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Stretching Isotactic Polypropylene: From “crg$sto Crosshatches,
from y Form too. Form
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ABSTRACT: A method for the detailed analysis of the possible crystalline structures and preferred orientations
of crystals that develop during stretching metallocene-made isotactic polypropylene (iPP) samples is presented.
The analysis is illustrated in the case of various iPP samples characterized by a different distribution of stereodefects
along the chain, generated by different catalysts. The method is based on the calculation of schematic X-ray fiber
diffraction patterns of model structures and the comparison between calculated and experimental diffraction patterns
recorded during stretching. The analyzed samples, initially crystallized infibren or in disordered modifications
intermediate between tleeandy forms, undergo structural and morphological transformations during stretching.

At low deformations, crystals of thg form are oriented with chain axes directed nearly perpendicular to the
stretching direction. The form gradually transforms into the form, with chain axes parallel to the stretching
direction, with increasing deformation. At high deformations, when the sample is almost totally crystallized in
the a form, the crosshatched morphology, characterized by the presence of daughter lamellae epitaxially grown
on mother lamellae, develops. The origin of the nonstandard orientation of crystalsyofcime with chain axes
perpendicular to the fiber axis (perpendicular chain axis orientation or “¢f9ds-investigated. This kind of
preferred crystal orientation involves lamellae of jhiorm frozen in strained regions of the polymer matrix. Its
development may be ascribed to the peculiar architecture of tleem, consisting in a nearly perpendicular
arrangement of the chain axes in the unit cell, and to the elongated shapejofah®llae in the direction
normal, rather than parallel, to the chain axes. At low draw ratios, the chain axes, which emerge at the crystal
boundaries according to two mutually perpendicular directions, act as anchors for the crystaly édritnein

the perpendicular chain axis orientation. At high draw ratios, these crystals transform intéotime and assume

the orientation with chain axes parallel to the stretching direction as in the standard fiber morphology. The
relationships between structure and morphology on one hand and mechanical properties of the analyzed iPP
samples on the other hand are also discussed.

Introduction display different structural and morphological transformations

. . . during deformation and processing depending on the micro-
The structural and morphological transformations induced by . -
L . . . . structure and different from those shown by ZN iPP.
uniaxial drawing of isotactic polypropylene (iPP) have been _ ) )
widely studied under a large number of processing conditichs. The mechanical properties of metallocene-made iPP samples

The crystalline forms and the morphology obtained during Of different stereoregularity containing only variable amounts
processing depend on the processing conditibrand the of isolatedrr triad stereodefects have been investigated in recent

microstructure of the chairfs16 papers:*~16 Depending on the concentrationrofdefects, stiff-

The studies performed so far have been mainly focused on Plastic (with low content ofr defects, up to 34%, and melting
Ziegler—Natta (ZN) iPP sample’s8 In the case of metallocene- temperatures in the range l_6!l)30°C), flexible-plastic (with
made iPP, instead, there are only few studies concerning the#—6% ofr defects and melting temperatures around-1120
polymorphism and the mechanical properties in oriented fibéts, ~~C)» and elastic (with #11% of i defects and melting
The crystallization properties of metallocene-made iPP have temperature in the range 8010 °C) polypropylene materials
been mainly studied in the case of unoriented samples crystal-_have been obtained. The hlgh flexibility of_stereoregular samples
lized from the melf517-21 These studies have clearly demon- IS related to the polymorphlc transform.atlonsooandy forms .
strated that metallocene-made iPP samples present crystallizatiofNto the mesomorphic form by stretching, whereas the elastic
behavior and physical properties completely different from those behavior of less crystalline and stereoregular samples is associ-
of ZN iPP due to the different microstructures of chains ateéd with a reversible polymorphic transition between the
produced with metallocene and ZN cataly®dn fact, the =~ mesomorphic form and the form of iPP, occurring during
polymorphic behavior of iPP is related to the type and Stretching and relaxatio:'®
distribution along the chains of defects of stereoregularity and  Furthermore, it has been shown that using particular metal-
regioregularity, generated by the catalytic systémgl15-26 locene catalysts based @@y-symmetric zirconocene, poorly
Since the fine-tuning of iPP microstructure is nowadays possible isotactic, nearly amorphous polypropylenésn¢PP), with a
by choosing “ad hoc” the catalytic system, iPP samples concentration ommmmpentad of 35% and a random distribu-
presenting desired physical properties may be easily ob-tion of defects, showing elastomeric properties may be pro-
tained'>?’ It is, therefore, expected that metallocene-made iPPs duced?® These materials crystallize in disordered modifications

intermediate between tleeandy forms, similar to they form,

* Corresponding author. E-mail: Finizia.Auriemma@unina.it. Tele- that gradually transform by stretching at high deformations into

phone: ++39 081 674341. Fax:++39 081 674090. structures more similar to the form13.14
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Table 1. Polymerization Temperatures [po)), Concentrations of Pentadmmmmand Diad m, Molecular Masses M), Polydispersity Indices
(Mw/My), and Melting Temperatures (Tr) of iPP Samples R, W, and of the Fractions of the Sample W Soluble in Boiling Diethyl Ether (W(ES))
and Heptane (W(HS)}

samples Tpol (°C) [mmmnp (%) [m] (%) [mn] (%) [mr] (%) [rr] (%) Mw Mw/Mp Tnd (°C)
RO 60 83.4 93.1 89.7 6.9 3.4 66000 ~2 137
we 50 34 73 - - - 201000 2.3 65155
W(HSY - 44 79 - - - 220000 2.3 70
W(ESY - 21 67 - - - 147000 2.1 -

aThe distribution of steric triads of the sample R is also reporteBrepared withrac-isopropylidene[bis(3-trimethylsilyl)(indenyl)]zirconium/MAO
catalytic system as described in ref 35. Concentration of steric diads, triads, and pentads deterrkiGeNMR analysis’®® Average molecular weight
determined by GPC analysis.¢ Prepared with bis[2-(3,5-dert-butylphenyl)indenyl]hafnium dichloride/MAO catalytic system and fractionated as described
in ref 9. Concentration of steric diads and pentads determinéd®NMR analysi€. Average molecular weight and polydispersity index determined by
GPC analysi$. 9 Determined by DSC at heating rate of 40/min, flowing N, atmospheré? & The DSC scan of sample W presents two melting peaks at
65 and 155°C.%20

The frequent presence of theform in metallocene-made  the polymerization reaction, producing a reactor blend of polypro-
iPP samples, even in stretched fibers, complicates noticeab|ypylene, which can be separated in fractions of different tacticities

the morphologies and textures that develop during uniaxial @hd melting temperatures. The different fractions are characterized
drawing. The complex textures make the interpretation of by chains with an isotactic and atactic stereoblock struétdté%23-2>

diffraction data a not straightforward task, owing to the similarity | '€ unfractioned sample presents a low degree of stereoregularity

; ) 9,30 : ([mmmnh = 34%) and molecular weighl,, = 201 000° The
of d'ﬁﬁalct'o,n paﬁterns %f tr}& andy forrgsz | ag(glthe peculiar sample has been fractioned with boiling ethyl ether and heptane,
morphologies that andy forms may develop!:** Moreover, to yield an ether-soluble fraction (W(ES)) with low stereoregularity,

the presence of structural disorder, the low degree of crystal- 5 fraction soluble in heptane and insoluble in ether (W(HS)) with
linity, the small dimensions of crystals, the presence of the intermediate stereoregularity, and a heptane-insoluble fraction
amorphous phase, and/or the simultaneous presence of differentw(HI)) with high stereoregularity. The relative amount of the three
crystalline forms in stretched samples make the analysis of thefractions are 48, 42, and 10%, respectiveMVe have analyzed
diffraction data rather complicated. In fact, these factors create the heptane-soluble (W(HS)) and the ether-soluble (W(ES)) frac-
a large amount of background intensity and the characteristic tions. The main properties of these fractions are summarized in

diffraction peaks of the crystalline forms appear broad, of low Table 1. The fraction W(HS) melts at 7C, whereas the fraction
intensity, and superimposed. W(ES) is amorphous in the unstretched state but crystallizes by

- . . . . stretching.
A deep comprehension of the kind of preferential orientation n9

