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ABSTRACT

Memory effects on polypropylene systems with differents amounts of a nucleating agent
(Dybenzylidene Sorbitol DBS) have been studied by Wide Angle X ray scattering methods. It has
been observed that deformation applied in polypropylene melts, where even small amounts of
DBS are included, is templated into the crystalline state. After crystallising a sheared
polypropylene/DBS melt, an anysotropic textute is obsetved by X ray scatteting, wheteas the
crystals produced from sheared pure PP melts are randomly distributed. This fact is directly
addressed how the DBS is spread into the polypropylene melts. Different concentration and
deformation conditions are explored allowing to conclude that, below a certain temperature, the
DBS self-organize into a three dimensional network producing the gelation of the PP melt. When
the deformation is applied in this gel state, it is templated into the crystals, whereas when it is
applied at temperatures above this self organisation, there is not memory of the deformation

process when the sample crystallise.
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INTRODUCTION

During processing of polymeric systems, a great variety of deformation flows is
applied to the polymer melt. These deformation fields induce certain levels of anisotropy
in the polymer melt. The structure obtained after solidification of a deformed melt may
differ from that obtained upon crystallisation in quiescent conditions. The differences
may appear depending on several aspects.

On one hand, the ‘memory’ retained in the solidified polymer from the
manufacturing process depends on the nature of the applied flow field (shear,
elongational ...) and its intensity. Elongational flows are considered to be more effective
in terms of extending the macromolecular chains. Fundamental studies aimed to
understand flow induced crystallisation from solution were performed by Keller and
coworkers (1,2). The development of shish-kebab morphologies from elongated dilute
solutions was observed. When dealing with polymers crystallised from elongated melts, it
has been generally observed that shish-kebab textures are the predominant texture of
their morphology (3,4,5). As compare to elongational flow, shear fields are considered to
be weaker. However, even these weaker flows have the effect of perturbing the chain
configuration. The presence of chain entanglements enables the shear fields to produce
some chain extension, which take place between these topological constraints ().
Recently, several works have been presented where the effect of shear deformation on
the crystallisation is studied (7,8,9,10,11). In all these investigations, an intense shear
pulse (shorter compared to the time taken for crystallisation) was applied at samples held
at the crystallisation temperature and the subsequent crystallisation was studied by means
of in-situ techniques.

On the other hand, the memory that the solidified processed polymer retain from
the deformations applied in the melt, may depend also upon the molecular characteristics
of the polymer itself. The key factor in this effect would be the relaxation behaviour of
the polymeric chains in the melt. Recent works point out the importance of the
molecular weight distribution on the shear induced crystallisation (9), and moreover, the
role of the long molecules in the behaviour under shear of the overall polymer (11,12).
But the molecular weight distribution is not the only factor affecting the relaxational
behaviour of the polymer melt. The presence of additives, may affect in a considerable
way, both, the rheological and the crystallisation behaviour of the polymer, and hence,

they may have a big influence on the morphology of the polymer after deformation on
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the melt. In particular, the addition of nucleating agents to a polymeric matrix provokes
extensive changes in terms of crystallisation behaviour and morphology of the polymer.
Under quiescent conditions, the presence of small quantities of these compounds (even
below 1% in weight) provides an excess of heterogeneous nuclei and hence increases the
crystallisation temperature of the polymer, decreases the spherulite sizes and changes the
optical and mechanical properties of the polymer (13).

In the present work, the influence of a nucleating agent in the crystallisation from
sheared polypropylene melts is studied by means of wide and small angle X ray
scattering. Dybenzylidene sorbitol (DBS) is a low molecular mass organic molecule that
promotes heterogeneous nucleation in polypropylene at temperatures below the melting
point of the polymer (14,15,16). The aim of the present paper is to establish the
consequences of the presence of this particular nucleating agent, on the developed
microstructure after crystallising from a deformed melt. In the works on shear-induced
crystallisation mentioned above (7,8,9,10,11), the shear field is applied at the
crystallisation temperature. In the present paper, however, the shear deformation is
applied at temperatures above the calorimetric melting temperature of the polymer.
Therefore, the crystallisation from deformed melts is studied rather than the shear
induced crystallisation. The effect of different shear conditions on the nucleated polymer
is discussed, and on the basis of the obtained results, a model for the behaviour of the

nucleating agent in the polypropylene melt is presented.

