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Summary 

 

 

Flow induced crystallization of polyolefins 

Polymers are a widespread class of materials that provide an often advantageous 

combination of properties. Easy processability and high versatility combined with low costs 

make polymers the materials for an increasing number of high-tech and commodity 

applications. Semi-crystalline polyolefins are an important class of polymers, produced in 

more than 150 million metric tons per year. They are used to make a wide range of products 

ranging from fibers with superior mechanical properties to flexible packaging and molded 

parts. The properties of these materials are related to the whole history of the material, from 

chemistry/catalysis in the reactor and, in particular, to the processing conditions. Nowadays, 

there is a growing interest in added value to these products by achieving outstanding 

properties such as high stiffness (up to ~150 GPa) for fibers and clarity for injection molded 

parts. This demands more thorough studies on the process-properties relation that is not yet 

fully understood. 

The main objective of this thesis is to enhance the nucleating efficiency of the 

polymer by inducing oriented structures possessing good epitaxial matching. The goal is 

achieved by developing the oriented structures in polymer melt either by (a) making use of 

fillers that self assemble into nano sized fibrils and orient under flow or (b) by the addition of 

identical higher molar mass molecules possessing considerably higher relaxation times 

compared to the base (matrix) polymer. 

In the first part of the thesis, the crystallization of isotactic polypropylene (iPP) in the 

presence of 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol (DMDBS) is discussed. DMDBS is 

a small organic compound with a high melting temperature (~250 °C) used as a nucleating 

agent and so-called clarifier for iPP. The nucleating efficiency of this compound, in the low 

concentration regime (less than 1 wt%), is very high and leads to very small iPP crystallites 
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that confer clarity to the material. DMDBS can crystallize within the molten polymer matrix 

forming a percolated network of nano-fibrils whose surface hosts a large number of tailored 

nucleation sites. Because of the epitaxial relation between iPP and DMDBS, iPP lamellae 

grow always radially on DMDBS fibrils, i.e. with the crystalline c-axis parallel to the fibril 

axis, the so the so-called shish-kebab morphology (rather similar to the well-known food 

product). Therefore, the orientation of DMDBS fibrils templates the orientation of iPP 

lamellae. Randomly oriented DMDBS fibrils lead to randomly oriented iPP lamellae and 

aligned DMDBS fibrils lead to aligned iPP lamellae. A long lasting alignment of DMDBS 

fibrils can be obtained deforming their network even above the melting point of the polymer. 

Nearly 0.5 wt% of oriented DMDBS fibrils can template very oriented (fiber-like) polymer 

morphologies. 

In the second part of this thesis, the flow induced crystallization of high density 

polyethylene (HDPE) with a bimodal molecular weight distribution is discussed. This 

material is an intimate blend of low and high molecular weight polymer chains (LMW and 

HMW) synthesized with a new chemistry route as described in the thesis of N. Kukalyekar 

(Ph.D. thesis Eindhoven University of Technology, December 2007). Just above the 

equilibrium melting temperature (T 141.2  ) of the polymer, the mutually entangled 

HMW chains can be stretched with shear and, due to the restricted number of molecular 

conformations, nucleate into needle-like crystals. By choosing appropriate flow conditions, a 

suspension of shishes (extended chain crystals) can be formed while the nucleation of kebabs 

(folded chain crystals) is suppressed because of a too high temperature. With perfect epitaxy 

matching and a good state of dispersion, shishes are the ideal substrate for the nucleation of 

HDPE lamellae. On cooling after the application of shear at 142 , HDPE lamellae nucleate 

using shishes as a heterogeneous substrate and, therefore, with the crystalline c-axis parallel 

to the shish direction. Similarly to the case of iPP-DMDBS blends, it is observed that nearly 

0.5 wt% of pre-aligned shishes can template very oriented (fiber-like) morphologies. 

 



 

3 

Chapter 1 

Introduction 

1.1 Preamble 

1.1.1 Process‐properties relation 

Polymeric materials exhibit an intricate process-properties relationship that links the 

properties of the final products to the whole history of the material. Figure 1.1 describes the 

connections from synthesis, via processing, to product properties. 

 

Figure 1.1: Flow chart describing the process-properties relationship in semi-crystalline 
polymeric materials. 

In the last decades, many scientific studies have been devoted to identify relevant 

parameters and their role in this relationship. Interdisciplinary efforts have led to the 

production of new materials, with advantageous properties, that have replaced traditional 

ones (glass, ceramics, metal, wood, …) in many applications and have enabled developments 

in new areas, like micro-electronics and biomedical applications. However, some aspects of 

the process-properties relation in polymeric materials are not yet fully understood. Their 

clarification could lead, eventually, to materials with properties tailored to the application. A 
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modern shift in industrial paradigms demands to achieve this goal without developing ‘new’ 

polymers but, instead, making use of ‘old’ polymers that are based on relatively cheap and 

readily available monomers1. For many applications, polyolefins are the ideal candidates. 

1.1.2 Historical survey on polyethylene and polypropylene 

Polyolefins are commodity materials obtained by polymerizing olefins (alkenes-1). 

Nowadays, with more than 150 million metric tons2 per year, polyolefins are the most 

widespread class of polymers. Polyolefins are inert materials and, when recycled, 

environmentally harmless. The number of products based on these materials, from packaging 

to ballistic, from structural to biomedical applications, increases every day. 

The simplest polyolefin is polyethylene (PE) that is a sequence of ethylene 

monomers. Polyethylene was discovered in the 1930s by Fawcett and Gibson at ICI in strong 

collaboration with prof. T. Michels of the Free University of Amsterdam who pioneered the 

behavior of gases at elevated pressures. The first industrial PE grades were produced by the 

English company ICI in 1939. Initially, it was possible to produce only a highly branched and 

with low density PE (LDPE). This highly amorphous material, with high toughness, is still 

used in today’s packaging applications. A major breakthrough came in the 1950s, when 

Ziegler3 and Natta4, 5 (1963 Nobel Prize in Chemistry laureates) discovered organometallic 

catalysts capable of synthesizing high density linear polyethylene (HDPE). Because of a 

regular chain structure, HDPE can partially crystallize and it exhibits better mechanical 

properties. In the 1960s, polyethylene attracted the attention of physicists. Pennings6 and 

Keller7 pioneered the formation of elongated crystals (shish-kebabs) in stirred solution and 

stressed melts. At the same time, Ward9 found that upon solid state drawing of melt 

crystallized HDPE, re-organization of the molecules increases the E-modulus up to 60 GPa. 

These studies unveiled the role of the morphology in the properties of semicrystalline 

materials, enabling developments in the area of high performance materials from flexible 

molecules. At the end of the 1970s, at DSM Research in the Netherlands, Smith and 

Lemstra10, 11 invented a process to spin ultra high molecular weight PE (UHMWPE) from a 

semi-dilute solution. After drawing, E-moduli of up to 150 GPa could be achieved. One of 

the last breakthroughs was at the end of the 1970s, when Kaminsky12 discovered metallocene 
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catalysts allowing for narrow molecular weight distributions and enhancing the control over 

chain structure of homo- and co-polymers. 

The second simplest polyolefin is polypropylene (PP) that is obtained by 

polymerizing propylene. PP is basically PE with a methyl side group every other carbon atom 

in the back-bone. The relative orientation of the side groups in the space (tacticity) is very 

important for the properties of the material. Atactic PP (aPP), with randomly distributed side 

groups, can not crystallize and is a rubbery material. In contrast, isotactic PP (iPP), with the 

side groups consistently on one side, has the necessary long range order required for 

crystallization. iPP is a competitor for HDPE because it has a higher melting point and can be 

made transparent with the use of clarifying agents. The synthesis of iPP was enabled by 

Ziegler-Natta catalysts13 and was performed, for the first time, by the Italian company 

Montecatini in 1957. 

1.2 Processing of polyolefins 

This thesis deals with topics closely related to melt-processing of polyolefins. 

Polyolefins are often processed via the molten state, applying flows and temperature 

gradients. Melt-processing has the advantage of not involving solvents and can be used to 

create complicated shapes. However, with the design of a manufacturing process for 

polyolefins and, more in general, for all polymeric materials, one should also consider 

parameters like molecular weight (Mw) and molecular weight distribution (MwD). It is well 

established that the viscosity of the melt (η  scales with Mw according to a power law14-18: 

M . . Melt-processing is possible only for relatively low molecular weight materials. In 

the other cases, more complicated routes are available but, often, they are limited to simple 

profiles, mostly fibres and tapes.  

Flow during processing enhances the crystallization rate of the polymer by promoting 

the formation of nuclei of the crystalline phase19-33. This alters the final morphology of the 

polymer and thus the (mechanical, optical, transport, …) properties of the material34, 35. 

Remarkably, the final morphology of the polymer strongly depends on the structures, called 

precursors, present in the early stages of crystallization. These precursors are structures with 

undetectable degree of crystallinity but with a certain degree of order. Occasionally, because 
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of local density fluctuations or further growth due to flow, precursors exceed some critical 

dimensions and become spontaneous growing crystalline nuclei. Flow induced precursors 

(FIPs) can be generated at relatively high temperatures (i.e. around the thermodynamic 

melting point) and, for a strong enough flow, exhibit an anisotropic morphology. These 

precursors can be quite large and they initiate the growth of ‘shish kebabs’; i.e. anisotropic 

crystallites made of a fibrillar core decorated with a stack of lamellae 6, 8, 36. In some cases, 

shish-kebabs can entirely replace the spherulitic assemblies of lamellae that are characteristic 

for crystallization in quiescent conditions. This can be advantageous for some polymer 

products but, definitely, not for all of them. For instance, shish-kebabs cause a high modulus 

and a high strength in fibres10, 37, 38. In contrast, they can be the source of mechanical 

weakness (brittleness) 39,40 in injection-moulded products. Figure 1.2 shows examples of 

spherulites and shish-kebabs obtained by crystallizing polyolefins under quiescent and flow 

conditions. 

 

Figure 1.2: a) Scanning electron micrograph of a melt crystallized iPP spherulites (courtesy 
P.Schmit); b) Optical micrograph of iPP spherulites growing in the melt 
(reproduced with permission from Figure 2, page 32 of reference 41); c) 
polyethylene shish-kebab in the melt (reproduced with permission from reference 
42); d) Polyethylene shish-kebabs forming zip fastener structures (reproduced 
with permission from reference 43); e) Multiple shishes crossing the same kebabs 
in polyethylene (reproduced with permission from Figure 3 of reference 44). 
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For some polymers, for instance iPP, nucleation is relatively slow and processing is 

accelerated with nucleating agents (NAs) 45-47. NAs have a marked impact on the morphology 

of the polymer and, by reducing the size of the crystallites, can improve the mechanical 

properties and reduce the haze. When using NAs, their chemical nature, concentration, 

dispersion and aspect ratio need to be considered as extra parameters affecting the final 

morphology of the polymer. In addition, during flow, the nucleating particles influence the 

local distribution of stresses enhancing the orientation in the surrounding molecules. This 

phenomenon can be very important in the flow induced crystallization of polymer melts 

containing fillers48. 

1.3 Aim of the thesis 

The aim of this thesis is to identify basic principles for the onset of oriented 

morphologies (shish-kebabs) during flow of melt-processable semicrystalline polyolefins.  

For polyolefins, the objective is often to achieve the desired properties with melt 

processing at low costs. When the desired properties are the result of an oriented morphology, 

the goal can be attained by a) tailoring the melt with small amounts of a ‘smart’ additive or b) 

with a clever choice of the molecular weight distribution, both in combination with the right 

processing conditions (temperature and flow history). In our experimental work, we consider 

three systems: 

• iPP containing small amount of 1,3:2,4-bis(3,4-dimethylbenzylidene)Sorbitol 

or DMDBS; 

• PE with a bimodal molecular weight distribution; 

• iPP with unimodal molecular weight distribution; 

In all cases, molecular weights allowing melt processability are selected.  
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1.4 Outline of the thesis 

1.4.1 iPP melts containing small amount of DMDBS 

DMDBS is an additive which is used as a nucleating agent for iPP 49, 50. The formula 

is shown in Figure 1.3. The affinity between this additive and the polymer is very high. Only 

tiny amounts of DMDBS, less than 1 wt%, cause dramatic changes in the morphology of iPP. 

Crystal assemblies can become smaller than the wavelength of the light (~400 nm) and turn 

iPP from an opaque to a clear and transparent material 51. 

 

Figure 1.3: Chemical structure of DMDBS. 

The polar molecules of DMDBS can dissolve in the molten iPP only at very high 

temperatures. On cooling, DMDBS self-assembles, phase separating from the melt, and 

forms a percolated network of fibrils 52 whose surface hosts nucleation sites tailored for iPP. 

The state of the art regarding the crystallization of iPP in presence of small amount of 

DMDBS is described in the Introduction to Chapter 2 and Chapter 3. 

In Chapter 2*, the impact of DMDBS on the crystallization of iPP is discussed. In 

particular, we address the role of DMDBS fibrils in templating the iPP morphology after flow 

(shear) at high temperatures where the viscosity of the melt is low and the relaxation times 

are short. 

In Chapter 3†, the thermo-reversibility of DMDBS phase separation is studied and the 

investigation on the role of DMDBS fibrils in templating the iPP morphology is extended to 

higher temperatures. 

                                                 

* Partially reproduced from: Balzano, L. et al. ‘Flow induced crystallization in iPP-DMDBS blends: 
implications on morphology of shear and phase separation’, Macromolecules 2007 (Accepted) 

† Partially reproduced from: Balzano, L. et al. ‘Thermo-reversible DMDBS phase separation in iPP: 
effects on flow induced crystallization ’, Macromolecules 2008 (Submitted) 
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1.4.2 PE melts with a bimodal molecular weight distribution 

It is well established that small amounts of high molecular weight chains promote the 

formation of shish-kebabs during flow induced crystallization 22, 26, 28, 30, 33, 53-58. It has been 

proposed that the underlying mechanism relies on the enhanced creation of flow induced 

precursors with anisotropic morphology due to stretching of the high molar mass chain 

network 59-61. Stretched chains have a high segmental orientation that allows them to 

crystallize faster than coiled chains 19, 62 and form fibrillar crystals 21. To validate this 

hypothesis, we use a specially synthesized blend of a low molar mass linear HDPE 

containing 7 wt% of high molar mass linear HDPE. Under shear, this material exhibits a high 

tendency to generate shish-kebabs. Shish generated at high temperature can be used as a 

heterogeneous substrate for the nucleation of the rest of the molecules; exact lattice matching 

and good state of dispersion make them the ideal nucleating substrate.  

The state of the art of flow induced crystallization, relevant to the work presented in 

this thesis, is summarized in the Introduction paragraphs of Chapter 4 and Chapter 5. 

In Chapter 4*, the dynamics of flow induced precursors just above the equilibrium 

melting point is discussed. This investigation unveils, for the first time, the possibility to 

generate a suspension of extended chain shishes only. 

In Chapter 5†, the investigation on the nature of shishes just above the equilibrium 

melting temperature is expanded and their potential as nucleators for the bulk of the polymer 

is systematically explored. 

1.4.3 iPP with unimodal molecular weight distribution 

In Chapter 4 and 5, the formation of shishes via crystallization of needle-like flow 

induced precursors is observed at relatively high temperature after the application of shear. 

Precursors are partially disordered assemblies of molecules and a question on whether they 

                                                 

*  Partially reproduced from: Balzano, L. et al. ‘Crystallization and dissolution of flow induced 
precursors’, Physical Review Letters 2007 (Accepted) 

†  Partially reproduced from: Balzano, L. et al. ‘Precursors, crystallization and melting in sheared 
bimodal HDPE melts’, Macromolecules 2008 (Submitted) 
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can survive during flow arises. In Chapter 6*, this issue is addressed during fast short term 

shear. 
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Chapter 2* 

Flow induced crystallization in iPP‐DMDBS 

blends: implications on morphology of shear 

and phase separation 

Nucleation is the limiting stage in the kinetics of polymer crystallization. In 
many applications of polymer processing, nucleation is enhanced with the addition of 
nucleating agents. 1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol or DMDBS is a 
nucleating agent tailored for isotactic polypropylene (iPP). The presence of DMDBS 
changes the phase behavior of the polymer. For high enough temperatures the system 
iPP-DMDBS forms a homogeneous solution. However, in the range of concentration 
spanning from 0 to 1 wt% of DMDBS, the additive can phase separate/crystallize above 
the crystallization temperature of the polymer, forming a percolated network of fibrils. 
The surface of these fibrils hosts a large number of sites tailored for the nucleation of 
iPP. The aim of this Chapter is to investigate the combined effect of flow and DMDBS 
phase separation on the morphology of iPP. To this end, we studied the rheology of 
phase separated iPP-DMDBS systems and its morphology with time resolved Small 
Angle X-ray Scattering (SAXS). The effect of flow is studied combining rheology, SAXS 
and a short term shear protocol. We found that, with phase separation, DMDBS forms 
fibrils whose radius (~5 nm) does not depend on the DMDBS concentration. The 
growth of these fibrils leads to a percolated network with a mesh size depending on 
DMDBS concentration. Compared to the polymer, the relaxation time of the network is 
quite long. A shear flow, of 60 s-1 for 3 s, is sufficient to deform the network and to 
produce a long-lasting alignment of the fibrils. By design, lateral growth of iPP 
lamellae occurs orthogonally to the fibril axis. Therefore, with crystallization, the pre-
orientation of DMDBS fibrils is transformed into orientation of the lamellae. This 
peculiarity is used here to design thermo-mechanical histories for obtaining highly 
oriented iPP morphologies after shearing well above the melting point of the polymer 
(i.e. without any undercooling). In contrast, when shear flow is applied prior to 
DMDBS crystallization, SAXS showed that iPP crystallization occurs with isotropic 
morphologies. 

                                                 

*Partially reproduced from: Balzano, L. et al. ‘Flow induced crystallization in iPP-DMDBS blends: 
implications on morphology of shear and phase separation’, Macromolecules 2007 (Accepted) 
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2.1 Introduction 

Morphology control is an important issue in polymer processing as it influences a 

broad range of properties of the final products. For instance, mechanical, optical and transport 

properties of polymeric materials depend on the size and shape of the crystallites1, 2. It is well 

known that thermal and mechanical histories do play an important role in the creation of 

these morphological features3, 4 and that additives can also have a remarkable influence2, 5-8. 

Nucleating agents are a family of additives used to speed up processing rates of polymers. In 

the case of isotactic polypropylene (iPP) a common nucleating agent is a sorbitol derivative: 

1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol or DMDBS. DMDBS is a chiral molecule that 

can self-assemble or crystallize within the molten polymer matrix. Self-assembly takes place 

because of inter-molecular hydrogen bonds formation. Hydrogen bonds, in this case, work 

essentially in one direction and drive the molecules to pile up (see Figure 2.1). This leads to 

the unidirectional growth of fibrillar crystals. Elementary DMDBS fibrils, in iPP, have a 

diameter of ~10 nm and a length up to several microns. They can also form bundles with a 

diameter up to 100 nm. 

 

Figure 2.1: A stack of two DMDBS molecules. 

Crystallization of DMDBS within the iPP matrix corresponds to a liquid-solid phase 

separation, in the following, referred to as DMDBS crystallization or DMDBS phase 

separation. The DMDBS molecule has a special ‘butterfly’ configuration, see Figure 1.3. The 

‘wings’ of the molecule (phenyl rings with two methyl groups attached) enable dissolution in 

the polymer and, at the same time, are tailored nucleation sites for iPP, while the ‘body’ 
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comprises two moieties: one dictates the geometry of the molecule and the other bears the 

polar groups (hydroxyls) for hydrogen bond formation9. Polarity is one of the main features 

of DMDBS. In contrast, iPP is a fully apolar molecule. This difference becomes clear and 

leads to a rich phase diagram when iPP and DMDBS are compounded together. 

Kristiansen et al.10 proposed a monotectic model for this phase diagram where the 

eutectic point lies near 0.1 wt% of the additive. In their model, miscibility of the two 

molecules is always possible at high temperatures (Region I). They define four concentration 

regimes based on different phase transitions occurring during the cooling of a homogenous 

mixture. From the application point of view, the most interesting concentration regime 

extends from ~0.1 wt% to ~1 wt% of DMDBS where iPP exhibits a high clarity. The phase 

diagram, in this concentration range, is schematically shown in Figure 2.2. 

 

Figure 2.2: Schematic phase diagram for iPP-DMDBS mixtures up to ~1 wt% (quantitative 
data shown in Figure 2.9). 

Cooling a homogeneous mixture (Region I) leads to crystallization of DMDBS before 

crystallization of the polymer (Region II) 10. With crystallization, DMDBS forms a percolated 

network of fibrils suspended in the polymer matrix. The nucleation sites for the polymer 

reside on the surface of this network. The fibrillar arrangement provides a high surface to 

volume (S/V) ratio and, therefore, a large number of nucleation sites per unit of volume. 

However, S/V alone cannot explain the nucleation ability of DMDBS. Thierry et al.9, 11 and 

Fillon et al.11 demonstrated that DMDBS is a good nucleating agent for iPP because of a 

good lattice matching between its crystals and the 31 helix of the polymer. The same authors 
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also define an efficiency scale for nucleating agents, ranging from 0 to 100 %, based on 

characteristic crystallization temperatures. Dibenzylidene sorbitol (DBS), a nucleating agent 

very similar to DMDBS, was rated at 41 %. Among several nucleating agents, they found that 

4-Biphenyl carboxylic acid (2 wt% in iPP) has the highest nucleation efficiency (66%). 