. . - Unoriented films used for the structural analysis have been
that iPP crystals assume in stretched samples depending on thgpizined by compression molding. The powder samples have been

chain microstructure is of great importance to exploit the heated at 200C between perfectly flat brass plates under a press

metallocene catalyst technology that allows the fine-tuning of at very low pressure, kept at 20Q for 10 min, and slowly cooled

the chain microstructure and may afford obtaining products with to room temperature.

enhanced and unprecedented mechanical propéfties. Oriented fibers have been obtained by stretching compression-
This paper presents a deep analysis of the structural andmolded films up to a given straigy defined as = 100 ( — lo)/lo

in melt-crystallized iPP samples initially crystallized in the N the case of elastomeric samples (W(ES) and W(HS)), stress-

form or in disordered modifications intermediate between the relaxed fibers have been prepared by stretching the compression

S . : molded films up to a given strain keeping the fibers under tension
o andy forms. The study is illustrated in the case of iPP samples or 2 h atroom temperature, then removing the tension. These

prepared using different metallocene catalysts and characterizedoss-relaxed fibers have been defined fibers WES) W(HS)-

by a different microstructure, chosen as representative examplese. The residual deformation after removing the tension (tension set)
This analysis may be of more general interest, owing to the is in all cases small regardless of the maximum strain achieved by
possibility of nucleating different crystalline polymorphs and stretchingt®

of inducing preferential orientation of crystals by epit&@%y3* X-ray diffraction patterns have been obtained 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 method used for the calculation of the X-ray intensity
stribution of iPP in thea and y forms or in intermediate
modifications containing various amountsadf disorder has been
developed in ref 13 for the modeling of fiber diffraction patterns
and in ref 19 for the modeling of powder diffraction profiles. The
X-ray modeling of fibers with crystals in crogh-orientation
(perpendicular chain axis orientation) may be easily included in
the treatment of ref 13 because it corresponds to model domains
of acory form, or of disordered modifications intermediate between
the o andy forms, oriented with the axds, of thea form, andc,

of the y form, parallel to the fiber axis.

Experimental Procedure and Calculation Method of
X-ray Diffraction Patterns

Three different iPP samples, prepared with two different kinds
of metallocene catalysts, have been studied. Sample R was
synthesized at 60C using the single-center metallocene catalyst di
composed ofac-isopropylidene[bis(3-trimethylsilyl)(indenyl)]zir-
conium dichloride, activated with methylaluminoxane (MAO), as
described in ref 35. This catalytic system is highly regiospecific
and produces relatively high molecular weight iPP samples (the
polydispersity index of the molecular masses is around 2) with a
random distribution of defects of stereoregularity, mainly repre-
sented by isolatedr triads3®> The molecular mass, the melting
temperature, the concentrations of pentammand diadm, and
the distribution of steric triads of the sample R are reported in Table
1

The elastomeric sample W was prepared using the unbridged pgssible Kinds of Structural Disorder and Preferred
metallocene catalyst bis[2-(3,5-@¢t-butylphenyl)indenyl]hafnium

dichloride, activated with MAO in liquid propylene, as described
in ref 9. These types of unbridged complexes are able to interconvert
between chiral and achiral torsional isomers on the time scale of

Orientation of a and y Forms

The crystal structures of. and y forms of iPP are very
similar. The limit-ordered structural models proposed fordh&DV
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Figure 1. Limit ordered models of packing proposed to(A) andy (C) forms of iPP and model of the/y disordered modifications intermediate
betweeno andy forms (B). The dashed horizontal lines delimit bilayers of chains. Subseripted y identify unit cell parameters referred to the
monoclinié® and orthorhomb#®® unit cells of thea. andy forms, respectively. In the disordered model (B), consecutive bilayers of chains are
stacked alongp, (c,) with the chain axes either parallel, as in tadorm, or nearly perpendicular, as in tireform.231° Symbols R and L indicate
rows of all right- and left-handed helical chains, respectively.

andy forms are shown in Figure 1. Both tleeandy forms are o form

characterized by chains in the 3/1 helical conformation (chain (110)q, (111)g, (131)q+ 041)gg
periodicityc = 6.5 A), organized to form bilayers. However, 40
form is characterized by a regular stacking of bilayers along
the by-axis direction with chain axes all parafié(Figure 1A),
whereas the form is characterized by a regular packing along
the c,-axis direction of bilayers of chains with axes oriented
alternatively along two nearly perpendicular directf@r{Eigure
1C). The angle between the axes of chains belonging to
consecutive bilayers is 98.§or equivalently 81), close to the
anglep, of the monoclinic unit cell of thex form.

As a consequence of the structural similarity, the X-ray
diffraction patterns ofx andy forms of iPP are very similar.
The calculated powder diffraction profiles of crystals of pore
andy forms are shown in Figure 2. The most intense diffraction
peaks of then form occur at & = 14.2, 17.1, 18.6, 21.1, and
21.8 (d=6.25,5.18, 4.76, 4.18, and 4.06 A, respectively) and
correspond to (11Q) (040),, (130), (111),, and (B1), +
(041), reflections, respectively (Figure 2&)The most char-
acteristic diffraction peaks of the form occur at 2 = 13.8,
16.7, 20.1, 21.2, and 2r.9(d = 6.40, 5.30, 4.42, 4.19, and
4.06 A, respectively) and correspond to (111p08),, (117),
(202),, and (026) reflections, respectively (Figure 2&).The
only remarkable difference in the diffraction patternsxoind
y forms is in the position of the third strong peak which occurs MM S B B T
at 29 = 18.6° ((040), reflection) for thea form, and at 2 = 5 10 15 20 25 30
20.1° ((008), reflection) for they form.

Crystals ofy form obtained in metallocene-made iPP samples 29(deg)
generally present structural disorder, characterized by defectsrigure 2. Calculated X-ray powder diffraction profiles of puee(a)
in the regular stacking of bilayers of chait¥s1519An example andy (c) forms and of a disordered modification intermediate between
of a disordered modification is shown in Figure 1B. In this theaandy forms (b) including equal fractions of consecutive bilayers
structure, cqnsecutivg bilayers of chain; may face gach othergffg?r‘;'r}?a)sltgfﬁ%daﬁl,o"%égdﬁm;rﬁzg Tg'?heaf)fﬁfnp(%;‘?lll(gfsfy":he
with the chain axes either parallel (like in theform, Figure 0.5)1319
1A) or nearly perpendicular (like in theform, Figure 1C). A
continuum of disordered modifications intermediate between the between theo. and y forms, characterized by a statistical
o and y forms of iPP may be obtained, depending on the succession of bilayers with chains parallel or perpendicular,
microstructure and the thermal and mechanical history of the including an equal fraction of consecutive bilayers of chains

Disordered modification f, = f,= 0.5

Calculated Intensity

y form
(1)

(008)y
(117)y (202)y, (026)y
/

samplel3-16.19,20 faced as in thet (fo) andy (f,) forms f. = f, = 0.5), is shown
As shown in refs 13 and 19, the presence of structural disorderin Figure 2b. The diffuse scattering concentrates in very narrow
in the crystalline domains of the kind shown in Figure DBy regions of the diffraction patterns, i.e., & 2 14°, around the

disorder) induces fluctuations in the relative intensities of the (110), and (111) reflections of thex andy forms, respectively,
Bragg peaks and introduces some diffuse scattering in the X-rayand in the 2 range 18-20°, around the (13Q) and (117)
diffraction patterns. The X-ray powder diffraction profile reflections of thea andy forms, respectively31° Moreover,

calculated for a model of disordered modification intermediate the intensities and the positions of (04@nd (008) reflection CDV
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Figure 3. Calculated X-ray fiber diffraction patterns of iPP as a function of cylindrical reciprocal coordigaad ¢ for models of structures
exhibiting limit kinds of preferred orientations. (&) form with chain axes parallel to the fiber axis,{axis orientation); (By. form with a,—axes
parallel to the fiber axisg,-axis orientation); (Cp form with 50% crystals in the,-axis orientation, and 50% ia,-axis orientation; (D) form
with one-half of chain axes parallel to the stretching direction and the remaining portion of chains with axes tit&1bio thez-axis (“parallel
chain axis orientation”); (E) a disordered modification intermediate between #mely forms, withf, = 0.30, in the “parallel chain axis orientation”.
The fraction of macromolecules with chain axes parallel to the fiber &xis 0.85; (F)y form with chain axes directed perpendicular to the fiber
axis, i.e., withc,-axes oriented parallel to the fiber axis (“perpendicular chain axis orientation” or jo$$e intensities of reflections are scaled
with respect to the most intense reflection in each pattern, using balls of different diameters. In F, the intensity, o&{et#pn, indicated with
the symbol “X”, is 1/32 the intensity of (008)eflection. Patterns similar to (F) (dominated by a single strong meridional refectior 819 A1)

are calculated also in the case of domains ofatferm and ofa/y disordered modifications with the direction of stacking of the bilayers of chains
(b, for the a form, c, for the y form, see Figure 1) parallel to the fiber axis.

