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Summary 
Polymeric systems become increasingly complicated and multifunctional if 

they involve a larger level of structural complexity. In the last couple of decades the 

level of interest has gradually shifted from the μm-scale to the nm-scale region, for 

instance, systems having at least one structural size below 100nm, e.g. 

nanocomposites. The physical properties of polymers such as crystallisation, tensile 

modulus, impact strength and viscosity are strongly influenced by the presence of 

additives in the polymer matrix. Semicrystalline polymers comprise nearly two-thirds 

of all synthetic polymers. These are processed to form films, fibers, and moulded 

articles using operations such as extrusion, moulding, fiber spinning, film blowing 

etc. During these processes, the polymer melt is subjected to complex and intense 

flow fields (shear or elongational) after which the polymer crystallises. The 

morphology of the semicrystalline polymer in the final product and subsequently its 

properties and quality, depend on the manner in which the polymer crystallises from 

the flowing melt. The subject is continuously driven by the quest to understand the 

molecular mechanism of flow induced crystallisation; nevertheless, the flow induced 

crystallisation in presence of nanofillers has received little attention. 

The thesis deals with the crystallisation studies of polymer molecules during 

shear in presence of nanofillers (viz. single walled carbon nanotube (SWCNT) and 

zirconia particle) having different aspect ratio. For this purpose, the polyethylene (PE) 

consisting of desired molar mass and molar mass distribution within the processing 

range is utilised. The morphology of semicrystalline polymer is revealed using time 

resolved X-ray scattering (SAXS/WAXS) techniques. The rheological aspects of 

polymer melt in presence of nanoparticles are manifested. 

In chapter 2, the effect of SWCNTs on the crystallisation kinetics of polymers 

has been studied with and without application of shear rate. The shear rate effect on 

the formation of shish-kebab structures in the polymer containing SWCNTs is 

investigated. The effect of shear rates on the stretching of long chains of PE is verified 

using the approach involving the use of Deborah number. The study reveals the 

significance of SWCNTs on crystallisation of PE. In chapter 3, the influence of 

zirconia nanoparticles on crystal orientation of polymers is studied. Enhanced 

crystallisation kinetics is observed due to presence of zirconia nanoparticles. Overall 
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crystal orientation is improved as a result of zirconia nanoparticles in the polymer 

matrix.  

In chapter 4 of the thesis, the role of broad molecular weight distribution of PE 

in formation of oriented (shish-kebab) structures is demonstrated. The presence of 

nanoparticles of different aspect ratios and binding efficiency with polymer on the 

formation of highly oriented structures in the early stage crystallisation is verified. 

The study reveals the significant role of SWCNTs in shish-kebab structure formation 

as compared to zirconia nanoparticles. Further, the insight on the selective adsorption 

of polymer chains to the nanoparticles is provided. In chapter 5 of the thesis, the 

molecular interaction between polymer and nanoparticles under shear above the 

equilibrium point (T = 141.2°C) is investigated. The study reveals the major role of 

SWCNTs with high aspect ratio, in the stability of flow induced precursor (FIP) and 

formation of extended chain crystals, as a result of strong interaction with PE 

molecules. On contrary, the poor interaction of Zirconia particles having low aspect 

ratio, with PE molecules prohibits molecular chain extension.  

 

Keywords: Flow induced crystallisation, polyethylene, nanoparticles, shish-kebab 

structures, crystallisation kinetics 
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Chapter 1 
 
General Introduction 
 
Preface 
 

Polymers represent an important class of materials due to their several tunable 
properties that is realised in their applications ranging from a commodity plastic to 
highly demanding applications. Basically, polymer materials exhibit important structural 
features from subnanometer range up to several microns. Flexibility in applications 
arises directly from versatility in physical properties, which manifests molecular 
synthesis and design, relationships between molecular architectures and material 
response, and efficient processing strategies. The material properties in the solid state 
(final) and the dynamic response in the liquid state used in both molecular 
characterisation and processing governs the polymer design and optimisation of 
performance. However, it is often the case that polymeric materials do not achieve an 
equilibrium state; similarly, the processing of polymers usually involves strong undefined 
flow conditions, temperature gradients that take the system far from equilibrium. This 
makes it rather difficult to predict the ultimate structure, at the nanoscopic, mesoscopic, 
and even macroscopic levels. 

Polymer science has achieved certain level of development in the last 60 years. 
For instance, from the recognition of macromolecules by Hermann Staudinger (1953 
Nobel Prize in Chemistry) to the work on organometallic catalysts for synthesis of 
polyolefin by Karl Zeigler and Giulio Natta (1963 Nobel Prize in Chemistry), theoretical 
and experimental work in the physical chemistry of macromolecules by Paul J. Flory 
(1974 Nobel Prize in Chemistry), the knowledge and concepts of molecular rheology; 
based on the fundamental work of Pierre-Gilles de Gennes (1991 Nobel Prize in 
Physics) and very recently on polymer catalysis by Robert  Grubbs, Richard Schrock 
and Yves Chauvin (2005 Nobel Prize in Chemistry). 

In this thesis, effort is made to understand relatively less understood structure 
formation processes under defined flow conditions in the presence or absence of 
nanoparticles. (1) Nanoparticle interaction with macromolecules in the melt state; (2) 
Chain dynamics of polymer melt in the presence of nanoparticles, which influences 
viscoelastic response and mechanical properties; (3) Processing, which establishes the 
performance of materials. 
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1.1 Brief history and development of polyethylene 
The development of polyethylene (PE) is extremely important commercially, 

industrially and scientifically. It was produced serendipitously several times before the 

utility of synthetic polymers was appreciated. It was not until the 1930s that chemists 

from Imperial Chemical Industries (ICI), trying to produce an entirely different product, 

inadvertently created polyethylene and recognized its potential. In 1933, the 

investigations on the high pressure reaction of ethylene with benzaldehyde by Eric 

Fawcett and Reginald Gibbon produced a subgram quantity of a white waxy solid lining 

the reaction vessel. The solid was identified as a polymer of ethylene. However, it was 

not before 1935, that Michael Perrin established a set of conditions that could be used to 

polymerise ethylene more consistently. The polyethylene made by Perrin was a ductile 

material with a melting temperature of about 115°C. This material was what we know 

today as low density polyethylene (LDPE). [1] However, the fundamental limitations to 

the applications of polyethylene were realised during World War II due to its flexibility, 

low tensile strength and low softening temperature. All these limitations had the same 

origin; the high degree of short chain branching that hindered the formation of crystallites 

in terms of size and perfection. 

The potential for polymerising ethylene was recognised based on the early 

investigations from the research group of Karl Ziegler (Max Planck Institute in West 

Germany) during 1950s, on various transition metals with respect to their ability to form 

more effective, catalysts. Subsequently as a result, a new form of polyethylene was 

obtained by low pressure, low temperature polymerisation process [2], with its negligible 

branching, displayed many properties that were superior to those of the previously 

available highly branched resins. The physical properties such were stiffness and strength 

also increased. With its higher degree of crystallinity along with higher density; it was 

named high density polyethylene (HDPE). 