The effect of several sorbitol based nucleating agents on quiescent crystallization 

kinetics and the morphology of iPP has been widely explored12-14, as was the rheology of 

these systems12, 15, 16. Surprisingly, little attention has been paid to the role of sorbitol based 

nucleating agents on the crystallization of iPP during or after imposition of a flow, the most 

common scenario in processing. A notable exception is the work of Nogales et al.17, 18. They 

studied the flow induced crystallization of iPP-DBS compounds after the phase separation of 

the additive under well defined conditions, by means of both scattering and imaging 

techniques. For 1 wt% of DBS, they observed, during cooling, after application of modest 

shear flows (shear rates ranging from 0.1 to 20 s-1 at 170 ºC), the formation of polymer 

morphologies characterized by high degrees of orientation. 

However, the role of DMDBS phase separation in flow induced crystallization of iPP-

DMDBS blends is not yet fully clarified and is the topic of this Chapter. The work includes 

also the changes in the rheology of the melt, associated to the formation of the DMDBS 

fibrillar network, and the flow behavior of this network. The results are based on a 

combination of Small Angle X-ray Scattering (SAXS), Dynamic Scanning Calorimetry 

(DSC) and Rheology. Four different iPP-DMDBS blends, containing 0, 0.3, 0.7 and 1.0 wt% 

of the additive are investigated in quiescent and flow conditions. We address three aspects of 

these blends: 1. crystallization without application of flow (quiescent conditions); 2. 

influence of flow prior to the crystallization of DMDBS; 3. influence of flow after 

crystallization of DMDBS. 

2.2 Experimental method 

2.2.1 Materials 

The iPP used in this work is a commercial homopolymer grade from Borealis GmbH 

(Austria), labeled HD120MO, with molecular weight, Mw, of 365 kg/mol and a 
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polydispersity, Mw/Mn, of 5.4. DMDBS (Millad 3988) was obtained in powder form from 

Milliken Chemicals (Gent, Belgium) and used as received. 

2.2.2 Sample preparation 

The polymer, available in pellets, was first cryo-ground and then compounded with 

DMDBS in a co-rotating twin screw mini-extruder (DSM, Geleen) for 10 min at temperatures 

ranging from 230 to 250 ºC, the higher the DMDBS concentration the higher the 

compounding temperature used. To prevent degradation of both, polymer and additive, this 

operation was performed in a nitrogen rich atmosphere. The material obtained was 

compression molded with a hot press into films of different thicknesses: 1mm for rheology 

and 200μm for X-ray experiments. The compression molding temperature was 220 ºC and the 

molding time was 3min. The resulting films were quenched to room temperature and cut in 

disk-like samples. Following the same procedure, three blends of iPP with 0.3, 0.7 and 1 wt% 

of DMDBS were prepared. For convenience, these three blends are respectively referred to as 

B03, B07 and B1 in the text. 

2.2.3 X‐Ray characterization 

X-ray characterization was performed at the European Synchrotron Radiation Facility 

(ESRF) in Grenoble (France). Time resolved Small Angle X-ray Scattering (SAXS) 

experiments were performed at beamline BM26/DUBBLE. Scattering patterns were recorded 

on a two dimensional gas filled detector (512x512 pixels) placed at approximately 7.1 m 

from the sample. Scattering and absorption from air were minimized by a vacuum chamber 

placed between sample and detector. The wavelength adopted was λ=1.03 Å. SAXS images 

were acquired with an exposure of 5 s and were corrected for the intensity of the primary 

beam, absorption and sample thickness. The scattered intensity was integrated and plotted 

against the scattering vector, = (4 / )sin( / 2)q π λ ϑ  where ϑ  is half of the scattering angle. 

The long period was calculated as = 2 / ( )
MAXp I

L qπ , where 
MAXI

q is the q value corresponding 

to the maximum in the scattered intensity. Finally, we defined an integrated intensity as: 

= ∫
max

min

( )
q

I
q

I I q dq  where 
min

q  and 
max

q are the minimum and the maximum experimentally 
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accessible q values respectively. Two dimensional SAXS images were also used for the 

characterization of anisotropic morphologies. For this purpose, it was necessary to define 

three azimuthal regions19. The definitions adopted in the present work are given in Figure 2.3.  

 

Figure 2.3: Anisotropic two dimensional SAXS image with definitions of the azimuthal 
intensity regions. Arrow indicates the applied flow direction. 

Shear flow experiments in combination with SAXS were carried out in a Linkam 

Shear Cell (CSS-450) modified with Kapton windows using a ‘short term shearing’ protocol. 

First, samples were annealed at 230 ºC for 3 min to erase the memory of any previous 

thermo-mechanical treatment. Next, the temperature was decreased by 10 ºC/min to the 

desired test temperature where flow was applied under isothermal conditions. For the purpose 

of this Chapter, we limit ourselves to the application of only one shear condition: nominal 

shear rate of 60 s-1 for 3 s. Finally, depending on the experimental requirements, the 

temperature was either decreased to the room temperature or kept constant. 

Wide Angle X-ray scattering (WAXD) experiments were performed separately on 

beamline ID11 of the ESRF. The results were used to determine crystallinity and the phases 

present in the samples. Two dimensional images were recorded on a Frelon detector. Before 

analysis, the scattering of air and of the empty sample holder was subtracted. After radial 

integration, the intensity was plotted as a function of the scattering angle 2ϑ . Deconvolution 

of the amorphous and crystalline scattered intensities was performed using a sixth order 

polynomial to capture the ‘amorphous halo20, 21. The crystallinity index, a measure of the 

crystal volume fraction, was calculated as: 

 100WAXD C

C A

A
X

A A
= ⋅

+
 (2.1) 
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where, AA and AC are the scattered intensities from the amorphous and the crystalline phases, 

respectively. 

2.2.4 Rheological characterization 

Rheological measurements were performed in the linear viscoelastic regime using a 

strain-controlled ARES rheometer equipped with a 2KFRT force rebalance transducer. In all 

cases a plate-plate geometry with a diameter of 8 mm was used. Appropriate values of strain 

were determined with amplitude sweep tests carried out at 5 rad/s over a broad range of 

strains (ranging from 0.01 to 100 %)22. During the study of phase transitions, large strains can 

enhance the process and/or affect the morphology23. These effects are minimized by using 

strains as low as 0.5 % in the experiments. 

2.2.5 DSC 

The crystallization behavior of the three binary blends iPP-DMDBS was studied in 

quiescent conditions using Dynamic Scanning Calorimetry (DSC). Samples of approximately 

2 mg were placed into aluminum pans and tested in nitrogen atmosphere in a Q1000 

calorimeter (TA Instruments). The first step in the thermal treatment was always annealing at 

230 ºC for 3 min to erase earlier thermo-mechanical histories. Next, samples were cooled to 

room temperature at a constant cooling rate of 10 ºC/min. 

Before identifying peak positions and determining crystallinity, a linear baseline was 

subtracted from the measured heat flow as a function of the temperature. Finally, crystallinity 

could be estimated as: = Δ Δ 0DSC
c c

X H H , where Δ = ∫ ( )
e

s

T

c
T

H dH dT dT  and Δ 0
c

H  are, 

respectively, the enthalpy of crystallization of the sample and the enthalpy of crystallization 

of an ideal 100 % crystalline iPP sample (207.1 J g-1) 24. 
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2.3 Results and discussion 

2.3.1 Effects of DMDBS on structure and morphology of iPP in the solid state 

In semi-crystalline polymers, structure and morphology depend on the crystallization 

conditions (thermal and mechanical histories). In order to isolate the effects due to the 

presence of DMDBS in the solid state, samples were prepared under the same crystallization 

conditions i.e. quiescent crystallization with 10 ºC/min. Figure 2.4 reports WAXD integrated 

intensities at room temperature for the neat iPP and the blends with DMDBS. 

 

Figure 2.4: WAXD profiles of iPP at room temperature as function of DMDBS concentration. 
All samples were prepared in the same conditions, i.e. crystallization from the 
melt at 10 ºC/min. Presence of DMDBS induces the broad 117 peak, indicated by 
the arrow, that is associated to the formation of γ phase crystals. The crystallinity 
index is ~60 % in all cases while the amount of γ phase decreases with DMDBS 
concentration. Note that, curves are shifted in the vertical direction for clarity. 

The neat iPP shows the typical diffraction peaks of the α crystalline modification. 

When the additive is present, although the α form remains prevalent, the crystal structure of 

the polymer shows some specific changes. The 111 peak becomes better resolved and a broad 

117 reflection appears. This indicates the simultaneous formation of less defected α and small 

γ crystals. However, we do not observe significant variation in the WAXD crystallinity 

index; in all cases, it lies around 60 %. According to Foresta et al.24, the formation of γ phase 

crystals in presence of the nucleating agent can be explained from a thermodynamic point of 

view. The nucleating agent shifts the crystallization of the polymer at higher temperatures 
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where nucleation of γ phase is favored and can compete with nucleation of α phase. The ratio 

between γ and α phase crystals, X γ , can be estimated with: 

 =
+
117

130 117

A
X

A Aγ  (2.2) 

where 
130

A  and 
117

A  are the areas of the non overlapping parts of the 117 and 130 peaks. 

These two peaks were selected because they are the diagnostic reflections of the γ and the α 

phase respectively. In the investigated range of concentration, the γ phase content, X γ
, is 

maximum for B03 (X γ =0.15) and  drops for B07 (X γ =0.09) and B1 (X γ =0.08). This drop 

is probably related to a faster α nucleation rate at higher DMDBS concentrations. 

On the morphological side, the long period of iPP lamellae shows pronounced 

changes as a function of DMDBS concentration going from 19 nm of the neat sample to 23 

nm (average value) of samples containing DMDBS, see Figure 2.5. 

 

Figure 2.5: Long periods of iPP lamellae at room temperature as a function of DMDBS 
concentration. All samples were prepared under the same conditions, i.e. 
crystallization from melt at 10 ºC/min. The neat iPP shows a long period of 19 
nm and this value rises to ~23 nm for samples containing DMDBS. This increase 
in long period is due to the formation of thicker crystals in presence of DMDBS 

The lamellar thickness, TL, can be expressed as = ⋅
L p

T L x . Since, the crystallinity 

index does not vary, our experimental observations are consistent with the formation of 

thicker crystals when DMDBS is present. The reason for this increase in crystal thickness is 
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the higher crystallization temperature in presence of the nucleating agent8 that is discussed 

hereafter. 

2.3.2 Crystallization under quiescent conditions 

When cooling a homogeneous mixture of iPP and DMDBS to room temperature, two 

phase transitions are observed: crystallization of DMDBS and crystallization of the polymer. 

DSC experiments reveal the temperatures and enthalpies characterizing both these transitions. 

In the cooling thermograms of Figure 2.6 the crystallization peaks of the polymer are, in all 

cases, clearly visible. A closer look discloses another, much smaller, exotherm at higher 

temperatures.  

 

Figure 2.6: DSC cooling thermograms (after subtraction of a linear baseline) for the neat 
polymer and blends B03, B07 and B1. Experiments were performed at 10ºC/min, 
in N2 atmosphere, after annealing the samples at 250 ºC for 3 min. Curves are 
shifted along the vertical axis for clarity. With the addition of only 0.3 wt% of 
DMDBS, the crystallization peak shifts to 132 ºC. and its position does not 
change with further addition of the additive. Nevertheless, the crystallization peak 
becomes narrower when increasing the amount of DMDBS. 

This smaller exotherm is associated with the crystallization of DMDBS and, due to the small 

amount of the additive, becomes visible only after sufficient magnification, see Figure 2.7. 

Some relevant DSC data during the cooling experiments are summarized in Table 2.1. Note 

that these data provide enough information to sketch the phase diagram of the system in the 

investigated range of concentration.  
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Figure 2.7: Magnification of the cooling experiments of Figure 2.6 in the temperature range 
preceding the crystallization of the polymer. The small exotherms are associated 
to the crystallization of DMDBS. As expected, latent heat of crystallization and 
peak temperature increase with DMDBS concentration. For clarity, curves are 
shifted to the same baseline.  

Table 2.1: Summary of experimental data obtained from DSC data shown in Figure 2.6. 
DSC
peak

T and DSC
onset

T represent peak and onset temperature of the exotherm associated 
to crystallization of the polymer. tc

 is the crystallization time defined as 
= −( ) /DSC DSC

c onset compl
t T T dT dt   where DSC

compl
T  corresponds to the completion of the 

crystallization and dT dt  is the cooling rate (=10 ºC/min). DSC
ps

T represents the 

peak temperature of the exotherm associated to DMDBS crystallization. DSCX  is 
the degree of crystallinity of the polymer. 

 
DSC
peak

T
 

[ºC] 

DSC
onset

T  
[ºC] 

∆H 
[J·g-1] tc [s] 

DSC
ps

T
 

[ºC] 

DSCX  
[%] 

HD120MO 113 120 95.3 123.5  46 

0.3% DMDBS – B03 131 135 107.7 68.5 149 52 

0.7% DMDBS – B07 132 135 107.7 53.6 175 52 

1% DMDBS – B1 132 135 103.5 47.3 189 50 

 

Upon addition of 0.3 wt% of DMDBS, the crystallization temperature (peak value) of 

iPP, Tc, increases to 131 ºC. Further addition of DMDBS has nearly no effect on Tc that is 

132 ºC for both B07 and B1. Nevertheless, the crystallization peak of the polymer narrows at 

higher DMDBS contents indicating faster crystallization. Saturation of Tc of iPP with 

DMDBS concentration was observed also by Kristiansen et al.10, in their data, Tc reaches 

~130 ºC at 0.4 wt% DMDBS. Increasing DMDBS concentration, the phase separation occurs 
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at increasingly higher temperatures. In accordance with WAXD, the final crystallinity of iPP 

is hardly affected by DMDBS. However, the values measured by DSC, namely 50 %, are 

noticeably lower than those found with WAXD. 

Information on the morphology of the system as a function of the temperature is 

obtained by means of SAXS. Figure 2.8 shows the integrated scattered intensity as a function 

of the temperature for the neat iPP and the blends with DMDBS. These data can be 

interpreted in terms of density fluctuations. As expected, in the neat iPP there is no density 

fluctuation until the polymer starts nucleating at ~120 ºC. While, samples containing 

DMDBS show more complicated temperature dependence. In fact, when phase separation 

occurs, DMDBS molecules form crystals denser than the polymer. 

 

Figure 2.8: Temperature dependence of the SAXS intensity as a function of DMDBS 
concentration during cooling at 10 ºC/min and after annealing at 250 ºC for 3 
min. In samples containing DMDBS the scattered intensity increases with phase 
separation because of density fluctuations between DMDBS crystals and the 
polymer. At lower temperatures, when the polymer crystallizes once again the 
scattered intensity increases 

As a consequence, electron density fluctuations are established and the scattered 

intensity rises to a plateau. At lower temperature, around 135 ºC, independently from 

DMDBS concentration, nucleation of the polymer triggers a large and abrupt upturn in the 

intensity. Similar to DSC, some characteristic temperatures for the crystallization of the 

polymer and of the additive are located and reported in Table 2.2. These data are used to 

build the phase diagram shown in Figure 2.9 that is used as reference in the rest of this work. 
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In accordance with Kristiansen et al.10, three different regions, corresponding to three 

different physical states of the system, are identified: 

Region I: at high temperatures DMDBS and iPP form a homogenous solution; 

Region II: at intermediate temperatures the system is phase separated with DMDBS 

crystallized and iPP molten; 

Region III: at low temperatures both DMDBS and iPP are crystallized. 

Table 2.2: Summary of the SAXS data obtained from Figure 2.9. SAXS
c

T and SAXS
peak

T  are, 
respectively, the onset temperature for polymer crystallization and the 
temperature corresponding to the maximum scattered intensity. SAXS

onset ps
T is the 

onset temperature for DMDBS phase separation, and SAXS
plateau

T is the temperature at 
which the intensity reaches a constant value (above Tc). 

 
SAXS

c
T  

[ºC] 

SAXS
peak

T
 

[ºC] 

SAXS
onset ps

T
 

[ºC] 

SAXS
plateau

T
 

[ºC] 

HD120MO 120 108   

0.3% DMDBS – B03 135 125 165 150 

0.7% DMDBS – B03 135 125 190 175 

1% DMDBS – B1 135 127 195 185 

 

Figure 2.9: Phase diagram of the system iPP-DMDBS (from 0 to 1 wt% DMDBS) obtained, 
on cooling, using SAXS data. Three regions corresponding to three different 
states can be identified: Region I) homogeneous liquid, Region II) phase 
separated system with crystallized DMDBS and molten polymer, Region III) both 
iPP and DMDBS are crystallized 
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When the polymer crystallizes, in Region III, SAXS allows for the measure of the 

long period. Figure 2.10 shows the data concerning the neat polymer, B03, B07 and B1 as a 

function of temperature. As already discussed, the presence of DMDBS leads to an increase 

in Lp. 

 

Figure 2.10: Long period as a function of temperature and DMDBS concentration during 
temperature ramps with cooling rate of 10 ºC/min. Presence of DMDBS leads to 
an increase of the long periods that below 80  is quantified in ~4 nm 

2.3.3 Morphology of the system in Region II 

Two dimensional SAXS images reveal that the increase of the integrated intensity in 

Region II is caused by an increase of the scattering in all azimuthal directions at low q. 

Sample images are shown in Figure 2.11.  

 

Figure 2.11: SAXS images of the blend B1. Left: material in Region I of the phase diagram 
and Right: material in Region II of the phase diagram. DMDBS phase separation 
causes an increase of the scattered intensity in all directions at low q values. For 
a clear visualization, the scattering of the system in Region I was subtracted. 
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Such a scattering pattern can be ascribed to the formation of a suspension of randomly 

oriented DMDBS fibrillar crystals with a length L and a radius R. In this case, the intensity 

scattered in the q region 2 / 1/
c

L q Rπ < < , can be described with25-27: 

 
⎛ ⎞⎟⎜ ⎟⎜= − ⎟⎜ ⎟⎜ ⎟⎝ ⎠

2 2

( )
2
c

R qC
I q Exp

q
 (2.3) 

where C is a constant including details on the scatterers like concentration and electron 

density, while Rc is the radius of gyration of the cross section of the scatterers ( = / 2
c

R R

). From the existing literature, it is known that DMDBS fibrils are basically endless (L ∞), 

therefore Equation (2.3) is valid for 1/  in this case. Within this limit, ⋅[ ( ) ]Log I q q  

versus 2q  is a straight line with a slope − 2 / 2
c

R . Fitting Equation (2.3) to the data points 

allows for the calculation of Rc and therefore of R. Figure 2.12 provides an example of such a 

fit demonstrating that a good agreement between experimental data and Equation (2.3) exists 

for 0.15<q<0.3 nm-1 (i.e. for 0.025<q2<0.1 nm-2).  

 

Figure 2.12: SAXS data points with a fit (dashed line) of Equation (2.3) for the blend B1 in 
Region II. For endless fibrils, Equation (2.3) holds in the limits: 1/

c
q R< . The 

experimental data deviate from the dashed line at 2 20.1q nm−≅ , consistent with 

fibrils having a radius of 4.5 nm. At very low q, the agreement between Equation 
(2.3) and the data ceases at q2=0.025 nm-2. This could be the fingerprint of 
bundles of elementary DMDBS fibrils.  
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This observation is consistent with presence of fibrillar scatterers with a radius of 

~4.5 nm and a length that exceeds the experimental accessible SAXS range (L>200 nm). As 

shown in Figure 2.13, the radius of DMDBS fibrils is independent of DMDBS concentration.  

 

Figure 2.13: Radius of DMDBS fibrils as a function of temperature and DMDBS 
concentration. The data are obtained fitting Equation (2.3) on the experimental 
data. For B07 and B1 phase separation starts at higher temperature than B03, 
therefore more data points are available in these two cases. 

This result is in agreement with the findings of Thierry et al.9 and Shepard et al.12 that 

observed elementary (DBS) fibrils with a radius of ~5 nm. It is also reported that elementary 

fibrils of DBS and DMDBS can form bundles with a radius of ~50 nm at concentrations as 

low as 0.1 wt%12, 28. The population of bundles becomes larger increasing the additive 

content. From our SAXS experimental range, it is difficult to infer bundles formation; 

however, this could be the source of discrepancies observed between experimental data 

points and Equation (2.3) in the low q range. For instance, in Figure 2.12, the agreement 

between data points and Equation (2.3) ceases at q2=0.025 nm-2 (i.e. at q=0.15 nm-1). The 

measured intensity is higher than what is predicted by Equation (2.3), suggesting also the 

presence of thicker scatterers. For instance, if another linear region with a steeper slope could 

be identified at lower q values, this could indicate the presence of scatterers characterized by 

a radius √2/0.15 9.5   , i.e. bundles made of 2 elementary DMDBS fibrils. 

Unfortunately, with our experimental limits, this aspect is difficult to assess. The detection of 

larger bundles of elementary DMDBS fibrils is even more difficult because the limit 

1/
c

q R<  proceeds rapidly towards too low values when the radius of the scatterers grows. 
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2.3.4 Rheology of the system in Region II  

Phase separation of DMDBS has a strong influence on the rheology of the system. 

Relaxation times and moduli increase because of network formation. One way to determine 

the temperature where this change happens is to measure the storage modulus (G’) at constant 

frequency during cooling from Region I. The data are shown in Figure 2.14.  

 

Figure 2.14: Storage modulus (ω=5 rad/s) as a function of temperature for the neat iPP and 
the blends B03, B07 and B1. Data points are recorded on cooling (rate 10 
ºC/min) after annealing in Region I. The neat iPP shows a thermo-rheological 
simple (Arrhenius) behavior in all the temperature range preceding the steep 
increase of G’ because of nucleation. In the blends containing DMDBS, the 
thermo-rheological simple behavior is also observed at high temperatures 
(Region I). However, the transition to Region II leads to a more complex 
behavior with an extra increase of G’ corresponding to the phase separation of 
DMDBS. This increase is ascribed to the growth of DMDBS fibrils with network 
formation. After completion of phase separation, the Arrhenius behavior is 
restored until the polymer nucleates in Region III. In Region II, higher DMDBS 
contents relate to larger increases in G’ suggesting the formation of a denser 
network of fibrils. 