EXPERIMENTAL PART.

Materials and sample preparation.

The polymer matrixes studied in this work are polypropylene/ethylene
copolymers, with trade name NOVOLEN (BASF plc.). According to previous studies on
these samples (17) the average molecular mass values obtained by Gel Permeation
Cromatography (GPC) are M,=2.2 x 10° and M,= 5.9 x 10*. Also according to this
study, the ethylene co-monomer content is 3.5%. The nucleating agent Dibenzylidene
sorbitol (DBS) was obtained from Milliken under the trade name of Millad 3905. The
chemical formula of this compound is presented in fig 1. It was added to the
polypropylene matrix by solution-precipitation method. The precipitated solution was
then filtered and allowed to dry for several hours. Final removal of the solvent was done

by vacuum drying at 70°C. The compounded sample obtained in such a way was then
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melt presse at 190°C in the shape of discs of Imm thickness and 18 mm in diameter,
suitable for use in the shear experiments. The samples are referred in this work as iPPx,

where <’ indicates the percentage in weight of DBS in the sample.

Techniques

The rheometer to generate the shear flow field is a parallel plate system
developed in the University of Reading and described elsewhere (18). It has been
designed to allow scattering experiments during controlled shear deformations. Fig. 2
shows a schematic of the shear cell, and also a map of the velocity field in the sample
(bottom left). Two X-ray sources were used. For the steady-state measurements, X-ray
radiation generated in the laboratory was employed. It is generated by using a Philips
sealed tube with a copper anode target, mounted on a Hiltonbrooks DG2 X-ray
generator operating at 1.0kW driving a 40mA current. A Huber plane model 151 graphite
crystal monochromator and pinhole collimation are employed to produce a beam
(A=1.542A) of ~Imm diameter. Time resolved measurements were performed on beam-
line 16.1 at the Synchrotron Radiation Source at Daresbury (Cheshire, UK), using a beam
(A=1.488A) of~0.4mm diameter.

X-ray scattering data were collected using the Area X-ray Imaging System (AXIS)
also developed at the University of Reading (19) and coupled with the rheometer. It uses
an X-ray camera of 3x4 cm, based on an intensified CCD architecture provided with chip
integration, designed and manufactured by Photonic Science. The video signal is passed
to a frame grabber, where incoming frames are co-added to provide a more intense
image with reduced statistical fluctuation. The frame-grabbing device employed is a
DT2867 integrated image processor manufactured by Data Translation, which is
mounted inside the control PC of the AXIS system. Integration times for the diffraction
patterns were 4min for the laboratory source and 10s at the synchrotron source. The
AXIS system is highly automated and the user can program complete sequences of
events to provide X-ray scattering data synchronized with changes to the sample
environment (19).

DSC experiments were carried out with a Perkin-Elmer DSC2 instrument at a
heating rate of 10C/min. The temperature was calibrated by using indium and zinc
standards. The samples were encapsulated in aluminium pans, and the typical sample

weights used in these experiments were about 7 mg.
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RESULTS

Characterisation of the samples with nucleating agent.

Differential scanning calorimetry

Fig. 3 shows the cooling thermograms of samples after melting them at
Tw=190°C for 3 minutes. As one may see, the minimum in the crystallisation exotermic
peak is located around T.=102°C for the iPP0. The incorporation of only 0.3% of the
nucleating agent to the polymer produces a shift of the crystallisation peak towards
higher temperatures (T.=114°C). The crystallisation temperature as a function of the
weight concentration of DBS has been represented in the inset in fig. 3. The maximum
shift is achieved for iPP0.5. For higher concentrations of DBS, there is a saturation of
the shift in T. and the addition of more DBS is not further efficient in terms of
increasing the crystallisation temperature. Eye inspection of the samples reveals that the
high DBS content samples (iPP5 and iPP20) are not transparent. Mitra et al (20) studied
the effect of adding different DBS amounts to poly(ethylene therepthtalate) (PET) from
the point of view of the transparency of the polymer films. They found that there is an
increase in the temperature of crystallisation from the melt when the DBS is
incorporated. This increase is very strong for small concentrations of DBS and it
stabilises for higher concentration. The transparency of the PET films started decreasing
for DBS concentration higher than 1% wt. The same authors studied the size of the DBS
agglomerate in amorphous polymer system (21). For the two amorphous polymers
(polycarbonate and polystyrene) they found that the size of the agglomerate increases
linearly with the concentration of DBS, regardless of the polymer matrix. In terms of
melting behaviour, the addition of DBS to the polypropylene matrix did not modify the
melting temperature and the particular system under investigation here is completely

