 60 9.3 56 46 2.4 43 0 33
sPP1B-500 71 6.3 54 61 1.7 58 0 42
sPP2A-600 61 4.6 61 54 0 54 0 50
sPP2B-500 71 9.5 64 56 25 52 0 48

a Averaged over the values measured in the consecutive hysteresis cycles successive to the first one.

step of the hysteresis cycles.

For each fiber at least four consecutive hysteresis
cycles were recorded: each cycle was performed 10 min
after the end of the previous cycle. The values of
maximum strain, tension set, and dissipated energy
measured after each cycle are reported in Table 6. For
all the stress-relaxed fibers the values of tension set,
measured after the first hysteresis cycle, are very low
(<10%) and become close to zero starting from the
second cycle, the successive hysteresis cycles recorded
after the first one being all nearly coincident (Figure 9
and Table 6).

The data of Figure 9 and Table 6 indicate that, despite
the different structural organization, oriented fibers of
s-PP present good elastic properties at room tempera-
ture with total recovery of the initial dimensions in a
deformation range of 40—60%. For all fibers of Figure
9 the elastic recovery is associated with a reversible
polymorphic transition occurring during successive me-
chanical cycles of stretching and relaxation. In the case
of fiber sPP1A-500 (Figure 9A) and sPP2A-600 (Figure
9C), the reversible transition between the helical form
Il and the trans-planar form 111 occurs during cycles,
whereas the transition between the trans-planar me-
somorphic form and the trans-planar form I11 occurs for
the fiber sPP1B-500 (Figures 4 and 9B), and finally, the
transition between the helical form | and the trans-
planar mesomorphic form occurs for the fiber sPP2B-
500 (Figures 6A,B and 9D).

As shown in Figures 5 and 7, oriented fibers have
been also obtained by stretching at 4 °C; therefore,
hysteresis cycles have been also performed at 4 °C. The
fibers were prepared by stretching at 4 °C the samples
sPP1A, sPP1B, and sPP2B up to 500% deformation,
keeping the fibers in tension for 2 h at 4 °C, and then
removing the tension at 4 °C. These stress-relaxed fibers
are identified as sSPP1A4-500, sPP1B4-500, and sPP2B4-
500 and have been analyzed at room temperature by
X-ray diffraction and are in the helical form 11, in the
trans-planar mesomorphic form (Figure 5B), and in
mixture of the helical form Il and trans-planar meso-
morphic form (Figure 7B), respectively. The hysteresis
cycles recorded at 4 °C of the fibers sPP1A4-500,
sPP1B4-500, and sPP2B4-500 are reported in Figure 10.
The values of maximum strain, tension set, and dis-
sipated energy measured after each cycle are reported
in Table 7. The values of maximum strains achieved in
the first hysteresis cycles of Figure 10, reported in Table
7, are numerically coincident with the values of elastic
recovery measured for each fiber at room temperature
and reported in Table 4.

The data of Figure 10 and Table 7 indicate that, while
fibers of the samples sPP1A and sPP2B stretched at
room temperature and at 4 °C (fibers sPP1A-500 and
sPP1A4-500 and fibers sPP2B-500 and sPP2B4-500)
show similar hysteresis cycles with similar values of
tension set, for stress-relaxed fibers of the sample sPP1B
a different behavior is observed. In particular, for the
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Figure 10. Stress—strain hysteresis cycles recorded at 4 °C,
composed of the stretching and relaxation steps according to
the directions of the arrows, of strained and stress-relaxed
fibers of the samples sPP1 and sPP2. Fibers sPP1A4-500 (A),
sPP1B4-500 (B), and sPP2B4-500 (C) are stress-relaxed from
fibers of the samples sPP1A, sPP1B, and sPP2B, respectively,
stretched at 4 °C up to 500% deformation. In (A) and (C) the
first hysteresis cycles (solid lines) and curves averaged over
three consecutive cycles successive to the first one (dashed
lines) are reported. In (B) the first (solid line) and the second
(dashed line) hysteresis cycles and curves averaged over three
consecutive cycles successive to the second one (dotted lines)
are reported.

stress-relaxed fibers sPP1A4-500 and sPP2B4-500 the
values of tension set and dissipated energy involved in
the hysteresis cycles at 4 °C (Table 7) are similar to
those measured at room temperature (Table 6). More-
over, as occurs at room temperature, consecutive hys-
teresis cycles successive to the first one are nearly
coincident, the residual tension set being nearly zero
(Figure 10A,C and Table 7). This indicates that these
fibers present a good elastic behavior also at 4 °C in a
large deformation range, almost equal to that obtained
at room temperature (Tables 6 and 7).

For the fiber of the sample sPP1B stretched at 4 °C
(fiber sPP1B4-500), instead, the value of tension set
measured at 4 °C after the first hysteresis cycle is
greater than that measured at room temperature (fiber
sPP1B-500), and a further increase is observed after the
second cycle (Tables 6 and 7 and Figure 10B). Only
starting from the third cycle the residual set is close to
zero, consecutive cycles successive to the second one
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Table 7. Values of Maximum Strain (emax), Tension Set (ts), and Dissipated Energy (Egiss) Measured in the Hysteresis
Cycles of Figure 10 Recorded at 4 °C for Stress-Relaxed Fibers of the Samples sPP1 and sPP2

€max (%) ts (%) Ediss (%) €max (%) ts (%) Ediss (%) €max (%) ts (%) Ediss (%)
sample (Icycle) (lcycle) (lcycle) (llcycle) (llcycle) (Ilcycle) (II1-=V cycles) (I11-V cycles)  (I111-V cycles)
sPP1A4-500 60 9.3 62 46 3.7 47 41 0 40
sPP1B4-500 71 14.2 72 50 16.7 68 28 0 62
sPP2B4-500 71 9.5 72 56 4.3 72 50 0 64

being all nearly coincident (Figure 10B). This indicates
that for the fiber sPP1B4-500 the elastic behavior
observed at room temperature is extremely reduced at
4 °C, being preserved only in a very small deformation
range (28% compared to the deformation range of 60%
obtained at room temperature).