As expected, for the neat iPP, G’ is only affected by the change in temperature. This 

implies linear (Arrhenius) behavior on a logarithmic scale22. At lower temperatures, when 

nucleation sets in, an abrupt upturn is observed. In contrast, G’ of samples containing 

DMDBS exhibits a more complex temperature dependence. When DMDBS starts phase 

separating, G’ raises quickly because of the growth of DMDBS fibrils and deviates from the 
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linear behavior. After completion of the phase separation and before nucleation of the 

polymer, the linear dependence is restored. With increasing DMDBS concentration the raise 

in G’ becomes more pronounced because of the formation of a denser network that, in 

addition, includes more multiple fibril strands that are stiffer than the elementary fibrils . In 

line with DSC and SAXS, nucleation is observed at similar temperatures for samples 

containing DMDBS (~138 ºC), while, the neat iPP nucleates at a lower temperature (~120 

ºC). The changes in the rheology with DMDBS phase separation are not fully described using 

only one frequency. Therefore, in Figure 2.15 the frequency dependent mechanical response 

of the neat iPP is compared with that of the blend B07, at 188 ºC, after phase separation.  

.  

Figure 2.15:  Storage and loss moduli (G’ and G’’) as a function of frequency at 188 ºC for 
the neat iPP and B07 (annealed for 30 min). Both G’ and G’’ are higher in B07 
than in the neat polymer. The formation of a percolated network of fibrils is 
responsible for the plateau in G’ observed at low frequencies in B07. The 
physical nature of the network is unveiled by the viscous-like behavior visible in 
the lowest frequency range. This network contributes to slow down the relaxation 
times of the system. 

Clearly, the transition from a melt to a suspension of DMDBS fibrils alters the values 

of both storage and loss modulus of iPP over at least five decades of frequencies. The phase 

separated system exhibits a G’ higher than G’’ in the entire experimental frequency window. 

Moreover, from ~1 to ~10 rad/s, G’ and G’’ display a power law dependence on the 

frequency (linear trend in a double logarithmic plot)29, 30 that, according to some authors, is 

the fingerprint of a fractal structure. Furthermore, in the phase separated system, G’ shows a 
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plateau in the low frequency region that is associated with the formation of a percolated 

network31 of DMDBS fibrils. The combination of the rheological features described above is 

typically associated to a gel beyond the critical gel stage29, 32. The viscous like response 

observed in the lowest frequency region highlights the physical nature of this gel. DMDBS 

fibrils are in contact but are not permanently (chemically) bonded and, for this reason, they 

can still slide over each other at very long experimental times. As a result, DMDBS network 

of fibrils slows down the relaxation of the melt with the introduction of new, long, relaxation 

modes.  

2.3.5 Effect of flow on iPP‐DMDBS blends near the gel transition 

DMDBS phase separation changes the rheology of the system making relaxation 

slower. Therefore, we envisage that this transition influences the flow behavior of the system. 

In order to study the influence of shear flow on DMDBS network of fibrils, the blend B1 was 

selected. According to rheology, the onset of phase separation for this blend, in quiescent 

conditions, is at 195 °C. Interestingly, we found that, even at 210 °C, application of a strong 

shear flow of 60 s-1 for 3 s causes immediate phase separation of the additive. In other words, 

shear enhances phase separation of DMDBS shifting the onset 15 °C above its ‘quiescent’ 

value. Rheological data concerning this flow induced phase separation are presented in 

Figure 2.16. Though the phase separation starts at higher temperatures with shear, the 

increase in the storage modulus is approximately the same as in the quiescent case. 

Furthermore, at the applied cooling rate (10 ºC/min), the nucleation temperature of the 

polymer is not affected by shear. When the same shear is applied after formation of a network 

of DMDBS fibrils, at 188 °C for instance, the scenario is different. Here, as shown in Figure 

2.17, flow causes a drop in the storage modulus, larger than one decade, that does not heal 

during cooling. The physical nature of DMDBS network is the cause of this drop. In fact, 

during shear, the fibrils are forced to slide over each other and tend to align parallel to the 

flow direction. As a consequence, the network breaks and the elastic modulus drops. 

Alignment of DMDBS fibrils causes a strong and anisotropic density fluctuation along the 

flow direction as depicted in Figure 2.18. This density fluctuation results in a streak of 

intensity in the equatorial region of SAXS images. In these circumstances, time resolved 

SAXS is a valuable technique also for studying the relaxation times of the fibrils. 
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Figure 2.16: Temperature dependence for G’ (ω=5 rad/s) of the blend B1 with and without 
the application of a shear flow (60 s-1 for 3 s) at 210 ºC, in Region I of the phase 
diagram. Clearly, shear flow has the effect of enhancing the phase separation of 
the additive that, in this case, starts immediately after shearing. Nevertheless, 
after completion of the phase separation, the observed increase of G’ is very 
close to the quiescent case. At lower temperatures, nucleation of the polymer 
occurs, unaffected by flow, at 138 ºC. 

 

Figure 2.17: Temperature dependence for G’ (ω=5 rad/s) of the blend B1 with and without 
the application of a shear flow (60 s-1 for 3 s) at 188 ºC in Region II of the phase 
diagram, after DMDBS phase separation. Shear causes a large drop in G’ that is 
not recovered even at lower temperatures. This drop can be explained with 
disconnection of the fibrillar network and alignment of the fibrils in the flow 
direction. Shear flow does not affect the nucleation of the polymer at lower 
temperatures. 
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As shown in Figure 2.19, the streak of intensity and therefore the alignment of the 

fibrils is retained without significant changes over the whole experimental time (>2000 s). On 

the time scales characterizing the use of these materials in processing, the alignment of 

DMDBS fibrils can be considered as permanent. 

 

Figure 2.18: (Left) SAXS image showing a streak of intensity in the equatorial region. The 
image refers to the sample B1 after application of shear at 188 ºC, in Region II. 
(Right) Schematic representation of DMDBS fibrils aligned parallel the flow 
direction. An arrow indicates the direction corresponding to the maximum 
density fluctuation. This direction is orthogonal to the shear direction and 
parallel to the equatorial streak in the SAXS pattern. 

 

Figure 2.19: Time dependence of meridional, equatorial and diagonal intensity of the blend 
B1 at 188 ºC after application of shear flow (60 s-1 for 3 s). When phase 
separation takes place, around 100 s, the scattered intensity, as expected, rises 
evenly in all directions. Therefore meridional, equatorial and diagonal intensities 
rise evenly. However, after application of shear flow, a streak of intensity 
appears in the equatorial region and, therefore, the intensity scattered in this 
region increases while it decreases in the meridional and diagonal regions. This 
situation arises due to alignment of DMDBS fibrils. The different intensity levels 
are retained for times longer than the experimental time without any significant 
changes. Inserted figures show SAXS images corresponding to increasing times. 
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2.3.6 Morphological  implications  of  flow  and DMDBS  phase  separation  on 

the crystallization of iPP 

In Section 2.3.2 the ability of DMDBS in nucleating iPP is described. Because of a 

favorable lattice matching, the energy barrier for heterogeneous nucleation on the surface of 

DMDBS fibrils is lower than the energy barrier for homogeneous nucleation. Therefore, most 

of the polymer ‘prefers’ to nucleate on the DMDBS fibrils.  

In Section 2.3.5, the effect of shear on the network of DMDBS fibrils is described. 

For the blend B1, we found that a shear flow of 60 s-1 for 3 s, applied at a temperature a few 

degrees above the transition to Region II can enhance the phase separation of the additive. In 

contrast, if the same shear is applied a few degrees below the transition to Region II, the 

fibrils align parallel to the flow and the network is broken. Similar results are also obtained 

for the blends B03 and B07. The flow induced morphology of iPP-DMDBS blends arises 

from a combination of the physics described in Section 2.3.2 and Section 2.3.5. 

The study of flow induced crystallization in iPP-DMDBS blends was carried out 

combining SAXS and a short term shear protocol. The short term shear protocol (with a shear 

of 60 s-1 for 3 s) was applied to the neat iPP and to the blends B03, B07 and B1 before and 

after phase separation of the additive. Afterwards, the polymer was allowed to crystallize by 

cooling to room temperature.  

The effects of flow in Region I (prior to the crystallization of DMDBS) were tested by 

applying shear to B03 at 185 , to B07 at 195  and to B1 at 210 .  Independent of the 

DMDBS concentration, shear in Region I can only enhance phase separation. Upon cooling, 

DMDBS fibrils form randomly oriented in space and the polymer, crystallizing on top of a 

randomly oriented substrate, displays an isotropic morphology. The morphologies obtained in 

these cases are similar to the crystallization in quiescent conditions. 

In contrast, shear in Region II (after crystallization of DMDBS) aligns DMDBS fibrils 

parallel to the flow direction. By design, the lateral growth of polymer lamellae occurs 

orthogonally to the fibril axis. Therefore, once the fibrils are aligned, iPP lamellae grow in 

the direction orthogonal to the applied flow. With this templating mechanism, in the early 

stages of crystallization the orientation of the substrate is transformed into orientation of 

polymer lamellae. Shearing B03 at 150 , B07 at 178  and B1 at 180  yields oriented 

polymer morphologies after cooling below Tc. 
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In principle, the anisotropic polymer morphology, observed after applying shear in 

Region II, could also be ascribed to orientation of the polymer at these lower temperatures. 

To exclude this possibility, we benchmark the morphology by crystallizing the neat iPP after 

application of shear at 150 °C. This temperature is the lowest used for iPP-DMDBS blends 

and therefore the most favorable for obtaining an anisotropic morphology. In spite of that, 

after cooling below Tc, the neat polymer crystallizes with an isotropic pattern. 

A visual summary of the performed experiments, including SAXS images at room 

temperature is given in Figure 2.20. 

 

Figure 2.20: Phase diagram of iPP-DMDBS (from 0 to 1 wt% DMDBS) including SAXS 
images describing the morphology, at room temperature, after application of 
‘short term shear’ protocol with shear temperatures indicated by the symbols 
(stars). When shear flow is applied above DMDBS phase separation (in Region 
I), isotropic polymer morphologies are obtained. In contrast, shear flow applied 
below DMDBS phase separation (in Region II) yields polymer morphologies with 
a high degree of anisotropy. 

SAXS images of the polymer crystallized after application of shear in Region II show 

a clear separation of the intensities scattered in different azimuthal regions that corresponds 

to a high degree of lamellar orientation. The intensity scattered by oriented crystallites is 

= +
or Eq Mer

I I I  where 
Eq

I  and 
Mer

I  are, respectively, the intensity scattered in the 

equatorial and meridional regions. An assessment of the degree of orientation of polymer 

lamellae, Φ , can be obtained by combining the intensities scattered in the different azimuthal 

regions: Φ = +( ) /
Eq Mer Tot

I I I  where 
Tot

I  is the total scattered intensity33. The scattering in 



Chapter 2 
 

36 
 

the equatorial region contains a contribution from the oriented DMDBS fibrils, 
DMDBS

I . 

Therefore, a better definition for the degree of orientation of polymer lamellae is17: 

 
+ −

Φ =
−

( )
Eq Mer DMDBS

Tot DMDBS

I I I

I I
 (2.4) 

DMDBS
I  is taken as the value assumed by the equatorial intensity immediately before the 

crystallization of the polymer. The values of Φ , calculated at room temperature after 

application of shear in Region II, increase with DMDBS concentration and range from 0.4 of 

B03 to 0.6 of B1, see Figure 2.21. 

 

Figure 2.21: Orientation factor calculated with Equation (2.4) reference goes here4 as a 
function of DMDBS content measured at room temperature after the application 
of shear in Region II. The neat iPP showed no orientation therefore the 
corresponding value is set to 0. Samples containing DMDBS show increasingly 
high values of orientation. 

Similar values were reported by Nogales et al.17 for experiments with a similar 

protocol carried out on a propylene/ethylene copolymer containing less than 1 wt% of DBS. 

2.4 Conclusions 

We studied the phase behavior of the binary system iPP-DMDBS for concentration of 

the additive ranging from 0 to 1 wt%. The results are in agreement with the monotectic model 
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already reported. When DMDBS phase separates, we addressed the formation of a percolated 

network of fibrils and the effects that this network has on the crystallization of the polymer. 

SAXS patterns are consistent with formation of DMDBS fibrils with a radius of ~4.5nm and 

a length exceeding the experimental range (L>200 nm). It is known that the surface of these 

fibrils hosts a large number of nucleation sites for iPP and, because of a favorable epitaxy 

matching, iPP molecules tend to nucleate on this substrate. The epitaxial relationship between 

iPP and DMDBS is such that polymer lamellae always grow in the radial direction starting 

from the surface of the fibrils. DMDBS assists nucleation of iPP reducing the energy barrier 

and, as a consequence, the crystallization temperature of the polymer raises as much as 19 °C. 

The growth of DMDBS fibrils within the molten iPP matrix gives rise to a physical network 

that changes the rheology of the system introducing long relaxation times. This change 

becomes more pronounced at higher DMDBS concentration and, as expected, affects the flow 

induced crystallization.  

When no flow is applied, DMDBS fibrils form with a random orientation in space 

and, therefore, iPP lamellae grow following the same isotropic pattern. When flow is applied 

two situations are discussed: 

1) If flow is applied before DMDBS phase separates, then the fibrils form in absence 

of strain and adopt the ordinary random orientation in space. For this reason, crystallization 

of iPP occurs with an isotropic morphology.  

2) If flow is applied after DMDBS phase separation, the imposed deformation drives 

DMDBS fibrils parallel to the flow direction. When iPP nucleates, lamellae grow as usual 

with the c axis parallel to the fibrils axis, and therefore parallel to the flow direction. Oriented 

shish kebab morphologies are generated where the core is made of DMDBS and the kebabs 

of iPP.  Polymer morphologies characterized by a high degree of anisotropy are obtained 

even though, in some cases, flow is applied well above the melting point of the polymer, i.e. 

in absence of undercooling. 

Summarizing, we show that, when iPP nucleates, lamellar orientation is determined 

by the orientation of the DMDBS fibrils. This peculiarity can be used to template (assisted by 

epitaxy matching) the orientation of polymer lamellae. The phase separation of DMDBS can 

be seen as a switching mechanism for obtaining highly oriented iPP morphologies after 

application of flow at high temperatures. In summary, we conclude that when DMDBS is 
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present, thermo-mechanical history has a marked effect on iPP morphology. A critical 

condition exists for the transition from isotropic to oriented morphology: phase separation of 

DMDBS. The location of this critical condition in the phase diagram is set by the amount of 

DMDBS in the blend. 

 

Phase separation/crystallization of DMDBS in iPP is thermoreversible. For this 

reason, the thermal history plays an important role. This is the subject of the following 

Chapter. 
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Chapter 3* 

 Thermo‐reversible DMDBS phase separation 

in iPP: effects on flow induced crystallization 

The crystallization rate of isotactic polypropylene (iPP) is often enhanced with 
sorbitol-based nucleating agents like 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol or 
DMDBS. In the concentration range from the eutectic point (~0.1 wt%) to 1 wt%, 
DMDBS crystallizes before the polymer and forms a network of fibrils. The surface of 
this network hosts a large number of tailored nucleation sites that favor the epitaxial 
nucleation of iPP. The formation of fibrils is a thermo-reversible liquid-solid phase 
separation occurring, on cooling, at a temperature  that depends on the 
composition. The melting point of DMDBS fibrils,   , depends also on the 
composition and is typically ~25  higher than . We show that in the 
temperature window  a percolated network of DMDBS fibrils is 
retained and that a shear flow causes alignment of the fibrils. At these high 
temperatures, iPP cannot crystallize. However, upon cooling, in the early stages of 
nucleation, the orientation of the fibrils (nucleating substrate) is transferred to the 
lamellae because of the epitaxial relation between iPP and DMDBS. With this 
templating mechanism, we obtained well oriented crystalline morphologies of iPP after 
a shear pulse (shear rate of 60 s-1 applied for 3 s) at 185  for 0.3 wt%, at 195  for 
0.7 wt% and at 210  for 1 wt% of DMDBS. 

3.1 Introduction 

As stated in the previous Chapters, the crystallization rate of isotactic polypropylene 

(iPP) is often enhanced with nucleating agents1-3. During heterogeneous nucleation, iPP 

nucleates at sites present on the surface of the nucleating particles. Therefore, particles with a 

high surface to volume ratio (S/V) are beneficial for nucleation. However, this is not the only 

requirement. Successful nucleating agents for iPP have a crystalline structure and lattice 

parameters that match those of the polymer (epitaxy matching). This was suggested by 

Binsbergen4 and later demonstrated by Lotz and coworkers5-7. A wide range of substances 
                                                 

* Partially reproduced from: Balzano L., et al. ‘Thermo-reversible DMDBS phase separation in iPP: 
effects on flow induced crystallization ’, Macromolecules 2008 (Submitted) 

 



Chapter 3 
 

42 
 

that fulfill these requirements are used as nucleating agents for iPP. Examples are salts of 

aromatic carboxylic acids (for instance sodium benzoate)8, 9, salts of phosphate esters (for 

instance NA-11)10 and sorbitol derivatives11. The salts are insoluble in the polymer and, 

therefore, S/V is fixed by the particle shape. Moreover, their dispersion is limited by the high 

viscosity of the matrix. In contrast, sorbitol derivatives dissolve in the polymer melt and the 

(crystalline) nucleating particles are formed by phase separation, due to crystallization, upon 

cooling. Dissolution and re-crystallization provide a high degree of dispersion for these 

additives with a specific surface as high as 400m2/g 12. In this Chapter, we discuss some 

aspects of flow induced crystallization of iPP in presence of 1,3:2,4-bis(3,4-

dimethylbenzylidene)sorbitol or DMDBS (formula shown in Figure 1.3), the latest of the 

family of sorbitol based nucleating agents. DMDBS is known to be a good clarifying agent 

for iPP at low concentrations, typically between ~0.1 wt% and ~1 wt%. This concentration 

range is the most interesting for applications and is considered for our investigation. In the 

previous Chapter, it was already discussed that the phase diagram is divided in three regions 

(see Figure 2.2). At high temperatures, iPP and DMDBS form a homogeneous solution 

(Region I). Upon cooling, DMDBS crystallizes and thus phase separates from the system 

(Region II) at a temperature TDMDBS that depends on the composition. At lower temperatures, 

iPP also crystallizes (Region III). In the previous Chapter, it is also discussed that, the 

crystalline morphology of the polymer in Region III depends strongly on thermo-mechanical 

history. Crystallization after application of flow in Region I yields isotropic morphologies, 

similar to quiescent crystallization. In contrast, crystallization following application of flow 

in Region II yields highly oriented morphologies. The reason for this behavior lies in the 

fibrillar morphology of the crystallized DMDBS. Crystallization of these small molecules, 

driven by hydrogen bonding13-16, leads to a percolated network of nano-fibrils17 that alters the 

relaxation/flow behavior of the melt. A shear pulse can disconnect this network and induce a 

long lasting alignment of the fibrils. The result is an anisotropic distribution of the nucleation 

sites that has influence on the morphology of the polymer. In fact, for structural reasons, iPP 

lamellae always grow radially to DMDBS fibrils5, 18, 19. Hence, if the fibrils are pre-aligned, 

the lateral growth of the lamellae occurs along one main direction (orthogonal to the common 

direction of the fibrils) and orientation is transferred from the nucleating particles to the 

polymer. This templating mechanism allows for creating oriented polymer morphologies 
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after deformations at high temperatures. Well oriented iPP morphologies were obtained 

(cooling to room temperature) after application of flow in Region II, at 150  for 0.3 wt% of 

DMDBS, at 178  for 0.7 wt% of DMDBS and at 188 °C for 1 wt% of DMDBS. So far, it 

seems that such a templating mechanism, based on the orientation of DMDBS fibrils, can 

work only for T TDMDBS. In the present Chapter, we show that its efficacy can be extended 

also in a temperature window above TDMDBS, by making use of the thermoreversibility of 

DMDBS phase separation. It is well known that phase separation (crystallization) of DMDBS 

and network formation are thermoreversible11, 12, 20-22. Upon heating, DMDBS fibrils melt and 

the network disappears. However, this occurs at a temperature, TDMDBS, that is significantly 

higher than TDMDBS . In other words, during heating, DMDBS fibrils are retained in a 

temperature window above TDMDBS. We expect that application of flow in this temperature 

window has an influence on the final iPP morphology similar to flow application in Region II 

(i.e. that flow yields highly oriented iPP morphologies). Though it could be relevant for 

applications, the effect of flow at these high temperatures on iPP morphology, subject of the 

present Chapter, is unexplored so far.  

3.2  Experimental method 

3.2.1 Materials 

The iPP used in this work is a commercial homopolymer grade from Borealis GmbH 

(Linz, Austria), labeled HD120MO, with molecular weight, Mw, of 365 kg/mol and a 

polydispersity, Mw/Mn, of 5.4. DMDBS (Millad 3988) was obtained in powder form from 

Milliken Chemicals (Gent, Belgium) and used as received. 

3.2.2 Sample Preparation 

The polymer, available in pellets, was ground below the glass transition temperature 

and then blended with DMDBS in a co-rotating twin screw mini-mixer (DSM, Geleen). The 

two compounds were allowed to mix for 10 minutes in a nitrogen rich atmosphere, at 

temperatures ranging from 230 to 250 ºC (the higher the DMDBS concentration the higher 
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the compounding temperature). The material obtained was compression molded with a hot 

press into films of different thicknesses: 1mm for rheology and 200 μm for X-ray 

experiments. The molding temperature was 220 ºC and the molding time was 3 min. The 

resulting films were quenched (~100 /min) to room temperature and finally cut in disk-like 

samples. Following the same procedure, three blends of iPP with 0.3, 0.7 and 1 wt% of 

DMDBS were prepared. For convenience, these three blends are named B03, B07 and B1 

respectively. 