molten for T > 155°C.

Wide angle X ray scattering

Fig. 4 shows the wide-angle X-ray patterns obtained for polypropylene samples with
different amount of nucleating agent. As one may see, in all samples, the scattered
intensity exhibits, as a function of q (q=(4m/A) sin(@) ), Brage peaks indexed 110
(q=0.99A1), 040 (q=1.21A™), 130 (q=1.31A") and the overlapping —131,111 (approx. at

q=1.58A"). These peaks indicate that the main crystalline structure of the sample is the o
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form of iPP (22) that is therefore not modified by the presence of the nucleating agent.
However, the presence of the nucleating agent introduces a variation on the WAXS
diffraction pattern of the polymer. For all the samples with DBS, regardless of the
concentration, a small peak appears around q=1.45A". A recent work by Foresta et al.
(23) has shown that the presence of nucleating agents in similar polypropylene systems

enhances the apparition of y phase. The (117) reflection of the ¥ phase of PP is located at

q=1.42A"". Therefore, this extra peak may indicate a certain presence of y phase.

Isothermal crystallisation of sheared nucleated polypropylene melts.

The isothermal crystallisation processes from sheared polypropylene melts with
and without DBS were followed in real time by wide angle X-ray scattering (WAXS). The
same shearing-temperature program was applied to the samples and it is presented in fig.
2, bottom right, by a continuous line. The sample was held at the melting temperature
(T\=170°C) for 5 minutes in order to erase any memory on the preparation process. After
this time, the shear field was started. When the shear was released, the sample was
quenched at the crystallisation temperature (T.) and it was held at this temperature for a
given time. In situ WAXS patterns of the crystallisation process were monitored. Fig. 5
shows a sequence of WAXS patterns obtained at different times during the isothermal
crystallisation process for both iPP0O and iPP0.5 samples. As one may see from these

sequences, after shearing the melt under similar conditions (T,=170°C, 7=1s",

1Y=120s.u.), the two samples behave differently. First, there are differences in the kinetic
of crystallisation. In the iPP0.5 sample, after 4.5 minutes at the crystallisation
temperature, it is possible to observe the onset of crystallisation, as revealed by the
development of crystalline rings. For the iPPO sample, after 9 minutes at the
crystallisation temperature, the presence of crystalline reflections cannot be detected. To
emphasise the different crystallisation behaviours, the integrated intensity of the 110 ring
has been represented as a function of crystallisation time for both the iPPO and IPP0.5
samples (Fig. 6). The integrated intensity is presented in arbitrary units. However, it is
plotted in the same scale for iPPO and iPP0.5 specimens. For the iPP0.5 sample (fig. 6
top), as expected for an isothermal crystallisation process (24,25), after a certain
induction time, the 110-intensity (at T.=125°C) exhibits a rapid increase followed by a
much slower growth at longer times. Further decrease of the temperature (plotted in fig.
6 as filled dots) produces another increase of the 110 intensity that finally reaches a

levelling off for temperatures close to room temperature. The situation is very different
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for iPPO sample. It is worth remarking that the sample was sheared under exactly the
same conditions as the iPP0.5 specimen. The integrated intensity as a function of
crystallisation time at T=125°C does not exhibit any increase. Even after approx. 13
minutes. After this time, the sample was cooled down to room temperature and X-ray
patterns were collected. The appearance of crystalline reflections occurred at approx.
100°C. At this temperature, the 110 integrated intensity exhibits a sudden increase and it
reaches a levelling off at lower temperatures. These results agree with the cooling scans
obtained by DSC (fig. 3.a)

