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Abstract

Thermoplastic polyolefins are typically processed into their final form by injection
moulding or extrusion technologies. These processes impart complex flow and temperature
histories to the solidifying polymer which in turn can dramatically alter the final physical
properties of the component. In particular, if the flow intensity is sufficient, a highly
anisotropic crystalline architecture, termed shish-kebab can form. A highly oriented thread-
like core is considered to form first (shish), which then provides a template for the
formation and growth of oriented chain folded crystalline lamellae (kebabs). Therefore,
shish formation is one the key components to understanding morphology development
under flow conditions. The crystallisation of semicrystalline polymers is further
complicated by the intentional addition of nucleating agents. Nucleants are used to enhance
or override polymer crystallisation with the aim of (a) speeding up processing and (b)
altering the solid-state morphology and hence final properties of the produced component.
However, their influence on flow-induced crystallisation, in particular on shish formation
and relaxation, are currently not well understood. Accordingly, the present study aimed to

provide new insight into how nucleating agents influence flow-induced crystallisation.

This project employed in-situ time-resolved small and wide angle x-ray scattering (rheo-
SAXS/WAXS) and Fourier transform infrared spectroscopy (rheo-FTIR) techniques to
investigate shish formation and relaxation as well as the morphology development during
subsequent crystallisation. Complementary morphological information was obtained using
optical microscopy (OM), scanning electron microscopy (SEM) and differential scanning
calorimetry (DSC) techniques. Isotactic polypropylene (iPP) was selected as the model
matrix material due to its following advantageous characteristics: its general relevance to
industrial processes, its convenient range of crystallisation kinetics and its ability to form
different crystalline polymorphs. Four particulate nucleating agents which had substantially

different effects on the iPP matrix, were investigated.
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During shear flow, surprising sharp meridional streaks were observed in conjunction with
the more commonly observed equatorial streaks in the SAXS patterns. No associated
lamellar scattering was observed in the SAXS patterns and no crystalline reflections were
observed in the WAXS patterns. These results showed that shish contain non-crystalline
structural singularities along their length while they form. This provides strong evidence
that shish initially form from the aggregation of point-like nuclei into oriented threads. This
view contradicts the classical view that shish form from the densification of extended

chains or segments of extended chains produced by an abrupt coil-to-stretch transition.

All nucleants examined in this thesis (a) decreased the critical shear rate required to form
shish and (b) for a given shear rate, increased the density and dimension of shish formed.
Therefore, the experimental results revealed that particles assist shish formation under flow
conditions. Particle aspect ratio was shown to have the greatest influence on shish
formation. This was explained by the manner in which different shaped particles interact

with the flow field and modify the local strain environment near the surface of the particle.

iPP is known to crystallise in three polymorphic forms: o-iPP (monoclinic), -iPP
(trigonal) and v-iPP (orthorhombic). The specific phase formed and its associated
morphology is known to have a large influence on the final properties of the component.
Therefore, the combined influence of flow condition and nucleant on the polymorphic
behaviour of iPP was also investigated in this study. In pure iPP, flow was found to induce
B-iPP. However, flow was surprisingly found to suppress B-iPP in nucleated material, even
when the nucleant specifically induced high quantities of B-iPP during crystallisation in the
absence of flow. In addition, the combined influence of flow and nucleant was found to
promote y-iPP. These results therefore have important implications for the processing of
iPP containing nucleants, the addition of which can influence both the level of orientation

achieved as well as the specific crystalline phases formed in the final component.
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Chapter 1

Introduction

1.1 Preamble

Thermoplastic polyolefins are commodity materials made from simple alkene monomers
(i.e. CoHan). Thermoplastic polyolefins are inert materials which can be processed to
possess an exceptionally wide variety of properties. Consequently they find numerous and
diverse applications in areas such as: consumer packaging, fibres for textiles, structural
members, pipelines and in biomedical and electronic materials. The vast majority of the
thermoplastic polyolefins produced on a tonnage basis are polyethylene (PE) and

polypropylene (PP), with 79 Mt/pa and 45 Mt/pa produced in 2007 respectively [1].

PE is the simplest polyolefin and is produced in three main varieties: low density PE
(LDPE) (21 Mt/pa), linear LDPE (LLDPE) (22 Mt/pa) and high density PE (HDPE) (36
Mt/pa) [1]. Commercial LDPE has a density range of 0.915-0.94 g/cm’ and was first
produced by Imperial Chemistry Industries (ICI) in 1939. The material was highly
branched which reduces the chains ability to crystallise, leading to good ductility and
impact properties. The manufacture of HDPE became possible with the discovery of
organometallic catalysis by Ziegler [2-3] and Natta [4], who were awarded the Nobel prize
in chemistry (1963) for their work. Having significantly less branches than LDPE, HDPE
has a higher density of between 0.945-0.96 g/cm’ and can more completely crystallise,
improving both its strength and modulus. Copolymerisation of ethylene with short chain
alkenes (e.g. 1-butene, 1-hexene, 1-octene) produces the substantially linear LLDPE which
has densities between 0.915-0.925 g/cm’. LLDPE products have higher impact and
strength properties than LDPE.

PP is the next simplest polyolefin. The location of the methyl group along the polymer
backbone changes the polymers ability to crystallise and therefore has a dramatic influence
on the properties of PP. The most common commercial form of PP is isotactic PP (iPP),

first discovered by Natta in 1955 [3]; where the methyl groups are all on the same side of
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the main chain. This leads to relatively high crystallinities which gives the polymer a good
combination of physical, mechanical and thermal properties. Atactic PP (aPP), where the
methyl groups are randomly distributed either side of the backbone, is produced in much
lower volumes than iPP. Due to the random arrangement of side groups, aPP is amorphous
and has poor mechanical properties. aPP is a soft material which finds uses in adhesives
and sealants. When the methyl groups alternate along the backbone, syndiotactic PP (sPP)
is formed. sPP is not produced in large volumes and has a crystallinity far less than iPP.
Developments in homogeneous metallocence catalysis over the last few decades now allow
efficient control of regio- and stero-regularities, molecular weight and molecular weight
distribution and co-monomer incorporation. This has widened further the application range

of PP.

An overwhelming majority of thermoplastic polyolefins are processed into their final form
in the molten state by multi-stage manufacturing processes such as injection moulding,
blow moulding and extrusion. In these processes individual polymer chains receive a
complex and inhomogeneous history of thermal (temperature gradients & cooling rates)
and mechanical (flow & pressure) conditions. In turn, the crystallisation process is
influenced by the thermo-mechanical history during processing as this dictates the
conformation of individual polymer chains and the number of available nuclei prior to the
onset of crystallisation. A wide variety of morphologies and, consequently, properties are
thus formed depending on processing conditions and location within the component.
Understanding the link between processing and morphology will allow for more tightly

controlled and optimised properties, as well as reduced processing defects.

For example, in the injection moulding process molten polymers are exposed to varying
levels of shear flow and temperature profiles prior to crystallisation. The resulting
morphology is substantially different from that observed under quiescent (i.e. without
concurrent deformation) crystallisation conditions. Typically, a multi-layer ‘skin-core’
structure is formed [5-7], Figure 1.1. Rapid cooling at the surface produces a thin
amorphous skin. Low cooling rates and strain fields in the core allow relaxation of chain
molecules and a predominantly spherulitic structure is formed. Between the skin and core

regions, a highly sheared zone forms which produces very anisotropic molecular
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arrangements. In particular, a “shish-kebab” structure, a special kind of polymer crystalline
assembly, can form under certain moulding conditions [8-17]. In this structure a highly
oriented thread-like core composed of extended chains (shish) forms first, which then
provides a template for the formation and growth of oriented chain folded crystalline
lamellae (kebabs). The dimensions and specific morphologies of these zones have a
significant influence on the physical, optical and mechanical properties of the final

moulded article [18-19].

injection moulded cross-section
- molecular structure
component through thickness

> amorphous

= skin

[ —

shish-kebab

spherulite

lameils

~20 mm 100 pum ~100 nm

Figure 1.1. Optical cross-section viewed using polarized light of a typical injection
moulded component highlighting the typical zones and microstructure formed. Image of

mobile phone cover courtesy of Autodesk.

The formation of shish-kebab structures are associated with high molecular and crystalline
orientation. High molecular orientation has been associated with improved tensile modulus
and strength along the orientation direction as well as improved fracture properties across
the orientation direction [20-22]. One of the most cited practical uses of intentionally high
orientation, is in living hinges. In living hinge applications, the high molecular orientation
which exits across the hinge promotes increased fatigue life [23]. Nevertheless, there are
two important negative consequences of orientation. The first is that oriented molecules
enhance differential shrinkage during solidification, which in turn increases the likelihood
of dimensional instability and warpage [24-25]. The second is that the orientated structures
invariably lead to anisotropic physical and optical properties. Anisotropic properties are

undesirable from structural and aesthetic points of view where uniform properties in all
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directions are important. Most importantly warpage and dimensional stability are rarely

tolerable in consumer products.