3.2.3 X‐Ray Characterization 

Small Angle X-ray Scattering (SAXS) was performed at beamline BM26/DUBBLE 

of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). Time resolved 

images were recorded on a two dimensional gas filled detector (512x512 pixels and 

260µm*260 µm pixel size) placed at approximately 6m from the sample. The wavelength 

adopted was λ=1.24 Å. Scattering and absorption from air were minimized by a vacuum 

chamber placed between sample and detector. SAXS images were acquired with an exposure 

time of 5 s and corrected for the intensity of the primary beam, absorption and sample 

thickness. The scattered intensity was integrated and plotted against the scattering vector, 

= (4 / )sin( / 2)q π λ ϑ  where ϑ  is half of the scattering angle. The long period was 

calculated as = 2 / ( )
MAXp I

L qπ , where 
MAXI

q is the q value corresponding to the maximum in 

the scattered intensity. Finally, an integrated intensity was defined as: = ∫
max

min

( )
q

I
q

I I q dq  where 

min
q  and 

max
q are the minimum and the maximum experimentally accessible q values 

respectively. Two dimensional SAXS images were also used for the characterization of 

anisotropic morphologies. For this purpose, it was necessary to define three azimuthal 

regions: 1. Meridional: corresponding to the flow direction in real space; 2. Equatorial: 

orthogonal to the meridional region; 3. Diagonal: connecting the equatorial and meridional 

regions in the azimuthal direction. 

Shear flow experiments in combination with SAXS were carried out using a Linkam 

Shear Cell (CSS-450) modified with Kapton windows. To ensure reproducibility, prior to the 
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experiments, samples were always annealed at 230 ºC for 3 min to erase the memory of any 

previous thermo-mechanical treatment.  

3.2.4 Rheological Characterization  

Rheological measurements were performed in the linear viscoelastic regime using a 

strain-controlled AR-G2 rotational rheometer (TA Instruments). In all cases a plate-plate 

geometry with a diameter of 8 mm was used. Appropriate values of strain were determined 

with amplitude sweep tests carried out at 5 rad/s over a broad range of strains (ranging from 

0.01 to 100 %). During the study of phase transitions, large strains can enhance the process 

and/or affect the morphology. Therefore, these experiments are carried out with strains as low 

as 0.5 %. 

3.2.5 DSC 

The thermal effects of DMDBS phase separation was studied in quiescent conditions 

using Dynamic Scanning Calorimetry (DSC). Samples of approximately 2mg were placed 

into aluminum pans and tested in a nitrogen atmosphere using a Q1000 calorimeter (TA 

Instruments). The first step in the thermal treatment was always annealing at 230 ºC for 3 min 

to erase earlier thermo-mechanical histories. To study re-crystallization and melting of 

DMDBS within the iPP matrix samples were cooled to 140 °C and then immediately heated 

back to 230 °C. Both cooling and heating rate were set to 10 ºC /min. Before analyzing the 

peaks, a linear baseline was subtracted from the raw data as a function of the temperature. 

3.3 Results and discussion 

3.3.1 Thermoreversibility in the phase diagram  

iPP-DMDBS mixtures, for compositions up to 1 wt%, show a monotectic phase 

diagram, on heating and on cooling, that can be divided in three regions as shown in Figure 

2.2 and Figure 2.9. The phase diagrams on heating and on cooling are qualitatively similar, 

but the differences in the crystallization and melting temperatures of both iPP (TPP and TPP) 
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and DMDBS (TDMDBS and TDMDBS) make them quantitatively different. The characteristic 

temperatures TDMDBS , TPP , TPP  and TDMDBS  depend on DMDBS concentration and more 

generally also on the thermal history of the system. In the following, we discard the study of 

the dependence on heating and cooling rates by fixing them both at 10 /min. Information to 

sketch the phase diagrams, on heating and on cooling, can be obtained with DSC and/or 

rheology. However, the study of flow effects on morphology, objective of this work, requires 

the use of SAXS and this technique can equally provide information to build the phase 

diagrams. Figure 3.1 illustrates SAXS intensity as a function of the temperature, on heating 

and on cooling, for the neat iPP and the three blends with DMDBS. 

 

Figure 3.1: Integrated SAXS intensity as a function of the temperature during cooling (gray 
symbols) and during heating (white symbols) for the neat iPP, B03, B07 and B1. 
For visibility, curves are shifted in the vertical direction and reference (dashed) 
lines are added. 

During cooling from Region I (filled symbols), the onset of crystallization of DMDBS 

is indicated by an increase in the scattered intensity. At a lower temperature, TDMDBS, the 

scattered intensity approaches a plateau that indicates the completion of DMDBS phase 

separation. Next, at TPP, another, larger intensity raise indicates the nucleation of iPP. During 

heating from Region III (open symbols), iPP lamellae start melting at TPP , the density 

fluctuations reduce and the SAXS intensity drops. Nevertheless, the presence of DMDBS 

crystals keeps the intensity above the reference value that is approached only when DMDBS 

melts at TDMDBS. In agreement with data already available in literature2, 12, the characteristic 
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temperatures for the crystallization and melting of DMDBS in the iPP matrix, TDMDBS and 

TDMDBS, show a strong dependence on the composition. In contrast, for the polymer, the 

crystallization (onset) temperature, TPP, is 127  for the non-nucleated case and 142  for 

all blends while the melting temperature (completion), TPP , is 170   independent  of 

composition.  The phase diagrams, summarizing the transitions on heating and on cooling as 

a function of DMDBS concentration and temperature, are shown in Figure 3.2.  

 

Figure 3.2: iPP-DMDBS phase diagrams obtained with SAXS on cooling (left) and on 
heating (right).  

The difference between TDMDBS and TDMDBS is in the order of 25 . Although only 

small amounts of DMDBS (1 wt% is the highest) are used, the thermal effects associated to 

its phase separation and dissolution in the iPP matrix can also be resolved with DSC. The 

thermograms are reported in Figure 3.3. The shift of TDMDBS  and TDMDBS  with the 

composition is consistent with SAXS data and, as expected, a greater latent heat is measured 

at larger DMDBS contents (see also Table 3.1).  
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Figure 3.3: Thermal effects associated to the crystallization (phase separation) and melting 
(dissolution) of DMDBS within the iPP matrix. Higher DMDBS content 
correspond to larger thermal effects and higher transition temperatures. A 
summary of the relevant information is provided in Table 3.1. 

Table 3.1: Calorimetric (DSC) data regarding DMDBS within an iPP matrix obtained 
analyzing the thermograms of Figure 3.3 

 TDMDBS [ ] ∆H [J·g-1] TDMDBS [ ] ∆H  [J·g-1] 

0.3 wt% 149 -0.14 179 0.017 

0.7 wt% 175 -0.10 198.5 0.043 

1 wt% 189 -0.045 212 0.046 

 

The phase behavior of the system appears complicated by ‘thermal memory effects’. 

When heating from Region II to Region I, there is a range of temperatures, at T TDMDBS, 

where DMDBS crystals are still present. For this reason, depending on the thermal history, a 

sub area of Region I can be identified where, on heating, the system is still phase separated 

(Region I-PS), see Figure 3.4. 
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Figure 3.4: Left) Phase diagrams for iPP-DMDBS blends on heating and on cooling. Right) 
Phase diagram on cooling including Region I-PS. Note that Region I-PS is 
encountered only on heating from Region II. 

The tridimensional network of DMDBS fibrils slows down the relaxation and this has 

a clear effect on the rheology of the system. This is shown in Figure 3.5 that reports the 

temperature dependence of the storage modulus (G’) at 5 rad/s for B03, B07 and B01 during 

cooling from Region I to Region II (open symbols) and heating vice versa (filled systems).  

 

Figure 3.5: G’ at 5rad/s as a function of the temperature on cooling (open symbols) and on 
heating (filled symbols) for B03, B07 and B1. Increasing the amount of DMDBS, 
both the crystallization and melting temperatures of the fibrils shift to higher 
values.  

For the blends, during cooling, the storage modulus (G’) increases rapidly when 

DMDBS phase separates, deviating from the linear behavior that is observed at high 
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temperatures. The mesh size of the DMDBS network is proportional to the concentration of 

DMDBS and, therefore, at higher DMDBS concentrations a larger increase in G’ is found. In 

addition, increasing DMDBS concentration more network strands are made of bundles of 

elementary fibrils and this increases the stiffness of the network. During heating, the fibrils 

melt at a temperature higher than they form on cooling. When approaching this temperature, 

the contribution of the fibrils to the elastic modulus gradually vanishes. At high enough 

temperatures, the linear dependence of G’ with temperature is restored meaning that, in line 

with SAXS and DSC, an homogeneous solution is attained. 

Here, we discuss the use of SAXS, DSC and rheology to capture the changes 

associated with the phase separation and melting of DMDBS in iPP. These techniques probe 

different aspects and, therefore, a different sensibility is expected. To make a comparison, a 

degree of transformation  can be defined per each technique. For SAXS: 

 
0
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−
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 is the intensity at high temperature (in absence of scatterers) and  is the plateau 

intensity observed after completion of DMDBS phase separation and before the onset of iPP 

crystallization. For DSC: 
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where  is the heat flow,  and  are, respectively, a temperature before the onset and after 

the completion of DMDBS phase separation (before crystallization of the polymer). For 

rheology: 
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where  is a function, linear on a linear-log plot, obtained extrapolating the high 

temperature linear behavior of G’ to low temperatures.  is similar as  and 

extrapolates at high temperatures the low temperatures linear behavior exhibited by G’ 

(before the nucleation of iPP). The definitions of  are also shown in Figure 3.6. 
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Figure 3.6: Definitions of the degree of transformation during DMDBS crystallization 
according to SAXS, DSC and Rheology. The symbols are defined in the text. 

With these definitions, 0 means that there is no phase separation, while 1 

means that the phase separation is complete. The degrees of transformation for B1, during 

DMDBS phase separation, are shown in Figure 3.7.  

 

Figure 3.7: Changes in the degree of transformation for SAXS, DSC and Rheology for the 
blend B1 on cooling. The degrees of transformations are defined by Equations 1, 
2 and 3. 

At 10 /min, the onset of DMDBS phase separation is detected in SAXS at a 

temperature much higher than in DSC (TSAXS 218   while TDSC 195  ). Thermal 

effects are detectable only when, according to SAXS, the phase separation is nearly complete 

(see also Figure 3.8).  
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Figure 3.8: A comparison of SAXS and DSC during DMDBS phase separation for the blend 
B1 on cooling.  

To assure a proper temperature control, rheology could only be performed with a 

cooling rate of 5 /min. Figure 3.7 (and also Figure 3.5) shows that the sensitivity of this 

technique with respect to the DMDBS phase separation is similar to DSC (TR 200  ). 

Similar results were observed also for the other blends B03 and B07. On heating, melting of 

DMDBS fibrils is detectable first by DSC and then at last by SAXS, when DSC  is 

approaching to zero. 

3.3.2 Linear viscoelasticity of the system in Region I‐PS   

Rheological data complements SAXS and DSC information, showing that the 

contribution of DMDBS fibrils to the relaxation behavior of the system persists in Region I-

PS. As show in Figure 3.5, in this area of the phase diagram, DMDBS fibrils raise the elastic 

modulus several times. For instance, at 205 ,  the ratio between G’ on heating and G’ on 

cooling is nearly one decade for B07 and B1. A thorough understanding of the rheology of 

the system requires the investigation of a broad spectrum of frequencies23. To this end, Figure 

3.9 shows the frequency dependent rheological behavior of B07 at 205 , in Region I and in 

Region I-PS and that of the neat polymer at the same temperature.  



Chapter 3 

53 
 

 

Figure 3.9: Left) G’ as a function of frequency at 205 .  The neat polymer is used as a 
reference to evaluate the changes in B07 measured at the same temperature but 
with two different thermal histories. In one case (whites symbols), B07 is 
measured after cooling from 230  (i.e. while it is in Region I). In the other case 
(gray symbols), the same blend is measured after being cooled to 150 , heated 
to 205  and annealed at this temperature for 30 min (i.e. while it is in stable 
conditions in Region I-PS). When in Region I-PS, a plateau appears in the low 
frequency range. This solid like behavior is the rheological fingerprint of the 
DMDBS fibrillar network in the polymer melt. Right) Phase angle as a function of 
the frequency. For B07 in Region I-PS a maximum appears signaling the 
crossover between viscous- and solid- like behaviors. 

Some peculiarities are clearly visible. First of all, it is important to notice that, B07 is 

initially not in equilibrium at 205   and, during the first 10 min, a slow melting of the fibrils 

takes place causing a major drop in the rheological properties: G’ at 5 rad/s drops from ~8000 

Pa to ~1500 Pa and then stabilizes. Therefore, to ensure a stable system, the measurement 

was performed after an annealing of 30 min at 205 . Despite the partial melting of the 

fibrils taking place before the measurement, a plateau appears for ω<0.1 rad/s implying that 

part of the DMDBS network is still connected and contributes to the rheology with a solid-

like behavior in the low frequency region. The transition between a viscous- and a solid- like 

behavior is marked by the maximum in the phase angle, φ, at ~0.3 rad/s. 

3.3.3 Crystallization on cooling after flow in Region I‐PS  

As it was mentioned in the Introduction paragraph, the epitaxial relation between iPP 

and DMDBS causes the radial growth of lamellae on the fibrils. As a consequence, the 

crystalline morphology of iPP always reflects the orientation of the DMDBS fibrils. The top 

row of Figure 3.10 shows room temperature SAXS images of samples crystallized after a 
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shear pulse (60 s-1 for 3 s) at 185  for B03, at 195  for B07 and at 210  for B1, i.e. in 

Region I of the phase diagram. In all these cases, iPP exhibits an isotropic morphology 

similar to crystallization in quiescent conditions. In fact, DMDBS fibrils are not present at the 

moment of the shear; they form at a lower temperature and, without deformations, they grow 

with random orientations. In contrast, the bottom row of Figure 3.10 shows SAXS images at 

room temperature after to the application of a similar shear pulse (60 s-1 for 3 s) in Region II 

(150  for B03, at 178  for B07 and 188  for B1). Here, iPP exhibits a highly oriented 

morphology. In fact, shear is applied after the DMDBS network is established and, so, 

induces alignment of the DMDBS fibrils. In the early stages of iPP crystallization, with 

epitaxial nucleation, the orientation of the fibrils is transferred to the polymer lamellae. 

Interestingly, the flow conditions in Region I, corresponding to the top row of Figure 3.10 

(185  for B03, 195  for B07 and 210  for B1), fall also within Region I-PS. Therefore, 

these flow conditions are taken as a crucial example to demonstrate the importance of thermal 

history in the crystallization of these materials after shear.  

 

Figure 3.10: Two dimensional SAXS images recorded at room temperature for B03, B07 and 
B1 after the application of a shear (60 s-1 for 3 s) at the temperature indicated in 
the frame. The flow direction is indicated by the arrow. Shear in Region I (i.e. on 
a solution) yields isotropic iPP morphologies. Shear in Region II (i.e. on a phase 
separated system) aligns DMDBS fibrils setting the ground for the development 
of a well oriented polymer morphology. 

In Section 3.3.1 it was shown that, despite the high temperature, DMDBS fibrils can 

still be present in Region I-PS. As a consequence, also in Region I-PS, the fibrils can be 

aligned with flow, setting the necessary conditions for an oriented polymer morphology. A 

suitable thermo-mechanical history to demonstrate this is shown in Figure 3.11.  
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Figure 3.11: Schematic drawing of the thermal history designed to obtain oriented iPP 
morphologies after shear application at exceedingly high temperatures. A shear 
pulse (60 s-1 for 3 s) is applied during stage 4. The design values of and  for 
B03, B07 and B1 are shown in Table 3.2. 

It includes five steps: 1. annealing in Region I, 2. cooling at T  in Region II, 3. heating to T  

in Region I-PS, 4. application of a shear pulse of 60 s-1 for 3 s and finally 5. cooling to room 

temperature. All samples are annealed in the same conditions (230  for 3 min) while the 

temperatures T  and T  are chosen depending on DMDBS concentration (see Table 3.2).  

Table 3.2: Summary of the temperatures where shear is applied in the experiments of Figure 
3.10 (flow in Region I and Region II) and of the choices made for the thermal 
history of Figure 3.11. 

 
Flow in Region I Flow in Region II 

Parameters for flow in 
Region I-PS 

T 
[ ] 

iPP morphology at room 
temperature 

T 
[ ] 

iPP morphology at room 
temperature T  [ ] T  [ ] 

B03 185 isotropic 150 oriented 150 185 

B07 195 isotropic 178 oriented 178 195 

B1 210 isotropic 188 oriented 188 210 

 

SAXS confirms that shearing iPP-DMDBS blends at T  induces the alignment of 

DMDBS fibrils and, ultimately, creates an oriented polymer morphology. This is illustrated 

in Figure 3.12 that displays SAXS intensity for the blend B1 experiencing the protocol of 

Figure 3.11.  
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Figure 3.12: SAXS intensity for meridional, equatorial and diagonal part of the two 
dimensional images as a function of time and temperature for the blend B1 
subjected to shear (60 s-1 for 3 s) at 210 .  

For B1, TDMDBS 195  . Therefore, cooling to T =188  causes phase separation 

of DMDBS. As a consequence, the scattered intensity rises evenly in all the azimuthal areas. 

In the following step, heating to T =210 ,  the intensity remains constant (for B1 TDMDBS
224  ) indicating that the fibrils do not melt. With a shear pulse (60 s-1 for 3 s) at this 

temperature, DMDBS fibrils align with flow and lead to an equatorial streak in the SAXS 

images (see Figure 3.13). The equatorial streak raises the intensity scattered at the equator 

I . Simultaneously, also the intensities scattered in the meridional and diagonal regions (I  

and I ) raise, suggesting that flow promotes an extra phase separation with growth of 

randomly oriented fibrils. However, according to the lever rule, complete DMDBS phase 

separation is not possible at this high temperature and proceeds during the following cooling. 

The increase in I  rather than in I  and I  indicates that the growth of flow-oriented 

fibrils is favored over the growth of randomly oriented fibrils. At ~140 , iPP nucleates and 

the growth of stack of lamellae perpendicular to DMDBS fibrils takes place producing lobes 

in the SAXS meridional region. Epitaxially grown lamellae mitigate the density fluctuation 

between DMDBS and the matrix, hence the intensity scattered in equatorial and diagonal 

regions decreases. As shown in Figure 3.13, this protocol yields an iPP morphology with a 

high degree of orientation despite the fact that flow was applied at a temperature as high as 
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210 . Similar results are also obtained when B03 and B07 are sheared in Region I-PS, at 

185 and 195  respectively.  

 

Figure 3.13: Time-temperature sequence of SAXS images for the blend B1 in the experiment 
illustrated in Figure 3.12. After shear application to the fibrillar network, the 
fibrils align and a streak of intensity appears at the equator. Crystallization of 
iPP at lower temperatures produces the meridional lobes. The flow direction is 
vertical 

Figure 3.14 gives a summary of the SAXS images at room temperature for all the 

blends investigated, together with the location of the flow conditions in the phase diagram. 

 

Figure 3.14: iPP-DMDBS phase diagram reporting the SAXS images corresponding to the 
room temperature morphology of iPP after application of shear (60 s-1 for 3 s) in 
the conditions indicated by the star-like symbols. 

Additional information on the morphology of the polymer is given by the long periods 

displayed in Figure 3.15.  
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Figure 3.15: Long periods measured for B03, B07 and B1 in the final cooling of experiments 
where shear flow is applied in Region I-PS. Taking the neat polymer crystallized 
in quiescent conditions as a reference, an increase in the long period of ~4 nm is 
observed. Similar increase is reported for crystallization of the blends in 
quiescent conditions, suggesting that flow has no influence in the long period.  

At low temperatures, iPP-DMDBS blends show a long period of ~22 nm that is 4 nm 

more than the value for quiescent crystallization of the neat polymer. Similar values are also 

obtained crystallizing the blends under quiescent conditions. This means that the long period 

is essentially governed by the presence of DMDBS and that the effect of flow is negligible. 

The higher long periods of the blends are due to the shift in the iPP crystallization 

temperature that leads to the formation of thicker crystals. 

3.4 Conclusions 

In Chapter 2, we demonstrated that, in iPP-DMDBS blends, oriented iPP 

morphologies can be obtained with a thermo-mechanical history based on two steps: 1) pre-

alignment of DMDBS fibrils at high temperature with shear and 2) subsequent epitaxial 

crystallization of the polymer at low temperature. The first step (alignment of DMDBS 

fibrils) limited the application of this process at temperatures lower than the phase separation 

of the additive (T TDMDBS). In this Chapter, we proved that this limit can be exceeded. In 

fact, the thermo-reversibility of iPP-DMDBS phase separation can be used to obtain highly 
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oriented iPP morphology in combination with shear even at T TDMDBS. In fact, after the 

DMDBS network of fibrils is established with a cooling to a temperature below  TDMDBS, the 

system can be heated up (roughly) to TDMDBS 25 without consequences on the DMDBS 

network. Shearing the network (60 s-1 for 3 s) in this temperature window induces alignment 

of the DMDBS fibrils, similar to what observed at T TDMDBS. Next, upon cooling, in the 

early stages of crystallization, because of the epitaxial relation between iPP and DMDBS, the 

orientation is transferred from the fibrils to the polymer lamellae. In this way, we showed that 

from understanding the phase behavior of iPP-DMDBS blends, on cooling and on heating, it 

is possible to design thermo-mechanical histories that yield well oriented iPP morphologies 

after shear at very high temperatures (for instance 210  for 1 wt% of DMDBS). 