However, not only the crystallisation kinetics is different for iPPO and iPP0.5
samples. The initial X-ray scattering patterns for the two samples show diffuse rings
corresponding to the amorphous halo of the molten specimen. But, as crystallisation
proceeds, in the case of the iPP0.5 sample, discrete reflections appear, corresponding, as
mentioned above, to the Bragg reflections of the a form of iPP. The azimuthal intensity
distribution of this Bragg rings, in the case of iPP0.5 specimen is cleatly not
homogeneous. As crystallisation time increases, these rings become more intense, and
also more homogeneous.

However, the iPPO sample, when it crystallise at lower temperatures, exhibit
completely isotropic reflections, indicating that the crystals grown are randomly oriented.
That means that, iPP0.5 sample displays a memory effect of the deformation applied on

the melt, but iPPO specimen does not.

Effect of the amount of DBS in the iPP anisotropic structure.

In order to establish the role of the amount of DBS on the anisotropy induced upon
shearing, a series of experiments were carried out under the same shearing conditions

(T.=160C, y=20s", y=120s.u.) on the different iPP samples. The specimens were

subsequently quenched. The WAXS patterns obtained after quenching the sheared melts,
are presented in fig. 7. The azimuthal orientation distribution of the PP WAXS
reflections indicates a certain degree of orientation in the polymer matrix, even for the
samples with very low amount of DBS. The obtained anisotropic texture is the same in
all cases, although different levels of orientation can be observed depending on the DBS
concentration. In fig. 8 the intensities of the 110 and the 040 reflections have been
presented as a function of the azimuthal angle for the different quenched samples. For all

the specimens, regadless of the DBS concentration, the (110) intensity is more intense

near the meridian (azimuthal angle a=0°) but also present some intensity concentrated in
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the equator (=90°). The (040) intensity exhibits a maximum in the equator (¢=90°) and

a minimum in the meridian (a=0°). But, although they all present the same texture, there
are some differences. As one may see, there is a dependence of the ’amount’ of
orientation with the DBS concentration. With the exception of the highest amount of
DBS (sample iPP20), the orientation increases with the concentration of the nucleating
agent, as can be inferred from the stronger dependence of the intensity with the
azimuthal angle. It is worth mentioning that, in this representation, the intensity for the

sample iPPO shows a straight line, for both reflections.

Influence of the different shearing conditions on the obtained anisotropic

structure.

Melt temperature
A series of iPP0.5 samples were sheared at different melting temperatures, under
the same shearing conditions (}=20s", y=120s.u.). After the shearing deformation was

finished, the samples were quenched to room temperature. The azimuthal variation of
the (110) and the (040) reflections It can be observed that, samples sheared at high
temperature do not retain any memory on the deformation applied in the melt, and the
crystallised sample is completely isotropic, as indicated by the lack of azimuthal
dependence in the WAXS intensity. However, when the shearing is performed at
T=170°C or below, a highly anisotropic X-ray pattern it is obtained, and the crystallised
sample exhibits an oriented texture. Therefore, this sample exhibit a transition around

T=170°C, that is related to the state of the DBS in the polymer melted matrix.

Shear rate

To identify which is the influence of the shear rate on the induced anisotropy,
different shear rates were applied to a series of iPP0.5 samples, with the same shear strain
(y=20s.u.). The shearing deformation was performed at melt temperatures where, from
the experiments presented in the previous paragraph, the iPP0.5 samples were known to
retain some memory after crystallisation. The experiments presented here were
performed at T,=160°C. After finishing the shear program the samples were quenched.
All the samples exhibited an anisotropic texture, regardless of the shear rate applied. The

intensity of the 110 reflection and the 040 reflection has been presented as a function of
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the azimuthal angle in fig. 10. The reflection intensity is more dependent on the
azimuthal angle for the highest shear rates.
Shear strain