Crystallisation and the subsequent development of morphology is further complicated by
the intentional addition of a large range of polymer additives which are included for various
industrial reasons [26-27]. Nucleating agents are one of the most common classes of
additives to include in a polymers formulation, due to their ability to control the
crystallisation process. Nucleating agents are added to polymers to (a) improve the rate of
crystallisation and therefore the productivity and (b) alter the solid-state morphology with
the aim of improving the moulded components physical, optical and mechanical properties.
Although the action of many common nucleating agents is well understood in the quiescent
condition [28-32], their role during flow-induced crystallisation has received comparatively

little attention.

To understanding the influence of processing conditions and nucleating agents, it is
desirable to follow individual chains in-situ from their equilibrium coiled state to being
crystallised in an oriented form under conditions representative of industrial processes.
Table 1.1 summarises some of the advantages and disadvantages of the main experimental
techniques which can probe the orientation or conformation of polymer molecules in-situ.
A significant proportion of the experiments conducted lately have been performed on
suitably designed parallel plate rheometers (such as the Linkam CSS450) which allow for
controlled thermal-shear profiles and in-situ observation. These rheometers have been
shown to be easily adaptable for in-situ observations using a wide range of techniques such
as: optical microscopy (OM) [33-34], turbidity and birefringence measurement [35], small
angle light scattering (SALS) [35-36], small and wide angle x-ray scattering
(SAXS/WAXS) [14], small angle neutron scattering (SANS) [37-38] and Fourier transform
infrared spectroscopy (FTIR) [39-41]. The main disadvantage of these rheometers is that in
practice they only are able to access moderate shear intensities (~ 100 s™); far below those
typically observed in commercial polymer processing operations (> 1000 s™). This raises
the important question of their applicability to industrial processes. In spite of this

disadvantage, a great deal has been learnt from the results obtained from these techniques.
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Table 1.1. Advantages and disadvantages of the main experimental techniques which can probe the orientation or conformation

of polymer molecules in-situ.

Technique

Phases characterised

Sample thickness

Advantages

Disadvantages

Wide angle x-ray scattering

(WAXS) Mainly crystalline ~ 1 mm Very accurate Cost, lengthy data analysis
Small angle x-ray scattering Mainly crystalline ~1 mm Very accurate Cost, lengthy data analysis
Small angle neutron Very accurate, allows Verv costly. requires
scattering Amorphous ~1-10 mm determinations of radius of deuzra tionyz) ¢ scallm e
(SANS) gyration p
Small angle light scattering . . Requires optically transparent
(SALS) Average of both <1 mm Simple and rapid samples

Infrared spectroscopy

Crystalline or amorphous

Transmission < 500 um
(mid IR)

Provides conformational
information, rapid, suitable for

Overlap of bands, need to know
angle of the transition moment

(IR) <5 mm (near IR) online measurement to determine orientation
Provides conformational
Raman Crystalline or amorphous Typically <500 pm information, rapid, suitable for | Tedious calculation required
online measurement
Birefringence Average of both <1mm Simple, raplq, suitable for Requires optically transparent
online samples
Nuclear magnetic resonance . . Structure must be known,
. May resolve intra- and inter- . . .
spectroscopy Crystalline or amorphous <1 mm . . requires high magnetic
molecular interactions .
(NMR) anisotropy
Fluorescence Amorphous <1 mm May be used for online Requ1re§ use of dye, difficult
measurement Interpretation
Acoustics Average of both 10 mm Suitable for online Requlre.s structural model to
measurement interpret data
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1.2 Aim of the thesis

The aim of this thesis is to examine how nucleant particles influence the flow-induced
crystallisation of iPP. Specifically the impact nucleant particles have on: the formation
and relaxation of flow-induced nuclei, subsequent crystallisation kinetics and the
development of final morphology of iPP will be examined. These will be probed using a
range of time and spatially resolved techniques. In particular, in-situ simultaneous wide
and small angle x-ray scattering will be the primary characterisation technique. A
commercial grade of iPP was chosen as the model matrix polymer for the following
reasons: its general relevance to industrial processes; its convenient range of
crystallisation kinetics, which reduces the minimum time resolution needed to perform
in-situ experiments; and the ability of iPP to form a variety of different crystalline and
mesomorphic phases. Pure iPP and iPP containing various loadings of two intentional
a-1PP and two intentional B-iPP nucleating agents were investigated. These nucleants

arc:

e Intentional a-iPP nucleating agents
0 Sodium benzoate (SB)
0 Bicyclo[2.2.1]heptane-2,3-dicarboxylic acid (HPN)

e Intentional B-iPP nucleating agents
0 Isotactic polystyrene (iPS)

0 Calcium salt of suberic acid (CaSub)
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1.3 Outline of the presented research

This thesis is organised as follows. Chapter 2 presents a review of the relevant
literature including the current understanding regarding crystallisation from both
quiescent and sheared melts, with particular emphasis placed on the influence of foreign
particles. Chapter 2 also includes a review of the hierarchical structure and properties
of iPP, which is used as the matrix material in this study. Chapter 3 summaries the
main experimental procedures used in this thesis. Chapter 4 through Chapter 8
comprises the results and discussions obtained from this study, and these are described
in more detail in the next three sections. Finally, Chapter 9 summarises the main
conclusions drawn from this work as well as points to possible directions future

research could take.

1.31 Flow-induced crystallisation of pure iPP

In Chapter 4 the influence of shear flow on the crystallisation of pure iPP is examined.
In particular the unique parent-daughter (PD) lamellar branching phenomenon in o-iPP
is investigated. It is important to have a thorough understanding of the PD lamellar
branching phenomenon as it an inherent property of a-iPP crystallisation and can
significantly influence the measurement of orientation. Chapter 4 presents a simple
procedure for investigating the individual contributions of PD lamellar using WAXS.
The procedure is then used to investigate PD lamellar branching during crystallisation

and melting.

1.32 Flow-induced crystallisation of iPP containing #iPP nucleating agents

The usual crystalline form of iPP is a chiral 3, helix. This allows iPP to crystallise into a
variety of crystalline and mesomorphic forms (a-iPP, -iPP, y-iPP and smectic-iPP)
depending on the specific crystallisation conditions. a-iPP is thermodynamically the
most stable crystalline form and exhibits good strength, due to its tight interlocking PD
lamellar structure. However its toughness, particularly low temperature toughness, is
quite poor. B-iPP on the other hand is less thermodynamically stable but has

significantly improved toughness compared to a-iPP. The addition of specific -iPP

Chapter 1



nucleating agents are commonly used to obtain significant quantities of 3-iPP [42-48]. It
is generally thought that specificity of the nucleant towards B-iPP is due to the
formation of an epitaxial relationship with the B-iPP crystal. However, flow-induced
crystallisation conditions have been suspected to counter the nucleating effect of B-iPP

nucleating agents.

Chapter 5 investigates polystyrene as a new class of polymeric nucleating agents for
iPP. The morphology of isotactic polystyrene particles embedded into an iPP matrix
were altered by selective heat treatment to be either semicrystalline or amorphous.
Under quiescent conditions, it was shown that crystalline iPS particles selectively
nucleated B-iPP, while amorphous iPS particles selectively nucleated o-iPP. These
results imply that the surface of the of the particle controls the crystallisation of iPP

under quiescent conditions.

The crystalline iPS particles could however only nucleate a moderate amount -iPP
under the chosen crystallisation conditions. This makes investigation of the kinetics of
B-iPP formation in nucleated material under a wide range of flow-induced
crystallisation conditions more difficult. To address this, Chapter 6 performs a detailed
investigation of the morphology development and crystallisation kinetics of sheared iPP
in the presence of the highly efficient B-iPP nucleating agent CaSub. The results
revealed that the presence of the foreign particles assisted the formation of flow-induced
nuclei, which then specifically nucleated o-iPP. The creation of the additional flow-
induced nuclei suppressed the heterogeneous nucleation effect from the surface of the

particle.

1.33 Shish formation and relaxation in iPP containing a-iPP nucleating agents

In Chapter 6 it was established that the addition of foreign particles leads to a
synergistic increase in the numbers of flow-induced nuclei. Furthermore, the addition of
the foreign nucleant particles was shown to decrease the flow intensity required to form
oriented structures. Previously, it was thought that the surface of the particles stabilised
extended chain conformations which then lead to increased numbers of nuclei [49-51].
However, particle shape has also been implicated, suggesting a different mechanism

may be in operation [52]. In Chapter 7 and Chapter 8 the formation and relaxation of
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shish in the presence of two commercial a-iPP nucleants was studied. The two
nucleants selected (SB and HPN) had similar chemical compositions and sizes but had
different particle aspect ratios and substantially different abilities to induce

heterogeneous nuclei.

Chapter 7 provides a detailed investigation on the influence of SB and HPN particles
on the flow-induced crystallisation of iPP. The results show that addition of both
particles modified the local strain environment during shear flow. It was revealed that
particle aspect ratio was a more important factor than the nucleation efficiency of the
particle in terms of assisting shish formation. Interestingly, the combined effect of shear

flow and nucleant was found to be very effective at inducing the y-iPP phase.