Interestingly, when small amount of DMDBS are present, flow can still govern the 

morphology of the polymer in a high temperature window where relaxation times are short. 

 

In the Chapters 2 and 3, the nucleating/templating effects of DMDBS fibrils towards 

iPP lamellae is discussed. In the next Chapter, we show that nucleating fibrils with aspect 

ratio similar to DMDBS fibrils and perfect epitaxial matching can be generated in situ when 

flow is combined with an appropriate choice of the molecular weight distribution present in 

the melt. 
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Chapter 4*  

Crystallization and dissolution of flow induced 

precursors 

We make use of a specially synthesized linear high density polyethylene 
(HDPE) with a bimodal molecular weight distribution (MWD) to demonstrate that it is 
possible to produce a suspension of extended chain shish crystals only in a molten 
polymer matrix. Such a suspension can be generated at high temperatures, above but 
close to the equilibrium melting temperature of the unconstrained extended chain 
crystals ( 0

m
T =141.2 °C) and requires stretch of the longest chains of the MWD. After 

the application of a shear flow of 120 s-1 for 1 s at 142 °C, X-ray scattering suggests 
the presence of a large number of metastable needle-like precursors with limited or no 
crystallinity. Precursors that are too small dissolve on a timescale that correlates 
perfectly with the reptation time of the longest polymer molecules. Whereas, precursors 
that exceed a critical size crystallize forming extended chain shishes. 

4.1 Introduction 

Considerable efforts have been made to correlate structure developments in 

semicrystalline polymers and well defined flow conditions. Experiments prove that the final 

morphology is often imposed by structures (crystalline or not) present in the melt at the early 

stages of the crystallization. Structures developed at the early stages are referred to as 

precursors and are problematic to study, because of their small dimensions and fast 

dynamics. However, improving techniques like in-situ small and wide angle X-ray scattering 

(SAXS and WAXD) and ex-situ microscopy together with increasingly sophisticated 

simulations are contributing to a more thorough understanding of the physics behind the early 

stages of crystallization. 

Here, some peculiar aspects of the early stages of flow induced crystallization (FIC) 

are discussed. One of the seminal works for FIC is by Binsbergen 1. He studied FIC in 

                                                 

*  Partially reproduced from: Balzano, L. et al. ‘Crystallization and dissolution of flow induced 
precursors’, Physical Review Letters 2007 (Accepted) 
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isotactic polypropylene (iPP) by means of cross polarized optical microscopy. In the course 

of cooling, after the application of ‘heavy strains’ at 180 °C, he observed the onset of 

birefringent elongated crystallites at temperatures as high as 172 °C where, in quiescent 

conditions, no crystallization is observed. Similar birefringence was also observed by 

Pennings in stirred PE solutions 2. This morphology was called shish kebab (see Figure 4.1 

for a schematic drawing) and originates from the crystallization of polymer chains stretched 

during flow. 

 

Figure 4.1: Schematic drawing of a shish-kebab crystallite 

The structure of shish kebabs consists of an extended chain crystal core, the shish, that 

supports disk-like folded chain lamellae, the kebabs. The nature of shish kebabs in polyolefin 

melts and the conditions under which they form have been studied by several groups 3-14. To 

unveil the microscopic morphological peculiarities of shish kebabs, Hsiao and coworkers 

used a special blend consisting of 98 wt% of non crystallizable low molar mass polyethylene 

(PE) copolymer and of 2 wt% of crystallizable ultra high molar mass PE (UHMWPE) 15. 

After shearing this blend at 128 °C at a fairly high rate ( 160sγ −= ), they observed, with 

SAXS, the instantaneous formation of shishes followed by a diffusion controlled ( −∼ 1/2t ) 

growth of kebabs. Ex-situ scanning electron microscopy (SEM), showed multiple shishes 

crossing the same kebabs, a remarkable morphological feature observed for the first time. 

Hsiao and coworkers also considered the molecular mechanism underlying shish kebab 

formation 16. Based on the work of Keller and coworkers 17, they hypothesize that for a given 

molar mass (relaxation time), depending on the shear rate , the possible chain conformation 

is coiled or stretched and the ‘coil to stretch’ transition is sharp. Chains having molar mass  

above a critical value  are stretched and they instantaneously crystallize into the extended 

chain structure forming shishes. In contrast, chains with  relax immediately and 
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cannot be stretched. This low molar mass portion of chains nucleates folding on the outer 

surface of the shishes and gives rise to the kebabs. The hypothesis of a critical molar mass  

for chain stretch works in explaining the effects of polydispersity in the molecular weight 

distribution (MWD) on FIC. At a given molecular weight, the number of chains undergoing 

stretch, for a given shear rate, is larger in a broad MWD rather than in a narrow MWD. For 

this reason, as confirmed by experiments, the presence of a high molar mass tail enhances 

shish kebab formation. Nevertheless, hypothesizing a critical  for chain stretch in an 

entangled polymer melt has some limitations. In fact, in this model, all chains with  

should stretch during flow and crystallize in the extended chain form (shish) but molecular 

dynamics simulations by Muthukumar and coworkers 18 describe a different scenario. 

According to these authors, a chain in the high molar mass fraction can still retain a coiled 

conformation during flow. In fact, because of the presence of entanglements, the 

conformations of neighboring chains are related to each other and, ultimately, the stretch of a 

high molar mass chain can be blocked by surrounding unstretched chains. Furthermore, 

recently, Kornfield and coworkers showed the presence of low molar mass molecules within 

shishes using special blends of low molar mass iPP and deutereted high molar mass iPP 11. 

Their experiments highlight the need for well defined samples in FIC studies. 

4.2 Experimental method 

4.2.1 Synthesis of a bimodal HDPE 

Recent advances in catalyst science allow for a controlled ‘one pot’ synthesis of linear 

high density polyethylene (HDPE) having a bimodal MWD. The low and the high molar 

mass components (respectively L-MW and H-MW) of the MWD are generated at the same 

time from two different pre-catalysts immobilized on the same MgCl2 based support. In this 

way a nascent blend of the two molar masses is produced with molecular scale mixing. The 

ratio between H-MW and L-MW can be chosen beforehand changing the relative amount of 

the two catalysts. An Iron based pre-catalyst, {2,6-[(2-chloro-4,6-

dimethyl)N=C(Me)]2C5H3N}FeCl2 or pre-CatFe, was prepared according to a known 

procedure19, and a Chromium based pre-catalyst, 1-(8-quinolyl)indenyl]CrCl2 or pre-CatCr, 
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was obtained from Basell Polyolefins. 0.18 micromoles of pre-CatFe and 1 micromole of pre-

CatCr were co-immobilized onto a MgCl2/AlEtn(OEt)3-n support by mixing individual 

solutions of both precatalysts in dichloromethane with 100-120 mg of the support. The slurry 

of the support together with the precatalysts was kept overnight at room temperature until the 

supernatant solution became colourless, indicating complete immobilization of the pre-

catalysts. 

Polymerization was carried out in a l l Premex autoclave. At 50 °C and with an 

ethylene pressure of 5 bar, 100 mg of the catalyst, mixed in approx. 100 ml of light 

petroleum, were injected to 400 ml of light petroleum containing the desired amount of 

cocatalyst. Afterwards, polymerization was carried out at constant pressure for 1hr with a 

stirring rate of ~1000 rpm. Finally, after venting the reactor, 20 ml of acidified ethanol was 

added and stirring was continued for 30 min. The polymer was recovered by filtration, 

washed with water and ethanol and dried in vacuum overnight at 70 °C. To prevent 

degradation, 0.5 wt% of the antioxidant Irganox 1010 was added to the polymer. 

4.2.2 X‐ray characterization 

The FIC behavior after the application of a shear flow, i.e. structural and 

morphological developments, was characterized using X-ray scattering. WAXS was 

performed at the beamline ID11 of the ESRF (Grenoble, France) with a wavelength λ=0.495 

 and SAXS at the beamline BM26 of the ESRF with λ=1.24 Å. After integration of the 

WAXS data, crystallinity was calculated as the ratio between the intensity scattered by the 

crystals and the total scattered intensity. Shear flow was applied by means of a Linkam Shear 

Cell CSS-450, where, to avoid unwanted scattering, the original glass of the windows was 

replaced by kapton.  
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4.3 Results and discussion 

4.3.1 Rheological characterization 

The molecular weight distribution of the sample was determined with gel permeation 

chromatography (GPC), see Figure 4.2. 

 

Figure 4.2: Fit of the GPC data with two log-normal distributions (shaded area). The thick 
lines represent the individual distributions.  

Quantitative information, given in Table 4.1, was obtained fitting the experimental 

data with the weighted sum of two log-normal distribution functions.  

Table 4.1: GPC and DSC characterization of the bimodal blend. 

GPC DSC (10 °C/min) 

LMW 
[g/mol] 

LMW 
Mw/Mn 

Z MW
HMW 
[g/mol] 

HMW 
Mw/Mn 

ZHMW
wt% 

HMW 
Tm 

[°C] 
Tc 

[°C] 

Crystallinity at 
room 

temperature 

5.5·104 3.4 67 1.1·106 2.3 1338 7 134 118 76% 

 

The deconvolution procedure allows for the identification of two main populations of 

chains: low molecular weight (LMW) chains with M 5.5 · 10  g/mol and polydispersity 

index Mw/Mn=3.4 and 7 wt% of high molecular weight chains (HMW) with M 1.1 ·
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10  g/mol and Mw/Mn =2.3. The critical concentration for overlap of HMW chains C  can be 

estimated with:  

 =*
3/2

24
3

w

g A

M
C

R Nπ ρ
 (4.1) 

where 0.46 ⁄  20,  is the density and  is the Avogadro number. Using the 

data of Table 4.1, it is found that 0.5  %, i.e. much less than the actual concentration. 

This implies a significant degree of HMW-HMW chains overlaps (entanglements). 

The basic dynamics of polymer molecules in the melt is well described by the theory 

of Doi and Edwards21. According to this theory, due to the steric effect of the neighboring 

chains, each molecule is confined in a ‘tube’ whose contour describes the molecular 

conformation. The molecular conformation in the melt is an important issue in the study of 

the flow induced crystallization (FIC) of a polymer5, 22-31. A tube at rest resembles a random 

coil, but it can be deformed, oriented and stretched by external stresses. The chain 

conformation can be assessed introducing two time scales32: the chain retraction time τS 

corresponding to relaxation time of molecular stretch and the reptation time τD corresponding 

to the relaxation time of molecular orientation. If one neglects polydispersity: 

 = 2
s e

Zτ τ  (4.2) 

 
⎛ ⎞⎟⎜ ⎟= −⎜ ⎟⎜ ⎟⎜⎝ ⎠

2

3 1.51
3 1

D e
Z

Z
τ τ  (4.3) 

For PE, the entanglement equilibration time  is 7 · 10  at 190  33. Assuming 

828  /  33, the number of entanglements per chain ⁄  is Z MW 67 for the 

short chains and ZHMW 1338  for the long chains. Using Equation (4.2) and (4.3) and 

assuming an Arrhenius type of temperature dependence (with E 36  / ), the 

relaxation times  and  can be calculated for both LMW and HMW at all temperatures. 

The measured frequency dependent mechanical response of the molten bimodal blend at 140 

 is shown in Figure 4.3 ( τDHMW  140 s  and τDMW  0.01 s ). Two main relaxation 

processes, associated to reptation of LMW and HMW chains, are expected at frequencies of 

the order of 1/τDMW   and 1/τDHMW   (note that . At 

   the networks of both LMW and HMW chains are addressed and an 
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elastic-like response (plateau in G’) is expected. However, in the experimental frequency 

window this behavior cannot be observed as 1/τDMW  100 s . For 

, the rheology is a convolution of the reptation of LMW chains and of the 

elasticity of the network of HMW chains. The mark of the long relaxation times of HMW 

chains is visible at very low frequencies (~10  s , when a change in the slopes of G’ and 

G’’ indicates the onset of a plateau (‘diluted’ plateau of HMW chains). Finally, when 

0.007  , both LMW and HMW chains reptate and a terminal behavior is 

expected. However, the data of Figure 4.3 suggest that the terminal behavior may occur for 

10  s , i.e. outside the experimental window and at a frequency lower than expected. 

This discrepancy can be justified with the polydispersity of the HMW chains.  

 

Figure 4.3: Moduli and phase angle for the molten bimodal blend at 140 . The applied 
strain is 10 % that is within the linear viscoelastic window.  

The large difference between Z MW  and ZHMW  causes large differences in the 

relaxation times of HMW and LMW molecules and, ultimately, can reduce the relaxation 

times of HMW molecules (!). In fact, LMW molecules, acting as a plasticizer, change GN of 

the HMW chains according to: 

 ( )0 0 2.1 2.3d
N N melt

G G with dφ= < <  (4.4) 

φ  is the concentration of HMW chains. A reduction of GN corresponds to an increase in Me 

and therefore to a reduction of the relaxation times because of less entanglements per chain. 

The bimodal blend is re-examined as a solution of HMW PE in a solvent of LMW PE and, as 

such, LMW molecules dilute HMW molecules. This dilution increases  of HMW chains 
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and, in turn, reduces . In a melt of entangled molecules, dilution is a dynamic process 

based on the limited lifetime of some entanglements. The tube of a HMW molecule is defined 

by entanglements from both LMW and HMW molecules. The life time of the LMW defined 

constraints are equal to the disengagement time of LMW chains τDMW . During the time 

τHMW needed for the HMW test chain to reptate a distance equal to the tube diameter, the 

LMW entanglements can be released (constraint release). In that case, they do not count as an 

entanglement for the test chain. As a result of these constraint releases, the tube diameter  

increases or, equivalently, the number of entanglements (averaged in the time τHMW ) 

decreases. This constraints release mechanism, called ‘dynamic tube dilution’ or DTD, 

becomes important when τDMW τHMW. The dimensionless ratio: 

 3/ /HMW LMW
diam D HMW LMW

Gr Z Zτ τ= ∼  (4.5) 

is called Struglinksi-Graessley number and, for PE, it was established that DTD takes place 

when Gr exceeds 0.06  33. For the bimodal HDPE blend investigated in this work 

0.005 that is far smaller than . Hence, DTD is excluded and relaxation times are 

calculated with Equations (4.2) and (4.3). The values of  and , for H-MW and L-MW 

chains, at 142 °C, are useful for the following discussion and are reported in Table 4.2. 

Table 4.2: Relaxation times calculated with Equations (4.2) and (4.3) at 142°C. 

 [ ]
D

sτ  [ ]
s
sτ  

L-MW 0.01 −⋅ 69 10  

H-MW 140 0.04 

4.3.2 Thermodynamics of flow induced precursors 

The anisotropic precursors of shish kebabs are metastable bundles of molecules 

stretched by the flow. Their life time strongly depends on their size and the temperature. It 

seems reasonable to assume that flow induced precursors (FIPs) are cylindrical. The free 

energy associated to the formation of a single (crystalline) FIP with a length L and a diameter 

D can be written as: 

 
⎛ ⎞ ⎛ ⎞⎟ ⎟⎜ ⎜⎟ ⎟Δ = − Δ + +⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎝ ⎠ ⎝ ⎠

2 2

( , ) 2
4 4tot end lat

D D
G L D L g DL

π π
σ π σ  (4.6) 
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with ∆  being the specific free energy difference between the crystalline state 

( ) and the sheared melt ( ) while  and  are the free energies of the end and 

lateral surfaces. The spontaneous growth of a precursor can take place only when it reduces 

the free energy (∆ 0), hence, after some critical dimensions are exceeded. The critical 

dimensions  and  can be obtained from the maximum of ∆  with respect to L and D. 

The condition ∆ ⁄ ∆ 0⁄  yields:  

 = Δ4 /
cr lat

D gσ  (4.7) 

 = Δ4 /
cr end

L gσ  (4.8) 

For PE, ⁄ ~10 34 and, therefore, thermodynamical stability is assured for: 

 >/ 10
cr cr

L D  (4.9) 

A precursor with ,  and satisfying the condition (4.9) can grow into a 

shish, whereas, it dissolves into the melt if these conditions are not fulfilled. Note that the 

value 10 in (4.9) should be considered only as an order of magnitude. Like any other melting 

process, the characteristic dissolution or life time (t IP) of subcritical FIPs depends on their 

size and morphology (i.e. fiber- or lamellae- like35). Because of a (partial) extended chain 

structure, FIPs can be rather stable and it is reported that for polymers like PE, iPP, iPB-1 and 

PS, they can survive for hours at temperatures near the melting point of spherulites. 

Nevertheless, t IP  decreases dramatically with increasing temperature. According to 

Janeschtiz-Kreigl and coworkers36 and to Alfonso and coworkers37, t IP as a function of the 

temperature is well described by an Arrhenius law. The study of the dissolution of precursors 

could provide information on their nature and, therefore, new insights in the early stages of 

FIC. However, not much is known about the effect of size and morphology on t IP. In fact, 

(quoting Janeschitz-Kriegl36) ‘most of the experiments were carried out at temperatures 

below the melting point of spherulites where FIPs are practically stable from the moment of 

their creation’. Exceptions are listed in Table 4.3 which reveals that FIPs have been observed 

at very high temperatures, for different materials and for a broad variety of flow conditions. 

However, only in few cases37, 38 the dynamics of FIPs are related to a well defined 

temperature: the equilibrium melting temperature T . In all the other cases, the ‘nominal’ 

melting point T  of the material is used as a reference. The downside of this choice is that T  
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depends strongly on the experimental conditions. Moreover, a clear method for determining 

t IP is often missing and only coarse values are given. 

4.3.3 Flow  induced  precursors  just  above  the  equilibrium  melting 

temperature 

According to classical thermodynamics 48, the driving force for nucleation is the 

reduction of the Gibbs free energy (G): Δ < 0G . For quiescent conditions, crystallization 

leads to folded chain lamellae and the corresponding free energy change is 

Δ = − = Δ − 0(1 / )
q lamellae melt m

G G G H T T where ΔH (negative value) is the latent heat and 

0
m

T  the equilibrium melting temperature of the folded chain crystals. The thickness (l) of 

folded chain crystals is inversely proportional to the undercooling ( −∼ 01 / ( )
m

l T T ) and can 

be predicted with the Gibbs-Thomson equation: = − Δ − 02 / (1 / )
e m

l H T Tσ , 
e
σ is the fold 

surface energy. For PE, the equilibrium melting temperature for unconstrained extended 

chain crystals is =0 141.2
m

T  °C and no chain folding is possible above this temperature. This 

means that, for ≥ 0
m

T T , where there is no driving force in quiescent conditions, kebabs 

cannot be formed. However, an extra driving force for nucleation can be introduced applying 

flow to the system. After cessation of flow, according to the Doi-Edwards (DE) model 21, a 

chain is confined in a virtual tube that limits its conformations. The random coil 

conformation can be attained again only by reptation of the chain out of the tube. At every 

time, the fraction μ of the chain that is still in the tube is given by the memory function: 

 2 0
2 2

8 1
( ; ) exp

D
podd D

t t
t p

p
μ τ

τπ

⎛ ⎞− ⎟⎜ ⎟⎜= − ⎟⎜ ⎟⎟⎜⎝ ⎠
∑  (4.10) 

Flow reduces the possible chain conformations promoting chain orientation and 

stretch, thus increasing the free energy of the melt. The capability of the flow of inducing 

orientation and stretch of the chains can be quantified defining two Deborah numbers 32: 

 and  that measure the ratio between flow and relaxation rates at 

chain and segmental level respectively. Chain orientation is achieved when 
or

De  exceeds 

unity while chain stretch when 
str

De  exceeds unity. 

or D
De τ γ=

str s
De τ γ=
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Grizzuti and coworkers23 accounted for the extra driving force due to flow introducing 

an additive term ( Δ
f

G ) in the free energy change: Δ = Δ +Δ
q f

G G G . With this 

definition, the equilibrium temperature rises to = +Δ Δ0(1 / )flow
m m f

T T G H and 

crystallization becomes possible even above 0
m

T . However, as already mentioned, for these 

conditions no chain folding can take place and only extended chain crystals can be formed if 

the driving force is large enough. Figure 4.4 shows X-ray scattering data after application of 

shear with 1120sγ −=  for 1 s at 142 °C.  

 

Figure 4.4: SAXS and WAXD data recorded after the application of a shear of 120 s-1 for 1 s 
at 142 °C. In the two-dimensional scattering images shown at the top, the flow 
direction is vertical. For the WAXD intensity, the scattering of the amorphous 
component was subtracted and only the crystalline peaks are visible 
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Table 4.3: Literature survey on flow induced precursors at high temperatures.  
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Such a shear is efficient in orienting and stretching H-MW chains as 
− = ⋅ 41.6 10H MW

or
De  and − = 4.5H MW

str
De , while it can hardly orient and surely not stretch L-

MW chains as − = 1.5L MW
or

De  and − = 0.01L MW
str

De . Immediately after cessation of shear 

(t=0), SAXS images show an equatorial streak where the intensity decreases continuously 

with scattering angle. This indicates the formation of needle-like precursors aligned in the 

shear direction. This scattering pattern is retained for the full experimental time (1600 s). 

Simultaneously, WAXD images show the fingerprint of an orthorhombic lattice (with 110 

and 200 reflections) having a high degree of orientation. Interestingly, the integrated intensity 

of the SAXS equatorial streak, SAXS
eq

I , and the calculated WAXD crystallinity, WAXDX , are 

not correlated during the initial transient of ~160 s. As shown in Figure 4.5, SAXS
eq

I  builds up 

quickly reaching a maximum at t 6 s and then decreases exponentially while WAXDX  

builds up gradually to the stationary value of 0.4 %. 