at 20 ~ 17° and of (111) and (202) reflection at 2 ~ 21° to a case of self-epitaxy that results from the near-identity of
are not affected by the presenceodf disordert31°As shown the a,- and c,-axes dimension®. This kind of crosshatched

in the X-ray diffraction profile of Figure 2b, the inclusion of a morphology is typical of thex form crystallized from the melt
high degree of/y structural disorder in the crystalline domains or in oriented fibers, drawn at high temperatufes?4142

(fo = f, = 0.5) implies that the (13Q)and (117) reflections The calculated X-ray fiber diffraction patterns of fiber models
are almost absent and only a diffuse scattering is observed inof the o form in the c,-axis orientation and in the,-axis
the corresponding@range. orientation are reported in Figure 3A and B, respectively, as a

The stretching of samples of tleeform generally induces  function of cylindrical reciprocal coordinates and ¢. It is
preferential orientation of crystals with chain axes directed apparent that, for crystals of tleform in the normalc,-axis
parallel to the stretching directiom{faxis orientation), like in orientation, the (11Q) (040),, and (130) reflections occur on
a standard fiber morphology. However, in samples drawn at the equator (at2~ 14, 17, and 18.9 respectively), whereas
high temperature, lamellar branching may also 0@t the reflections (111)and (B1), + (041), are located on the
Daughter lamellae grow on mother lamellae with the chain axes first layer line at 2 ~ 21°. For the tilted crystals of the form
tilted ~81° with respect to the chain axis of mother lamelfée. in the a,-axis orientation (Figure 3B), the (110and (130)

The contact faces between daughter and mother lamellae of theeflections disappear from the equator and appear on the first
o form are thea, —c, crystallographic planes(face), and the layer line, the (041) reflection becomes equatorial, whereas
tilting angle between the chain axes corresponds to the parametethe positions of (04Q) (111),, and (11), reflections are left

Ba=98.6 (i.e., 8T) of the monoclinic unit cell of thet form.A° unaltered in the same positions as those relative to the crystals
Therefore, while the mother lamellae are in the normahxis of the o form with the normalc,-axis orientation.
orientation, daughter lamellae present thgaxes directed Of course, uniaxially drawn iPP samples in theform

parallel to the fiber axisg,-axis orientation). The origin of this  containing a non-negligible fraction of tilted (daughter) lamellae
lamellar branching is purely crystallographic and corresponds aside mother lamellae with the norntgtaxis orientation preser&DV
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X-ray fiber diffraction patterns having features intermediate
between those of Figure 3A and B. The calculated X-ray fiber
diffraction pattern for a fiber model containing equal proportions
of mother and daughter lamellae is shown in Figure 3C. The
(110),, (130),, and (041) reflections appear both on the equator
and on the first layer line, the (040)ays on the equator, and
the (111) and (131), reflections are placed on the first layer
line (Figure 3C).

The orientedy form was early obtained by Awaya in the
case of a thin film of a low-molecular-weight iPP sample,
prepared by melt crystallizatidi The strong analogies between
the X-ray diffraction patterns of oriented specimens of iPP in
the y form and those of uniaxially oriented samples of iPP
crystallized in thea form affected by lamellar branching was
already pointed out by Away®&.The only marked difference
is, indeed, in the @ position of a strong reflection, located on
the equator and the first layer line & 2 20° for the y form
((117), reflection) instead of 2= 18.6" for the o form ((130),
reflection)® The crystal structure of thg form?® had not yet
been solved at that time. The quantitative analysis of the
diffraction pattern of the oriented form could be performed

Isotactic Polypropylene Oriented Form 7639

3D), but at variance with the puneform, the intensity of the
first layer line component is much lower than the intensity of
the equatorial component (Figure 3E). The (1¥éJlection (2

~ 20°) of they form is absent, but a broad peak is now apparent
on the equator at@~ 18.6°, corresponding to the (130)
refection of thea form. The intensity of the (13Q)reflection

is unusually low with respect to the intensity of the (Q40)
reflection at 2 ~ 17°. As in the purey form, the (008)
reflection of they form ((040), reflection of thea form at 29

~ 17°) is located on the equator, whereas the (262 (026)
reflections of they form ((111), and (131), reflections for the

o form) and the (041)reflection of theo form (at 29 ~ 21°)

are located on the first layer line.

Therefore, in an experimental X-ray fiber diffraction pattern,
the presence of a broad and weak reflection on the equator in
the 2 region 18-20°, associated with a small, if any,
polarization of the reflection att= 14° ((111), reflection for
they form or (110}, reflection for theo. form) on the first layer
line, besides the presence of strong diffraction peak¥at 2
14 and 17 ((110), or (111), and (040) or (008), reflections,
respectively) on the equator and & 2 21° on the first layer

only recently, in the case of stretched fibers of a high molecular line, indicates that the crystals present a high degree/pf

weight, poorly isotactic polypropylene sampfepresenting a
diffraction pattern similar to that of ref 43. In this sample,
crystals of they form tend to assume a preferred orientation
with one half of chain axes parallel to the stretching direction
and the second half of chains directed at an angke&i° with
respect to the fiber axis. We define this preferential orientation
as “parallel chain axis orientatioA®. This kind of preferential
orientation of crystals of thes form has been observed in

samples of commercial iPP obtained by shear-controlled ori-

entation injection molding (SCORIM) techniglend in pitch-

disorder (Figure 1B) that includes a prevalent fraction of
adjacent bilayers faced as in tbeform (f, < 0.5), with the
chain axes parallel to the fiber axif ¢ 0.5).

A different kind of preferred orientation that crystals of the
y form may assume at low and moderate deformations consists
of the alignment of the,-axis (that is the direction of stacking
of bilayers of chains, see Figure 1C) parallel to the stretching
direction (fiber axis) and, therefore, with the two sets of chain
axes directed along directions nearly normal to the stretching
direction. We define this preferential orientation “perpendicular

based carbon or Kevlar fiber-reinforced composites as a resultcpain axis orientation®16 A similar kind of orientation has

of crystallization of iPP on the surface of the fibéfs.

The calculated X-ray fiber diffraction pattern for a fiber model
of they form in the parallel chain axis orientation is schemati-
cally shown in Figure 3D. The (111and (117) reflections at
20 ~ 14 and 20, respectively, appear both on the equator and
the first layer line, the (008)reflection at 2 ~ 17° appears on
the equator, whereas the (202)nd (026) reflections at 2 ~
21° are located on the first layer line. It is apparent that the
X-ray fiber diffraction patterns of the oriented form with
parallel chain axis orientation, shown in Figure 3D, presents
noticeable analogies with the X-ray diffraction patterns of fibers
of the o form affected by lamellar branching, shown in Figure

3C. The most remarkable differences are in the position of the

third strong equatorial reflection, t~ 0.21 A1 in the pattern
of Figure 3C of theo. form ((130), reflection at 2 ~ 18.6°)
and at£ = 0.23 A1 in the pattern of Figure 3D of thg form
((117), reflection at & ~ 20.1°), and in the5 positions on the
first layer line of the (11Q) reflection of thea form (£ ~ 0.043
A-1, 20 ~ 14°, Figure 3C) and (111)reflection of they form
(& ~ 0.030 AL, 20 ~ 14°, Figure 3D).