Different strains were applied to iPP0.5 samples, sheared at the same melting

temperature and at the same shear rate (T,=160°C, ¥ =1s"). The samples were then

quenched to room temperature. The azimuthal variations of the 110 and the 040
reflections have been presented in fig. 11 for different shear strains. For very low shear
strain (y=5s"), no orientation is found and the WAXS pattern of the sheared sample
consists of an isotropic distribution of intensity. However, for higher shear strains, the
WAXS patterns exhibit anisotropic distribution of intensity. It is possible to see however,
that, the orientation does not keep on increasing with increasing shear strain. For the

highest shear strain applied, the intensity is anisotropy in the WAXS pattern is reduced.

Dependence of the orientation with the different shearing conditions and

sample composition.

In order to have estimation on the anisotropy generated by the different shearing
conditions and in the different samples, a measured of it was obtained by calculating the
area under the azimuthal curves (in this case we have used the azimuthal variation of the
110 reflection). The obtained number is not an absolute measured of the orientation, but
it allows us to characterise the trends in the variation of it.

A summary of the dependence of the orientation with the different shearing conditions

and sample composition has been presented in fig. 12.

DISCUSSION

The present X-ray experiments aim to characterise the structural differences in the
morphology obtained after crystallising sheared polypropylene melts with and without
DBS as a nucleating agent. The isothermal crystallisations of a DBS-modified iPP melt
(iPP0.5) and a non-modified one (iPPO) followed by the WAXS experiments presented in
fig. 5 reveal that the presence of DBS in the melt produced two main effects. The first
effect is intrinsic of its nucleating agent nature. It accelerates the crystallisation by
decreasing the induction time. This finding is in agreement with previous studies (17)
where it has been pointed out that the DBS increases enormously the amount of
nucleation sites and in PP preventing the appearance of a spherulitic texture and

producing uniform lamella morphology when the crystallisation occurs below a critical
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temperature (T.<128°C for the present PP system). But the most striking result presented
here is the fact that, the sheared crystallisable PP melt retain memory on the deformation
applied only when DBS is present (see fig. 5). As observed in fig. 5, the molten system
does not present an evident anisotropy. However, it must exist some extent of anisotropy
in the nucleated melt, and this anisotropy is templated afterwards by the process of
polymer crystallisation, producing obvious levels of anisotropy. Previous works on
polyethylene (26,27) revealed that shearing the melt leads to small levels of global
orientation, and by crystallising this sheared melts, the orientation parameters increase by
an order of magnitude. In the cited case (26,27) the memory from the shear deformation
in the melts retained by the crystallised sample depend upon the molecular characteristics
of the polymer, specifically, its molecular weight distribution. However, in the particular
case treated here, the memory effect is dependent upon the presence of the nucleating
agent. Two possibilities might be considered. On one hand, one may speculate that, the
orientation-memory imposed by the presence of the nucleating agent may be due to a
shift in the temperature range where the crystallisation of polypropylene occurs. At the
eatly stages of crystallisation, crystallisation can be viewed as a physical gelation process
(28,29). As the crystallisation temperature is decreased, the time to reach the gel point
decreases exponentially with the undercooling (Tw-T.) (29). The addition of the
nucleating agent would produce an enhancement of this behaviour. Therefore, in the
iPP/DBS system, at low temperatures (below T=170°C) the melt may contain some
nuclei that act as physical crosslinks, that one may not find in the pure iPP system in this
range of temperature. However, if this were the case, the memory effect would also be
observed when shearing iPP melts nucleated with other substances. This seems not to be
the case, in similar experiments performed in iPP nucleated with a Borealis technique
(30).