 

Figure 4.5: SAXS
eq

I  and WAXDX  as a function of time after step shear at 142 °C. The initial 

drop of SAXS
eq

I  can be fitted with the memory function of the Doi-Edwards (DE) 
model, the fit is represented by the continuous line. 
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These experimental evidences suggest the formation of a polydisperse set of needle-

like precursors that, initially, are characterized by undetectable crystallinity. The stability of 

precursors is related to their size (see Equation (4.9)). Those exceeding some critical 

dimensions are stable and have time to refine their structure to a proper crystal lattice, 

forming shishes and increasing the crystallinity. On the other hand, those that are smaller than 

the critical dimension dissolve, decreasing  and do not contribute to crystallinity. In the 

first 60 s, as shown in Figure 4.5, the drop of  is well described with the Doi-Edwards 

memory function: 

 −= ⋅( ) ( , )SAXS H MW
eq y D

I t S tμ τ  (4.11) 

where − = 140H MW
D

sτ , obtained from Equation (4.3), is the only time constant. The vertical 

shift factor 
y

S  is necessary because of the arbitrariness of the intensity scale and is the only 

fit parameter. The good correlation between data points and Equation (4.11) strongly suggests 

that dissolution of the subcritical precursors involves reptation of H-MW chains. This also 

means that stretched H-MW chains are the precursor’s backbones. 

 

Figure 4.6: Crystallization or dissolution of flow-induced precursors depends on their size. 
The thick gray line represents the tube containing the chain. 

For times longer than 60 s, dissolution of precursors slows down dramatically and at 

~200 s a steady state is approached: both SAXS
eq

I  and WAXDX  remain constant indicating the 

presence of stable and crystalline shishes. The Bragg spacings corresponding to the 110 and 

200 crystalline peaks are 
110

d =4.14 Å and 
200

d =3.86 Å and they are independent of time. 

Therefore, the unit cell parameters =
200
2a d =7.6  and ( ) ( )

−
− −⎡ ⎤

= −⎢ ⎥⎢ ⎥⎣ ⎦

1/2
2 2

110 200
2b d d =4.9  

are also independent of time. These values are consistent with data for PE available in the 
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literature49. The apparent lateral dimension  of shishes in the hkl direction can be 

estimated with the Scherrer equation50: 

 =
0.9
coshkl

hkl hkl
B

λ
δ

θ
  (4.12) 

where  is half of the scattering angle and  the angular breadth (in radians) of the hkl 

reflection. The values obtained for the 110 and 200 reflections are shown as a function of the 

time in Figure 4.7 and are scattered around δ 21 nm and δ 31 nm. 

 

Figure 4.7: Apparent lateral size of the shishes in the 110 and 220 direction at 142   after a 
shear of 120  for 1 s. 

The stability of the suspension of shishes is, however, limited to ~400 s because of the 

high temperature. Both SAXS
eq

I  and WAXDX  start to slowly decrease when t 600 s indicating 

that the crystalline shishes slowly melt. The average diameter of the shishes can be estimated 

as D δ . The average length of the shishes can be estimated with Ruland’s method51-

53 that analyzes the changes of the azimuthal breadth of the SAXS equatorial streak as a 

function of q. This analysis provides a value of L 260 nm . In average, 

⁄ 8 indicating that the aspect ratio of the precursors is indeed critical (see 

Equation (4.9)). For this reason, many shishes do not meet the stability requirements and start 

a slow melting at t 600 s, resulting in a slow decrease of ISAXS and of XWAXD. However, in 
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this process, δ  (and ) remains unaffected suggesting that, in these conditions, 

melting of the shishes occurs at the end surfaces. 

4.4 Conclusions 

In this Chapter, we show that by applying shear flow to a bimodal HDPE melt it is 

possible to generate a suspension of only extended chain shishes. This is feasible at a high 

temperature as high as 142 , just above the equilibrium melting temperature of folded chain 

lamellae. In these conditions, shear can induce a large amount of needle-like FIPs causing a 

clear mark in the SAXS (equatorial streak of intensity). At the same time nucleation of the 

kebabs is suppressed because of the high temperature. At such a high temperature, many FIPs 

do not meet the size requirements for stability and dissolve in the melt. Remarkably, their 

dissolution time scale (measurable with SAXS) matches the time scale for the reptation of 

HMW molecules. This link between dissolution of subcritical FIPs and HMW chain 

dynamics suggests that the early FIPs are made essentially of HMW chains. Needle-like FIPs 

meeting the stability requirements crystallize with an orthorhombic lattice giving rise to a 

suspension of crystalline shishes only. However, with the applied flow conditions (120  

for 1 s), at 142 , the aspect ratio of the shishes is critical and after 600 s they start slow 

melting from the end surfaces. 

 

In this Chapter, the formation of precursors and their crystallization into extended 

chain shishes is discussed. In the following Chapter, we show that these extended chain 

crystals can be used as nucleating substrate. Because of their exact epitaxy matching and flow 

alignment, shishes generated at high temperature can template the crystallization of high 

oriented polymer morphologies. 
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Chapter 5* 

Precursors, crystallization and melting in 

sheared bimodal HDPE melts 

In a crystallizable polymer melt, flow can induce metastable precursors of 
crystallization with very low or no crystallinity. These flow induced precursors (FIPs) 
can control the subsequent developments of the crystalline morphology. FIPs are active 
in the early stages of crystallization, enhancing the kinetics and promoting the 
formation of oriented shish kebabs. To study the formation of FIPs in shear flow, we 
make use of a specially synthesized blend of low and high molecular weight (LMW and 
HMW) linear HDPE. Remarkably, we found that, at 142 , just above the equilibrium 
melting temperature , shearing the melt can induce needle-like precursors that are 
clearly detectable with X-ray scattering. At this high temperature, only FIPs with an 
extended chain structure are stable and can crystallize, forming a suspension of shishes 
without kebabs. The other FIPs (with folded chain structure or with extended chain 
structure but too small to grow) have a limited lifetime and relax back to the melt state. 
The timescale of relaxation of these subcritical precursors matches the disengagement 
time of the HMW fraction, suggesting that the early FIPs are HMW rich. Analysis of 
the flow conditions indicate that FIPs arise with the stretching of the network formed 
by the mutually entangled HMW molecules, but only if a critical strain is exceeded. 
FIPs and shishes generated with shear at 142  can be used as seeds for the 
nucleation of the rest of the molecules. On cooling, the onset of bulk crystallization can 
shift up to 132  depending on the flow conditions. Bulk crystallization starts with 
nucleation of kebabs at high temperature and, if molten material is still available, 
proceeds, at lower temperature with homogeneous nucleation of randomly oriented 
lamellae that decrease the degree of orientation of the crystalline morphology. For 
certain flow conditions, sufficient shishes are created to template a fully oriented 
morphology without homogeneous nucleation of randomly oriented lamellae. Shish-
kebabs exhibit an enhanced thermal stability. The crystallization of kebabs is reversible 
and melting of kebabs restores a suspension of shishes that, eventually, melt at a higher 
temperature. 

                                                 

*  Partially reproduced from: L. Balzano et al. ‘Precursors, crystallization and melting in sheared 
bimodal HDPE melts’, Macromolecules 2008 (Submitted) 
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5.1 Introduction 

As shown in the earlier Chapters, flow plays an important role in the morphological 

developments1-5. Flow promotes the formation of anisotropic crystalline structures with a 

cylindrical symmetry that are called shish-kebabs6-8. In the simplest case, shish-kebabs are 

made of a single fibrillar crystal bearing periodically spaced disk-like lamellae9-11, but more 

complex arrangements have also been observed12. The formation of shish-kebabs starts with 

anisotropic precursors that, depending on the conditions, can grow or dissolve back to the 

melt state. Shish-kebabs can be beneficial for the mechanical properties of the material. Ultra 

high molecular weight polyethylene (UHMWPE) with a shish-kebab morphology can have a 

Young’s modulus up to 100 GPa13. Shish-kebabs exhibit also an enhanced thermal stability 

and can be superheated well above the melting point of spherulites. For example, for certain 

conditions, shish-kebabs can melt at temperatures as high as 160  for PE14, as high as 190 

 for isotactic polypropylene (iPP)15 and as high as 255  for isotactic polystyrene (iPS)16. 

The enhancement of mechanical properties and thermal stability caused by the 

formation of shish-kebabs was extensively studied in the last decades. From the initial 

observations by Pennings17 on stirred PE solutions and by Binsbergen18 on iPP melts, it was 

already clear that they arise from the crystallization of polymer chains stretched by the flow. 

Stretched chains have a high segmental orientation that allows them to crystallize faster than 

coiled chains and form fibrillar crystals. Keller and coworkers3 rationalized the formation of 

shish-kebabs linking it to the molecular weight (M ) and to the polydispersity of the melt. At 

a strain rate , molecules with a molar mass M above a critical value M  can undergo stretch, 

while all the others relax rapidly and retain a coiled configuration. From the coexistence of 

coiled and stretched chains in the melt, two different structural events in the formation of 

shish-kebabs were identified: 1) extended chain crystallization of the stretched molecules 

leading to shishes and 2) epitaxial (heterogeneous) crystallization of the coiled molecules 

leading to kebabs. Recently, simulations of the groups of Frenkel19 and Muthukumar20 

confirmed this mechanism. In both cases, a shish was ‘artificially’ introduced in a simulation 

box filled with relatively short coiled chains. Time resolved snapshots revealed that the shish 

acts as a nucleating substrate promoting the epitaxial crystallization of short chains that gives 

raise to the kebabs. Experimental evidence for (flow induced) formation of shishes followed 

by the growth of kebabs is given by several groups6, 21-24. However, the formation of shishes 
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and the epitaxial crystallization of kebabs have not been studied separately because the time 

interval, separating these two processes, is often too short. Experimental conditions to 

achieve a clear separation between the formation of shishes and of kebabs were identified 

recently25. 

In this Chapter, we discuss the effects of the external conditions (temperature and 

flow) on the formation of FIPs and the role that FIPs play in the bulk crystallization of the 

polymer. We also address some features of the melting of shish-kebabs. It has been suggested 

that high molecular weight molecules enhance the formation of FIPs26-29. Therefore, for our 

investigation, we selected a linear HDPE with bimodal molecular weight distribution, 

synthesized via a new chemical route. 

The Chapter is organized to show the transformation of FIPs into crystalline structures 

starting from high to low temperatures. 

5.2  Experimental method 

5.2.1 Material preparation 

The preparation of the bimodal HDPE investigated in this Chapter is described in the 

material section of Chapter 4. 

5.3 Characterization 

5.3.1 Rheology 

The linear viscoelastic properties of the bimodal HDPE blend in the melt were 

measured with frequency sweep experiments using an AR-G2 rheometer (TA Instruments) 

equipped with 8 mm disks. The experiments were performed in a N2-rich environment after 

annealing the samples for 5 min at 200 . A strain of 1 % assured a strain-independent 

response (linear viscoelasticity)30. 
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5.3.2 Small Angle X‐Ray Scattering (SAXS).  

Crystallization of the bimodal HDPE samples was followed at morphological scale 

(roughly from 10 to 100 nm) with SAXS. Time resolved experiments were performed using 

synchrotron radiation at the beamlines ID02 and BM26/DUBBLE of the ESRF (Grenoble, 

France). Two dimensional images were recorded and corrected for the transmitted beam and 

for the scattering of the empty sample holder. Afterwards, the scattered intensity was plotted 

against the modulus of the scattering vector | | 4 / /2  were  is the 

wavelength and 2  the scattering angle. The spatial periodicity of polymer lamellae was 

estimated from the long period 2 / , where  is the value of q corresponding 

to the first maximum in the intensity profile. The integrated intensity as a function of ξ 

(temperature or time) is defined as ;  where  and  are the 

minimum and maximum accessible q values, respectively. The characterization of anisotropic 

crystal morphologies requires the definition of three scattering regions in the azimuthal 

direction: the equatorial region, orthogonal to the chain axis; the meridional region parallel to 

the chain axis and the diagonal region in between the equatorial and meridional regions. 

5.3.3 Wide Angle X‐Ray Scattering (WAXS or WAXD).  

Time resolved structural changes during crystallization were followed with high 

resolution WAXD at the beamline ID11 of the ESRF (Grenoble, France). Two-dimensional 

images were recorded and corrected for spatial distortion and for the scattering of the empty 

sample holder. Afterwards, the intensity was plotted against the scattering angle 2 . The 

intensity profiles were normalized for the total scattered intensity 

2 ; 2 . The WAXD crystallinity index XWAXD  was 

calculated after deconvolution of the intensity scattered by the amorphous (IA) and by the 

crystalline phase (IC) using standard procedures27, 29, 31: XWAXD 100 · IC/ IC IA . After 

determining the angular positions 2  of the scattering peaks, the Bragg distances d were 

calculated with Bragg’s law: 2 · . The unit cell parameters a and b of the 

orthorhombic unit cell of PE were determined according to: 2  and 

2   ⁄  where  and  are the Bragg distances corresponding to the 110 and 

200 reflections. For oriented samples, the degree of orientation of the crystals was defined as 
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the Hermans’ orientation factor of the c-axis: 3 1 /2  where β is the 

azimuthal angle.  can be calculated using Wilchinsky’s method32 from the 110 and 

200 reflections: 1 0.565 · 1.435 ·  and 
/    dβ/  /    dβ . The c-axis of the crystallized molecules is 

parallel to the flow direction when 1, randomly oriented when 0 and orthogonal 

to the flow direction when 0.5.  

5.3.4 Shear experiments  

Shear experiments were performed in combination with X-ray using a Linkam Shear 

Cell CSS-450. To reduce unwanted scattering, the glass of the original windows of this cell 

was replaced by kapton. Before performing the experiments, samples (disks with thickness 

~200 microns) were annealed for 3 min at 200  in order to erase the memory of previous 

thermo-mechanical histories. 

5.4 Results and discussion 

5.4.1 Flow induced precursors above the equilibrium melting temperature 

Precursors are considered to be (partially) disordered bundles of macromolecules with 

typical dimensions of few nanometers. They can be formed after deformation of the melt, 

even at very high temperatures and, in some cases, also above the equilibrium melting 

temperature T , as shown in Chapter 4. In this paragraph, we provide evidence of the 

formation of FIPs with shearing well above T  and we discuss their role in structure 

formation during cooling. The reader is reminded that, for PE, T 141.2   33. A pulse of 

shear (120 s  for 1 s), followed by cooling (10 /min) to room temperature, is applied to the 

bimodal HDPE melt at three different temperatures: 160, 200 and 240 . WAXD 

crystallinity and orientation, for these three experiments are compared with the values of a 

no-flow experiment in Figure 5.1. 
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Figure 5.1: WAXD crystallinity (left) and orientation factor (right) during cooling (10 /min) 
after shear well above . 

For the quiescent experiment the increase in crystallinity, indicating nucleation in the 

melt, occurs at 115  and isotropic structures develop. When the melt is sheared at 160 , 

nucleation occurs at higher temperature, 124 ,  with a high degree of orientation (FH~0.5). 

The high nucleation temperature together with the absence of crystallinity before nucleation 

suggests that shearing induces non-crystalline FIPs that act as a nucleating substrate for the 

rest of the molecules. The high orientation in the early stages indicates that these FIPs have a 

pronounced anisotropy and nucleate shish-kebabs. At lower temperatures, orientation 

decreases because of the nucleation of isotropic structures in the relaxed part of the melt. 

When shear is applied at 200 or 240 , because of lower relaxation times and of more 

demanding thermodynamical conditions, less FIPs with a more disordered structure are 

generated. This leads to clear distinction with shearing at 160   in the bulk crystallization of 

the melt. Nucleation occurs at a lower temperature, ~119 , and less oriented crystals are 

formed. Actually, after shearing at 240 , no orientation is observed although the nucleation 

temperature remains higher than in the no-flow case (point nucleation). The reduced ability of 

nucleation can be ascribed to both a reduced aspect ratio and to a lower concentration of 

FIPs. WAXD patterns, at two different temperatures (121 and 90 ), corresponding to the 

experiments with shear at 160, 200 and 240  are shown in Figure 5.2. 
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Figure 5.2: WAXD patterns at two different temperatures (left and middle) and azimuthal 
distributions of the intensities (right) after shear well above . 

In all cases, the scattering fingerprint of the orthorhombic PE is clearly visible. 

Analysis of the azimuthal distribution of the intensity of the 110 and 200 reflections unveils 

interesting structural details. After shearing at 160 , the azimuthal offset between the 

maxima of the 110 and 200 reflections suggests that FIPs are overgrown by twisted kebabs 

(see Figure 5.3a), resembling lamellae within spherulites.  

 

Figure 5.3: a) Shishes with twisted kebabs. b) Zip-fastener structures with interlocking of 
kebabs 
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The twist arises from tilting of the chains and it is only possible when shish kebabs 

are widely spaced, i.e. their concentration is low. A similar scenario is also observed after 

shearing at 200 . However, in this case it is not possible to resolve two distinct peaks 

around the equator (β=0, 180°). When shear is applied at 240 , isotropic crystallization 

leads to uniform azimuthal distribution of the intensities. In this case, lamellae arrange in 

spherulites and exhibit random orientations.  

5.4.2 Stable  and  relaxing  precursors  above  the  equilibrium  melting 

temperature  

In Chapter 4, we have seen that FIPs can crystallize and grow into shish-kebabs or 

dissolve in the melt depending on the conditions. Similar to a usual melting process, the 

dissolution of FIPs can provide information on their nature. However, most of the literature in 

this area focuses on the transformation from FIPs to shish-kebabs and the data available 

concerning dissolution and lifetime of FIPs is scarce and scattered (see Table 4.3). Because of 

a bimodal molecular weight distribution, the HDPE selected for the present investigation has 

a remarkable tendency in generating precursors under shear. This feature can be used to 

generate a suspension of extended chain crystals (shish) only with shear just above T . In 

these conditions, FIPs with a folded chain structure are less stable and rapidly dissolve. In 

other words, approaching the melting point of the material, structure formation becomes more 

selective towards highly stable extended chain FIPs and the formation of kebabs is 

suppressed. Information on the dynamics of the precursors can be obtained from the time 

evolution of the SAXS equatorial intensity (ISAXS) and crystallinity (XWAXD). FIPs smaller 

than the critical dimensions dissolve rapidly, while FIPs exceeding the critical dimensions 

crystallize and become stable (see Paragraph 4.3.3). 

Molecules with the highest molar mass enhance the formation of FIPs. Having the 

longest relaxation times, they are easy to orient and stretch and retain these configurations 

longer than the other molecules. This may lead to the idea that shishes are mostly formed of 

high molar mass molecules. However, this conclusion is not confirmed by the experiments of 

Kornfield and coworkers34 that, on the contrary, pointed out that the HMW chains are not 

overrepresented in the shishes. A scenario emerges where the formation of FIPs starts with a 

bundle of (oriented and stretched) HMW chains. This bundle propagates in the flow direction 
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incorporating both LMW and HMW chains. However, it seems clear that the early FIPs are 

HMW rich. Such a hypothesis can be verified with X-ray scattering, analyzing the time scale 

of the dissolution kinetics of subcritical FIPs. These bundles of chains are too small to 

crystallize and grow, and their development stops in the early stages, when they are HMW 

rich. It is reasonable to imagine that the dissolution of these small FIPs occurs with the 

reptation of the constituent HMW chains. An important remark is that De describes only the 

most probable situation. The reality is more complex20; despite the high De, HMW chains can 

retain a random coil configuration because of entanglements with surrounding chains that are 

unaffected by flow. 

5.4.3 Flow  induced shishes below the equilibrium melting temperature: the 

influence of temperature  

To study the effect of temperature on FIC, samples were isothermally crystallized at 

three different temperatures (123, 133 and 137 ) after the application of a shear of 30 s  

for 2 s at that temperature. Results are presented in Figure 5.4 and Figure 5.5.  

 

Figure 5.4: Left) WAXD crystallinity after a shear of 30  for 2 s at different temperatures. 
Right) WAXD integrated intensity as a function of the scattering angle at different 
temperatures at t=140 s. 

The critical dimensions  and    (Equations (4.6) and (4.7)) increase with 

increasing temperature (decreasing undercooling) and make nucleation more sporadic. 

Approaching the melting point, only rare density fluctuations can give rise to growing nuclei 

and this explains the dramatic drop of XWAXD  observed in Figure 5.4. Simultaneously, at 
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higher temperatures (but still below T ), despite the lower De, a higher orientation develops 

(Figure 5.5). 

 

Figure 5.5: Hermans’ orientation factor and selected WAXD images (at t=140 s) at different 
temperatures after a shear of 30  for 2 s. 

This suggests that the formation of the initial bundles of HMW chains is governed by 

the enhanced chain mobility. The reduction of relaxation times with temperature plays a less 

important role. These conclusions are in line with the findings of other researchers6, 35, 36. 

Finally, it is remarkable that the application of a shear of 30 s  for 2 s at 123, 133 and 137 

 yields always WAXD patterns (Figure 5.5) indicating the formation of straight, untwisted, 

kebabs (Figure 5.3b). This suggests that the distance between neighboring shish-kebabs is 

small (i.e. their number is high). Keller and coworkers demonstrated that, in these conditions, 

shish-kebabs impinge and form zip fastener structures9. Interlocking of kebabs in this 

morphology provides an extra mechanism for transferring (delocalizing) stress among 

neighboring chains. As a result, the mechanical properties of the material are further 

improved. 
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5.4.4 Flow  induced shishes below the equilibrium melting temperature: the 

influence of flow conditions  

The transformation of FIPs in shish-kebabs after the application of shear is studied 

isothermally at 137 ,  close but below the melting point. To assure a fair comparison 

between different flow conditions shear rate  and shear time t  are varied holding the total 

strain γ  (=γ · t ) constant. The experiments are performed in combination with WAXD to 

determine crystallinity and orientation factors and with SAXS to analyze the morphology. 