Chapter 8 furthers the investigation presented in Chapter 7 by examining the
dynamics of shish formation and relaxation during and after shear flow at temperatures
well above the lamellae melting point of iPP containing SB and HPN particles. The
results show that particle rotation during shear flow controls many aspects of shish
formation. Furthermore, strong evidence is presented which shows that shish initially
form, in a stepwise way, by the aggregation of point-like nuclei into oriented threads,

contrary to the widely held view that shish form via an abrupt coil-to-stretch transition.
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Chapter 2

Literature review

2.1.0 Introduction

The discovery of the chain folded lamella by Andrew Keller in 1957 showed that most
polymer crystals rarely reach a state of thermodynamic equilibrium [53-54]. This revealed
that polymer crystallisation is dominated by kinetics effects, which dictate the formation of
crystal nuclei and the diffusion of stems to the growing crystal. In the majority of polymer
crystals, the long chains fold back and forth on themselves to form thin plate-like
crystalline lamella. The lamellar thickness is typically significantly less than the length of
the fully extended chain. In lamella, bonding along the chains is covalent, while bonding
between chains is van der Waals type bonding. This causes the tensile modulus
perpendicular and transverse to the chain to differ by some two orders of magnitude. In
many polymers lamella units typically organise into complex hierarchical structures. For
example in polyethylene (PE) and isotactic polypropylene (iPP) crystallised under
quiescent (i.e. without concurrent deformation) conditions, the lamellae form long ribbons
which can be twisted about their molecular axis and radiate out from a central point and
form a spherulitic structure [7, 55]. The lamella and ribbons are connected by tie chains
which are incorporated into adjacent lamella and ribbons. The inter-lamella and inter-
ribbon region is amorphous and consists of tie chains, chain ends, loose loops, and

unincorporated ends.

External flow fields, such as those produced during injection moulding, are well known to
create molecular extension and orientation in polymer melts. This leads to significant
changes in the crystallisation kinetics, and the development of morphology [10, 17]. For
example, flow can change a spherulite structure which forms under quiescent conditions, to
an oriented one containing the molecular assembly termed ‘shish-kebab’ [14]. This change
invariably alters physical, optical and mechanical properties of the polymer. Inclusion of
foreign particles in polymer formulation further complicates this picture by altering flow

profiles as well as morphology development. At the heart of these changes is what happens
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to the chain conformation during flow, and in the presence of particles. Ideally, it would be
desirable to follow a single chain configuration from its equilibrium random coil to an
oriented state, however this is experimentally difficult to achieve in real time under

conditions typical of industrial processes.

The following chapter aims to systematically review the influence of both the presence of
foreign particles and the imposition of flow on the development of morphology in
semicrystalline polymers. In addition, the hierarchical structure and properties of the
different crystalline forms of iPP, which is used as the model matrix material in this thesis,

are reviewed. The review is organised as follows:

The first part of this review focuses on the quiescent crystallisation of polymer melts
containing foreign particles. This section begins with a brief review of classical nucleation
theory. The current state of the debate regarding the mechanism of the early stages of
polymer crystallisation is then summarised. Finally, the influence of foreign particles on

polymer crystallisation is thoroughly examined.

The second part of this review will examine the crystallisation from stressed polymer melts
containing foreign particles. The first section will summarise the current understanding of
the effect of flow on the chain dynamics of entangled polymers. The subsequent section
will investigate the formation of the shish-kebab structure including the conditions
required for their formation and their possible formation mechanism. The final section will

review the influence of particles on shish-kebab formation.

The last part of this review will describe the known crystalline forms of iPP. This will
include: the crystal structure, the lamellar scale architectures and the thermodynamic and

mechanical properties of each phase.
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2.2.0 Crystallisation from quiescent polymer melts containing foreign particles
2.2.1 Classical nucleation theory

When the temperature of a polymer is below that of the melting point of an unconstrained,
infinitely large crystal (i.e. the equilibrium melting point) (Ty’) of that polymer, the crystal
state has a lower free energy than its corresponding liquid state, as shown schematically in
Figure 2.1a. The Gibbs free energy (G), can be defined as the difference between the
enthalpy (H=U + pV) and entropy (S) according to:

G(T,p)=(U +pV)-TS Equation 2.1

where U is the internal energy, p is the pressure, V is the volume and T is the temperature
of the system. The first derivative of the Gibbs free energy therefore reveals that a
discontinuous transition must occur at Ty’ to V, H and S, Figure 2.1b. In the melt, entropy
dominates. Crystallisation results in the regular arrangement of chains which are locked
into rigid position and is therefore associated with a negative entropy change. However, for
a reaction to occur spontaneously there must be an overall negative change in G. The close
packed arrangement of chains in the crystal maximises the attractive forces and increases

the density, which results in a large reduction in enthalpy.
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Figure 2.1. Effect of temperature on thermodynamic variables of semicrystalline polymers
around the equilibrium melting temperature (T,,") (@) Gibbs free energy (b) entropy and

volume.
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From the above thermodynamic considerations, the driving force for nucleation is then the
Gibbs free energy difference between the crystal and the liquid (AG). Under quiescent

conditions, the activation energy for homogeneous nucleation can be taken as [56]:

3
_loro Equation 2.2
3 AG
where o is the activation energy per unit necessary to form the interface between the liquid

and the nucleus. At low super cooling, AG is proportional to the degree of super cooling

(AT =T, —T) and to the melting entropy (AS,,). Therefore,

3
(o}

E = W Equation 2.3

Although conditions may exist where the crystal phase is thermodynamically more stable,
to form a crystal implies the formation of a new interface. The necessary formation of the
interface then decreases the enthalpic gain of forming a crystal. Therefore, these two
opposing forces leads to an energy barrier which needs to be overcome to form the initial
nucleolus which eventually will grow into a crystal. Small nuclei will then appear and
redissolve due to statistical fluctuations. However, when a nuclei reaches a critical size the
bulk enthalpy contribution, which is favourable, becomes larger than the surface energy
contribution, which is detrimental, and the nuclei can then grow spontaneously into a

crystal, Figure 2.2.

The classical nucleation theory described here still dominates the field of crystallisation.
However, there are a number of important limitations to the theory, the most important
being that the internal and surface structure of the nuclei may be significantly different to
the bulk crystal. For example, it has been suggested that crystallisation in many polymers is

preceded by the formation of metastable bundles consisting of roughly parallel stems with
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the length of a few chain atoms [57]. This therefore raises the important question as to what

the correct values for the bulk free energy and surface free energy of the nuclei would be.
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Figure 2.2. Dependence of the Gibbs free energy for crystallisation (AG) with aggregate
size (R), shown as a solid red line. Variation in AG depends on two opposing factors, the
energy required to create new surface, and the reduction in entropy due to the regular
arrangement of stems. AG" and R" are the free energy barrier and the size of a critical
nucleus for nucleation to spontaneously occur. At low R (R < R"), transient aggregates
form and redissolve, while for large R (R > R") nuclei can grow spontaneously into stable

crystals.
2.2.2 Homogeneous versus heterogeneous nucleation

The formation of stable crystal structures from a supercooled melt is generally considered a
two step process: nucleation and growth. Crystal growth occurs by the deposition of chain
segments to the crystal, and is governed to a large extent by the diffusion coefficient of the
chain segments and the redispersion of chains at the crystal growth front. Crystal growth
will be covered in further detail in the following section. Nucleation involves the

cooperative ordering of chain segments to form nuclei above a critical size. The first nuclei
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to form from the supercooled melt (primary nucleation) can occur by two different
mechanisms: (1) a liquid-liquid phase separation (homogeneous nucleation) and (2) by
nucleation on pre-existing nuclei (heterogeneous nucleation). Historically, it has been
considered that heterogeneous nucleation occurred in the majority of cases, as even
relatively pure materials will have a reasonable population of heterogeneous nuclei (e.g.
dust, left over polymerisation catalyst, etc) which provide sites for nuclei formation.
However, over the last decade a considerable number of studies have found a variety of
evidence that homogeneous nucleation may also play an important role in many industrially

significant polymers.

The bulk of the recent experimental evidence which supports the case for homogenous
nucleation comes from in-situ simultaneous small and wide angle x-ray scattering
(SAXS/WAXS) experiments. In the classical picture of heterogeneous nucleation Bragg
peaks (WAXS) are expected to form after an induction period. SAXS accompanies the
WAXS due to the formation of regular crystal and amorphous lamella layers. Therefore no
SAXS is expected to form during the induction period. However, a number of studies have
shown that SAXS can form before the formation of Bragg peaks. Furthermore, the SAXS
scattering in these experiments initially increased exponentially and could be fitted to the
Cahn-Hilliard (C-H) theory for spinodal decomposition [58]. This “SAXS before WAXS”
phenomenon and C-H kinetics during initial crystallisation have now been reported for a
number of industrially important semicrystalline polymers such as: iPP [59-61], PE [61]
and polyethylene terephthalate (PET) [62-63].