The different elastic behavior at 4 °C depends es-
sentially on the different structural organizations of the
s-PP fibers and may be rationalized on the basis on the
structural analysis reported in the previous section. At
4 °C, in the case of the fibers sPP1A4-500 and sPP2B4-
500, the observed elastic behavior (Figure 10A,C and
Table 7) is associated with reversible polymorphic
transitions occurring during the stretching and relax-
ation cycles. In particular, for the stress-relaxed fiber
sPP1A4-500, initially in the helical form I, a reversible
transition between the trans-planar form 111, formed
during stretching, and the helical form Il occurs during
the mechanical cycles. For the stress-relaxed fiber
sPP2B4-500, initially in a mixture of the trans-planar
mesomorphic form and the helical form Il (Figure 7B),
similar reversible transition between the trans-planar
form 111 and the helical form Il occurs during the
stretching relaxation cycles (Figure 7). No structural
transition, instead, occurs during the stretching relax-
ation cycles of the fiber sPP1B4-500 (Figure 5), and
correspondingly, a reduced elastic behavior is observed
(Figure 10B and Table 7).

Stress-relaxed fibers of the sample sPP1B, originally
in the pure trans-planar mesomorphic form (Figure 1A),
are always in mesomorphic form, whatever the temper-
ature at which the stretching is performed (Figures 4B
and 5B). When such fibers are stretched again at room
temperature, the mesomorphic form transforms into the
trans-planar form 11l (Figure 4A) and a good elastic
behavior is observed (Figure 9B). When the stretching
is performed at 4 °C, instead, the mesomorphic form
does not transforms into form Il by stretching, no
structural transition occurs upon removing the tension
(Figure 5), and correspondingly, an elastic behavior in
a very small deformation range is observed (Figure
10B). These results support the hypothesis that the
elasticity of oriented fibers of s-PP is not merely en-
tropic, as in conventional elastomers, but is also due to
an enthalpic effect, being strictly related to the struc-
tural transitions occurring in the crystalline regions.
The entropic effect, due to the conformational transi-
tions of the amorphous chains, which connect as tie
chains the crystalline domains, and the enthalpic con-
tribution, due to the metastability of the trans-planar
form 111, which transforms into modifications more
stable in the unstretched state, act in synergy and
simultaneously producing the elastic recovery in both
crystalline and mesomorphic s-PP.

Conclusions

The mechanical properties of s-PP samples with
different stereoregularity and crystallized in helical
form I and in trans-planar mesomorphic form have been

analyzed. Unoriented samples of high-medium stereo-
regularity ([rrrr] = 78—93%) show poor elastic proper-
ties at room temperature, regardless of the starting
crystalline forms. Both the helical and trans-planar
mesomorphic forms of s-PP experience by stretching at
room temperature irreversible plastic deformation and
only a small recovery of the initial dimensions of the
specimens is observed upon removing the tension. At
low temperature (4 °C) the mechanical properties
depend, instead, on the crystalline form of the unori-
ented sample. In fact, while crystalline samples of s-PP
in the helical form | show similar behavior at room
temperature and at 4 °C, for samples in the trans-planar
mesomorphic form the elastic recovery of the material
is further reduced when the stretching is performed at
4 °C.

Oriented fibers of s-PP show good elastic properties
at room temperature in deformation ranges of 40—60%,
regardless of the crystalline form of the starting fiber.
At 4 °C the elastic behavior depends, instead, on the
crystalline modifications present in the oriented fiber.
If the fiber is initially in the helical form I or form I1,
the elastic properties are maintained at low tempera-
ture and the values of elastic recovery are similar to
those observed at room temperature. If the fiber is,
instead, in the trans-planar mesomorphic form, the
elastic recovery is significantly reduced.

The observed mechanical behavior is related to the
structural organization and polymorphic transforma-
tions occurring during stretching and relaxation. The
elastic behavior observed at room temperature and at
4 °C is, indeed, associated with reversible phase transi-
tions between the trans-planar forms and the more
stable helical modifications of s-PP, occurring during
successive stretching and relaxation of fibers. When the
structural transition does not occur, as in the case of
fibers in pure trans-planar mesomorphic form stretched
at 4 °C, the elastic properties are significantly reduced
in a very small deformation range.

These results clearly indicate that the elasticity of
fibers of s-PP is also due to an enthalpic contribution,
being related to the phase transitions occurring in the
crystalline regions. A good elastic behavior is, indeed,
observed also at 4 °C, but only when crystalline phase
transitions occur upon removing the tension. However,
since a small elastic recovery is observed at 4 °C, also
in absence of phase transition, the entropic effect due
to the conformational transition of the amorphous
chains, which connect as tie chains the crystalline
domains, gives a contribution to the elasticity of s-PP
as in conventional elastomers. The enthalpic and en-
tropic effects act simultaneously, producing elastic
recovery in crystalline and mesomorphic s-PP fibers.
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