Some results, relevant to the discussion, are shown in Figure 5.6. For all the explored flow 

conditions, shish-kebabs with untwisted kebabs are formed. Apparently, shear rate is more 

effective than shear time in enhancing nucleation since higher shear rates corresponds to 

higher crystallinity. Furthermore, increasing , the orientation factor increases as well. 

Shortly after shear, when crystallinity is very low (less than 1 %), an equatorial streak of 

intensity in SAXS suggests the formation of FIPs with a high degree of anisotropy. Some of 

them immediately crystallize and are overgrown by stacks of lamellae (kebabs) that give rise 

to meridional lobes in the SAXS. When the lamellar overgrowth takes place, the crystallinity 

raises accordingly, until a steady state is reached. As shown by the lines in Figure 5.6, the 

time dependence of the crystallinity is well described by the following kinetic equation: 

 ( )⎡ ⎤= ⋅ − −⎢ ⎥⎣ ⎦0
( ) 1 exp /WAXDX t X t λ  (5.1) 

 is crystallinity at the steady state and λ is a characteristic time. The values of  and λ, 

obtained fitting (5.1) to the data, are reported in Table 5.1 together with the De numbers for 

HMW chains. Both the increase of  and the decrease of λ with the flow rate are a 

consequence of the flow enhanced nucleation rate. In fact, flow promotes nucleation and 

more nuclei fill the space in a shorter time span. For all flow conditions, DeHMW is always 

much higher than unity and indicates a prominent orientation of HMW molecules. In 

addition, when DeHMW  approaches unity an equatorial streak in the SAXS indicates the 

formation of shishes. Besides the degree of crystal orientation, also other details of the 

morphology are affected by the flow. For instance, after 300 s, the average long period L  is 

88 nm for a shear of 60 s-1 for 1s while it decreases to 81 nm for a shear of 15 s-1 for 4 s 

suggesting the formation of thinner crystals in the latter case. 
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Figure 5.6: Top) WAXD crystallinity and orientation as a function of time at 137  after a 
shear with 60 strain units. Bottom) Selected SAXS images corresponding to the 
experiments shown on top. 

Table 5.1: Deborah numbers for HMW molecules and fit parameters for the Equation (5.1) at 
137 . 
 HMW Des HMW Deo  [%] λ [s] 

1s-1 / 60s 0.04 170 0.06 >100s 

15s-1 / 4s 0.68 2500 0.86 67.8 

30s-1 / 2s 1.37 5000 2.1 42.8 

60s-1 / 1s 2.73 10000 3.7 41 

 

Similar to what is observed at 142 , with the formation of needle-like FIPs,  

rises quickly to a maximum and then decreases (see Figure 5.7). However, in this case the 

drop of ISAXS  is relatively small and does not correlate with τDHMW . Due to the lower 

temperature, the early FIPs are more stable than at 142  and their lifetimes t IP τDHMW. 

Moreover, the drop of ISAXS  could also be (partially) explained with the presence of the 

kebabs that decrease the density fluctuation between the shishes and the melt. 
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Figure 5.7: Integrated meridional and equatorial SAXS intensities at 137  after a shear of 
15  for 4 s. 

5.4.5 Separating shish creation from the kebab crystallization 

We are now going to show how shishes nucleate the bulk of the polymer. In Chapter 

4, the formation of crystalline shishes with shear flow at 142  is discussed. Just like 

nucleating agents, shishes generated at this high temperature can be used as a heterogeneous 

substrate for the nucleation of the rest of the molecules at a lower temperature. An exact 

lattice matching and a good state of dispersion make shishes the perfect nucleating agent. In 

this paragraph, we discuss the increase in the crystallization temperature and the changes in 

the morphology induced by shishes generated with shear at 142 .   Different flow conditions 

are investigated and the cooling starts immediately after flow. Figure 5.8 shows SAXS 

images taken at 142  shortly after the application of shear. The corresponding De number 

for HMW molecules are given in Table 5.2. The scattering fingerprint of needle-like FIPs and 

shishes is clear, independently of shear rate, when γ=100. In all the other cases, in the 

accessible q range, no changes are observed in the scattering patterns immediately after flow. 

Table 5.2: Deborah numbers for HMW chains in shear at 142 . 
 2 s-1 5 s-1 10 s-1 25 s-1 50 s-1 100 s-1 

HMW Des 0.07 0.2 0.4 0.9 1.8 3.5 

HMW Deo 260 650 1300 3250 6500 13000 
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The scattering patterns of Figure 5.9 suggest the presence of a threshold strain γ  

for shish formation. Below γ , regardless of , the stretch ratio of the HMW molecules 

would be insufficient to form shishes. This idea is consistent with the findings of van 

Meerveld et al.37.  However, the absence of an equatorial streak in SAXS does not, 

necessarily, imply the absence of FIPs and shishes. The equatorial streak is absent also when 

the concentration of FIPs and shishes is (too) low. This is proven, during cooling, by the 

growth of lamellae (kebabs) with a high degree of orientation (see Figure 5.9), suggesting the 

presence of an anisotropic nucleating substrate (FIPs or shishes). According to the 

simulations of Frenkel and coworkers19, even a single stretched molecule can nucleate 

parallel lamellae. Surprisingly, in the range of conditions explored in this Chapter, the overall 

degree of lamellar orientation is found to depend mainly on γ. Very similar orientations are 

observed at a given γ, independently of . While, much more pronounced differences are 

observed varying γ (or varying t ) at a given . Figure 5.9 demonstrates that the influence of 

shear flow on PE morphology is substantial and can be dramatic in some cases. For instance, 

at γ=100, starting from 25  , isotropic scattering is hardly detectable. For these 

conditions, all lamellae grow with the c-axis parallel to the shishes (i.e. parallel to the flow 

direction) yielding a very high level of anisotropy. The emergence of a second order 

reflection at the meridian of SAXS (see patterns in Figure 5.9) indicates that kebabs are 

distributed along the flow direction with high regularity. At room temperature, their spacing 

is 23 nm. Morphology evolution during bulk crystallization is discussed for the case of 

cooling after a pulse of 100 s-1 for 1 s at 142 , see Figure 5.10. At high temperature, the 

SAXS equatorial intensity is higher than the meridian and diagonal due to the scattering of 

FIPs and shishes. During cooling, L  and D  become smaller and, small FIPs, bound to 

dissolve at 142 , can crystallize (thermal nucleation) increasing the equatorial intensity. 

Simultaneously, also the meridian intensity increases but, no maximum can be observed in 

the intensity profile above T 130 , suggesting uncorrelated objects in the melt. In other 

words, because of thermal nucleation, small (point-like) FIPs are transformed in stable nuclei. 

These small FIPs can tumble during shear and, therefore, have random orientations. 

Moreover, the orientation of these small FIPs is lost already at a relatively small lateral 

growth. 
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Figure 5.8: SAXS images few seconds after the application of shear at 142 . The flow 
direction is horizontal. The shear time is indicated in each image. 
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Figure 5.9: SAXS images at room temperature after the application of shear at 142 . The 
flow direction is horizontal. The shear time is indicated in each image. 
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Figure 5.10: SAXS equatorial and meridional integrated intensities as a function of 
temperature after shear at 142  (cooling rate is 5 /min). 

At T 133 , large scale (secondary) nucleation starts. First, the heterogeneous 

nucleation of kebabs on the surface of shishes causes an increase in ISAXS and, next, at lower 

temperatures, some isotropic nucleation in the bulk of the sample causes an increase in ISAXS 

as well. Particularly interesting is the case of mixed morphologies where spherulites coexist 

with shish-kebabs. In these cases, it is possible to distinguish between the high temperature 

nucleation of kebabs from the low temperature nucleation of spherulites. An example is the 

experiment shown in Figure 5.11 (cooling after 10 s  for 5 s at 142 ).  

 

Figure 5.11: Salient SAXS images during crystallization on cooling after shear at 142 .  
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5.4.6 Crystallization onset temperature after short term shear 

As for nucleating agents, the nucleation ability of shishes can be estimated comparing 

the temperatures where heterogeneous nucleation occurs during cooling. We found that the 

onset temperature of the kebabs T  depends on the flow conditions at 142 . For the flow 

conditions described in the previous paragraph, T  varies from ~125  to ~132 , as 

reported in Figure 5.12.  

 

Figure 5.12: Onset temperature for the nucleation of kebabs on cooling (5 /min) after 
shear at 142 . 

Similar to the morphological orientation, T  depends mostly on γ rather than on  

and on t . Consistent with the SAXS data, T  exhibits the highest values at γ=100, where 

a large amount of shishes (~0.4 %) is formed, and the lowest values at γ=25, where less 

shishes are formed. The nucleating ability of a substrate can be seen as the product between 

the quality (efficiency) of the nucleation sites and their number. The quality of nucleation 

sites is given by matching of the lattice parameters of the substrate and the crystallizing 

polymer (epitaxy)38-41 and, in this case, is not an issue because of the common unit cell of 

shishes and kebabs. In addition, it seems reasonable to assume that epitaxy matching does not 

depend on the flow conditions. In contrast, the quantity of the nucleation sites is determined 

by aspect ratio ( 1/D ) and concentration of the shishes and both depend on the flow 

conditions. The individual effects are difficult to separate because a better nucleation ability 

(higher values of T ) is associated with more nucleation sites that can be achieved both at 
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the same concentration increasing the aspect ratio and with the same aspect ratio increasing 

the concentration. 

5.4.7 Melting of shish kebabs 

Heterogeneous crystallization of kebabs on shishes yields a well organized and 

oriented morphology. Because of the high nucleation temperature, kebabs grow thicker than 

ordinary lamellae. For these reasons shish-kebabs exhibit an enhanced thermal stability. To 

illustrate the melting of shish kebabs, Figure 5.13 shows SAXS intensities as a function of the 

temperature during heating of a sample crystallized after a shear of 100 s  for 1 s at 142 .  

 

Figure 5.13: SAXS equatorial and meridional integrated intensities as a function of 
temperature heating a sample with fully oriented morphology crystallized on 
cooling after a shear of 100 /1s at 142 . 

At ~115 , melting of the kebabs (folded chain crystals) starts and it is completed 

abruptly when they are superheated to ~142 . Shishes, with their extended chain structure, 

are more stable than spherulites and melt gradually, surviving up to ~157 . Interestingly, 

immediately after melting of the kebabs, the scattering fingerprint of shishes becomes again 

visible in the SAXS. This indicates that, if the temperature is not too high, shishes generated 

with shear at 142  retain their morphology after melting the kebabs. This behavior is 
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similar to that of some nucleating agents. Kebabs that can melt leaving intact the shishes were 

already observed and termed macrokebabs by Keller3. During cooling, after heating up to 148 

, high temperature nucleation of kebabs is still observed, see Figure 5.14.  

 

Figure 5.14: SAXS images during heating and cooling runs around the melting point of the 
material. 

This suggests that melting of the shishes begins with losing order at small length 

scales. As a consequence, chain stretch rapidly vanishes and disrupts the structure of the 

shishes. However, as suggested by some rheological observations42, the long range order, on 

the length scale of the whole molecule, can still be retained. Apparently, the long lasting 

orientation of HMW chains is sufficient for the epitaxial nucleation of kebabs. On heating 

from room temperature, independently of the shear history at 142 , kebabs always melt at 

~142 , i.e. a few degrees higher than spherulites do. In this respect, it is interesting the 

follow the melting of a sample with a mixed morphology. For instance, Figure 5.15 reports 

SAXS images of the melting of a sample crystallized after a shear of 5 s  for 10 s at 142 .  
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Figure 5.15: Sequence of SAXS images describing morphological changes during melting of 
a sample with a fully oriented morphology. 

At low temperatures, this sample shows a morphology that is a combination of 

oriented and isotropic distributed lamellae suggesting the coexistence of shish kebabs and 

spherulites. Upon heating, the isotropic scattering coming from spherulites disappears first at 

140 . The meridional lobes coming from kebabs disappear later, at 142 . Shishes were 

not observed in SAXS during the crystallization of this sample and correspondingly are not 

observed on heating after melting of the kebabs. 

5.5 Conclusions 

In this Chapter, we studied the mechanism of formation and melting of shish kebabs 

in a sheared bimodal HDPE melt.  The results indicate that flow induced precursors (FIPs) 

play a crucial role in structural and morphological developments during crystallization. FIPs 

are metastable structures with very low or no crystallinity that arise with stretching of the 

longest chains in the melt. FIPs can be formed at temperatures surprisingly high compared 

with T  and, depending on the conditions, can grow into crystals or dissolve in the melt. 

When FIPs are formed at very high temperatures, for instance 160 or 200 ,  they are 

undetectable with SAXS and WAXD but still show strong influence on the crystallization of 

the polymer. On cooling, FIPs increase the nucleation temperature and promote orientation at 

structural and morphological levels. The formation of needle-like FIPs and shishes demands 

stretch of the HMW chains. But this is not the only requirement. Shearing at 142 , we 
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found that the total strain plays a clear role. It seems that a critical strain should be exceeded 

to obtain a large quantity of shishes. On cooling, needle-like FIPs and shishes formed at 142 

 act as nucleating agents. They can raise the nucleation temperature to up 132  and 

template the morphology of the polymer. With time resolved SAXS, it is possible to 

differentiate between the high temperature epitaxial nucleation of kebabs and the nucleation 

of lamellae randomly assembled in spherulites, at lower temperatures. We observe that ~0.4 

% of shishes is sufficient to produce a fully oriented morphology on cooling. Such a 

conclusion is consistent with our findings on iPP melts containing fibrils formed from the 

nucleating agent DMDBS where a similar small amount (~0.5 wt%) of pre-aligned DMDBS 

fibrils is sufficient to induce, on cooling, a fully oriented polymer morphology. 

Shish kebabs obtained on cooling after shear at 142  are well organized and this 

gives them an enhanced thermal stability. At morphological level, melting is a sequence of 

events symmetrical to crystallization. In fully oriented morphologies, kebabs melt before 

shishes and yield again SAXS patterns with equatorial scattering only. In mixed 

morphologies, spherulites melt before kebabs and, similar to the crystallization process, no 

equatorial scattering is observed. 

 

In this Chapter, the transformation of FIPs into extended chain crystals and the 

nucleating ability of these crystals is addressed. FIPs are partially disordered bundles of 

molecules with undetectable crystallinity. In fast short term shear, a question arises whether 

FIPs are generated during or after cessation of flow. In the following Chapter, an attempt has 

been made to answer this question. 
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Chapter 6* 

Metastable structures during fast short term 

shear 

The goal of this Chapter is to study the crystallization of isotactic polypropylene 
(iPP) during and immediately after a strong pulse of shear (i.e. with a high Deborah 
number) on the undercooled melt. This is possible using high flux synchrotron X-ray 
scattering (SAXS and WAXD) that allows for a high frame rate (3 frames/s) 
maintaining a good signal to noise ratio. We found that shear rate is the dominating 
parameter for structure formation during shear. When the shear rate is high enough, 
crystals with a high degree of orientation in the shear direction can be formed already 
during shear. In contrast, for lower shear rates, no crystalline structures were observed 
during shear. However, SAXS shows an equatorial streak indicating needle-like 
scatterers aligned with the flow direction. These scatterers are metastable precursors 
of crystallization. Although these precursors are not crystalline in the early stages, they 
crystallize after cessation of the flow and template the nucleation of lamellae with c-
axis parallel to the flow direction (shish-kebab morphology). 

6.1 Introduction 

Bulk crystallinity1-5 affects many of the physical properties of semicrystalline 

polymeric materials6-12. Universal rules are difficult to establish as these materials exhibit a 

processing-property relation, i.e. the final properties of the material are affected by the 

processing conditions. Temperature history and, especially, flow alter the crystallization 

behavior. Flow can increase the crystallization rate by decades compared to quiescent 

conditions13-18 and, in addition, the crystalline morphology can change dramatically19-24. In 

quiescent or quasi-quiescent conditions morphology is dominated by spherulites25, three 

dimensional assemblies of randomly oriented folded chain lamellae. For strong enough flows, 

spherulites are replaced by shish-kebabs, composite crystallites with an extended chain 

fibrillar core (shish) dressed with disk-like folded chain lamellae (kebabs)26-32. The origin of 

                                                 

* Partially reproduced from: L. Balzano et al. ‘Metastable structures during fast short term shear’, 
Macromolecules 2008 (Submitted) 
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this morphology is the topic of a long standing discussion31, 33-37 that begun in the 1960s. In 

Chapters 4 and 5, some of the classic ideas are combined with new observations, to propose a 

mechanism for the formation of shish-kebabs that starts with stretch of the longest chains and 

passes through metastable precursors with undetectable crystallinity. In short term shear, after 

cessation of the flow, a selection takes place among the precursors. Those exceeding some 

critical dimension transform into crystalline structures, the remainder dissolve back into the 

melt state. The ratio between crystallizing and dissolving precursors and the rate of 

crystallization and dissolution are determined by the temperature. A real competition between 

crystallization and dissolution of flow induced precursors (FIPs) can be observed only at high 

enough temperatures. For instance, in the case of polyethylene (PE), it is necessary to be in 

proximity to or even above the equilibrium melting point 0
mT  ( 0 141.2m PE

CT = ° ). Although 

there is no undercooling TΔ , this does not contradict thermodynamics. In fact, flow raises 

the effective melting temperature by reducing the entropy and, thus, generates the 

undercooling fTΔ  that is indispensible for nucleation13, 38. At lower temperatures, the driving 

force due to flow contribute to make most of the precursors stable from the moment of their 

creation33. Here, dissolution is absent or limited to a small fraction of precursors. 

In many of the experiments available in literature, the study of FIPs is based on short 

term flow protocols33, 39-44 where, a pulse of flow is applied for few seconds, and the 

evolution of the system is studied after cessation of the flow. In this scenario, some questions 

arise: when are actually FIPs created and when do they crystallize? During or after cessation 

of the flow? Reminding that FIPs are disordered bundles of molecules held together only by 

weak interaction forces, another question that arises is: are these interaction forces strong 

enough to prevent flow from destroying FIPs and allow them to crystallize during flow? 

Giving answers to these questions is the aim of this Chapter.  

In a short term flow protocol, flow lasts, typically, only for few seconds and this 

restricts the sampling time to a fraction of a second. For this reason, our investigation 

demands the use of synchrotron X-ray scattering with a high flux of photons. The material 

investigated is isotactic polypropylene (iPP). 
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6.2 Materials and methods 

6.2.1 Materials 

The polymer used in this work is a commercial homopolymer grade of isotactic 

polypropylene (iPP). The material, labeled 15M10, was obtained by DSM (Geleen, The 

Netherlands) and contained no other additives than stabilizers. The specifications of the 

material are reported in Table 6.1. 

Table 6.1: Specification of the iPP used in this work. 

Material Mw [kg/mol] Mw/Mn [%mmmm] Tm [°C] 

15M10 350 5.6 96.2 161 

6.2.2 X‐ray characterization 

Small angle X-ray scattering (SAXS) was performed at the beamline ID02 of the 

European Synchrotron Radiation Facility (ESRF,Grenoble). The samples were irradiated with 

a wavelength λ=0.995 Å and two dimensional images were recorded using a Frelon detector, 

with a resolution of 1024x1024 pixels and a pixel size of 164 µm, placed at 6.5 m from the 

sample. After subtraction of the scattering of the empty sample holder, images were 

integrated to obtain the scattered intensity (I) as a function of the modulus of the scattering 

vector ( )sin( / 2)4 /q θπ λ=  where 2θ  is the scattering angle45, 46. The total intensity SAXSI  

as a function of time was obtained integrating I(q) over the whole accessible q range: 

max

min

( ) ( ; )
q

SAXS

q

I t I q t dq= ∫ .  

Wide angle X-ray scattering (WAXS or WAXD) was performed at the beamline ID11 

of the ESRF. Experiments were carried out with a wavelength λ=0.508 Å and a sample to 

detector distance of about 32cm. The images were recorded with a two dimensional Frelon 

detector with a resolution of 512x512 pixels (pixel size 190  µm). After correction for spatial 
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distortions and scattering of the empty sample holder, the images were integrated to obtain 

the intensity distribution I as a function of the scattering angle 2θ . These one-dimensional 

profiles were used to calculate crystallinity. For this purpose, the scattering of the amorphous 

component (IA) underneath crystalline peaks (Ic) was approximated with a straight line (see 

Figure 6.1).  

 

Figure 6.1: Example of the procedure to separate crystalline and amorphous scattering. The 
Miller indices of the scattering reflections are indicated as well. 

This simplified procedure is expected to give trustworthy results at low crystallinities 

(up to ~15%) 47. Crystallinity (x) was determined as: 

 100 C

C A

Ix
I I

= ⋅
+

 (6.1) 

WAXD data were also used for calculating the Hermans’ orientation factors FH of the 

crystalline c-axis: 

 
23 1cos
2HF β −

=  (6.2) 
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where β is the azimuthal angle. For iPP, where a 00l reflection is not observed, 2cos β  can 

be obtained with Wilchinsky’s formula48. Using geometrical relations, the orientation of the 

c-axis is calculated from the orientation of the 110 and 040 crystal planes: 

 2 22
040 1101 0.901 1.099cos coscos β ββ = − −  (6.3) 

with the definition: 

 

/2
2

02
/2

0

( ) cos sin
cos

( ) sin

I d

I d

π

π

β β β β
β

β β β

⋅ ⋅ ⋅
=

⋅ ⋅

∫

∫
 (6.4) 

6.2.3 Shear experiments 

Shear experiments were performed in combination with SAXS and WAXD using a 

Linkam CSS-450 Shear Cell where, to avoid unwanted scattering, the original glass plates 

were replaced with kapton. The setup is shown in Figure 6.2.  