The significance of Ziegler’s discovery was recognised and as a result Karl 

Ziegler [3] and Giulio Natta [4-5] received the 1963 Nobel Prize in Chemistry for 

organometallic catalysts capable of producing linear high density polyethylene (HDPE) 

and polypropylene (PP), respectively. With the breakthrough in the development of 

catalyst technology, copolymers of ethylene with small amounts of α-olefins were 
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produced. Using such polymerisation the incorporation of short chains or branches on the 

ethylene backbone became possible resulting in the development of linear low density 

polyethylene (LLDPE). Subsequently, the potential to investigate the morphology of 

semicrystalline polymer in stirred solutions [6-8], sheared melts [9], drawn melts [10] and 

undercooled melts [11] were realised.  These studies lead to the advances in achieving the 

high performance of materials.  

Ultra high molecular weight polyethylene (UHMWPE) produced by Ziegler 

process has a high melt viscosity which results from a high molecular weight (HMW) and 

enhanced degree of chain entanglements. Hence, UHMWPE is relatively difficult to 

process. The advantages of using UHMWPE arise because of high impact properties, 

high abrasion resistance, low creep and excellent resistance to stress cracking of material. 

In late 1970s, Smith and Lemstra [12-14] at DSM Research at Geleen, the Netherlands, 

developed a process to produce ultra high strength PE filaments based on solution 

spinning and hot drawing of UHMWPE from semi-dilute solution. The process proved to 

be very crucial in terms of achieving a high modulus of 150 GPa and tensile strength to 

break in the vicinity of 4 GPa in synthetic man made fibers. 

Lately, in the 1980s, single-site catalysts emerged in the polymer field with the 

discovery of metallocene catalysts by Sinn and Kaminsky [15], based on transition metals 

(Zr, Ti, Hf). These highly active catalysts exhibit advantages over the conventional multi-

site Zeigler-Natta and chromium catalysts. Single-site catalysts have exceptional ability 

to polymerise olefin monomers, producing extremely uniform polymers and copolymers. 

This lead to the production of superior polyethylenes with narrow molecular weight 

distribution for better control over chain structures.  
 

 

1.2 Morphology and crystallisation of polyethylene 
Polyethylene is the most widely used model semicrystalline polymer for 

morphological investigations due to its simple chemical structure. In 1939, Bunn [16] 

verified the crystal structure of PE. At ambient temperature and atmospheric pressure 

polyethylene chains pack in the thermodynamically stable orthorhombic lattice shown in 

figure 1.1. 
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Figure 1.1:  The orthorhombic crystal symmetry [17] of PE. Each cell consists of two 
C2H4 – groups. (a) The orthogonal view and (b) view along the chain axis. 
 

Subsequently, the dimensions at ambient temperature and atmospheric pressure of 

orthorhombic unit cell of linear PE was reported [18] as; a = 7.40 Å, b = 4.94 Å and c 

(chain axis) = 2.55 Å. Polymorphism in polymers is a common phenomenon. In 

polyethylene it is realised during mechanical deformation or under constrained 

conditions. For an example, the thermodynamically less stable monoclinic structures are 

present in mechanically stressed polymer materials such as stretched and oriented films. 

Bassett et al. [19] reported the presence of a hexagonal phase in linear PE at elevated 

pressures (p) and temperatures (T). These findings were further supported by Hikosaka et 

al. [20] where the equilibrium triple point Qo (at 250°C and 5.3 kbar) in the p-T phase 

diagram is defined as the intersection of the orthorhombic to liquid, orthorhombic to 

hexagonal and hexagonal to liquid transition lines. Consequently, Rastogi et al. [21] 

provided evidence for the presence of a hexagonal phase during polymer crystallisation. 

According to these authors, depending on the explored region of the phase diagram, 

below the equilibrium triple point, a growing crystal initially in the hexagonal phase goes 

through thermodynamically stable and metastable states before transformation to the 

orthorhombic phase. The newly transformed crystals, from hexagonal to orthorhombic 

crystal packing, act as nucleation centres for many new crystals starting in the hexagonal 

phase. The life time for the crystal in the thermodynamically metastable hexagonal phase 

decreases with increasing supercooling. This study was crucial since single crystals can 

be grown directly in the melt and some insight into the nucleation and growth of 

spherulites at ambient pressure could be provided. Hence, it became possible to recognise 

that the crystallisation of linear PE proceeds through a metastable phase, even in the 
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thermodynamically stable orthorhombic region of the p-T phase diagram. This topic has 

been further pursued by Strobl and co-workers. [138] 

The crystallisation of PE from solution or melt leads to the formation of lamellae 

through the process of organised chain folding [22-23] (figure 1.2a). Keller [7], Fischer 

[24] and Till [25] through their independent investigations revealed that linear 

polyethylene crystallises into thin platelet crystals, the so called lamellae, from dilute 

solutions. These lamellae could grow several microns in lateral dimensions however they 

were very thin (∼10 nm) along the chain axis with polymer molecules, repeatedly being 

folded back and forth. Fischer [24] and Kobayashi [26] independently showed that 

crystals in melt grown spherulites of PE were lamellar rather than fibrillar, thus 

confirming that chain folded crystals play a major role in the morphology of semi-

crystalline polymer. 

 

 
 
Figure 1.2: Single crystals of linear PE (a) schematic of regular chain folding in single 
crystals (b) electron micrograph of solution grown single crystals of linear PE; [27] (c) 
electron micrograph of PE crystallised at 0.3 GPa as uniform circular disc; twinned 
texture at ambient temperature and pressure with lines inclined at 60° is observed in the 
sample cooled to room temperature; [28] (d) electron micrograph of PE crystallized at 
130 °C, grown from melt at atmospheric pressure. [29] 
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The crystal shape of PE changes with time and the defined supercooling. [30] The 

process is often cited as surface roughening. [31] On isothermal annealing, chains within 

the crystals tend to reorganise and overall crystallinity increases. The process of 

isothermal crystal thickening occurs in PE crystals during growth from both melt [32-33] 

and solution. [34-35] Crystals of ultra long alkanes, show crystal thickening from an 

initial chain folded crystal to thermodynamically stable, extended chain. Crystal 

thickening has been followed using DSC, FTIR, time resolved X-ray scattering and 

transmission electron microscopy. [35] In general, the thickness of crystal lamellae 

depends on the crystallisation conditions, i.e. the crystallisation temperature and 

annealing or quenching treatments. [36] Geometrically, the well-formed crystals are 

formed when PE is crystallised under a low degree of supercooling [37-38], whereas 

short, thin curved crystals grow under a high degree of supercooling. [38-39] The 

percentage thickness-to-width ratio of solution grown or melt-grown crystals has been 

reported to be in the range from 0.1% to 10%.[40-41] The lamella thickness and 

thickness distribution has been the subject of many investigations and is determined by 

several experimental techniques, such as Transmission Electron Microscopy (TEM) [42-

44], Differential Scanning Calorimetry (DSC) [44], Small-Angle X-ray Scattering 

(SAXS) [44-45] and Atomic Force Microscopy (AFM). [44-46] Recently, morphological 

implications on lamellar thickening have been explored in the regularly stacked 

UHMWPEs. The authors showed that compared to the melt crystallised samples in the 

regularly stacked crystals, thickening proceeds via lamellar doubling. [47]  These 

observations on quantum increase in crystal thickness above the alpha relaxation 

temperature were further supported by AFM studies performed on the overlayed single 

crystals of linear polyethylenes. [48]  