Olmsted et al. provided a theoretical basis for the spinodal assisted crystallisation of
semicrystalline polymers [64]. Central to this theory is a coupling between density and
chain conformation. This coupling should occur as segments of the ‘correct’ (helical)
conformation should pack more densely than those with random conformations. Under
appropriate conditions, this coupling can then induce a liquid-liquid binodal within the
equilibrium liquid-crystalline solid coexistence region. Compared to the amorphous melt,
the denser liquid would be closer to the final density and conformations found in the crystal
phase and thus, would be expected to have a lower energy barrier to crystallisation. This

simple model allows the prediction and explanation of a range of testable consequences.
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For instance, spinodal scattering is most commonly observed in sheared polymer melts.
This can be rationalised by the shear flow orienting and increasing the persistence length of

the polymer segments, thereby promoting the formation of the denser phase.

Nevertheless, a number of criticisms have been levelled at the scattering experiments which
support homogeneous type mechanisms. One of the key criticisms of the simultaneous
SAXS/WAXS studies is that the lag time between the intensity increase in the SAXS
region and the occurrence of crystalline reflection in the WAXS region is due to the low
concentration of crystals present. Therefore, the scattered intensity from crystals in the
WAXS region is too small to detect above the background and amorphous halo. Hsiao et al.
reported simultaneous SAXS/WAXS and laser light scattering (LS) experiments on iPP and
found that although SAXS scattering did precede the WAXS scattering, the early evolution
of crystallinity measured by SAXS, WAXS and LS followed the same Avrami equation
[65]. This strongly suggests that the early stages of crystallisation followed classical
nucleation and growth. Recently, Panine et al. [66] investigated the early crystallisation of
1PP using a high brilliance x-ray scattering method coupled with very sensitive detectors. In
these experiments Panine surprisingly found the nucleation and growth of crystalline
moieties prior to the occurrence of significant SAXS intensity. In another study Wang
performed in-situ small angle neutron scattering (SANS) experiments on solution
crystallised PE and also found no evidence for spinodal-like density fluctuation [67]. Wang
suggested the existence of the early emergence of SAXS peak may be due to the over

subtraction of the background.

2.2.3 Crystallisation Kinetics

Assuming that the rate of nucleation is governed by the Arrhenius equation, the rate of

nucleation (k(T)) can be expressed by the following relation:

-Co? :|
k(T)= Ae{T*ATZAS"Z‘ Equations 2.4

where A and C are constants.
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The Hoffman-Lauritizen theory can be used to describe the crystal growth rate [68]. The
temperature dependent growth rate for a spherulite (G(Ty,)) is described by Equation 2.5:

_u K,
G(T,)= Goe[mim]e(mj Equation 2.5

where Gy is a pre-exponential velocity vector which contains constants which are not
strongly dependant on temperature, K, is the secondary nucleation exponent which
incorporates such things as the fold energy, U is the apparent activation energy of motion
for a polymer chain, R is the gas constant, T is the crystallisation temperature and T is the
temperature at which molecular displacement becomes impossible. The actual
crystallisation rate will then be a combination of Equation 2.4 and Equation 2.5 which

represent the contributions from nuclei formation and the growth of crystal structures.

Although the Hoffman-lauritizen theory explains the kinetics of crystallisation in molecular
terms, the overall crystallisation kinetics (nucleation and growth) of polymers is often

modelled using the Avrami equation:

—kt"

-y =¢€ Equation 2.6

where 7y 1s the crystallisation fraction at time (t), k is the bulk crystallisation constant and
n is the Avrami exponent. Assuming the nucleation and crystal growth rates are invariant,
the value of n can give important information about the growth conditions and growth
geometry. The growth geometry for various crystallisation and nucleation conditions have
been reported by Mandelkern [69] and are summarised in Table 2.1. The wide range of
values obtained shows that the n value does not define a unique nucleation growth
geometry and therefore complementary analysis is often required to interpret the meaning

of n.
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Table 2.1. Avrami exponent (n) for various types of nucleation and growth geometries.

Data taken from Mandelkern [69]. * All nuclei active at t = 0.

. Linear growth Diffusion controlled growth
Growth habit Steady state t=0* Steady state t=0
Sheaf-like 6 5 3.5 2.5
Sphere-like 4 3 2.5 1.5
Disk-like 3 2 2 1
Rod-like 2 1 1.5 0.5

2.2.4 Control of polymer crystallisation using additives

Polymer crystallisation is complicated by the intentional addition of a wide variety of
substances (e.g. minerals, organic salts, and organics) to polymer formulations. For the
most part these substances are added in particulate form. Through their influence on such
things as crystallisation kinetics and the final morphology of the polymer, these substances
can have a large influence on the economics of the produced components by altering
production rates, as well as the physical, optical and mechanical properties of the final
products. These substances influence polymer crystallisation in two main ways: by
influencing crystal growth rates or by influencing crystal nucleation rates. Recent
investigations have suggested that a range of common additives may retard crystal growth
rates by inhibiting chain diffusion to the crystal growth front [70-71]. Nevertheless, it is
usually assumed that crystal growth rates are relatively insensitive to foreign substances
and that their overriding influence is in providing sites for heterogeneous nucleation,
thereby enhancing nucleation. The following provides a summary of the advances which
have been made to further understand heterogeneous nucleation on the surface of foreign

particles.

If the polymer can interact with and ‘wet’ the surface of a particle, then the interfacial free
energy of a nuclei forming on it can be reduced. For example, when the contact angle is
90°, it can be shown that the size of the hemispherical nucleolus forming on the surface
(heterogeneous nucleation) is half that of the spherical nucleolus forming in the bulk
(homogeneous nucleation) [72]. The nucleation barrier on a flat surface is then AF*g, =
AF*pomo/2, where AF* is the free energy barrier to nucleation. Thus nucleation is favoured

on flat surfaces even if they are inert.
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If attractive forces are sufficient, the polymer molecules may get physically adsorbed onto
the foreign surface. The configuration of these adsorbed molecules may then be confined
reducing their free volume. The accompanying reduction in entropy would then lower the
activation energy required to form nuclei of critical size [32]. This ‘soft epitaxy’
mechanism has recently been employed by Li et al. to explain the size dependence of
nucleation in nano-composities of PE containing carbon nanotubes (CNT) of various
diameters, Figure 2.3 [73]. For small CNT diameters, PE lamellac grew exclusively with
the surface orthogonal to the CNT axis. However, as the CNT diameter was increased,
lamellae were observed to nucleate in multiple orientations suggesting a change in
nucleation mechanism to normal epitaxy. Li et al. explained the new growth mechanism
observed on the small diameter CNT by the adsorption and confinement of the PE
molecules on the surface of the CNT. This resulted in the cooperative alignment of the
chain and the CNT axis. Therefore in this model, strict lattice matching is thought not to be

required.

Folymer lamellag

Carbaon (nano} Fiber CNT [

Fig. 6. Schematic representation of the "size-dependent soft epitaxy” mechanism. (a} For large-diameter CNFs, PE lamellae are randomly orientated on the fiber surface. (b} For
small-diameter CNTs, soft epitaxy dictates the parallel nrientarion berween PE chains and the CNT axis, leading to an orthogonal orientation between CNT and PE lamellae [72].

Figure 2.3. Suggested mechanism for the size dependant soft epitaxy described by Li et al.
[73].

The interfacial free energy, and therefore the activation energy to form a nuclei of critical
size can be further reduced if there is a good match between structural features (linear
arrays or gratings with regular periodicity) on the nucleating surface and characteristic

distances within the polymer crystal. The ‘epitaxy’ formed results in the growth of the
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polymer crystal along one or more strictly defined crystallographic directions and thus an
orientation relationship between the two phases is formed. Generally it is thought that a
misfit between the polymer unit cell and the repeat distance on the nucleant surface should
be less that 10-15 % for epitaxial nucleation to be significant [74]. However in practice, it
has been found that a wide range of structurally diverse surfaces can act as nucleating

agents for the one polymer.

Wittmann and Lotz performed electron diffraction studies on substrate-PE bilayers and
showed that the crystal planes of PE in which the characteristic repeat distances best
matched the periodicity in the structural features on the surface of the nucleant became the
contact plane in the epitaxial relationship [75]. This leads to six possible epitaxial matches
(three each for the monoclinic and orthorhombic PE phases) with characteristic repeat
distances between ~ 4 and ~ 9.4 A being able to nucleate PE [75]. A similar study
performed by Mathieu et al. found that the (010) contact plane of a-iPP and y-iPP unit cells
are made of the same highly symmetrical, lozenge shaped array of methyl group [76-77].
Mathieu et al. showed that the lozenge can interact with surfaces with periodicities ~ 4.2 A,
~ 5 A and ~ 6.6 A, which match periodicities normal to the lozenge long diagonal, short
diagonal and to its cell edges respectively, Figure 2.4. In addition, Stocker et al. showed
that a substrate periodicity of = 6.5 A [78] and an orthogonal geometry of the contact phase

is able to specifically nucleate 3-iPP.
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Fig. 7. Schematic summary of the epitaxies observed so far for the various crystal phases of isotactic polypropylene, and the corresponding lattice periodicities
and specific crystal phase involved. Helices of opposite hands are shown shaded and unshaded, respectively. Setting angles of the B phase are as determined in
Ref. [13]. For wiPP, the alternate (010) plane illustrated in Fig. 2c might be added to this diagram (broken line), but no evidence for its role as a contact plane
has been obtained so far.