The calculated X-ray fiber diffraction pattern for a fiber model
with crystals in a disordered modification intermediate between
the o andy forms (Figure 1B), oriented according to the parallel
chain axis orientation, is shown in Figure 3E. The diffraction
intensity distribution depends on the fraction of consecutive
bilayers facing as in ther form (f,) and on the fraction of
bilayers with chain axes aligned parallel to the fiber a%i$. (
The case witlf,, = 0.3 andf;, = 0.85 is shown in Figure 3E as
an example. The (11])reflection of they form ((110),
reflection for theo. form at 20 = 14°) is split in an equatorial
and a first layer line component, as in the pyréorm (Figure

been well-known for many years in some naturally occurring
fibrous proteins such as silké.The perpendicular orientation

of chain axes with respect to the fiber axis, described as “cross-
f”, occurs at low draw ratio and has been explained by the fact
that in these soft silks the small crystallites are elongated along
the hydrogen bond directions, which run perpendicular to chain
axes* In the case of iPP, this nonstandard mode of orientation
of polymer crystals has been observed also in the case of iPP
composites reinforced with polyacrylonitrile-based carbon fibers
and arises from restriction of isotropic growth@fcrystallites

by the presence in the polymer matrix of unidirectionally placed
carbon fibers?*

The calculated X-ray diffraction pattern for a fiber model,
presentingy crystals oriented with the,-axes parallel to the
fiber axis (perpendicular chain axis orientation or crggsis
schematically shown in Figure 3F as a function of cylindrical
reciprocal coordinate$ and¢. This pattern is characterized by
the presence of a strong meridional spot d& 2 17°,
corresponding to the (008jeflection. The remaining reflections
of they form appear of low intensity. The symbol “X” in Figure
3F indicates the position of the second strongest intensity
reflection for this limit mode of preferred orientation and
corresponds to the (1L7)eflection of they form at 2 ~ 20°.

In this orientation, the intensity of the (11 #eflection is 1/32

of the intensity of the (008)reflection. It is worth noting that
analogous patterns would be calculated also in the case of
crystals of thea form or in a/y disordered modifications of
the kind shown in Figure 1B, oriented in the perpendicular chain
axis orientation. Also, in these cases, indeed, the diffraction
pattern would be dominated by the presence of a strong
meridional reflection at ~ 0.19 AL, corresponding to th%DV
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Figure 4. Limit preferential orientations of iPP crystals of theand

y forms (or ofa/y disordered modifications) in stretched fibers. The
fiber axis is labeled witlz. The chain axes are indicated with straight
lines. (A) Lamella of theo form oriented with chain axes directed
parallel to the fiber axisgy-axis orientation). (B) Daughter lamella of
the o form oriented with chain axes tilted by81° to the fiber axis
(aq-axis orientation) grown by epitaxy on a mother lamella of the
form in the normalc,-axis orientation. (C, § Crystals of they form

(or of a/y disordered modifications) oriented with portion of chain axes
parallel to the fiber axis, so that the remaining portion of chains have
the axes tilted by81° to thez-axis (“parallel chain axis orientation”).

In C, they lamellae are grown by epitaxy on a mother lamella of the
o form in the normalc,-axis orientation. (D) Crystal of the form
oriented with the bilayers of chains perpendicular to the fiber axis and,
therefore, with the direction of stacking of bilayers of chains, the
c,-axis, parallel to the-axis and the chain axes perpendicular to the
fiber axis (“perpendicular chain axis orientation” or “crg$3-

(040), reflection of thea form and the (008)reflection of the

y form, and only a negligible intensity for all remaining
reflections. Therefore, in an experimental X-ray fiber diffraction
pattern, the presence & 2 17° of intensity maximum on the
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Figure 5. X-ray powder diffraction profiles of melt-crystallized
compression molded films of the sample R (a) and of fractions W(HS)
(b) and W(ES) (c) of the sample W. The (130¥flection typical of
thea form at 2 = 18.6° and (117) reflection typical of they form

at 20 = 20.1° are indicated.

axis and the chain axes are oriented along directions perpen-
dicular to the fiber axis.

Results and Discussion

Unoriented SamplesThe X-ray powder diffraction profiles
of unoriented films of samples R, W(HS), and W(ES) obtained
by compression molding, used as starting materials of our
analysis, are shown in Figure 5.

The diffraction profile of sample R (Figure 5a) indicates that
this sample develops a high degree of crystallinity from the melt,
corresponding to 66%. The presence of strong (11(D08),,
(117),, and (202) + (026), reflections at 2 ~ 14, 17, 20, and
21°, respectively, typical of the form and the low intensity of

meridian or in a nearly meridional position indicates the presence (130), reflection at 2 ~ 18.8, typical of thea form (Figure

of crystalline domains (in the andy forms or in a disordered
o/y modification) oriented according to the perpendicular or
nearly perpendicular chain axis orientation (cr$s-

The limit preferential orientations that crystals of thend/
or y forms (or of o/y disordered modifications) may assume
by uniaxial drawing are sketched in Figure 4. The lamellae

5a), indicates that sample R is basically in thi@rm, in mixture
with a small amount of crystals in the form.

The diffraction profile of the fraction W(HS) (Figure 5b)
indicates a low degree of crystallinity, corresponding=il %
and is characterized by the presence of only three reflections at
20 = 14, 17, and 21 The absence of the (11,7eflection of

appear as elongated entities of lateral dimensions larger thanthe y form at 2 = 20.1° and the presence of only a small
the thickness. The chain axes (indicated with straight lines) run diffraction peak at 2 = 18.6° corresponding to the (130)

perpendicular to the basal plane of the lamellae ofattferm
(Figure 4A) and tilted by~40° to the basal plane of lamellae
of they form (Figure 4C). The case of lamellae of thdorm
in the “parallel chain axis orientation” is illustrated in Figure

reflection of thea form in the profile of Figure 5b indicate that
the crystalline phase of the sample W(HS) is characterized by
o/y disordered modifications of the kind shown in Figure 1B,
with only a slight prevalence of consecutive bilayers faced as

4C, whereas two cases of lamellar branching are shown inin the a form (compare the pattern of Figure 5b with the

Figure 4B,C. In Figure 4B, lamellar branching occurs between
two lamellae of thex form: the mother lamella is oriented in
the normalc,-axis orientation, whereas the daughter lamella is
in the a,-axis orientation. In Figure 4C, a mother lamella of
the o form is shown in the normat,-axis orientation, along
with two lamellae of they form grown by epitaxy in the
“parallel chain axis orientation”. As shown by Lotz et #lthe

o phase may nucleate the growth of daughter lamellae iwtthe
or y forms; they form, in turn, may nucleate epitaxial growth
of the o form, but not of they form. The “perpendicular chain
axis orientation” or “cros®” is illustrated in Figure 4D in the
case of a lamella of thg form. The direction of stacking of
bilayers of chains, the,-axis, is oriented parallel to the fiber

calculated pattern of Figure 28).

The diffraction pattern of the fraction W(ES) (Figure 5c)
presents only a broad halo, indicating that this fraction is
amorphoug?

Oriented Fibers: Sample R.The structural transformations
that occur upon stretching iPP samples initially in the pure
form have been described in a recent paper in the case of
metallocene-made iPP samples having microstructure similar
to that of the sample R, but higher contentrofstereodefects
and higher molecular mass.

The X-ray fiber diffraction patterns, and the corresponding
profiles read along the equatorial line, of fibers of the sample
R obtained by stretching at room-temperature compreSéBQ/
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Figure 6. X-ray fiber diffraction patterns (AD), and corresponding equatorial profiles {A"), of fibers of the sample R obtained by stretching
at room-temperature compression molded films at values of stm@fi50% (A), 60% (B), 80% (C), and 150% (D). The equatorial profiles-(B')
have been subtracted for the background intensity and the contribution of the amorphous phase. Tle1@a)7) reflections typical of thex
andy forms at @ = 18.6 and 20, respectively, are indicated. In A and B, the off-equatorial polarization of the reflectiofl at 27° ((040),
reflection of thea form and (008) reflection of they form) is indicated with arrows.

molded films at different values of the strairare reported in
Figure 6. They form present in the initial unoriented film
(Figure 5a) gradually transforms into the form through a
continuum ofo/y disordered modifications (Figure 6). At 50%
deformation, the crystals are poorly oriented (Figure 6A).
Moreover, the absence of the (117gflection of they form at