To bridge polymer crystallisation from solution and melt, it is also proposed that 

polymer crystallisation from the melt proceeds from single lamella. The single crystals 

rapidly branch to form more complicated morphologies, filling space in three dimensions 

to form a spherulite. The crystallographic chain-axis is oriented in the tangential plane of 

the spherulite and the b-axis is oriented along the spherulite radius. [49] Depending on 

the molar mass and crystallisation temperature, linear PE forms different kinds of 

superstructures as shown in figure 1.3. Under a high degree of supercooling, and with a 
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molar mass between ~15,000-120,000 g/mol, banded spherulites are reported. [50-51] 

With low degree of supercooling and narrow molar mass of ~65,000 g/mol, non-banded 

spherulites are reported. [51] Whereas a low degree of supercooling and a molar mass 

ranging between ~18,000-115,000 g/mol leads to an irregular non-spherical sheaf-like 

structures. [50] In very high molar mass PE, random lamellar structures without any clear 

superstructure are observed. [52]  
 

 
 
Figure 1.3: The spherulite structures in linear polyethylenes, (a) banded spherulite 
structures; [53] (b) non-banded spherulite structures; [51] (c) sheaf-like structures. [54] 
 
 

Crystallisation of PE from the melt mainly leads to a two-component structure 

having the layer of crystalline and amorphous regions. Another component of a 

transitional (interfacial) region between the crystallites and the liquid-like amorphous 

region has been identified using NMR [55] and Raman [56] spectroscopy techniques, 

which are sensitive to probe chain mobility and the conformational statistics of the 

molecules. According to Strobl and Hagedorn [56], the interfacial region is a disordered 

phase of an anisotropic nature where chains show all-trans sequences but have lost their 

lateral order. Mandelkern et al. [57], later suggested that the percentage fraction of 

interfacial component increases with increasing degree of chain branching. Mutter et al. 

[58] stated that the interfacial component of PE is refined further into two different 

components: an interfacial crystal core and an interfacial liquid-like component. The 

interfacial crystal core is associated with all-trans sequences of the chain molecules 

outside the orthorhombic crystalline lattice, whereas the interfacial liquid-like component 

is associated with the conformational states of the amorphous phase, which differ from 

the completely disordered state of the liquid-like amorphous component. 
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1.3  Flow induced crystallisation (FIC) in polyolefins 
Flow enhances the crystallisation dynamics and results in a specific 

semicrystalline morphology. The application of flow permits the extension of polymer 

chains; moreover, thermodynamically it increases the opportunity of crystal formation by 

increasing the melting point, while kinetically the extended chain is closer to a crystal 

state than a random chain. Hence, flow leads to local ordering of the polymer chains; as a 

result, decrease of the entropy barrier for nucleation, which contributes to the increase in 

crystallisation rate of the polymer chains. [59] The formation of extended chain crystals 

during flow is an outcome of the high end tail of the molecular weight distribution. [60-

61] These high end tail molecules, having higher relaxation time are stretched leaving the 

rest unchanged; a stronger elongational rate influences the chain dynamics of a broader 

part of the molecular weight distribution. The elongational rate, therefore, determines the 

amount of extended chain crystals arising during flow. These extended chain crystals 

serve as nuclei for lamellar crystallisation of the non oriented low molar mass polymer, 

which contribute to lamellar over-growth perpendicular to the central core at later stages 

of crystallisation. [61]  

The chain dynamics in polymer melts has been recognised as the critical 

parameter in the resultant morphology after flow. Since the relaxation time is 

proportional to the molecular weight, long chains would possess much longer relaxation 

times than short chains. As a result, after the cessation of flow, long polymer chains may 

not have sufficient time to relax back to the coiled state and would remain in the stretched 

state, whereas the stretched short chains can quickly relax back to the coiled state without 

preferred orientation. Hence, the Weisenberg number (Wi) which is product of relaxation 

time and characteristic deformation rate for a flow process is greater than one for flow 

fields in processing operations.  If , polymer coil conformations are significantly 

restricted compared to the equilibrium random coil state thus lowering the energy barrier 

for polymer crystallisation. Thus the overall crystallisation is enhanced. At low shear 

rates, due to local ordering, the nucleation density gets enhanced and large numbers of 

spherulites are formed, while at higher shear rates, due to stretching of chains, highly 

anisotropic oriented crystallites resulting in “shish-kebab” structures [62-64] are formed. 

Moreover, if the number of shish-kebabs is sufficiently high (i.e. their distance is 

1Wi >
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sufficiently small), they can join and form complex zip fastener structures. [60] Shish-

kebab morphology in polymers was first reported by Pennings et al. [8] who during 

fractionation process of high molar mass PE came across such unique structural 

formation. The schematic representation of shish-kebab morphology is depicted in figure 

1.4. 

 
 

Figure 1.4: Shish-Kebab structure showing the central core consisting of extended chains 
that provides suitable nucleating sites for the growth of lamellae perpendicular to central 
core. These lamellae consist of folded chains aligned in the direction parallel to the 
central core. [65] 

 

Seki et al. [66] indicated the formation of shish-kebab morphology due to HMW 

chains exceeding the critical overlap concentration. This finding suggests that the 

formation of a shish structure is a result of a cooperative effect between the HMW chains. 

However, the number density of shish structure appears to saturate with increasing 

shearing time and the mass fraction of HMW chains.  
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Figure 1.5: (a) optical micrograph of cross section of an injection molded sample 
consisting spherulitic structure in the inner portion and extended chains (shish) in the 
edges; [67] (b) electron micrograph of ‘shish-kebab’ structure grown from a stirred 
solution of ultra high molecular weight polyethylene (UHMWPE) in xylene; [62] (c) 
Shish-kebab structures in polypropylene at 140 °C; [63] (d) SEM micrograph of shish-
kebab structures having multiple shishes in toluene-extracted UHMWPE; [64] (e) TEM 
image of PE shish-kebabs forming zip fastener structures. [60] 
 

The crystallisation behaviour and subsequent morphological development are 

directly dictated by the initially formed precursor structures (e.g. shish-kebab structures, 

where shish represents extended chain crystal and kebab represents folded-chain crystal) 

induced by flow. [68-76]  

 
1.3.1 Factors influencing formation of oriented structures  

Several physical paramaters have been demonstrated to explain the formation of 

oriented structures in FIC. For instance, the resultant anisotropic shish-kebab  structure 

arises when the flow is applied above a critical shear rate, whereas isotropic spherulitic 

nucleation occurs when the applied shear is below the critical shear rate. [66, 73, 77-83] 

For instance, Langouche [84], confirmed the characteristic upturn in the flow 

birefringence pattern at high shear rates using a shear cell and optical setup. 