Recent studies have shown that DBS induces thermoreverible gelation in several
common solvents (31,32,33,34,35). It is believed that DBS self-assembles through
hydrogen bonding, even at relatively low concentrations, forming a three-dimensional
percolation network in low molecular weight solvents. The critical gel concentration and
the morphology of the DBS network have been found to be highly dependent on the
polarity of the solvent (31). Also, DBS produced physical gelation when small
concentrations are added to polymer solvents like polydimethylsiloxane, polypropylene
glycol and polypropylene oxide (36,37). Shepard et al. have reported evolution of the

complex viscosity as a function of temperature for PP samples modified with different
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concentrations of 1,3:2,4-di-p-methylbenzylidene sorbitol (MDBS) (38). They observe a
pronounced increase in the intrinsic viscosity upon cooling the polymer melts, before it
crystallises. This increases maybe attributed to the formation of a network MDBS
nanofibrils. The temperature at which this increase in viscosity occurs has been found to
be MDBS concentration dependent. Therefore, the above result support the hypothesis
of DBS-modified polymer system undergoing a similar sol-gel transition below a certain
temperature. Below this temperature (170°C<T,<180°C), DBS self-assemble into some
structures (probably a fibril network) that become oriented with the shear process. This
oriented structures, even in very low concentration, template the orientation during the
iPP crystallisation process as indicated by the azimuthal orientation distribution of the PP
reflections.

Regardless of the DBS concentration, shearing the DBS-modified polymer melt
induces anisotropy when the sample crystallise (fig. 7). The oriented texture that appears
upon cooling those sheared melts is the same. The iPP innermost reflection, (110), is
more intense near the meridian with some intensity in the equator. The (040) reflection is
most intense in the equator, and for the highly aligned samples, it presents virtually zero
intensity in the meridian. This WAXS texture is compatible with a model of
cross-hatched structure (39) of parents and daughter lamellae, where the secondary or
daughter lamellae are able to nucleate and grow from previously formed primary lamella
(parent). An idealized model of this orientation is presented in fig. 13. This model would
predict the (040) intensity on the equator, since the b-axis of both, parents and daughter
lamellae is perpendicular to the flow direction. Also, the model would predict the (110)
intensity corresponding to the parent lamellae to be concentrated in the equator, since
the c-axis of the parent lamella is parallel to the flow direction. The (110) intensity for the
daughter lamella would lie neatly on the meridian, according to this model, since the
c-axis of the daughter lamella is nearly perpendicular to the flow direction.

Assuming the above model for the orientation of the crystals in the DBS-
modified PP crystallised samples, it is possible to speculate that the DBS would form
fibrils that, during the shear process, are aligned in the direction of the shear flow. These
fibrils have a high surface area (40), and assist polymer chains to nucleate and form the
primary lamella, through an epitaxial interactions mechanism. The PP chains that form
the parent lamella are parallel to the axis of the filaments. Other indications of epitaxial
interactions between the DBS filaments and polyolefins chains have been reported by

Thierry et al (41). In support of the presented hypothesis, close inspection of the WAXS
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pattern for the iPP5 sample, crystallised after shearing, reveals a series of equatorial
reflections at q values lower than the ones of the iPP reflections. These reflections can be
also observed in the iPP1 sample (42) and can be attributed to the DBS fibrils which are
oriented parallel to the flow direction. Also, small angle X ray scattering results obtained
during shear of the DBS modified melts corroborate this model, and they will be treated
in a subsequent paper. The fact that only a small fraction of the material responds to the
flow field and can template the anisotropy to the whole polymer system can be explained
on the basis of the above mentioned high surface area of the assemblies of DBS.

Within this model, it is possible to explain the behaviour of the oriented intensity
obtained under different shearing conditions. First of all, the dependence of the
orientation with the shearing temperature (T;) (fig. 12.b) favours the occurrence of a sol-
gel transition in the DBS modified PP melt. At the transition temperature, the DBS self
assembles and form a percolation fibril network that absorbs the deformation, and
template it into the polymer crystals. At a given temperature below the transition
temperature, deforming the melts at different shear rates induces anisotropy. However,
for very low shear rates the orientation is very low, suggesting some sort of relaxation of
the alignment of the DBS fibrils. However, for shear rates above a threshold, the
otientation is almost independent of the shear rate (fig. 12.c). The orientation exhibits a
more complicated dependence with the shear strain. Very small shear strains do not
produce anisotropy. Intermediate shear strains produce high levels of anisotropy.
However, for very high shear strains the orientation is reduced, suggesting a breakage of
the fibril network due to excess of strain (fig. 12.d). The orientation also presents some
dependence with the DBS concentration (fig. 12.a). As can be observed, for DBS
concentrations up to 5%, for the same shearing conditions, the orientation increases with
DBS concentration. However, the sample iPP20 exhibit very low orientation when
deformed under the same shearing conditions. This effect can be explained by taking into
account that, at these high levels of DBS, the fibrils may be forming bundles, which are
more difficult to become align with the shear flow. From the rheological point of view,
the formation of these bundles may imply an enhancement of the viscosity of the

polymer melt. Therefore, higher strain is required to disentangle the fibril network.
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CONCLUSIONS.