26 = 20.7° and the presence of the (130¥flection of thea
form at 2 = 18.6 of small intensity (Figure 6A indicate that
they form, originally present in the sample, transforms, already
at this low deformation, intax/y disordered modifications,

followed by recrystallization in fibrillar crystals of lateral size
smaller than that of crystals originally present in the material,
with chain axes directed along the stretching direction. In
particular, using the Scherrer formula, the average dimensions
of crystallites along the direction perpendicular to (Q4flrnes

of the o form or (008) planes of they form, correspond to
nearly 90 A at 50% deformation and decreased3% at 150%
deformation. Direct transformation of tlyeform into theo. form

is prevented for steric reasons by the fact that, whereas in the
y form the bilayers of chains are stacked along theaxis

where the fraction of consecutive bilayers of chains facing as direction according to the sequence ...LRRLLR... (Figure%2C),

in the o. form is prevalent over that of bilayers facing as in the
purey form (f, < 0.5).

in the a form the bilayers are stacked along theaxis direction
with a strict alternation of helical hands ...LRLRLR... (Figure

The degree of orientation of crystals increases with increasing 1A).% This transformation would imply simultaneous inversion

deformation ¢ > 50%), as indicated by the increase of the
polarization of reflections at@~ 14, 17, and 18.%50n the
equator in the diffraction patterns of Figure 6B. Moreover,
the intensity of the (13Q)reflection at # ~ 18.6° increases
(Figure 6B—D’). This indicates that the relative amount of
consecutive bilayers faced as in tlyeform (f,) decreases,
whereas the fraction of consecutive bilayers faced as imthe
form (f,) increases with increasing deformation. At the maxi-
mum possible deformatiore (= 150%), the fiber is basically
in the o. form with c,-axis orientation (Figure 6D) and a high

of the helical hand of the chains belonging to every bilayer,
making a direct mechanism very unlikely.

In summary, the data of Figures 6 indicate that the structural
transformation of ther form into thea form occurs gradually
with increasing deformation and involves the formatiorogf
disordered modifications, where the relative amount of bilayer
of chains arranged with parallel chain axes as inattierm, f,
increases, whereas the fraction of bilayers arranged with
perpendicular chain axes as in thdorm, f,, decreases.

Moreover, the morphological transformation from randomly

degree of orientation of the crystals is achieved. The equatorial oriented crystals (probably spherulitic morphology) into the

profile (Figure 6D) presents, indeed, the three strong (110)
(040),, and (130) equatorial reflections at®2= 14, 17, and
18.6, typical of thea form. A broad halo subtending the
Bragg's reflections is also present, indicating a partial formation
of the mesomorphic form of iPP at high deformation. These
data show that crystals of the form initially present in the
sample transform into thex form or in o/y disordered
modifications, more similar to the form by stretching. At high
deformation, thex form, in turn, partially transforms into the

fibrillar morphology of sample R is also gradual and, at low
deformations € < 80%), a nonstandard mode of preferred
orientation of iPP crystals occurs. In fact, portion of the crystals
of they form, or in a/y disordered modifications more similar
to they form, assumes at low deformations an orientation with
thec,-axes of they form (b,-axes of thex form) nearly parallel

to the stretching direction, as indicated by the nearly meridional
polarization of the (008)reflection of they form (or (040),
reflection of thea form) at 29 = 17° in the patterns of Figure

mesomorphic form. However, at variance with samples analyzed A B. Because the,-axes of they form (b,-axes of thex form)

in ref 16, the pure mesomorphic form is not obtained due to

are the axes of stacking of bilayers of chains (Figure 1), this

the fact that the low molecular mass of sample R prevents nonstandard mode of orientation of iPP crystals corresponds to

stretching the sample at deformations higher than 150%.
The transformation of the form into thea form and/or into
o/y disordered modifications closer to tlheform cannot be
direct and probably occurs via the pulling out of chains from
the originaly crystals upon application of the tensile stress,

lamellae oriented with chain axes nearly perpendicular to the
fiber axis (cros$s or perpendicular chain axis orientation, Figure
3F). The cros$ orientation may be attributed to the simulta-
neous occurrence of two kinds of slip processes at low

deformations, interlamellar and intralamelférlnterIameIIarCDV
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shear leads to a location of the (008flection of they form
((040), reflection of thea form) on the meridian, whereas the
intralamellar shear pushes the chain axes to align parallel to
the stretching direction and thus shifts the position of the
reflection at 2 = 17° toward the equator.

These data support the hypothesis that not all the crystals of

the y form originally present in the sample experience simul-

taneously the uniaxial mechanical stress field, and the non-
standard mode of orientation of these crystals reflects crystal-
lographic restraints on the slip processes and topological

constraints on the response of crystals to the tensile stress field.

In the crystalline domains of theform, indeed, the chains are
oriented along two perpendicular directions, and the crystallites

Macromolecules, Vol. 39, No. 22, 2006

have the shape of elongated entities along the direction normal

to the chain axe¥ Because of the intrinsic structural and
morphological features of the form, at low deformations, a
portion of they crystals remains frozen in strained positions of
the polymer matrix with the chain axes oriented nearly
perpendicular to the stretching direction. By stretching at higher
deformations, thes form transforms into ther form. Because

in the o form the chains are all parallel, the deformation also
induces orientation of crystals with the chain axes oriented along
the stretching direction, as in a standard fiber morpholagy (
axis orientation).

Oriented Fibers: Sample W(HS). The sample W(HS) is

characterized by chains with an isotactic and atactic stereoblock

structure and presents interesting elastomeric behavior in a wide

range of deformation$° As shown in Figure 5b, crystals of
the initial melt-crystallized unstretched sample, obtained by
compression molding, are m'y disordered modification® The
X-ray fiber diffraction patterns of the sample W(HS) and the
corresponding equatorial profiles, obtained by stretching com-
pression molded films at values of strairof 200, 500, and

700%, and after releasing the tension, are reported in Figure 7.

The diffraction pattern of the fiber stretched at= 200%
(Figure 7A) presents reflections ab 22 14 and 17 slightly
polarized on the equator, with a low degree of orientation of
the crystals. The absence of the (L1i&flection of they form
at 29 ~ 20° and the presence of the (130¥flection of thea
form at 2 = 18.6° of low intensity in the equatorial profile of
Figure 7A indicate that the fiber is characterized loyy
disordered maodifications, as in the unstretched sample, with only
a small increase of the fraction of consecutive bilayers of chains
faced as in thex form with parallel chains. Therefore, at low
deformation ¢ = 200%), a fraction of the original crystals in
o/y disordered modifications with a slightly prevalent fraction
of bilayers of chains faced as in tle form, present in the
unoriented film (Figure 5b), transforms by stretching into
modifications closer to thet form in the parallel chain axis
orientation.

The X-ray diffraction pattern of the stress-relaxed fiber
obtained by removing the tension from 200% strain (fiber
W(HS)-200, Figure 7B,B presents two strong diffraction rings
at 290 ~ 14 and 17 slightly polarized on the equator, and a
ring at 2 ~ 21°, slightly polarized on the first layer line. At
variance with the equatorial profile of the corresponding
stretched fiber of Figure 7Athe (130), reflection of theo form
at 20 = 18.6" and the (117)reflection of they form at 2 =
20.T° are both present in the equatorial profile of the stress-
relaxed fiber W(HS)-200 (Figure 7B The small and almost
identical intensities of these two reflections indicate that the

stress-relaxed fiber W(HS)-200 is characterized by the presence

of two families of crystals iru/y disordered modifications in a
nearly 1:1 ratio. A portion of crystals is in disordered modifica-
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Figure 7. X-ray fiber diffraction patterns (AF) and corresponding
profiles read along the equatorial lines {A&") of fibers of the sample
W(HS), obtained by stretching compression molded films at the
indicated values of strain (A, C, E) and after removing the tension (B,
D, F). The azimuthal anglg of the reflection at 2 ~ 17°, indicated

by arrows in (A) and (C), is defined in (C). For the fiber stretched at
700% deformation, the diffraction profile read along the azimuthal arc
 of the (110) or (111) reflection at 2 ~ 14° is also reported for the
stretched fiber (E) and after removing the tension’(F The equatorial
profiles (A —F') have been subtracted for the background intensity and
the contribution of the amorphous phase. The (136jlection of the

o form and the (117)reflection of they form, at 2 = 18.6 and 20,
respectively, are indicated. The reflections labeled with “m” in E, E