Kumaraswamy et al. [85] recently studied the control of short-term shearing using in-situ 

optical (birefringence) and wide-angle X-ray diffraction (WAXD) and ex-situ 

microscopy techniques on isotactic polypropylene (iPP). They suggested the formation of 

highly oriented crystallites ultimately leading to the shish-kebab morphology. Lamellae 
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tend to grow in the perpendicular direction of the shish. The lamellae growth is hindered 

with the growth process on the neighbouring shish, that may lead to the interlocking of 

kebabs. [60]   

Bove and Nobile [86], reported strong enhancement in crystallisation kinetics of 

polymers; when step shear flow was applied at the crystallisation temperature. The 

overall crystallisation rate increases with the increasing applied shear rate at a constant 

strain of 60 %. At higher shear flow temperatures, slower kinetics occured until the effect 

of the applied shear flow was lost. Many investigations suggest that the application of a 

flow field at temperatures above the nominal melting temperature ( ) can still enhance 

the crystallisation rate. [66, 77, 79, 87-88] The enhanced crystallisation rate decreases 

with increasing residence time in the melt after flow. i.e. the flow induced precursors 

formed in the melt vanishes with temperature, which is evaluated using an Arrhenius 

activation law. [89-94] 

mT

A crucial function governing the overall chain dynamics in melt under shear is the 

relaxation behavior of the oriented chain segments. For the applied shear rate Keller et al. 

[68, 95] suggested the role of critical molecular weight M* in the orientation of chain 

segments. Thus in the sheared polymer melt, while the chains longer than M* will retain 

chain orientation after deformation, the short chains would relax to the random coil state 

as their relaxation times are short. Lagasse and Maxwell [96], reported that the 

enhancement in crystallisation kinetics for a polymer is more pronounced for high 

molecular weight samples during shear flow. Janeschitz-Kriegl and Eder [70] showed 

that the crystallisation of polymer was highly dependent on the concentration of long 

chains under shearing at a low degree of supercooling. According to Kornfield et al. [97], 

both crystallisation kinetics and orientation increased with increasing amount of long 

chains. They argued that the role of long chains in the shear-induced crystallisation is 

cooperative rather than a single chain event. Vleeshouwers and Meijer [98] further 

confirmed that in sheared polymer melt, crystallisation behaviour is highly sensitive to 

molecular weight ( wM ) and molecular weight distribution ( ). In all studies under 

defined conditions, temperature played an important role as crystallisation rates are an 

exponential function of the under cooling.  

MWD
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Similar to the others, Yang et al. [77] and Somani et al. [99] also noticed that the 

degree of chain orientation is proportional to the fraction of high molar mass content. 

They attributed the enhanced nucleation after flow to coil-stretch transition of high 

molecular weight chains during the applied flow. The results are in accordance with 

Monte Carlo simulation experiments from Wang et al. [100] to study the athermal 

relaxation of bulk extended chains and the isothermal crystallisation in an intermediately 

relaxed melt. These studies are in agreement with in situ SAXS/WAXD studies 

performed by Agarwal et al. [101] on the role of long chain branched iPP in enhanced 

crystal orientation and improved crystallisation kinetics and further exhibiting improved 

melt strength, mechanical properties such as flexural modulus and tensile yield strength 

etc. Van Meerveld et al. [102], verified the formation of oriented (shish-kebab) structure 

with the rotational isomerisation of the high molecular weight tail of molecular weight 

distribution, namely a critical stretching of the chain, rather than simply enhanced 

orientation. Acierno et al. [103] related the development of oriented crystals on shearing 

and molecular weight dependence of the shear induced enhancement in the crystallisation 

kinetics to Weissenberg number (Wi ). In their studies, they reported that flow is not 

effective in enhancing crystallisation kinetics for 1Wi <  and does not strongly disturb the 

polymer chain conformation from its isotropic equilibrium state. Acierno et al further 

stated that spherulitic to rod like transition for the crystals only happens for much higher 

shear rates.  

Nucleating agents also play a synergetic role in enhancing shear induced 

crystallisation of polymers by acting as point nuclei to form oriented crystals. [67, 104] 

Jain [105] showed that the flow-induced crystallisation of polypropylene/silica 

nanocomposites is faster compared to pure polymer. The increase in orientation was 

attributed to the locally increased stress due to the presence of particles. Conversely some 

studies [96] indicated that the presence of carbon black additive or a hetergeneous 

nucleating agent in propylene polymer does not play a significant role in shear induced 

crystallisation. Instead, they attributed the elastic chain extension due to entanglement 

couplings between molecules as the hydrodynamic origin of shear induced crystallisation. 

Spruiell et al. [106] claimed that addition of nucleating agent in copolymers leads to 

decrease in stress-level and polymer orientation at molecular length scale. Huo et al. 
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[107], with the aid of WAXD suggested that a high content of β-nucleating agent in iPP 

leads to the formation of β-form cystals. However, they commented on the shear 

dependence of β-form crystallinity where they observed increases in crystallinity with 

increase in shear rate upto a certain point and its decrease with further increases in shear 

rate. 

 
1.4 Processing of polymers 

Flow fields are often realised during processing of polymers, thus have an 

influence in the resultant morphology. Here we recall some of the salient features of 

polymer processing and link them to flow induced crystallisation. Processing refers to the 

conversion of polymers in to finished plastic parts and objects. During processing, 

polymers are heated and under finite deformations, macromolecules stretch, disentangle, 

and orient to form a final product after crystallisation. Depending on the processing 

operations and temperatures, the ultimate properties of the final product can be 

influenced. The processing operations [108] usually involve the use of extrusion, 

injection molding, film blowing, fiber spinning, blow molding, thermoforming, 

compression molding etc. 

However, the processing behaviour of polymeric melts is highly dependent on 

several molecular features. For instance: The size of the molecule or its molar mass is one 

of the key functions. The relatively low molecular weight polymers ( w cM M< , where 

wM  is molecular weight of polymer and cM is critical molecular weight which signifies 

the onset of molecular entanglements) has simple proportionality between zero-shear 

viscosity and molecular weight. However, polymers with higher molecular weight 

( w cM M> ) has rather strong dependence i.e. ( 3.4
0 wMη = ). The difference is because of 

the ability of long chains to form entanglements that restrict flow during processing. The 

motion of chains within an entangled polymer melt is described by the reptation model. 

[109-110] In the reptation model, a polymer chain in the molten state (polymer melt) is 

considered to be surrounded by its neighbours, providing a virtual tube thus confining the 

pathway of the polymer chain to its own contour length. The chain dynamics in an 

equilibrium melt, arising from Brownian motion, is consequently a snake-like motion 
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(reptation) of the polymer chain. The constraint chain dynamics give rise to a 

characteristic time for a chain to diffuse one tube length, that scales (and thereby the 

zero-shear viscosity ( 0η )) with 3.0
wM . The experimentally observed discrepancy, 3.4

0 wMη ∼  

from the 3.0 dependence is attributed to “contour-length fluctuations” i.e. fluctuation-

driven stretching and contractions of the chain along the tube. [111]  

These basic restrictions cause increase in melt viscosity thus making high 

molecular weight polymers rather intractable via conventional processing routes. 

However, final properties such are toughness, strength and wear increase with molecular 

weight. Such superior properties are essential to meet requirements for highly demanding 

applications.  