Figure 2.4. Known epitaxial relationships for iPP. Mathieu et al. [76].
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Chayen et al.’s breakthrough study on the effect of mesoporous seeds on protein
crystallisation showed that porous surfaces can further promote nucleation [79]. Page and
Sear provided a possible explanation based on classical nucleation theory for the increased
nucleation in porous materials [72], Figure 2.5. In a pore, it is possible for a forming nuclei
to be in contact with more than one surface simultaneously (i.e. a corner). For example, a
nuclei forming in a tight corner which makes a contact angle of 90° on an equivalent flat
surface would be a quarter that of a spherical nucleolus forming in the bulk, AF* ome =
AF*pomo/4. Therefore compared to a flat surface, nucleation in a tight corner further reduces
the interfacial energy and therefore lowers the activation energy required to form a nuclei
of critical size. Such a mechanism would suggest that smaller pores would aid nucleation,
as long as the pore is larger than the molecular diameter. However, crystallisation into the
bulk only proceeds when the pore is filled to the top, where it can act as a ‘self seed’. In this
case a larger pore would promote nucleation. These opposing dependencies on pore size
result in an optimum pore diameter where nucleation rates are maximal. The influence of
pore size predicted by Page and Sear has been experimentally confirmed by Shin et al. who
investigated PE crystallising in cylindrical alumina nano-pores [80]. They found that the
nucleation rate increased with decreasing pore diameter. However, Shin et al. also found
that the crystallinity reduced as the degree of confinement tightened. Although not studied
in their investigation, this reduced crystallinity would be expected to reduce crystallisation

breakout from the pore.

Another implication of crystal nucleation occurring in pores is the possibility of the
external confinement of the pore influencing the crystal structure. Ha et al. investigated the
polymorphic behaviour of amino acids confined to different sized nano-pores [81]. Ha
found that crystal nucleation and polymorph selectivity was indeed influenced by the
confinement provided by the nano-pores. Ha et al. speculated that the influence of pore size
on the polymorphism was likely to be due to critical size constraints imposed on the
forming nuclei. It is not inconceivable that a similar effect could also occur in many
semicrystalline polymers which show polymorphism. However, as yet no such studies have

been reported in the literature.
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Figure 1| Crystal nucleation in a pore. Page and Sear’® propose a model to explain why porous
materials induce protein crystallization. a, The pore walls weakly attract the molecules to be
crystallized. Crystals start to grow in the corners of the pore when a critical nucleus of molecules
forms. b, The crystal grows until the pore is filled. ¢, Another critical nucleus of molecules forms on
the outside of the pore, which allows the ‘breakout’ of a bulk crystal from the pore. The rates of nucleus
formation and breakout vary independently according to the width of the pore.

Figure 2.5. Suggested model for the nucleation in and out of pores. Taken from Frenkel
[82].

In addition to the nucleation mechanisms described previously, the curvature of the particle
surface can have important implications for polymer crystallisation. Cacciuto et al.
performed Monte Carlo simulations to study how smooth spherical particles influenced
crystallisation in a suspension of hard colloidal spheres [83], Figure 2.6. Three regimes of
nuclei formation were described depending on the radius of the particle. Small spheres were
found to generate large numbers of topological defects in the nuclei growing on them which
inhibited their formation. The particle size therefore needed to be above a well defined
minimum to effectively promote crystallisation. On the other hand large spheres, which can
be considered to be relatively flat on the scale of the growing nuclei, were found to be
highly effective at generating nuclei which then remained attached to the particle surface.
When the particle size was between these two extremes, the particles were found to act as
nuclei factories. At some point in time, pre-critical nuclei growing on these intermediate
sized particles break away from the particle wall and the critical nuclei is formed in the
bulk. The detachment allows space for new nuclei to form and thus a large number of
nuclei may be created within the material. The particle size can therefore have important

consequences for the size distribution of crystallites formed by heterogeneous nucleation.
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Large, flat particles would promote large crystals, while the large number of nuclei

generate by intermediate sized particles should result in small crystals.

<

Figure 4 Snapshot sequence of crystal nucleation on spherical seeds. The seeds have radii
Rs = bo {lop) and 7o (hottom). From left to right the sizes of the nuclei are, respectively,
N =10, =50 and =100 for the sphere of radius s = bo and N = 60, == 80 and
==120 for the sphere of radius B ; = 7a. The above phenomenon should be ohservahle in
confocal microscopy studies of seeded crystallization in a colloidal suspsension.
Figure 2.6. From Cacciuto et al. showing simulated nuclei growing on particles of different

radii [83].

Recent experimental observations support the simulation work by Cacciuto et al. [83].
D’Haese et al. studied the effect of zinc oxide nano-particle size on the quiescent
crystallisation of iPP, and found that the nucleation efficiency of the particle increased with
increasing particle size [84]. Zhu et al. studied the influence of two particulate colourants,
which had very different surface curvatures, on the quiescent crystallisation of iPP [49, 85].
Zhu and co-workers found that the colourant with the flat surface was a highly effective
nucleant, and increased the lamellar thickness. On the other hand, the colourant with the

curved surface did not appreciably influence nucleation or lamellar thickness.

Chapter 2 Page 24



2.3.0 Crystallisation from stressed polymer melts containing foreign particles

2.3.1 Chain dynamics of entangled polymers

The application of external flow or stress fields to entangled polymer melts can lead to
orientation and extension of large segments of, or even the entire, polymer molecule. These
extended chains can then dramatically alter the development of morphology during
subsequent crystallisation. The following section examines the current understanding of the

chain dynamics which occur in entangled linear polymer melts during and after flow.

De Gennes provided the theoretical background for chain extension in dilute solutions of
polymer molecules under different flow conditions [86]. At the heart of de Gennes’ theory
was the concept of an abrupt transition of the originally unoriented molecules in random
coil configurations to oriented molecules in extended chain conformations. This coil-to-
stretch transition occurs without the formation of stable intermediate states, once a critical

extensional deformation rate (&) was reached. De Gennes argued that such an abrupt

transition would occur because the hydrodynamic interactions, which act to resist the
unravelling of the molecule, decrease rapidly as the polymer is stretched. Therefore, when
the deformation rate exceeds the chain relaxation rate, defined by the inverse of the chain

Rouse time (i.e. & > 1/1R), the chains will stretch to a fully extended state.

Keller et al. noted that the flow-induced morphologies in solution were similar to those
found in entangled melts and reasoned from their similarity that a coil-to-stretch transition
also occurred in entangled melts [10]. In their original experiments, extensional flow fields
were created using an opposing jet device and the chain orientation was measured by
optical birefringence. In these experiments, Keller found evidence for the existence of a
coil-to-stretch transition in entangled melts, by showing a sharp upturn in birefringence at a

critical strain rate ( &&). Furthermore, Keller found that & scaled with the molecular weight

(M) according to the relation:

KoM Equation 2.7
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where £ is a constant related to the Rouse time. This relation shows that longer chains can
become extended using lower strain rates and hence under weaker flow intensities.

Therefore in polydisperse melts subjected to a fixed strain rate just above &, only the

longest chains in the distribution will become extended and accordingly a bimodal
distribution of chain extensions will result. Dukovski and Muthukumar revealed that
molecular weight was however not the only determining factor for a chain to become
extended in a given flow field by showing that a chains’ initial conformation also

influenced the dynamics of chain extension [87].

The majority of the early experiments were performed using elongational flow. Shear flow
was considered to be insufficient to allow the complete extension of molecules due to the
rotational component counteracting the elongational component of the flow. However,
many studies have revealed that simple shear flow can also induce significant chain
extension in entangled polymer melts [10, 14, 17]. Keller hypothesised that a similar

transition also existed at a critical shear rate (&) and would occur between entanglement

constraints imposed by the surrounding molecules [10].

The relaxation of entangled extended polymer molecules can be described by the reptation
theory first presented by de Gennes [88] and later expanded by Doi and Edwards [89].
Reptation theory assumes that the large scale motion of the relaxing polymer chains are
constrained by the topology of neighbouring chains. This results in the chains relaxing in a
snake-like motion (reptation) along an imaginary tube formed by these neighbouring
molecules. This constrained motion leads to a characteristic relaxation time, termed the

disengagement or reptation time (rd ), for a chain to diffuse through one tube length. This

simple theory explains a number of important experimental observations including: a

nonzero second normal stress difference in simple shear flow, the origin of shear thinning

due to the alignment in flow of the tubes, and the approximate scaling of 7, oc M*.