The deformation applied to iPP samples modified by the addition of very small quantities
of di-benzylidene sorbitol (DBS) produces an anisotropic texture when the sample is
crystallised. The results presented here indicate that the DBS form a three dimensional
network at temperatures below a given transition temperature. Below this transition
temperature, the DBS modified polymer melts can be envisioned as a gel system. When
this gel system is sheared the orientation induced in the melt is templated and multiplied
when the polymer crystallised. The proposed model consists of a system of DBS fibrils,
which become aligned in the flow direction. These fibrils, due to their high surface area
nucleate primary PP lamella, by means of epitaxial interactions, where the iPP chains are
positioned parallel to the fibril axis. There is also a population of daughter lamella that

grow onto the surface of the parent one.
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LEGENDS TO FIGURES

Figure 1: Chemical formula of the nucleating agent Dibenzylidene sorbitol (Millad 3905).
Figure 2: Schematics of the parallel plate rheometer modified to fulfill the requirements
for usage in the X ray beam line. Bottom left, velocity map across the sample thickness.
Bottom right, temperature and shearing program applied to the samples.

Figure 3: Differential scanning calorimetry scans taken at a cooling rate of 10°C/min of
the pure polypropylene and the samples with different porcentages in weight (indicated
in by the lables on the right) of DBS. The inset shows the crystallisation tempetature
(temperature of the minimum in the heat transfer) as a function of the percentage in
weight of the nucleating agent DBS.

Figure 4: Wide angle X ray scattered intensity as a function of q, for isotactic
polypropylene samples with different amount of DBS at room temperature, as indicated
by the labels on the right hand side. The labels on top of the pattern indicate the index of
the Bragg reflections corresponding to the o modification of iPP.

Figure 5: Wide angle X-ray scattering patterns obtained during the crystallisation process
of the (a) iPPO and (b) iPP0.5 sample obtained during the crystallisation process at
different crystallisation times.

Figure 6: Integrated intensity under the 110 ring as a function of crystallisation time for
(a) iPP0.5 and (b) iPPO sample. Same shearing conditions in both cases

Figure 7: Wide angle X-ray scattering patterns for samples with different amount of DBS.

All samples were sheared at T.=160°C, 7=20s" and y=120s.u. Samples quenched to

room temperature after shear.
Figure 8: Intensity of the 110 and the 040 reflection as a function of the azimuthal angle

for iPP samples with different concentration of DBS as indicated by the labels on the
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curves. All the samples have been sheared on the melt at T,=160°C, y=20s' and

v=120s.u.

Figure 9: Intensity as a function of the azimuthal angle for the 110 ring (a) and 040 ring
(b) obtained from samples iPP0.5 crystallised after shearing at different temperatures
(7=20s", y=120s.u).

Figure 10: Intensity as a function of the azimuthal angle for the 110 ring (a) and 040 ring
(b) obtained from crystallised iPP0.5 samples after being sheared at different shear rates,
and same shear strain and shearing temperature. (T,=160°C, y=20s.u.)

Figure 11: Intensity as a function of the azimuthal angle for the 110 ring (a) and 040 ring
(b) obtained from crystallised iPP0.5 samples after being sheared with different strains,
(T.=160°C, y =1s™)

Figure 12: Dependence of the orientation (measured as the area under the azimuthal 110
curve) with (a) the DBS concentration, (b) shear temperature, (c) shear rate and (d) shear
strain.

Figure 13: Model to explain the oriented texture obtained by the WAXS patterns.
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