 

1.5 Importance of Nanoscale fillers 
The primary reasons for adding fillers to polymers are to improve their 

mechanical performance and speed up processing rates. For example, the addition of 

high-modulus fillers increases the modulus and the strength of a polymer. On contrary to 

fillers with micrometer size, well-dispersed nanofillers can improve the modulus and 

strength and maintain or even improve ductility because their small size does not create 

large stress concentrations. The surface area/volume ratio (A/V) plays important role in 

understanding the structure-property relationship in nanocomposites. The reduction of 

particle size from micrometer to nanometer changes the ratio by three orders of 

magnitude. This leads to increase in interfacial area for nanofillers and hence the 

properties of composites are dominated by the properties of interface. The increase in 

interfacial area makes the dispersion of fillers more difficult due to the greater tendency 

to agglomerate as a result of large contact surfaces. The potential effect of nanofillers is 

on the modulus, failure stress/strain, toughness, glass transition and wear behaviour of 

polymers. The nanoscale fillers constrain the mobility of the polymer chains as well as 

their relaxation spectra, which can change the glass transition temperature and modulus 

of matrix. Nanofillers can also change the degree or type of crystallinity in a polymer 

which changes the modulus.  
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Unlike isolated SWCNT, multi-walled carbon nanotube (MWCNT) has a low 

modulus and low crystalline quality. Hence, MWCNTs are not suitable for application 

involving high-performance polymer fibers.  Bower et al. [112] showed that MWCNT 

buckle under a compressive strain of about 4.7 % and that this buckling is reversible 

under very large strains, probably due to the ability of the nanotubes to slide within each 

other. Many studies showed the effect of nucleating agents like 1,3:2,4-bis(3,4-

dimethylbenzylidine)sorbitol (DMDBS) on crystallisation behaviour of isotatic 

polypropylene (iPP). [113-114] DMDBS is a chiral molecule that can self-assemble into 

fibrillar structures due to hydrogen bonding. Hydrogen bonding proceeds in one direction 

and drive the molecules to pile up. This leads to unidirectional growth of fibrillar crystals. 

DMDBS fibrils have diameter of ~10 nm and length up to several microns. They can also 

form bundles with diameter up to 100 nm.  Crystallisation in DMDBS in iPP matrix 

corresponds to a liquid-solid phase separation. However, it was found that in order to 

have significant effect on crystallisation under shear, DMDBS must undergo dissolution 

in polymer matrix at high temperatures to form homogenous solution. [113] 

 

1.6 Applications and properties - Zirconia versus SWCNTs 
Zirconia is classified as zero dimensional (nanosphere). Zirconia has been widely 

used for their excellent mechanical and wear resistant properties. [115-116] The superior 

properties, hardness, strength and toughness together with chemical stability can be 

beneficial in adhesive and abrasive wear conditions. However, due to sensitivity of 

zirconia to aqueous environment at 200 °C which enhances the transformation process, 

the reduction in tetragonal zirconia with temperature can be perceived. The zirconia 

performs well in sliding wear because of smearing of surface which gives very smooth 

finish. Zirconia blades have been commonly used in paper industry due to their corrosion 

resistance. Zirconia wire drawing dies and hot extrusion dies have been found to posses 

the superior compared to conventional dies particulary in finishing runs where good 

dimensional tolerance and a high surface quality are required. Seals in valves, chemical 

and slurry pumps are also being made of zirconia ceramics. One of potential application 

of zirconia is in the automotive industry, particularly in engine parts. The low thermal 

conductivity of zirconia is useful for components such as piston crowns, head face plates 
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and piston liners. It results in reduction of heat loss from combustion chamber, wear and 

increased engine efficiency and life. Zirconia is also used as a biological implant material 

to replace worn joints due to its excellent bio-compatibility.  

The three polymorphs of zirconia (ZrO2) have been well understood, the 

monoclinic, tetragonal and cubic phases, also the existence of high pressure orthorhombic 

have been reported. [117] The monoclinic phase is stable upto 1170 °C where it 

transforms to the tetragonal phase which is then stable upto 2370 °C and further cubic 

phase exist upto the melting point of 2680 °C. Garvie et al. [118] recognised the use of 

zirconia for improving strength and toughness by tetragonal to monoclinic phase 

transformation of metastable tetragonal particles due to presence of stress field ahead of 

crack. If ZrO2 is finely divided or constraining pressure is exerted on it by the matrix, the 

zirconia particle can be retained into metastable tetragonal form. In principle, the 

tetragonal to monoclinic transformation generally occurs on cooling ZrO2 from above 

1200 °C to room temperature.  

The mechanism of toughening is commonly known as stress induced 

transformation of metastable tetragonal particles to the monoclinic form. If a crack is 

extended under stress, the large tensile stresses are generated around the crack near crack 

tip. These stresses release the matrix constraint on the tetragonal zirconia particles and 

could lead to net tensile stress on the particles which under the new condition will get 

transformed to monoclinic symmetry. Thus the martensitic reaction is caused due to 

development of volume expansion and shear strain in the particle and resultant 

compressive strain gets developed in the matrix. As this occurs in the region surrounding 

the crack, extra work is required in order to move the crack through the ceramic hence 

resulting in the increase in toughness and strength. Figure 1.6 shows the stress-induced 

transformation toughening of zirconia particles under elastic stress field. 
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Figure 1.6: Stress induced transformation toughening of zirconia particles under elastic 
stress field. 
 

Thus there exists a critical particle size range for zirconia. It depends on the 

composition of zirconia and matrix constraint. Below this critical particle size 

transformation of tetragonal particles by stress do not occur. Above critical particle size, 

the transformation is spontaneous. Hence, transformation takes place within a particular 

size range. These concepts in ceramics could be realised in a polymer composite, when a 

hard particle such as zirconia is embedded in the viscoelastic polymer matrix. For 

example, the polymer Ultra High Molecular Weight Polyethylene (average molar mass 

greater than a million g/mol) oriented in the uniaxial direction, having high modulus and 

high strength, is used in hard ballistic applications such as body armours and helmets. 

The polymer properties change from elastic to viscous with decreasing velocity of the 

projectile after impact, a concept that has been expalined by Deborah number later in this 

thesis. The strong elastic properties of the polymer, at the very initial stages of the 

projectile on impact, help in its fragmentation. The presence of zirconia that tends to 

phase transform on impact in the polymer matrix could be advantageous to absorb stress. 

Such composites could provide a possibility of much needed weight reduction in body 

armour.    

SWCNT represent the ideal, most perfect, ordered carbon fiber, the structure of 

which is classified as one-dimensional (cylindrical or tube). SWCNTs are a distinctive 
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class of molecules that exhibit unique mechanical and electrical properties. Since the 

discovery of SWCNTs, numerous applications have arose in a wide variety of scientific 

disciplines such as electronics (wires, transistors, switches, interconnects, memory 

storage devices), opto-electronics (light-emitting diodes, lasers), sensors, field emission 

devices (displays, scanning and electron probes/microscopes), batteries/fuel cells, fibers, 

reinforced composites, medicine/biology (fluorescent markers for cancer treatment, 

biological labels, drug delivery carriers), catalysis and gas storage. [119] 

The modulus of nanotubes may be significantly higher than that of any graphite 

fiber, and therefore, they have the potential to yield higher composite moduli at the same 

filler volume fraction than a graphite fiber composite. The mechanical resistance of 

SWCNT is due to one of the strongest bonds in nature. Because of their flexibility, 

SWCNT can be bent repeatedly up to 90° without breaking or damaging them. The 

exceptional mechanical properties, tensile strength, low density, and high aspect ratio of 

SWCNTs find two different applications: the strengthening of fibers in high-performance 

composite materials, replacing standard C fibers, Kevlar, and glass fibers; and as probes 

for scanning tunneling microscopes (STM) and atomic force microscopy (AFM). Fibers 

and yarns are among the most promising forms for using nanotubes on a macroscopic 

scale, mainly because, in analogy to high-performance polymer fibers, they allow 

nanotubes to be aligned and then woven into textile structures or used as cables. [120]  

SWCNT are assembled as ropes or bundles. The modulus of SWCNT can be 

realised only when individual SWCNTs are isolated from the bundles and/or the bundles 

are small enough that matrix is in contact with each one. To maximise their interaction in 

a polymer matrix, they need to be chemically modified and separated from the bundles. 