F, and F indicates the nearly meridional component of (1X#&jlection

due to lamellae of thg form oriented with chain axes parallel to the
stretching direction (Figures 3D and 3Cand/or the meridional
component of the (11Qyeflection of thea form, or of (111) reflection

f they form (Figure 3C) due to the presence of a nonnegligible amount
of daughter lamellae oft or y form tilted ~81° with respect to the
parent lamellae (Figure 4B,C, crosshat&hy?13 CDV



Macromolecules, Vol. 39, No. 22, 2006
A

B
W(HS) - Stress-relaxed fibers

W(HS) - Stretched fibers
£ e=700% J@o%
/%OO% NO%

d £=500% £=500%

v

NOO% £=100%
b £=300% Mo%
L2~ E7200% mo‘%
90 60 -30 0 30 60 90 90 60 230 0 30 60 90
x(deg) x(deg)

Figure 8. X-ray diffraction azimuthal profiles of the reflection af 2
= 17° in the X-ray fiber diffraction patterns of sample W(HS) stretched

Isotactic Polypropylene Oriented Form 7643

The data of Figure 7A,B indicate that structural and mor-
phological transformations occur during stretching and relax-
ation. During stretching, the portion of crystals originally in
disordered modifications closer to theform, present in the
unstretched film, transform into disordered modifications closer
to the oo form in the parallel chain axis orientation. Another
portion of the original crystals remains in disordered modifica-
tions closer to they form but assume the crogserientation.
These crystals in crogs-orientation return back into the
isotropic matrix, without retaining preferential orientation after
removing the tension. Crystals of tleform, formed during
stretching, instead, remain in the parallel chain axis orientation
after releasing the tension. The fliflop textural transformation
involving crystals in crosg- orientation is reversible during
mechanical cycles of stretching (up to the maximum length,
3Ly, achieved during stretching of the unoriented sample),
followed by relaxation upon releasing the tension. The elastic

at the indicated values of deformation (Figure 7). The azimuthal scans recovery is almost complete during these cyéfds. particular,
are reported for fibers obtained by stretching compression molded films the residual deformation of unoriented compression-molded

at the indicated elongation, keeping the fiber under tension (A) and
after removing the tension (B).

tions closer to thex form with a higher fraction of bilayers
facing with parallel chainsf( < 0.5), and the other portion of
crystals is in modifications closer to theform with a higher
fraction of bilayers of chains facing with perpendicular chains
(f, > 0.5). Furthermore, the (low) degree of orientation of the
crystalline phase achieved in the stretched fiber (Figure 7A)
decreases upon releasing the tension (Figure 7B).

The most remarkable difference between the diffraction
patterns of the W(HS) fiber stretchedeat= 200% (Figure 7A)
and the stress-relaxed fiber W(HS)-200 (Figure 7B) is in the
distribution of intensity of the (008)reflection of they form
((040), reflection of thea form) at 2 ~ 17°, along the
azimuthal arcy, defined in Figure 7Cy = 0 and 90 for
equatorial and meridional reflections, respectively). The azi-
muthal profiles of the reflection att2~ 17° in the X-ray fiber
diffraction patterns of sample W(HS) stretched at different
values of deformation, and of the corresponding stress-relaxe
fibers, are compared in Figure 8.

It is apparent that, in the case of the sample W(HS) stretched

at 200% deformation, the reflection & 2 17° appears slightly
polarized on the equatoy & 0) and in positions close to the
meridian aty ~ +£60° (Figure 8A, curve a). After releasing the
tension, the distribution of intensity of this reflection becomes
more uniform, with only a broad maximum centered on the
equator (Figure 8B, curve a). This possibly indicates that, in
the stretched sample, a non-negligible portion of crystals in
disordered modifications closer to thdorm, originally present

in the unstretched film, are frozen in strained positions of the
polymer matrix with thec,-axis (,-axis) inclined at~30° to

the stretching direction, in the crofserientation (or perpen-

dicular chain axis orientation, Figure 4D). These crystals return

back in the isotropic matrix, loosing this preferred cr@ss-

films of the sample W(HS) stretched at 200% deformation and
then stress-relaxed is 38%, whereas stress-relaxed fibers,
prepared by stretching the compression molded films up to 200%
deformation, keeping the fibers under tension for 10 min at room
temperature, then removing the tension, allowing the specimens
to relax, show a residual deformation below 2%.

The degree of orientation of crystals in the “parallel chain
axis orientation” increases with increasing deformation. In the
X-ray diffraction pattern of the sample W(HS) stretched at 500%
deformation (Figure 7C), indeed, the reflections at2 14°
((111), of they form and (110) of thea form) and 17 ((008),
of they form and (040) of the o form) are more polarized on
the equator, whereas the reflections at2 21° ((202), and
(026), reflections of they form, (111),, and (B1), + (041),
reflections of thea form) are polarized on the first layer line.

It is worth noting that also at = 500%, the reflection at@
~ 17° ((008), of they form and (040) of the a form) results

dpolarized not only on the equator fat= 0) but also in positions

close to the meridian, at ~ £60 (Figure 7C and curve d of
Figure 8A). The orientation of the crystals in this sample is
therefore bimodal, that is, a portion of crystals is oriented in
the parallel chain axis orientatiop € 0), and the other portion
in the nearly perpendicular chain axis orientation or cyp$g-

~ £60°).

The stress-relaxed fiber obtained from the fiber of the sample
W(HS) stretched at 500% after removing the tension (fiber
W(HS)-500%) has a lower degree of orientation of crystals, as
indicated by the fact that the intensity distribution algnof
the reflections at  ~ 14 and 17 becomes more uniform
(Figure 7D and curve d of Figure 8B). As in the case of the
stress-relaxed fiber W(HS)-200, also in the equatorial profile
of the stress-relaxed fiber W(HS)-500 (Figure'y,Dhe (130)
reflection ofa the form at 2 = 18.6* and the (117)reflection

orientation by releasing the tension, assuming less strainedof they form at 2 ~ 20° are both present, and the intensity of

orientations in the polymer network, and the overall degree of

the (117) reflection increases with respect to that of the

orientation of crystals decreases (Figure 7B). Crystals that Stretched fiber (Figure 7% furthermore, the reflection att2

experience this reorientation process are probablyoip
disordered modifications closer to theform, with a higher
fraction of bilayers facing with perpendicular chains, as indicated
by the fact that the (117)yeflection of they form is absent in
the X-ray fiber diffraction pattern of Figure 7Af the stretched
sample (this reflection is absent when crystaly é6rm are in
crossg orientation, see Figure 3F) and is present in the X-ray
fiber diffraction pattern of the stress-relaxed fiber W(HS)-200
(Figure 7B).

~ 17° becomes polarized exclusively on the equator (curve d
of Figure 8B). This indicates a change of texture from ci®ss-
to isotropic orientation upon releasing the tension.

In summary, crystals im/y disordered modifications more
similar to they form, originally present in the unoriented film,
gradually transform by stretching into modifications closer to
thea form. Because these crystals have a high fraction of chains
with parallel chain axes, they are easily oriented in the parallel
chain axis orientation, and their degree of orientation increaﬁ\s/
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with increasing deformation. Furthermore, at low and moderate
deformations, fibers of the sample W(HS) are characterized by
the presence of a nearly 1:1 mixture of crystale/n disordered
modifications characterized by a different proportion of con-
secutive bilayers of chains faced as in théorm, a portion of
crystals being in disordered modifications closer todherm

(f, < 0.5), and the other portion of crystals in modifications
closer to they form (f, > 0.5). In the fibers stretched at 200
and 500% deformations, the portion of crystals in disordered
modifications closer to the. form are oriented in the parallel
chain axis orientation, whereas the portion of crystals in
disordered modifications closer to threform are oriented in
the cross3 orientation (or perpendicular chain axis orientation).
Upon releasing the tension, crystals in crgssdentation, which

are in strained positions of the polymer network, return to less
strained and random positions, whereas crystals with parallel
chain axis orientation remain almost unaffected, with the result
that the degree of orientation of the crystals in the parallel chain
axis orientation achieved in the stretched fiber is partially lost.
The elastic properties for the fraction W(HS) in a large
deformation rang® are probably due to the fact that these-flip
flop textural transformations of the crystalline phase are
reversible so that unoriented films undergo small plastic
deformation by stretching at these deformations during the
irreversible transformations from spherulitic to fibrillar morphol-
ogy.