Nevertheless, there are several deficiencies in this simple model. Most notably, numerous

experimental studies revealed that the reptation time in fact scales as 7, oc M>*[90-93].
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This has led to proposals for the inclusion of a number of additional processes into the Doi-
Edwards model to account for the experimental results. Figure 2.7 illustrates the regimes of
flow intensity in which these different processes are thought to dominate [94]. In
polydisperse systems, the release of the constraints imposed by the neighbouring molecules
as they reptate away during the reptation of the main chain along the tube is important [95].
This “constraint release” (CR), otherwise known as double reptation, is thought to be
important under weak flow conditions where the deformation rate is less than the Rouse
time. However, under strong flows the relative motion of molecules in the velocity gradient
is thought to lead to the release of entanglements, thereby permitting further chain
relaxation [94]. This is termed “convective constraint release” (CCR). In addition, under
intense flow conditions chain “stretch” also can become important [89]. Another important
relaxation mechanism, termed “contour length fluctuations” (CLF) is the inclusion of more
complicated modes of chain relaxation which leads to fluctuations of the path length of the
occupied tube segments [93]. The impact of CLF is that it leads to faster relaxation of the
chain ends than when reptation is considered alone. Milner and McLeish showed
theoretically that the inclusion of CLF on the overall melt viscosity alone could account for
the M’ *dependence [90]. Although long predicted by theory, only recently has the
existence of the CR [96] and CLF [97] phenomenon in entangled polymer melts been
confirmed by direct observation using neutron spin echo (NSE) spectroscopy of labelled PE

chains.
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Fig. 1. Schematic illustration of the shear rates at which the various tube-dynamic processes
dominate. Plotted are both the shear stress o, and normal stress difference o, — o, with shear
rate, where x and y are Cartesian components. Reptation {moderated by CLF) dominates a
pseudo-Newtonian regime at low rates, until CCR causes the shear stress nearly to plateau when
shear rates are faster than reptation. At high rates faster than the slowest CLF mode, the chains
start to stretch and shear stress rises again. Inset: The three physical processes of palymer dynamics
in a constraining tube. Under reptation, the whole chain takes diffusive steps along the tube in a
random direction (solid line). Under CLF, the chain end explores new tube configurations through
longitudinal fluctuations of the total entangled tube length, but without requiring center-of-rmass
{reptation) motion. Under CR, an entanglement with a neighboring chain (shown by the solid square)
may disappear, allowing effective conformational relaxation of that part of the tube, again without
reptation of the test chain itself. Tube configuration before relaxation is shaded; after relaxation, light.

Figure 2.7. Regimes of flow intensity in which different reptation processes dominate.

Taken from Bent et al. [94].

The simple reptation time for a linear monodisperse entangled chain can be calculated with

the simple Doi-Edwards model using the following relation:
ty=31,2° Equation 2.8

where 7 is the relaxation time of a single entanglement strand and Z is the number of
entanglements per chain (i.e. the chain length divided by the mean entanglement length).

When CLF effects are taken into account the relation becomes:

Ty = 3reZ3[1 - ch’O'S]Z Equation 2.9
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where « is a constant found to be close to unity [91]. The Rouse time (z ), which can be

considered to be the retraction time of the tube, can be determined from the following

equations:

Tq =3T—; Equation 2.10
or

T =12" Equation 2.11

Both 7z and 7y require the determination of the entanglement relaxation time (re), which

can be calculated from the Kuhn step length (b), the tube diameter (a) and the monomeric

friction coefficient ({y) [89-92]:

gal :
To="— — Equation 2.12
37°KgTh

where Kg is the Boltzmann constant and T is the absolute temperature. The relationships

between the characteristic lengths a and b with the equilibrium random coil features, i.e

a’= Me<R2>/M and b’ = mO<R2>/M allows 7 to be expressed as:

FRarive

T, = ZM—E Equation 2.13
377 KgTm,

where <R2>/ M is the ratio of the monodisperse chain end-to-end distance and the

molecular weight for an ideal equilibrium random coil, Mg is the average molecular weight

between topological constraints and mp is the monomers molecular weight. Therefore if the

quantities <R2>/ M , the monomeric friction coefficient and the entanglement length are
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known, the characteristic relaxation times of polymer chains in a monodisperse melt can be

determined.

2.3.2 Formation of the shish-kebab structure

If the flow intensity imposed on an entangled melt is sufficient, a highly anisotropic
crystalline architecture termed shish-kebabs can form [8-17]. It is generally considered that
a highly oriented thread-like core composed of extended chains or chain segments (shish),
that can be in amorphous, crystalline or mesomorphic states, forms first. The shish then
provide a template for the growth of oriented chain folded crystalline lamellae which grow
perpendicular to the long axis of the shish (kebabs). The formation of shish has been
implicated in influencing many of the important physical and mechanical properties of the
produced polymer [18-19]. Accordingly, the formation of shish is critical to understanding
morphology and property development in a wide range of processes such as injection
moulding and extrusion technologies. In the first part of this section, the conditions
required to initiate shish formation are examined. In the second part of the section, the
various mechanisms proposed in the literature for how the shish entities form are
summarised and compared. Finally, the current understanding of the growth of kebabs on

the shish core is briefly reviewed.

A critical flow intensity is known to be required to form the shish-kebab structure. It has
been widely established that the deformation rate needs to be of sufficient intensity such
that the longest chains in the system can become extended [10]. However, the shish entities
are known to be composed of many chains and therefore an additional amount work must
be necessary to bring the extended chains together. Using a specially designed apparatus
which could apply a defined amount of mechanical work, Janeschitz-Kriegl et al. showed
that a critical amount of work was required for the transition from point-like nuclei to
thread-like nuclei (shish) [98]. This concept has been recently extended by Mykhaylyk et
al. who took advantage of the shear rate gradient found in parallel plate rheometry samples
to characterise the specific flow conditions required to induce the shish-kebab structure in a
range of polyolefins [12-13], Figure 2.8. In essence, a critical amount of mechanical work

(wp) was needed to be applied at deformation rates exceeding the inverse of the Rouse time
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of the longest chains in the system. Above a critical shear rate (& ), the critical work was
found to be independent of shear rate due to the saturation of extended chains. However, at

shear rates below )&, the required critical work was found to increase with decreasing

min 2

shear rate due to a decrease in the population of extended chains.

A

Zone of oriented (shish-
kebab) morphology

W,

specific work of flow, w,

}/m[n = ]/ z—R shear l'ate, ;Vb

Figure 16. Schematic diagram of flow conditions required for the
formation of oriented (shish kebab) morphology in a polymer melt.
The solid line dividing the diagram into two zones (zone of orientation
and zone of no orientation) corresponds to a plot of the boundary
specific work required for the formation of oriented nuclei (shish), wy,, as
afunction of the boundary shear flow rate, y,. The critical specific work,
W,, indicates the minimum amount of the specific work required for the
formation of oriented nuclei at the chosen thermodynamic parameters.
The minimum shear rate y,,;, indicates the flow rate below which the
concentration of molecules in a stretched state is decreased.

Figure 2.8. Schematic diagram illustrating the flow conditions where shish-kebab and

spherulite structures dominate. Mykhaylyk et al. [13].

Although the specific flow conditions for shish formation have been identified, the
mechanism responsible for the initial shish formation is still under debate. The proposed
mechanisms broadly fall into three groups: (a) shish form directly from extended chains or
chain segments produced via an abrupt coil-to-stretch transition [10, 14, 87, 99]; (b) shish
nucleate from pre-existing nuclei and then grow by the addition of new chain segments [30,
33-34, 100-102]; and (c) shish form, in discrete steps, by the aggregation of point-like
nuclei into oriented threads [98, 103-106]. Figure 2.9 summarises the essential components
of each of these mechanisms schematically. It is worthwhile to point out here that these
three mechanisms are not necessarily mutually exclusive and more than one mechanism

could lead to the formation of shish under a given set of processing conditions.
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Figure 2.9. Schematic diagrams illustrating six possible mechanisms for initial shish
formation. (a) (i) The originally coiled chains (ii) become extended by the flow via an
abrupt coil-to-stretch transition before (iii) undergoing densification into the shish. (al)
Structure formation when coil-to-stretch results in the chains adopting fully extended chain
conformations and (a2) when the chains extend as a cooperative network. (b) Shish growth
from pre-existing nuclei. (b1) Unrolling of polymer coils attached to the nuclei and (b2)
autocatalytic growth of shish at their free ends. (C) Shish formation by the accumulation of
point-like nuclei into oriented threads. (c1) Oriented threads form when tie molecules
connecting adjacent point-like nuclei are pulled taut by the flow and (c2) the flow field
leads to coiled up free ends of chains attached to primary flow-induced nuclei to unravel up
and down stream, promoting secondary nuclei formation. Flow direction is horizontal. See

in-text for more detail.
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Keller et al. [10] explained shish formation around the abrupt coil-to-stretch proposed by de
Gennes, Figure 2.9al. In the model, a given flow field will result in the longest chains
becoming extended as if in relative isolation and align along the flow direction. These
extended chains then migrate together and undergo densification into the final shish
structure. Some time after the shish are formed, nearby chains which remained coiled
crystallise on the shish template and form kebabs. The seminal modelling work performed
by Dukovski & Muthukumar [87] showed how the shish densification may occur. Once the
chains drift close together to form an initial overlap region, the overlap then rapidly
propagates along the length of the extended chains. Nevertheless, it was unclear how these
chains which are extended in isolation could diffuse the necessary distance in the short time
required for shish formation. An alternative densification mechanism was recently put
forward by Kimata et al. who performed thorough SANS experimentation on shish
formation in sheared iPP [37]. By selectively deuterating different lengthed chains, Kimata
et al. found that long chains were not overrepresented in the shish entities. They put
forward the hypothesis that only the long chains become extended by the flow. These long
chains which have higher average segmental orientation then recruit neighbouring smaller

chains to form the shish structure.