One way to increase the chemical activity is to use an SWCNT with a smaller radius of 

curvature. A second method is to add functional groups to the ends of SWCNT. 

Carboxylic groups have been linked to SWCNT ends, and then the SWCNTs have been 

tethered to nanoparticles via thiol linkages. SWCNTs have been placed in solvent 

through the addition of octadecylamine groups on the ends and a small amount of 

dichlorocarbenes on the sidewalls. The first successful method for adding functional 

groups to the sidewalls involved fluorination at elevated temperatures. The tubes could 

then be solvated in alcohols and reacted with other species, particularly strong 
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nucleophiles such as alkylithium reagents. A simpler route based on a process used on 

other carbon species was developed, in which an aryl diazonium salt was reduced 

electrochemically, resulting in a free radical that can attach to the carbon surface of small 

diameter tubes. [121] 

The most exciting development in terms of composites, however, is the 

dissolution of full-length SWCNTs that have been separated from the bundles. The 

separation of SWCNTs from the bundles can be achieved by dispersion in appropriate 

solvents with or without the aid of a surfactant and/or by choosing an appropriate 

synthesis method. A polymer chain can then be attached to a bonding site by sonication, 

plasma activation, chemical etching of the tube ends, or chemical adsorption. Some 

evidence suggests that polymers can be patterned by the nanotube surface, providing a 

method for templating polymer structures near the surface. [120] 

In this thesis, to explore the influence of aspect ratio on the orientation of 

polyethylene chains under defined flow conditions, chain orientation in the presence of 

spherical zirconia particles is compared with anisotropic SWCNTs. Though the 

interfacial energies between the chosen nanoparticles are different, the ease in 

homogenous dispersion of zirconia over carbon black has been of immense advantage. 

Experimental observations on the two nanoparticles are summarised in chapter 5 of this 

thesis. 

  

1.7 Outstanding issues 
The modern availability of sensitive experimental techniques using synchrotron 

beams for investigation of the mechanism of polymer crystallisation has stimulated 

current interest and unveiled various issues while at the same time leaving some unsolved 

issues open to answer. In flow induced crystallisation, the morphology of semicrystalline 

polymer in the final product and therefore its properties strongly depends on the polymer 

crystallisation from flowing melt. However, the past models in flow fields and simulation 

experiments consider Avrami equations [122-124] as a function of deformation history 

obtained by invoking the rates of nucleation and growth or consider Flory’s model [59] 

obtained by relating the decrease in entropy of the melt during deformation to the 
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increase in apparent undercooling or changing rate of crystal growth in Hoffman’s kinetic 

model. [125] Hence, these models do not provide adequate understanding at molecular 

length scale between flow and crystallisation. [126] They do not explain the enhancement 

of crystallisation rates due to flow induced orientation of chains.  

Keller and Kolnaar [68] in their rheological studies attributed the enhanced 

nucleation to the coil-stretch transition of high molecular weight chains in the melt. In 

response to their theories, Hsiao et al. [64] using SAXS/WAXD techniques related the 

formation of a shish-kebab crystalline structure with the coil-stretch transition of high 

molecular weight chains which act as oriented nuclei. Both models differ from the model 

proposed by Janeschitz-Kriegl [127] which suggests that athermal nuclei are formed only 

in a certain characteristic temperature range where less ordered structures are expected. 

However, no direct evidence for coil-stretch transition in flow field experiments for linear 

polymers exists.  Lieberwith et al. [128] have shown that shish formation in melt 

experiences extensional flow which tends to grow adjacent to the quiescent regions that 

did not experience the flow. They attributed this phenomenon to the mechanism in which 

polymer chains are reeled into the growing tip of shish since it propagates in quiescent 

regions. However, these finding are in disagreement with the recent investigations by 

Kumaraswamy et al. [129] who found that shish growth ceases after cessation of shear 

flow.  

The presence of nanoparticles usually improves the elastic modulus and optical 

properties along with ease in processability, in terms of decrease in viscosity. It is 

currently believed that local and chain dynamics are greatly affected by the polymer-

surface interactions. Polymer nanocomposites include three phases; viz. matix, matrix-

filler interface and reinforcing filler. It is understood that the partial reduction of average 

molecular weight results from interaction with fillers. However, any change in atomic 

structure or configuration of polyolefins requires systematic study. Further, nanoparticle-

matrix interface governs structural characterization due to its role of interaction zone in 

deformation and fracture at microscopic level. Sufficient understanding of the interaction 

zone is a prerequisite. Recently, Zhang et al. [130] and Jain et al. [131] found that 

viscosity of polymer decreases in the presence of nanoparticles. They have attributed this 

effect to the molar mass and molar mass distribution of the polymer matrix. However, 
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this is yet to be resolved since there is no solid evidence for its occurrence and it is a 

subject of detailed investigation. 

 
1.8 The objectives of thesis 

Polyethylene being a commodity polymer is of considerable industrial interest. 

The degree of crystal morphology and crystallinity both affect the mechanical properties 

of polyethylene materials. The mechanical properties of of semi-crystalline polymers 

improve with increasing the amount of long polymer chains that function as ‘tie-

molecules’ between crystals. A preferred molecular orientation in a produc enhances the 

properties in the orientation direction, while properties in perpendicular direction are 

reduced. An extreme application is fiber spinning process of HPPE (High Perfomance 

Polyethylene Fibers) where all molecules are aligned along the fiber. In this context, 

shish-kebab structures are of prime importance because it is structural origin of ultra-high 

strength and ultra-high modulus fiber. The rationale of the study is to understand the 

influence of high molar mass component in the polyethylene during flow and thorough 

monitoring of structure development under shear. The end product properties are 

influenced considerably by the crystallisation process. To achieve the desired properties, 

fundamental study of crystallisation behavior and the condition at which the highly 

oriented structures can be obtained is a prerequisite.  Hence, a given polymer system can 

be exploited by a combination of suitable molar mass, molar mass distribution and 

nanoparticles under appropriate thermal and shear conditions. The goal of study is to 

enhance the shish-kebab structure formation in presence of nanoparticles.  The study may 

extend the use of nanoparticles in polyethylene to achieve high-modulus fibers. The 

research involves the use of polyethylene having broad molar mass distribution and two 

types of nanoparticles (viz. single walled carbon nanotube (SWCNT) and zirconia) which 

are physically dispersed in the PE matrix. 

 

The specific objectives are, 

a) To investigate the influence of molar mass and molar mass distribution on the 

formation of oriented structures. 
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b) To study the influence of chain-particle interactions of nanoparticles with polymer 

chains in the melt state under defined flow conditions with the help of time 

resolved X-ray scattering techniques.   

c) To understand the chain dynamics for determination of the viscoelastic response 

of the polymer in the presence of nanoparticles with the aid of rheology.  