Finally, the X-ray fiber diffraction patterns of the sample
W(HS) stretched at 700% deformation (Figure 7 fEesents
maxima at 2 ~ 14, 17, and 18.%((110),, (040),, and (130),
reflections, respectively) on the equator, and®&221° ((111),

+ (131), + (041), reflections) on the first layer line, without
any appreciable polarization of the reflection & 2 17° in
positions close to the meridian (Figures 7E and curve f of Figure
8A). Moreover, the reflection (117t 20 ~ 20° is completely
absent. This indicates that crystals originallyoify disordered
modifications closer to the form transform into modifications
more similar to thex form at high draw ratios, including only

a small amount, if any, ad/y structural disorder. These crystals
achieve a high degree of orientation in the norroglaxis

Macromolecules, Vol.
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Figure 9. Schematic diagrams illustrating elastomeric networks where
crystallites of iPP act as physical cross-links, (A) network with a more
conventional texture and (B) network with a crosshatched texture. The
chains belonging to the amorphous phase emerge at the boundary of
crystalline lamellae fringed-micelle-like along two opposite directions

in (A) and along four nearly perpendicular directions in (B), forming
an entangled network.

commercial iPP samples at temperatures higher than980
OC_Sa,Bf‘rSQ

The X-ray diffraction pattern of the stress-relaxed fiber
obtained from the fiber stretched at 700% deformation after
removing the tension (fiber W(HS)-700) is reported in Figure
7F,F. The patterns of Figure 7F,Bre very similar to those of
the stretched fiber (Figure 7E)Eand are characterized by the
presence of three strong equatorial reflectionséat214, 17,
and 18.8 and a strong diffraction peak af 2~ 21° on the first
layer line, indicating that the sample is essentially crystallized
in the o. form in the standard fiber morphology. Moreover, for
the relaxed fiber, the reflection a2~ 14° appears not only
polarized on the equator but also in positions close to the
meridian (indicated with “m” in Figure 7F;§, indicating the
presence of crosshatches. It is evident that the structural and
morphological transformations induced by stretching at high
deformations are irreversible. The fact that the sample recovers
almost completely the initial dimensions upon the release of
the tensio® indicates that the formation of a crosshatched
texture creates a very efficient elastomeric network, where
crystals of thex form or in a/y disordered modifications act as
physical knots. Schematic diagrams that illustrate elastomeric

orientation as in a standard fiber orientation: there is no evidencenetworks of iPP based on a crosshatched texture and a more

of the presence of crystals in the nearly perpendicular chain
axis orientation.

It is worth noting that, in the diffraction pattern of the sample
W(HS) stretched at = 700% (Figure 7E), the (11Q)yeflection
at 20 ~ 14° presents maxima not only on the equatoryat
0) but also in positions close to the meridian gat +90°),
indicated with the symbol “m” in Figure 7E. The intensity of
the (110) reflection at & ~ 14° along the azimuthal arg is
shown in Figure 7E. As shown in the previous section (Figure
3), the presence of the (110)eflection on the meridiany(~
90° in Figure 7E') may originate from the presence of a
nonnegligible portion of daughter lamellae, tilted4s$1° with

conventional morphology are shown in Figure 9. Crystals of
iPP in conventional morphology (Figure 9A) and in crosshatched
texture (Figure 9B) act as knots of the network. The chains
belonging to the amorphous phase emerge at the boundary of
crystalline lamellae fringed-micelle-like along two opposite
directions in the conventional network of Figure 9A and along
four nearly perpendicular directions in the network based on a
crosshatched texture of Figure 9B, forming an entangled
network. Upon stretching, the amorphous chains are oriented
along the stretching direction storing the entropic recovery force.
The elastomeric network with a crosshatched structure shown
in Figure 9B is probably more efficient than that shown in Figure
9A.

respect to the parent lamellae, the latter being oriented with the  Oriented Fibers: Sample W(ES).Unoriented films of the

chain axes parallel to the stretching direction. The daughter
lamellae grow up by epitaxy on the lamellae formed by

stretching at high draw ratios, creating a crosshatched morphol-

ogy. Because of the broad and small intensity of the meridional
reflection (“m” in Figure 7E,B), it is not possible to establish
whether the daughter lamellae are in théorm (Figures 3B,C
and 4B), in they form (Figures 3D and 4C), and/or ia/y
disordered modifications (Figure 3E). This is a rare exafiple

fraction soluble in diethyl ether W(ES) obtained by compression
molding are amorphous (Figure 5c), but able to crystallize by
stretching?~11.23.24The formation of crystals occurs despite the
low degree of stereoregularity and has been attributed to the
fact that the fraction W(ES) is characterized by chains with a
stereoblock structure where atactic sequences alternate with
more stereoregular isotactic sequences and the lengths of
isotactic sequences are sufficiently long to allow crystallizatfon.

of a crosshatched texture that develops during stretching at room The X-ray fiber diffraction patterns and the corresponding
temperature. Generally, crosshatches develop by stretchingprofiles read along the equatorial line of fibers of the sarr&?gv
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W(ES) obtained by stretching compression-molded films at
values of straire of 100, 500, and 1000% and after releasing
the tension are reported in Figure 10.

The ability of the W(ES) fraction to crystallize is already
apparent at low deformationg & 100%), even though the
degree of crystallinity achieved by stretching is very lowb@o).

The X-ray fiber diffraction pattern of the film stretched at 100%
deformation (Figure 10A), indeed, presents a single sharp
reflection on the meridian dt~ 0.19 AL As discussed in the
previous section, diffraction patterns of the kind shown in Figure
10A correspond to the case of crystals of ther y forms or

in disordered modification intermediate between ¢handy
forms oriented with thdy,-axis of theo form or thec,-axis of
they form, parallel to the stretching direction and with the chain
axes perpendicular to the stretching direction (cis®r
perpendicular chain axis orientation, Figures 3F and 4D).
Accurate measurements of the position of this reflection have
been performed by mounting the sample in the tilted fiber
geometry and then recording the X-ray fiber diffraction pattern
in the oscillation modeX12°) so that the meridian reflection
of Figure 10A appears on the equator. The equatorial profile of
the fiber stretched at 100% deformation in the tilted fiber
geometry is shown in Figure 10AThe profile of Figure 10A
unequivocally indicates that the meridional reflection occurs at
20 ~ 17°, and corresponds to the (040)flection of thea
form or (008) reflection of they form. Because the crystalli-
zable isotactic sequences are very short in the fraction W(ES),
and short isotactic sequences crystallize in théorm more
easily than in thex form,141519.20the fiber stretched at =
100% is probably characterized by crystals in thierm or in

o/y disordered modifications very close to theform in the
crossg orientation.

The diffraction pattern of the stress-relaxed fiber W(ES)-100,
obtained by releasing the tension from 100% deformation,
(Figure 10B,B) presents a typical amorphous halo, indicating
that crystals in the crogg-orientation, which form by stretching,
melt upon releasing the tension.

The azimuthal profile of the reflection a2~ 17° of the
fiber stretched at 100% deformation and of the stress-relaxed
fiber W(ES)-100 are compared in Figure 11. It is apparent that
the maximum aty ~ +90°, corresponding to the meridional
reflection in the stretched fiber (Figure 11A, curve a), almost
disappears in the stress-relaxed fiber and the intensity distribu-
tion alongy becomes rather uniform upon releasing the tension
(Figure 11B, curve a), confirming the melting of the crystals.
The stress-induced crystallization of the fraction W(ES) with
crystals in the crosg-orientation, followed by the melting of
the crystals upon releasing the tension is reversible. Stretching
the amorphous sample at the low value of strain of 100%
induces formation of crystals in disordered modifications close
to they form in the perpendicular chain axis orientation (cross-
B); the crystals melt upon releasing the tension. At these low
deformations, the fraction W(ES) behaves as a weak gum
elastomer and presents a low residual deformation upon
releasing the tensiol.