 
Figure 6.2: Schematic drawing of the shear device. 

When shearing, a metal spoke of the rotating plate lies periodically in front of the 

incoming beam, the corresponding (dark) scattering images are discarded from analysis. 
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6.3 Results and Discussion 

6.3.1 Flow conditions in short term shear 

It is well established that shear flow promotes orientation and stretch of polymer 

molecules in the melt23, 24, 49-51. If 
D
τ  and 

S
τ  are the relaxation times for orientation 

(disengagement time) and stretch (chain retraction time) of the longest molecules, orientation 

of these molecules is achieved when the Deborah number for orientation 
O D

De τ γ=  

exceeds unity and stretch when the Deborah number for stretch 
S S

De τ γ=  exceeds unity49. 

The ratio /
D S

τ τ  is similar to the number of entanglements per chain Z 52-54. For the iPP 

under consideration, Z 100 and, therefore, 100
O S

De De≅ . In other words, chain orientation 

is attained at shear rates nearly two decades lower than chain stretch. In this Chapter, we aim 

to look at crystallization under shear conditions providing orientation and stretch to the 

molecules, therefore, our experimental conditions are chosen such that 
S

De >>1. A high 

O
De  is consequently achieved as well. 

A useful way to study the flow induced crystallization (FIC) of a polymer melt is 

short term shear. In this experiment, after annealing at high temperature, the melt is brought 

to the desired test temperature where shear is applied for a limited time, typically few 

seconds, and the subsequent crystallization of the polymer is observed in absence of flow. By 

choosing a short shear time it is hoped that flow effects are separated from crystallization 

effects, i.e. no noticeable material changes occur during the flow and thus the ‘normal’ 

rheological behavior can be used to characterize the flow strength (
O

De  and 
S

De ). The flow 

conditions are determined by three parameters: temperature, shear rate (γ ) and shear time (
s

t

). Once these are assigned, the total strain (
s
tγ γ= ⋅ ) is also fixed. A fair comparison 

between different experiments is possible only when holding γ  constant. 
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6.3.2 Flow induced precursors during short term shear 

To generate FIPs, we select shear conditions with a relatively high strain value, 

180γ = . This allows for spanning a broad range flow conditions, from relatively slow and 

long to relatively fast and short. FIPs originate from stretching of the longest chains in the 

melt 23, 28, 41, 44, 55, therefore we restrict γ  such as 1
S

De >> . For the iPP considered, 

100
D

sτ ≅  and 1
S

sτ ≅  at 145 °C 56. Therefore, shear rates of 60 s-1, 90 s-1 and 180 s-1 

suite our experimental requirements. The shear time is varied accordingly to keep the total 

strain 180γ = . Table 6.2 gives an overview of the selected shear conditions. WAXD patterns 

acquired at a rate of 3 frames/s during and immediately after short term shear at 145 °C are 

shown in Figure 6.4. In these figures, as in the rest of the Chapter, the time t=0 corresponds 

to cessation of the flow. During flow (t<0), the level of crystallinity is always relatively low 

(<2 %) and, therefore, reflections from crystals are difficult to identify. As we expect 

strongly oriented structures that lead to arching of the reflections, only the equatorial region 

is shown. This enhances the visibility. 

Table 6.2: Deborah numbers for the experiments of Figure 6.6. 

 O
De  S

De  

60 s-1/3 s 6·103 60 

90 s-1/2 s 9·103 90 

180 s-1/1 s 1.8·104 180 

 

For a shear of 60s-1/3s, no scattering from crystalline structures is detected during 

shear. In contrast, for the higher shear rates, the scattering fingerprint of crystalline iPP 

structures is visible already during shear. For 90s-1/2s, arched 110 and 040 reflections are 

observed. Such a scattering pattern is associated to iPP crystals with a high degree of 

orientation in the flow direction57-59. Further analysis indicates that the level of crystallinity 

during flow reaches ~0.1%. A similar situation is observed for 180s-1/1s. In this case, arching 
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is even stronger than 90s-1/2s. The 110 reflection looks like a spot and the 040 (normally less 

intense then 110) is hardly visible. Crystallinity during flow reaches nearly 2 %. 

Summarizing, it is demonstrated that, when the flow rate is strong enough, crystalline 

structures (presumably shishes) can be formed already during a short term flow. The 

intermolecular forces within these crystals are high enough to avoid destruction by shearing.  

To investigate the dynamics of metastable FIPs during shear, the experiment 60s-1/3s 

is studied in more detail. During shear, WAXD suggests the absence of crystalline structures. 

However, SAXS patterns, see Figure 6.3, show an equatorial streak that indicates the 

presence of needle-like scatterers aligned with flow60. These needle-like structures, with no 

crystallinity, are indeed FIPs that are formed as a consequence of molecular stretching (

1
S

De >> ). As revealed by the appearance of SAXS meridional lobes, after cessation of the 

flow, FIPs start crystallizing and serve as a heterogeneous substrate for the nucleation of 

stack of lamellae with c-axis parallel to the flow direction. 

 

Figure 6.3: SAXS patterns during and immediately after short term shear at 145 °C with 60s-

1/3s. 

6.3.3 Crystallization after short term shear. 

After cessation of shear (t=0), samples are allowed to crystallize isothermally at 145 

°C. Figure 6.5 reports the SAXS intensities in the equatorial ( SAXS
Eq

I ) and meridional ( SAXS
Mer

I ) 
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Figure 6.4: Equatorial region of WAXD patterns during and after short term shear at 145°C 
with γ =180. Flow direction is vertical. The arrows indicate arched crystalline 
reflections. 



Chapter 6 
 

 116 
 

regions for the experiment 60s-1/3s. At the beginning, SAXS
Eq

I  is much higher than SAXS
Mer

I  

because of the equatorial streak coming from needle like FIPs. However, while SAXS
Eq

I  

remains nearly constant, SAXS
Mer

I  grows quickly and after few seconds the situation is reversed, 

i.e. SAXS SAXS
Mer Eq

I I> . The growth of SAXS
Mer

I  is a consequence of the onset of meridional lobes 

associated with the decoration of shishes and FIPs with stacks of lamellae (kebabs) with the 

c-axis oriented with the flow direction. The formation of a similar shish-kebab morphology is 

observed also for 90s-1/2s and 180s-1/1s after cessation of flow.  

 

Figure 6.5: SAXS meridional and equatorial intensities at 145 °C as a function of time after 
the application of shear (60s-1/3s). 

As shown in Figure 6.6, the growth of kebabs raises the crystallinity and, 

simultaneously, the crystalline orientation factors (Figure 6.7) tend to decrease. This can be 

explained with the homogeneous nucleation of randomly oriented lamellae in the bulk of the 

sample and/or with bending of the kebabs after a certain diameter is exceeded (see Figure 

6.8)61. In the experiments 90s-1/2s and 180s-1/1s, where crystallization is observed already 

during shear, the orientation is significantly higher than in 60s-1/3s. As expected, the data of 

Figure 6.6 indicate that an increase in γ  is more efficient to enhance both nucleation and 

orientation than an increase in 
s

t .  
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Figure 6.6: Crystallinity developing at 145 °C after the application of 180 strain units. 

 

Figure 6.7: Orientation developing at 145 °C after the application of 180 strain units. 
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Figure 6.8: Bending of kebabs occurring after a certain diameter is exceeded. 

More details on structure formation immediately after cessation of shear can be 

obtained defining a degree of space filling after flow: 

 0

0

( )( ) x t xt
x x∞

−
Φ =

−
 (6.5) 

0x  is the crystallinity already present at the time t=0 and, therefore, generated during flow, 

while, x∞  is the saturation level for the crystallinity, attained at long times. Note that the 

definition (6.5) is based on the assumption that, at long times, a complete space filling (Φ =1) 

is attained despite the relatively low degree of crystallinity ( x∞ ). ( )tΦ can be described with 

the Avrami equation62-64: 

 ( ) 1 exp( )nt ktΦ = − −  (6.6) 

where k is a rate constant and n the Avrami exponent that indicates the geometry of the 

growing crystallites. Equation (6.6) can be re-written as: 

 [ ]{ } ( ) ( )1 ( )Ln Ln k n Ln tLn t = + ⋅− −Φ  (6.7) 

In the early stages, [ ]{ }1 ( )Ln Ln t− −Φ  as a function of ( )Ln t  (the so called Avrami 

plot) is a straight line with slope n. The Avrami plot, for the crystallization following the 

cessation of the shear, is shown in Figure 6.9. Fitting Equation (6.7) on the data yields the 

parameters given in Table 6.3.  
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Table 6.3: Parameters used for fitting Equation (6.6) onto crystallization data of Figure 6.6. 

 [%]x∞  0 [%]x  n k [s-n] 

60 s-1/3s 14.5 0 1.34 2.70·10-3 

90 s-1/2s 16.2 0.1 1.37 6.78·10-3 

180 s-1/1s 18.8 2 1.38 8.20·10-3 

 

Figure 6.9: Avrami plot constructed with crystallinity data after short term shear at 145 °C. 

Independent of the flow conditions, n 1.36±0.02 indicates that, in all cases, space 

filling occurs because of the athermal growth of circular lamellae (kebabs). The only 

difference is the rate constant k that increases with γ , in line with the increased number of 

kebabs at higher shear rates and consistent with an increased number of shishes as well. 

Combining equations (6.5) and (6.6), it is possible to obtain a description of the crystallinity 

as a function of time: 

 ( )0 0( ) ( ) 1 exp nx t x x x kt∞
⎡ ⎤= + − − −⎣ ⎦  (6.8) 

As expected, using the fitting parameters given in Table 6.3, a good agreement with 

the measured data is found (lines in Figure 6.6). Some remarkable observations emerge from 

this analysis: 
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• After a short term shear, a good description of the crystallization kinetics can 

be obtained with the Avrami equation. To this end, it is necessary to define the 

space filling ( )tΦ  accounting for the crystallinity generated already during 

flow ( 0x  in Equation (6.5)). Although this value can be very small, it has large 

influence in the early stages. Furthermore, a complete space filling at long 

times needs to be hypothesized, despite the relatively low crystallinity. 

• The data of Figure 6.6 seem to indicate the presence of an ‘induction time’ for 

the growth of kebabs, even for 180s-1/1s where a crystallinity of 2 % is 

attained already during flow. However, although in all experiments there is a 

clear characteristic time at which x starts increasing massively, this induction 

period should not be considered as a time where structure formation is frozen-

in. Figure 6.9 indicates that, in all cases, starting form the first measurement 

(t=0.3 s), major changes take place in the space filling. 

• At long times, in isothermal conditions, crystallinity saturates to a plateau 

level ( x∞ ) that depends on the flow conditions. Higher γ  yield higher final 

crystallinity. This behavior can be interpreted in terms of driving force for 

crystallization, i.e. in terms of Gibbs free energy (G) difference between the 

melt and the crystal. Flow increases the free energy of the melt generating 

more driving force for nucleation (see Figure 6.10). 

 

Figure 6.10: Effect of flow on the free energy. 
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6.4 Conclusions 

We studied the early stages of the flow induced crystallization of iPP, during and 

immediately after the application of a strong (high De) shear pulse. At 145 °C, with a total 

strain 180γ = , X-ray scattering data (SAXS and WAXD) suggest that shear rate is the 

dominant parameter for structure development during flow. When the shear rate is high 

enough (> 90 s-1) crystalline structures can be formed already during shear. In these 

conditions, WAXD suggests the presence of crystallinities up to 2% and a high degree of 

orientation of the crystals with the flow direction. In contrast, at lower shear rates (for 

instance 60 s-1) no sign of crystalline structures is observed during shear. However, 

simultaneously, SAXS indicates the presence of needle like scatterers aligned with the shear 

direction. As soon as the flow stops, the crystalline or non-crystalline structures generated 

during shear act as a nucleating substrate for the heterogeneous formation of kebabs. The 

crystalline morphology is, thus, strongly tied with the structures present in the early stages. 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions / Technology assessment 

Polyolefins, basically polyethylene (PE) and polypropylenes (PP), are materials with a 

vast number of applications. However, nearly seventy years after the industrial launch, their 

potential is not yet fully exploited. Smart processing, additives and control over molecular 

parameters can still enhance the performances of these olefin-based materials.  

The mechanical, optical and transport properties of polyolefins are strictly related to 

crystallinity and crystalline morphology. For this reason, one of the key issues is 

understanding the crystallization behavior, especially in presence of flow, in order to be able 

to direct it in the desired way. Flow can enhance the crystallization kinetics, can change the 

morphology and can make crystallization happen even at temperatures where it is not 

expected, i.e. above the melting point (extended chain crystals). 

During processing, the flow conditions (geometry, temperature, flow rate) should be 

tailored in primis to the molecular weight and to the molecular weight distribution of the melt 

but also to the additives that are present. 

Self-assembling sorbitol-based additives (DBS, MDBS, DMDBS, etc.) are often used 

as nucleating/clarifying agent for isotactic polypropylene (iPP). At concentrations between 

0.1 and 1 wt%, these additives can crystallize before iPP, leading to an interconnected 

network of nano-fibrils. The polymer crystallizes forming disk-like lamellae that grow in the 

direction of the radius of these nanofibrils. As a consequence, the orientation of iPP lamellae 

is controlled by the orientation of the nanofibrils at the onset of iPP crystallization. In absence 

of flow, DMDBS nanofibrils grow randomly oriented in the melt but they can be aligned with 

flow. Like in many other cases, flow can switch lamellar orientation on and off. However, 

when sorbitol based additives are used, there is a rather sharp transition between the flow 

conditions that can yield orientation and those that cannot. This transition is the 

crystallization of the additive. When a random lamellar orientation is desired, flow should be 
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applied at temperatures higher than the crystallization of the additive. On the other hand, 

when a high degree of lamellar orientation is desired, flow should be applied at temperatures 

lower than the crystallization of the additive. Such a procedure, in combination with ~0.5 

wt% of DMDBS, can lead to a fully oriented iPP morphology after the application of flow at 

a temperature as high as ~200 °C.  

Heterogeneous nucleation on oriented substrates can be used in several processes (e.g. 

spinning) where a high degree of lamellar orientation in the final product is demanded. The 

outstanding performances of sorbitol-based additives in iPP are due to: 1) a good dispersion 

in the polymer matrix; 2) a high aspect ratio of the nanofibrils; 3) a good epitaxy matching. 

Similar conditions, with a pre-aligned nano-fibrillar substrate templating the morphology of 

the bulk of the polymer, can be generated also in polyethylene (PE). Here the nanofibrils are 

made out of the same polymer and can be produced in-situ by inducing, with flow, the 

extended chain crystallization of the longest molecules of the melt. The molecular weight 

distribution of the melt needs to be carefully tailored on the flow conditions. Very broad and 

bimodal molecular weight distributions can fulfill the requirements as demonstrated in the 

thesis. 

7.2 Recommendations for future research 

Like all scientific contributions, this thesis tries to give few answers and puts forward 

many questions. Several aspects demand further clarification. Two outstanding questions are: 

• Heterogeneous crystallization is based on the epitaxial relation (lattice 

matching) between the nucleating agent and the crystallizing polymer. 

Polymer molecules prefer to crystallize onto heterogeneous substrates 

because, below the melting point, the contact (adsorption) of a polymer 

molecule onto the foreign particle minimizes the energy of the system. What 

happens above the melting point? Is this scenario retained? And what are the 

consequences on the rheology of the melt? 

• Formation of needle-like flow induced precursors with undetectable 

crystallinity is a typical example of ‘SAXS before WAXD’. Flow induced 

precursors assume the form of structures with only short range order. In this 
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thesis, by calling them precursors, we confine them in a black box. What is 

the structure of flow induced precursors? Do they differ from the precursors in 

quiescent conditions? Do they alter the rheology of the system? Do chains 

need to disentangle to generate a FIP? 

• Polymers with broad molar mass distributions are often used in applications 

(e.g. film blowing). In these melts, there is a subtle balance between the 

relaxation times of long and short chains based on the life time of 

entanglements that can be very limited (constraint release). For the formation 

of oriented morphologies, what is more important? The high or the low molar 

mass? 
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     Samenvatting 

Synthetische polymeren worden momenteel geproduceerd in grote hoeveelheden, 

meer dan 200 miljoen ton op jaarbasis. Meer dan 70% van dit produktie volume wordt 

ingenomen door de zogenaamde klasse van “Commodity Plastics”, te weten de bekende vier 

bulkpolymeren: polyethyleen (PE), polypropyleen (PP), polystyreen (PS) en 

polyvinylchloride (PVC). Polyethyleen en Polypropyleen vormen samen de subgroep 

Polyolefinen en deze klasse van polymeren is met meer dan 100 miljoen ton op jaarbasis de 

belangrijkste groep van industriële polymeren. 

De aanduiding Polyolefinen of PE en PP is generiek, bijv. er worden van PE en PP tal 

van soorten geproduceerd die onderling verschillen in molmassa (ketenlengte), ketenstructuur 

(stereoregulariteit, vertakkingen etc.), allemaal toegesneden op specifieke toepassingen. 

De eigenschappen van synthetische polymeren worden niet alleen bepaald door de 

chemische structuur van het polymeer maar ook door de verwerkingscondities tot eind 

produkt. Ketenoriëntatie is met name bepalend voor de mechanische eigenschappen met als 

extreem voorbeeld het verschil in eigenschappen tussen flexibele folies en containers en de 

supersterke vezel Dyneema® van DSM, allemaal gebaseerd op (lineair) PE maar met een 

verschil in keten oriëntatie en molmassa. Naast de chemische structuur en 

verwerkingscondities kan men de eigenschappen van polymeren ook sterk beïnvloeden door 

het gebruik van additieven en er zijn tal van additieven ontwikkeld zoals kleurstoffen, 

brandvertragers, anti-oxydanten en om bijv. de vloei van de polymeren te verbeteren bij 

verwerking of ter verbetering van de mechanische eigenschappen zoals glasvezels ter 

verhoging van de stijfheid. In feite is een plastic (compound) een polymeer + additief! 

In dit proefschrift is aandacht besteed aan het phenomeen van nucleatie, het begin van 

het kristallisatie-proces. Polymeren zoals PE en PP kunnen kristalliseren en het optreden van 

kristallisatie is zeer belangrijk voor de mechanische eigenschappen. Zonder kristallisatie 

zouden polymeren zoals PE en PP rond kamertemperatuur en/of verhoogde temperatuur niet 

gebruikt kunnen worden omdat het dan slechts hoog-visceuze vloeistoffen zouden zijn. 

Kristallisatie c.q. ordening van de lange polymeer moleculen in de bekende zogenaamde 

gevouwen-keten kristallen (lamellar folded-chain crystals) geeft versteviging aan PE en PP 
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tot aan het smeltpunt. Polypropeen (PP) is een uiterst traag kristalliserend polymeer en dat is 

inherent aan de structuur van het molecuul, een 31 helix in de kristallijne fase. Bij 

vormgeving, bijv. spuitgieten, is dit kristallisatie proces te traag. Om de overall 

kristallisatiesnelheid te verhogen worden zogenaamde kiemvormers toegevoegd die het 

ontstaan van kiemen, resulterend in kristallen, in het materiaal sterk bevorderen.  

Er zijn twee typen kiemvormers bestudeerd, te weten: 

- De bekende sorbitol derivaten die commercieel worden gebruikt en die als 

eigenschap hebben dat ze, gemengd met PP, assembleren in nano-fibrillen bij 

afkoelen voor dat de PP fase kristalliseert. Op deze nano-fibrillen kan PP 

gemakkelijk ontkiemen; 

- Een mengsel van hoog- en laag-moleculair PE, gemaakt via een unieke 

zogenaamde “one pot” synthese waardoor de beide componenten op moleculaire 

schaal zijn gemengd. Onder afschuiving, zoals optreedt bij verwerking via de 

polymere smelt, zal de hoog-moleculaire component gemakkelijker orienteren en 

deze gestrekte ketens fungeren als kiem voor kristallisatie van de laag-moleculaire 

matrix PE. 

Bij het PP/sorbitol systeem werd gevonden dat bij zeer lage concentraties, < 1%, van het 

gebruikte type 1,3:2,4-bis (3,4-dimethylbenzylideen) sorbitol (DMDBS)  zeer efficiënte 

kiemvorming optreedt en resulteert in zeer kleine PP kristallieten die nagenoeg geen licht 

verstrooien, dus geeft een transparant PP produkt. DMDBS is oplosbaar in gesmolten PP 

maar kristalliseert uit in nano-fibrillen, door zelf-assemblage, die fungeren als kiem voor 

kristallisatie van PP. Door gebruik te maken van gecombineerde temperatuur en 

afschuifprofielen kunnen de DMDBS nano-fibrillen worden georiënteerd in een bepaalde 

richting en dit biedt de mogelijkheid om unieke structuren te maken. 

Bij het PE/PE systeem, respectievelijk laag- en hoog-moleculair PE, werd gevonden dat de 

hoog-moleculaire component kan worden georiënteerd boven het smeltpunt van de matrix, 

de laag-moleculaire component. Dit biedt de mogelijkheid tot nucleatie van de laag-

moleculaire component op de gestrekte ketens van hoog-moleculair PE., in feite 

kristalliseert de laag-moleculaire PE component op hetzelfde materiaal, een perfecte vorm 

van epitaxy! 
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In conclusie, er werden twee systemen bestudeerd die ogenschijnlijk niets met elkaar te 

maken hebben maar het samenbindend element is het genereren van georiënteerde kiemen 

resulterend in unieke structuren c.s. morphologie van respectievelijk PP en PE. 
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