 

d) To understand the crystallisation kinetics of polyethylene in the presence of 

nanoparticles in quiescent conditions with the help of rheometry and DSC. 
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Chapter 2 

 
Influence of shear in the crystallisation of 
polyethylene in the presence of SWCNTs  

 
 
The aim of this chapter is to demonstrate that even in quiescent conditions and relatively 
low shear rates, the presence of single-walled carbon nanotube (SWCNT) accelerates the 
crystallisation kinetics of polyethylene (PE). The influence of SWCNTs on the 
crystallisation kinetics in the quiescent condition is followed with the help of rheological 
and DSC studies. The flow effects on the stretch of long chains of PE are probed using 
time-resolved X-ray scattering (SAXS) and are verified using the Deborah number. The 
SAXS data indicate that strong shearing conditions (shear rate greater than 50/s for 1s) 
are required to form shish-kebab structure in the neat polymer. However, the shish-kebab 
structure formation is enhanced on the addition of SWCNTs at low shear (50/s for 1s). 
The development of oriented structures in SWCNTs/PE composites and their absence in 
the neat polymer under low shear rate indicates that the SWCNTs play a significant role 
in the formation of shish-kebab along with the applied shear rate. Overall, the results 
illustrate the influence of SWCNTs on the chain relaxation of polymer. 
 
 

 

 

 

 

 

 

 

 

 

 23



 

2.1 Introduction 
Carbon nanotubes [132] (CNTs) offer excellent mechanical [133], electrical [134-

135] and thermal [136] properties to polymer materials [137-139] due to their high aspect 

ratios (~1000). CNTs have potential to suppress the nucleation barrier for polymer 

crystallisation. [140] Several studies have conclusively demonstrated the influence of 

SWCNTs on the resultant morphology of the polymer. [141-145] Recent studies based on 

rheometry showed that CNTs act nucleating agents for polyethylene chains and enhance 

the crystallisation kinetics. The adsorbed chains on CNTs influence the mechanical 

properties and molten state of the polymer. [146] Trujillo et al. [147-148] supported a 

single site catalyst on CNTs and investigated the nucleating effect of CNTs on the thus 

polymerised polyethylene. They showed the development of bottle brush morphology 

around CNTs. Shish-kebab structures [8] induced by SWCNTs for the nanocomposites 

based on polyethylene have been widely reported. [130, 149-150]  

It is generally believed that flow plays important role in extension of polymer 

chains to form the highly anisotropic oriented structures. [68, 70] The final morphology 

of polymer and the physical properties [151] depend on the way in which the polymer 

crystallises from the sheared melt. The simulation studies [152] revealed the existence of 

two distinctive morphologies in a polymer having broad molar mass distribution; while 

the chain segments in the long chains get extended to crystallise into shish, the short 

chains lead to chain folding to form kebabs on crystallisation. Hsiao and coworkers [64, 

77, 153-156] have used small angle and wide angle X-ray scattering techniques 

(SAXS/WAXS) to investigate the role of the high molar mass tail on the formation of 

anisotropic structures under shear in polymer melts. They observed the formation of 

fibrillar shish structures due to the scattering in the equator after the application of shear 

and further development of kebabs from the shish as indicative of scattering in the 

meridian. However, the molecular contribution of short and medium chains in the shish 

formation was also found to be significant. [157] 

Using rheology, the polymer chain dynamics, onset and development of 

crystalline structures under shear have been commonly investigated in the past few 

decades. [86, 96, 98] The enhancement of crystallisation kinetics for polymer melts is 

observed only above the critical shear rate and is a result of high molecular weight 
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component. [96, 158] Van Meerveld et al. [102], have reported that with the increase in 

deformation rate, polymer chains initially in the equilibrium conformation are stretched 

to an extent that Gaussian statistics are no longer applicable to chain conformation. They 

stated that the resultant rotational isomerisation of the high molar mass tail in the non-

Gaussian state plays a major role in the formation of shish structures above the critical 

stretching of the polymer chain.  

However, the effect of nanoparticles on shish-kebab morphology is unresolved. 

The flow induced studies in nanotube filled polymer materials suggest that the 

nanometric cross-section of nanotubes (i.e. critical size of SWCNTs with L/D = 500, 

having L = 500 nm and D = 1 nm) facilitates the deformation under flow. [159] 

According to Jerschow and Janeschitz-Kriegl [67] the nucleating agents act as point 

nuclei for the growth of oriented precursors under flow to form oriented crystals. These 

studies are in accordance with the findings from Somwangthanaroj et al. [160], who used 

organically modified nanoclay and reported a significant increase in the crystallisation 

kinetics under flow. According to them, the nanoclay modifies the local stress levels and 

the orientation of iPP and further enhances crystallisation. However, studies from Garcia-

Gutierrez et al, suggest the minor effects of shear on crystallisation kinetics and the 

orientation level in crystallised poly (butylene terephthalate)/SWCNT nanocomposites. 

Nevertheless, the effect of SWCNTs to counterbalance nuclei relaxation by providing 

surfaces has been proposed. [161]  

The purpose of this chapter is to study the role of single walled carbon nanotubes 

(SWCNTs) on crystallisation kinetics of linear polyethylene. The novelty of using 

SWCNTs coated PE in this study is to show that even small concentrations of SWCNTs 

under low shear are capable of accelerating rate of crystallisation and able to suppress the 

nucleation barrier for polymer crystallisation. The significance of shear rates on chain 

orientation and Deborah numbers in the early stages of polymer crystallisation is 

reported. Furthermore, to investigate the effect of SWCNTs and shear rates on the 

formation of oriented structures at low temperature, the structure formation after 

application of low shear rate in the melt is probed in SWCNTs/PE composites. 
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2.2 Experimental Section 
 

2.2.1 Materials  
The linear PE used in the present study was specifically synthesised and supplied 

by Dow Benelux B.V., The Netherlands in the powder form obtained through the slurry 

process, polymerised using a Zeigler-Natta catalyst. The polymer consists of very broad 

molar mass distribution. The molecular weight information of PE, obtained using gel 

permeation chromatography (GPC) was supplied by Dow Benelux B.V. The detailed 

information regarding the molar mass and molar mass distribution determined through 

GPC and thermal characterisation through differential scanning calorimetry (DSC) is 

reported in the Table 2.1,  

 

Table 2.1: GPC and DSC characterisation of polyethylene 

 

GPC data DSC data 
Mw (g/mol) Mn (g/mol) Mz (g/mol) PDI Tm (°C) Tc (°C) Tm-on (°C)* Tc-on (°C)* Xc (%) 

246,000 10,100 1,184,000 24.2 129.5 119.3 120.1 120.4 66.0 

 
* Tm-on and Tc-on are the onset temperatures for the melting and crystallisation 

 

The single walled carbon nanotubes (SWCNTs) of high purity grade with less 

than 15% ash content having high aspect ratio (L/D>>1) were obtained from Unidym 

Inc., USA. The SWCNTs were obtained by high pressure CO conversion (HiPCO) 

method. This method consists of metal catalyst which nucleates SWCNT at high 

temperature and pressure. SWCNTs obtained by this process have excellent structural 

integrity. SWNCTs are achiral (arm-chair) type which is supposed to play key role in 

polymer deformation under tension due to reversible diatomic interchange. This results in 

structure having two pentagons and two heptagons in pair, commonly known as “Stone 

Wales transformation”. [162] The SWCNT diameter ranges between ∼0.8-1.2 nm and 

length ranges between ∼100-1000 nm.  
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2.2.2 Determination of molecular weight and molecular weight 

distribution 

The molecular weight ( wM ) and molecular weight distribution ( ) were 

determined using rheometry. The oscillatory shear mode was applied to PE sample within 

the frequency spectrum of 100 to 0.01 rad/s at 160 °C. Log-normal method which mainly 

makes use of crossover modulus was utilised to determine the molecular weight of PE. 