The unique crystallization mode of the fraction W(ES) at low
and moderate deformations may be due to the intrinsic structural
features of they form. Indeed, the nonparallel arrangement of
chain axes in the crystals, typical of threform, and the easy
inclusion of defects in this polymorph of iPP141°makes the
crystallization of the short isotactic sequences of this fraction
easier?® The crystals that form by stretching should be rather
short in the directions parallel to the chain axes, and longer
along thec,-axis (p,-axis) direction (Figure 1), so that the
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Figure 10. X-ray fiber diffraction patterns (AF) and corresponding
profiles read along the equatorial lines {8"'), of fibers of the sample
W(ES), obtained by stretching compression molded films at the
indicated elongation, keeping the fiber in tension (A, C, E) and after
removing the tension (B, D, F). The profiles '(€F') have been
subtracted for the background intensity and the contribution of the
amorphous phase. The (130flection at 2 = 18.6’ typical of theo

form of iPP is indicated. The diffraction profile reported in" A
corresponds to the equatorial X-ray diffraction profile of a fiber of the
sample W(ES) obtained by stretching at 100% deformation, recorded
by mounting the sample with the fiber axis normal to the axis of the
cylindrical camera and normal to the X-ray incident beam (tilted fiber
geometry) so that the meridional reflection a# 2= 17° ((040),
reflection of thea form and (008) reflection of they form) indicated

with an arrow in A, appears on the equator)(An A’, the amorphous
contribution (dashed line) is also indicated. CDV
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A B The melting-recrystallization process of crystals in théy
W(ES) - Stretched fibers W(ES) -Stress-relaxed fibers disordered modifications in the crofsrientation is reversible
£=1000% £=1000% also at 500% deformation; correspondingly, the sample W(ES)
shows elastic behavior with very low residual deformations after
d d relaxation from 500% deformatiof.
£=500% £=500% Finally, the sample W(ES) stretched at 1000% deformation
c N_E~ N~ shows X-ray fiber diffraction patterns (Figure 10E &nd curve
d of Figure 11A) with two weak maxima a¥2= 14 and 17,
b £=200% b £=200% exclusively polarized on the equator, corresponding to the ¢110)
P and (040) reflections, and a broad (130jeflection at & =
18.6° of the o form (Figure 10B). This indicates that the fiber
a e=100% a e=100% is characterized by crystals w/y disordered modifications,
L~ close to thea form, oriented with chain axes parallel to the
. . . . stretching direction, as in a standard fiber morphology. The
-180 -90 X(S)eg) 90 180  -180 -90 x(geg) 90 180 apparent absence of the reflections on the first layer line typical

of the o andy forms is due to the low degree of crystallinity

4 . . . and to the very short length of crystallizable sequences,
= 17° in the X-ray fiber diffraction patterns of sample W(ES) stretched - . - -
at the indicated values of deformation (Figure 10). The azimuthal scans consistent with the low degree of Stereoregulquty_ of the f_ractlon
are reported for fibers obtained by stretching compression molded films W(ES). Crystals that form at 1000% deformation indeed include
at the indicated elongation, keeping the fiber under tension (A) and a large amount of structural disorder and exhibit very low
after removing the tension (B). dimensions, especially along the direction parallel to the chain
axes.

The diffraction patterns of the stress-relaxed fiber W(ES)-
1000 (Figure 10F,Fand curve d of Figure 11B) are quite similar
to those of the stretched fiber (Figure 10E,&nd curve d of
Figure 11A), even though the equatorial reflectionsat 4,
17, and 18.6are less intense than those of the stretched fiber.
This indicates that crystals that develop by stretching partially
melt upon releasing the tension. However, also at 1000%
deformation, the sample presents an elastomeric behavior,
although the permanent deformation upon the release of the
tension is higher than that at 500% deformati®The weak
elastomeric network is ensured by both the presence of the small
fraction of crystals and by entanglement of the chains in the
amorphous phase. However, because the crystallinity remains
o . . . very low (<5%), the fraction W(ES) presents elastomeric
with increasing deformation. Because in the crystals close to properties more similar to those of high-molecular-weight atactic

the « fo.rm, the fraction of consecutive bllaygrs with pargllel polypropylené*than to those of the more stereoregular fraction
chains is prevalent over that of crystals with perpendicular W(HS)

chains, these crystals assume more easily the parallel chain axis
orientation, whereas the crystals that assume the @0ss- ~gnclusions
orientation are probably those characterized by structural features
closer to they form. It is worth noting that, in the X-ray fiber The structural transformations and textures, which may
diffraction pattern of the fiber stretched at= 500%, the develop during stretching of metallocene-made iPP samples, are
reflections on the first layer line due to the helical periodicity Often complicated by the simultaneous presence of theda
of the chains are apparently absent because of too low intensity.forms, and the tendency of tleform to nucleate by epitaxy
This may be due to the fact that, because the lengths oflamellar branching, forming a crosshatched network. The
crystallizable sequences are very short, the degree of crystallinitysimilarities of the diffraction patterns of theandy forms and
achieved by stretching is very low and the size of the crystals the presence of structural disorder in the crystals do not allow
in the direction parallel to chain axes is also very small. an easy interpretation of the diffraction data. We have illustrated
Crystals formed by stretching at 500% deformation partially & method of analysis of the structural and textural transforma-
melt after removing the tension. The X-ray diffraction pattern tions that may occur during stretching based on the calculation
along the equator of the fiber W(ES)-500 (Figure 10p,D of schematic X-ray fiber diffraction patterns of model structures,
exhibits only two weak equatorial reflections & 2 14 and where the crystals assume limit mode of orientations, and the
17° with a shoulder at @ = 18.6°. The reflection at 2 = 17° comparison of the calculated and experimental diffraction
shows only a weak polarization on the equator (Figures 10D patterns recorded during stretching. The samples used to
and curve c of Figure 11B). This indicates that crystals in the illustrate this method have been chosen in the large variety of
crossp orientation melt after removing the tension. Crystals the nowadays available iPP microstructures, with the aim of
that develop by stretching in the parallel chain axis orientation providing representative examples of possible morphologies and
instead are more stable than those in the cfbssientation. structural transformations that may occur in uniaxially drawn
Furthermore, the degree of orientation achieved by stretching samples.
at 500% deformation is partially lost upon the release of the It is shown that a large number of phenomena are involved
tension, as indicated by the fact that the distribution of intensity during stretching: (i) the transformation of tixform into the
along the azimuthal arc of the reflection & 2 17° is more o form through the formation of a continuum of disordered
uniform than in the stretched fiber (Figure 11B, curve c). modifications intermediate between theandy forms; (ii) theCDV

Figure 11. X-ray diffraction azimuthal profiles of the reflection aff 2

resulting elongated entities assume the cfbssientation, with

the longest axis directed more easily parallel to the fiber ¥xis.
The dimension of these crystals in the direction parallel to the
chain axes is lower than a critical value and, therefore, the
crystals melt by releasing the tension.

At higher values of strain, the elongated crystals that form
in the W(ES) fraction experience the tensile stress field more
efficiently. At 500% deformation, the reflection ab 2> 17°
appears polarized both on the equator and on the meridian
(Figure 10C,Q. Furthermore, also weak (110pnd (130}
reflections of theo. form at 2 ~ 14 and 18.8, respectively,
appear on the equator (Figure IRCThis indicates that both
crystals of disordered modifications more similar to thirm
and of disordered modifications closer to thérm are obtained
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development, at low deformations, of crystals of thiorm in
the “crossp” orientation, i.e., with chain axes oriented perpen-
dicular or nearly perpendicular to the stretching directions; (iii)

the development, at high deformations, of a crosshatched

structure, due to epitaxial growth of daughter lamellae with chain

axes perpendicular to the stretching directions, on crystals of

the o form oriented with chain axes parallel to the fiber axes
(mother lamellae).
The nonstandard mode of orientationyorystals with chain

axes perpendicular to a fiber axis (perpendicular chain axis (14)

orientation or cros®) mainly involves crystals of thg form
frozen in strained regions of the polymer matrix. Its development
may be ascribed to the peculiar architecture of théorm,

consisting in a nearly perpendicular arrangement of chain axes ;)

in the unit cell and to the elongated shape of the lamellae of
the y form in the direction normal rather than parallel to the

chain axes. At low draw ratios, the chain axes, which emerge

at the crystal boundaries according to two mutually perpen-
dicular directions, act as anchors for tlecrystals in the
perpendicular chain axis orientation. At high draw ratios, these

crystals are forced to assume the orientation with chain axes

parallel to the stretching direction, as in the standard fiber
morphology, and transform into the form.

The development of these peculiar textures during stretching
in elastomeric iPP samples, having a stereoblock microstructure
results in elastic properties in a large deformation range due to
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