Keller et al. [10] also noted that in an entangled melt it may not be the whole chain which
becomes fully extended but rather sections of the chain between entanglement points,
Figure 2.9a2. This idea was further supported by a superb experiment performed by Hsiao
et al. on a blend of crystallising ultra-high molecular weight polyethylene (UHMWPE) and
non-crystallising PE matrix [99]. Using scanning electron microscopy (SEM) and in-situ
SAXS they observed the formation of multiple interconnected shish in sheared UHMWPE.
The formation of these multiple shish then strongly pointed to the coil-to-stretch transition
occurring in sections of stretched UHMWPE chain which form part of an entangled

network.

Pennings et al. [101-102] suggested that shish growth along their longitudinal direction was
the main mechanism of shish formation, Figure 2.9bl1. In this picture flow leads to the

initial formation of point-like nuclei from the densification of flow-induced extended chain
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segments. Nearby chains adsorb onto the surface of these point-like nuclei and then, due to
the difference in relative velocity between the attached and free chain ends, get unravelled
and extended by the flow field. These extended chain segments then promote the
longitudinal growth of the nuclei through subsequent densification and rearrangement
processes. Yamazaki et al. extended this work by showing that a critical shear rate was
required to overcome the conformational relaxation of chains at the growth front [34]. In a
separate paper, Yamazaki and co-workers also proposed that shish could grow in an
analogous way perpendicular to the flow direction [33]. In this model, the lateral growth
was achieved by the repeated adsorption of chains onto the lateral surface of the shish
followed by their subsequent extension along the flow direction. Therefore in this picture,
for both lateral and longitudinal growth to occur, an external flow field was thought to be

required.

By studying deformed films of isotactic polystyrene (iPS) using transmission electron
microscopy (TEM), Petermann et al. observed that the presence of obstacles altered the
growth direction of shish. This suggested the presence of a flow field may not be necessary
for shish formation [30]. From these results Petermann et al. hypothesised that shish could
also grow by an autocatalytic process, by the self-induced alignment of chain sections at the
tip of the growing shish cores in the absence of flow, Figure 2.9b2. In this way, shish can
grow provided their growth rate is fast enough to counter chain relaxation at the tip of the
shish, and that folded chains are not incorporated into the shish. In an elegant experiment,
Lieberwirth et al. [100] confirmed the original work of Petermann et al. by selectively
deforming a super cooled melt of iPP. Lieberwirth showed that shish nucleated in the
deformed region and grow into the undeformed region of the melt. Although this work
confirmed that shish could grow without a flow field, the presence of an external flow field

would enhance the alignment of chain sections, thereby increasing growth rates.

Hoffman and Clark [105-106] explained shish formation in an entirely different way. They
argued that kebabs are nucleated off specific sites along the core of the shish and that these
provide information about structural singularities in the backbone of the shish. In their
theory the shish are thought to originate with the accumulation of multiple aligned point-

like nuclei along the length of a flow elongated molecule. These point-like nuclei can be
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thought of as small bundles of roughly parallel chains which show intermediate order
between amorphous and crystalline states [107]. The result is a row of aligned point-like
nuclei interlinked with taut tie molecules which form the basis of the shish precursors.
Janeschitz-Kriegl et al. supported this general mechanism by noting that the slope of a plot
of the log of the number of point-like nuclei per cubic metre versus the log of mechanical
work yielded a slope of 2 [98]. This implies that the creation of new point-like nuclei
during flow can not be independent of the number of nuclei already present. Therefore a
longer range interaction between point-like nuclei must exist. They put forward a
hypothesis that shish could only form once a critical number of point-like nuclei is reached.
Heeley et al. proposed a variation on this mechanism, where the point-like nuclei act as
effective cross links under shear flow [104], Figure 2.9cl. In this model individual
molecules participate in multiple point-like nuclei, which effectively pin them. The pinning
provided by the point-like nuclei retards relaxation of extended chains and allows the tie
molecules to be pulled taut by the flow. The taut tie molecules then provide the basis of the

shish precursor.

An alternative accumulation mechanism was proposed by Seki et al. [103], who suggested
that molecules which adsorb onto the surface of point-like nuclei would get rapidly
extended up or down stream for the original point-like nuclei by the flow, Figure 2.9c2.
These “streamers”, although not fully extended, would have increased segmental
orientation and therefore would lead to increased point-like nuclei formation up and down
stream of the original point-like nuclei. The process would then be rapidly repeated to form

the shish precursors.

At a sufficient under cooling, the shish provide nucleation sites for folded chain lamellae
which grow laterally away from the shish wall. Early studies revealed two types of kebabs
[10]. The first type, termed macrokebabs, could be selectively melted or dissolved in an
appropriate solvent. Conversely, the second type which were termed microkebabs, were
found to have similar thermal and chemical stability to the shish. The difference was
explained by the microkebabs being formed around cilia which were also incorporated into
the shish core, while the macrokebabs were thought to have grown on the microkebabs and

were therefore not directly attached to the shish. Nevertheless, both types of kebabs may

Chapter 2 Page 35



not be formed in all cases. Zhu and Edward reported that high cooling rates could suppress
the transition to macrokebab in injection moulded iPP resulting in shish-kebab composed
entirely of microkebabs [108]. In addition, the simulation work of Dukovski and
Muthukumar did not reveal any evidence for microkebab formation and macrokebabs were

epitaxially nucleated on the shish surface [87].

The epitaxial nucleation of macrokebabs on the shish surface raises the important question
as to what is the minimum shish diameter which can induce the shish-kebab structure. Hu et
al. performed Monte Carlo simulations to examine the effect of one aligned and extended
single chain in a solution of unoriented chains [15]. Hu’s simulation demonstrated that it
was indeed possible for a single chain to nucleate chain folded lamellae. This shows there
may be no lower limit of the shish diameter which can form the shish-kebab structure.
Nevertheless, at the time of writing, this surprising result has yet to be confirmed by

experiment.

2.3.3 Combined influence of flow and foreign particles on polymer crystallisation

The presence of foreign particles can dramatically alter the final crystalline morphology of
semicrystalline polymers under flow-induced crystallisation conditions. The combined
influence of flow and particles has been shown to lead to a synergistic increase in the
number of flow-induced nuclei [43, 52, 109-112]. This leads to increased crystallisation
rates and therefore finer crystalline morphologies. The presence of particles has also been
shown to reduce the flow intensity required to form the shish-kebab morphology [33-34,
49-50, 84, 112-116]. A range of particle characteristics have been suggested to influence
this particle assisted flow-induced nuclei formation, including the particles: curvature [49-
50], size [84], shape [52] and the affinity of the polymer molecules to the particle [115].
However, a detailed picture for how this may occur is not yet available. In addition, the
heterogeneous nucleation effects observed under quiescent conditions can be suppressed or
interrupted by even mild flow conditions [42-43]. Accordingly, through their large impact
on the final morphology, the addition of particles can have important implications for the
final properties of polymer articles processed under flow-induced crystallisation conditions.

The first part of this section provides a thorough review of the proposed mechanisms of
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how the particles assisted formation of flow-induced nuclei could occur. The final part of
this section illustrates some of the possible consequences the additional flow-induced

nuclei have for morphology and property development.

A number of mechanisms have been proposed to account for the observed interactions of
particles and flow, Figure 2.10. One possible influence is that the surface of a particle
could stabilise the extended conformation of oriented molecules, retarding their relaxation
and thereby assisting the densification of flow-induced nuclei, Figure 2.10a. Garcia-
Gutiérrez et al. investigated the influence of single walled carbon nanotubes (SWCNT) on
the flow-induced crystallisation of poly(butylene terephthalate) (PBT) [51]. Garcia-
Gutiérrez found that even under quiescent crystallisation conditions, the addition of a small
amount of SWCNT acted as pseudo shish and a template for the formation of oriented
crystalline lamellae perpendicular to their surface. However, they found that the fraction of
oriented material increased dramatically when shear flow was applied and attributed the
behaviour to shish being stabilised on the surface of the SWCNT. In another study, Zhu and
co authors investigated the influence of two colorants, which had different surface
curvatures, on the morphology distribution of injection moulded iPP [49-50]. Zhu found
that the colourant particle with the curved surface did not appreciably influence shish-kebab
formation, while the colourant with the flat surface promoted shish-kebab formation, even
under mild flow intensities. Zhu proposed that the different surface contact, which would
arise with different curvature, payed a significant role in shish-kebab formation. In this
model, flat surfaces provide many contact points which stabilise extended chain
conformation and therefore promote shish formation. On the other hand, the number of
contact points for an extended linear molecule would be reduced on a curved surface. This

would allow the extended state to relax or be perturbed by the surrounding flow.
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Figure 2.10. Schematic representation of six possible mechanisms for particle assisted
shish formation. (a) Stabilisation of extended conformations on the surface of particles. (b)
Retarded relaxation of extended conformations by increasing the number of physical cross-
links. (C) Increased strain and strain rate near the particle caused by flow of matrix around
the particle. (d) Separation of nearby particles leading to increased elongation flow between
the two particles. () One end of a molecule is adsorbed and pinned on the surface of
particle, while the other end is extended by the flow. (f) Long range perturbation of a

molecules streamline by the motion of a passing particle. Refer in-text for more details.
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It has also been suggested that particles which strongly interact with the polymer could act
as additional physical cross-links, promoting chain extension during flow and retarding the
relaxation of extended chain conformations after flow is ceased. The resultant greater
number of chains in extended chain conformations would then accelerate shish formation,
Figure 2.10b. Fu et al. added nanostructured polyhedral oligomeric silsesquioxane (POSS)
to iPP and found its presence promoted shish formation but also resulted in a decrease in
the long period [116]. Fu suggested this behaviour was consistent with the POSS acting as
physical cross-links which retarded relaxation of extended chains. In another study,
Kelarakis et al. added modified carbon nanofibers (MCNFs) to iPP and found that at the
very early stages of crystallisation, the amount of oriented crystals increased with
increasing concentration of MCNF [117]. Kelarakis attributed this behaviour to MCNFs
hindering the motion of chains, which would retard the relaxation of extended chain
conformations. Recently, Patil et al. investigated the formation of shish in a linear
polyethylene containing two different nano-particles (SWCNT and zirconia), which were
found to have substantially different affinities for the polymer molecule [115]. Patil showed
that the nano-particles which strongly interacted with the polymer molecule promoted shish
formation, while the nano-particle which did not interact with the polymer molecule
disrupted shish formation. Patil ascribed this behaviour to the strongly interacting particles
anchoring the polymer chains which then significantly increased the number of chains in
extended conformations during flow. On the other hand, the weakly interacting nano-

particles disrupted the chain extension processes during flow.

Hwang et al. [118] advocated that polymer molecules flow around the particles (i.e. there
exists a velocity difference (AV) between the particle and matrix), and this flow difference
leads to an increase in both the strain and strain rate near the exposed sides of the particle
(Figure 2.10c). The constriction caused by the polymer molecules having to flow around
the particle would also lead to an increase in the elongational component of shear flow.
Furthermore, Hwang suggested the elongational component of shear flow would be further
increased in the region between two nearby but separating particles (Figure 2.10d). Real
space imaging of the expected morphology gradient near a particle should be able to

confirm such hypotheses.
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Jerschow and Janeschitz-Kriegl noted an increase in the size of the oriented surface layer of
iPP exposed to duct flow when methyldibenzylidene sorbitol (MDBS) was added [112].
They proposed that the increase orientation was due to polymer molecules being adsorbed
onto the surface of the nucleant, effectively pinning one part of a molecule. During
subsequent shear flow, the free ends of the molecule are easily stretched due to the
differential in the flow field, accelerating the formation of shish (Figure 2.10e). Yamazaki
and co-authors provided further evidence for this type of mechanism when investigating the
formation of shish in sheared iPP and PE melts using polarised optical microscopy [33-34].
They observed thread-like nuclei only formed at artificial sites or ‘pins’, such as dust

particles within the melt or on the surface of the shear cell.

Under simple shear flow conditions the rotational rate and extensional rate are equal, and
therefore the rotational component is just sufficient to counteract the elongation component
of the flow from stretching out the polymer chains. Harlen and Koch proposed that particles
can tip this balance in the favour of the extensional component promoting favourable
conditions for the coil-to-stretch transition to occur, Figure 2.10f [119]. As a particle
moves past a polymer molecule, its velocity disturbs the molecule out of its initial
streamline due to the slightly different flow histories along the length of the molecule. As
the molecule now lies over a broader range of streamlines, the molecule is able to interact

more strongly with the flow field and become stretched along the flow direction.

An interesting consequence of the formation of additional flow-induced nuclei in the
presence of particles has recently been revealed by Huo et al. [43]. Huo investigated the
flow-induced crystallisation of iPP containing an intentional -iPP nucleating agents. As
discussed later in this chapter, shear flow is known to induce the formation of B-iPP. Huo
found that the application of shear flow indeed led to the formation of B-iPP in pure iPP
and iPP containing small concentrations of the B-iPP nucleant (< 0.1wt%). However, at
higher loading levels shear flow was found to suppress 3-iPP formation. They rationalised
that this amazing result was due to the combined shear flow and particles altering the
concentration of oriented o-iPP nuclei, which are thought to initiate a o-iPP to B-iPP

growth transition. At low shear rates, the presence of the nucleant particles promoted the
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formation of oriented o-iPP nuclei, while at higher shear rates the nucleant particles
suppressed oriented a-iPP nuclei. However, such a model has yet to be experimentally

confirmed.

Chen et al. observed a similar phenomenon under oscillatory shear conditions and proposed
an alternative explanation for the suppression of 3-iPP at the higher shear rates [42]. The
more intense flow fields in the nucleated samples would lead to a mechanical strain-
induced transition from the metastable B-iPP to the more stable o-iPP. The results
presented therefore have important implications for the processing of polymers containing a
wide variety of additives, the inclusion of which can dramatically alter the morphology and

thus properties of the polymer component.

Chapter 2 Page 41



2.4.0 Hierarchical structure and properties of iPP

Natta and Corfidini showed that the usual crystal form of iPP has each polymer molecule
arranged as a 3; helix [120]. The helix is chiral and can exist in either the right or left hand
configuration. This chirality allows for three different crystalline phases: o-iPP
(monoclinic), B-iPP (trigonal), y-iPP (orthorhombic) as well as the mesomorphic smectic-
iPP, Figure 2.11. In this section the hierarchical structure and the physical and mechanical

properties of each iPP phase are reviewed.
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Figure 2.11. The crystal structures of iPP. (a) monoclinic a-iPP consisting of alternating
antichiral layers, (b) trigonal isochiral B-iPP with frustrated packing, (c) orthorhombic -
PP structure proposed by Bruckner and Meille [121] and (d) a schematic illustration of the

mesomorphic- or smectic-iPP.
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2.4.1 Hierarchical structure of a-iPP

The a crystalline phase is by far the most common phase of iPP. Its structure was first
determined by Natta and Corfidini in 1960 [120] to be monoclinic with cell parameters a =
6.65 A, b =2096 A, c = 6.5 A and B = 99°80". The crystal structure is made up of
alternating sheets of left and right handed helices, where neighbouring sheets are arranged
in such a way that the tip of each sheet inter-penetrates. Interestingly, it appears that this
regular arrangement of stems can sometimes get mixed up and two adjacent sheets with the
same chirality are possible. This leads to a dramatic reorientation of the chain axis from the
substrate layer (parent) by the B angle of a-iPP monoclinic unit cell (99°80") forming a

branch [122]. A daughter lamella may then form from this initial nucleus.

The orientation relation between parent and daughter lamellae was first determined by
Keith and Padden [123], who showed that the a,-axis and c;-axis of the daughter lamellae
(Lp) are aligned along the c;-axis and the a;-axis of the parent lamellae (Lp) respectively,
Figure 2.12. This is termed a parent-daughter relationship (PD). In this thesis the a, b and ¢
axes of the parent lamellae are identified by the subscript 1 (aj, by, ¢1), and the axes of the
daughter lamellae by the subscript 2 (a,, by, ¢z). PD lamellar branching has been observed
over a wide range of crystallisation conditions: melt [37, 124-128], solution [129], thin

films [130-132] and the sheared region of injection mouldings [6, 113-114, 133].

PD lamellar branching has been found not to occur at high [134] (>160 °C) or low
crystallisation temperatures [135] (< 90 °C). Lotz proposed that this alteration in the
lamellar branching frequency could be explained by the alterations of the morphological
features of the epitaxial site with temperature [136]. Lotz reasoned that a flat surface, of at
least the size of the forming embryo, must be available for the molecular stems to be
deposited at right angles to the normal chain-axis direction of the substrates a(010) face.
Therefore surfaces which are rough or crenelated are unlikely to be suitable sites for the
epitaxial nucleation of daughter lamellae. Lotz hypothesised that at higher temperatures the
crenellation occurs due to the lenticular shape of the growing a-iPP lamellae, while at low

temperatures the crenellation is induced by a high rate of secondary nucleation.
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Figure 2.12. Generalised model for the oriented parent-daughter structure found in sheared

isotactic polypropylene.

The change in the frequency of PD lamellar branching with temperature has been shown to
lead to a change in the morphology of the iPP spherulites when crystallisation takes place at
different isothermal crystallisation temperatures. Keith and Padden showed that spherulites
grown below 134 °C generally exhibited a slightly positive birefringence (i.e. Nragial >
Nangential), While spherulites grown above 138 °C have a negative birefringence (i.€. Nngential
> Npagial) [137]. Furthermore, spherulites grown in the range 134 °C — 138 °C displayed
what was termed a mixed birefringence, where radial sections have either positive or
negative