The determination of molar mass and molar mass distribution using crossover modulus 

based methods, explained in detail elsewhere, and could be applied in this study. [163] 

However, Wu et al [164] and Nobile and Cocchini [165] proposed a better approach that 

involves the use of terminal crosspoint of G

MWD

′and G′′ ( xG G G′ ′′= =  at angular 

frequency, xω ω= ). The method proposed by Wu et al relates the ratio between the 

crossover modulus and plateau modulus to polydispersity using equation 2.1 

 

( )
( )

o
w nN

x w

2.63log
log 0.38

1+2.45log
M MG

G M
⎧ ⎫⎧ ⎫ ⎪= +⎨ ⎬ ⎨
⎪ ⎪⎩ ⎭ ⎩ ⎭nM

⎪
⎬       (2.1) 

 

Where, is the crossover modulus, MxG w/Mn should not exceed the magnitude of 3. 

Whereas Nobile and Cocchini considered Mz/Mw ratio to modify the equation 2.1, to get 

the accuracy as demonstrated in the form of the equation 2.2 

 

( ) ( )
( ) ( )

w n z wx
o
N w z

0.524 0.341log 1.843log
log

1 0.559log 0.841log
M M M MG

G M M M
⎧ ⎫− + −⎧ ⎫ ⎪ ⎪=⎨ ⎬ ⎨

− +⎪ ⎪⎩ ⎭ ⎩ ⎭z wM ⎬    (2.2) 

 

However, it is to be noted that the equations above cannot provide the exact values due to 

consideration of some approximations. The molecular weight and molecular weight 

distribution, determined using the plate-plate rheometer, is represented in figure 2.1. The 

log-normal method is used for the determination of MWD in the present study. The 

detailed results are listed in the inset of the figure 2.1 
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Mw: 2.578x105 g/mol
MWD: 24.549 (log-normal) 
Viscosity Exponent 3.42 
Plateau Modulus 6x105 MPa 
Ref. Temperature 160.0 °C 
Activation Energy 0.0 
Front Factor 3.58x10-20 

Entanglement Mw 1900.0 g/mol
Min. Reptation Wt 4000.0  g/mol
Error 0.9565

w
(m

)

Mw [g/mol]
 

Figure 2.1: The representation of log-normal distribution of molar mass and molar mass 
distribution obtained using rheometry. 
 

2.2.3 Dispersion of SWCNTs in water and preparation of SWCNT/ PE 

composites 
An aqueous suspension of SWCNTs was prepared using surfactant as reported in 

literature. [130, 166] 20 ml of de-ionised water containing 0.04 g (0.2 wt %) SWCNT’s 

and 0.2 g (1 wt %) of sodium dodecyl sulfate (SDS) surfactant was sonicated for 45 min. 

at room temperature (20 °C) and then centrifuged at 3000 rpm for 20 min. More than 95 

% of suspended SWCNTs were sprayed uniformly on the polyethylene powder. The 

powders were mixed thoroughly to ensure the uniform adsorption of SWCNTs on PE 

powders. The PE adsorbed on SWCNTs was dried for 12.0 hours at 60 °C in vacuum 

oven. The flat disk-like polymer films were prepared by compression molding at 160 °C 

for 5 min. The thickness of 400 μm and diameter of 30 mm was utilised for the X-ray 

measurement, while, the polymer disks of 1 mm thickness and 12 mm diameter were 

used for rheological measurements. All the samples were mixed with Irganox 1010 to 

avoid the possible degradation while measuring.  
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2.2.4 Scanning electron microscopy (SEM) 
The scanning electron microscopy (SEM) images of PE and SWCNTs/PE 

composites were obtained using a field emission gun scanning electron microscopy 

instrument (FEGSEM, LEO 1530VP). The voltage of 5.00 kV was used to observe the 

polymer morphology. The dried PE powder coated with and without SWCNTs was 

placed on specimen holder using double-sided carbon conductive tape. Samples were 

gold coated to enhance the contrast on the PE surfaces. 

 

2.2.5 Rheometry 
 Isothermal crystallisation experiments were performed using rheology. Advanced 

Rheometric Expansion System (ARES) with parallel plate geometry, the diameter of 

8mm under nitrogen atmosphere was used in small amplitude oscillatory shear mode, for 

the experiments. The compression molded, SWCNT coated PE samples placed between 

two parallel plates were left in a quiescent condition at 160 °C for 10 min. to remove any 

crystalline history. The samples were cooled from 160 °C to isothermal crystallisation 

temperature of 125 °C at 5 °C/min, before starting dynamic time sweep to follow the time 

evolution of storage modulus, G′ . The constant strain 0.5 %γ =  and frequency 

 = 10 rad/sω  was used for the measurements. 

 

2.2.6 Differential scanning calorimetry (DSC) 
Thermal measurements were performed using differential scanning calorimetry 

(DSC) on TA Instruments Q2000, calibrated with indium under ultra-high purity nitrogen 

atmosphere having a purge rate of 50 ml min-1.  Samples of 1.0 to 1.5 mg mass were 

weighed on a Mettler-Toledo XS3DU precision balance and placed in the Tzero 

aluminum pans. The crystalline thermal history was erased by heating the samples at 160 

°C for 5 min. The controlled rate of 10 °C/min was employed during measurements to 

determine the melting temperature ( ), heat of fusion (mT fHΔ ), crystallisation 

temperature ( ) and crystallinity (cT cX ). The degree of crystallinity was determined by 

normalising the observed heat of fusion of the sample to that of heat of fusion of 100 % 

PE crystal (~293 J/g) [167]. For isothermal crystallisation kinetic experiments, the 
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samples were heated to 160 °C and left in the melt for 5 min, to erase previous crystalline 

thermal history. The samples were quenched to the selected isothermal crystallisation 

temperature at the controlled cooling rate of 50 °C/min. The samples were kept at 

isothermal temperature (123 °C and 124 °C) for 60 min. 

 

2.2.7 Time resolved small angle X-Ray scattering (SAXS) 
Flow induced crystallisation (FIC) experiments are performed at 

DUBBLE/BM26B, European Synchrotron Radiation Facility (ESRF), Grenoble, France 

using time-resolved small angle X-ray scattering (SAXS), with a beam energy of 10 keV. 

The beamline consists of a two dimensional (2D) gas filled detector having a resolution 

of  pixels and  pixel size. The flow induced crystallisation 

experiments were carried out using a Linkam shear cell CSS 450 aligned on the 

beamline. The sample in the form of a flat disk-like was mounted between the two 

parallel plates of the shear cell. The quartz windows of the shear cell were modified by 

kapton windows to get the required scattering. The calibration of the shear cell was done 

with a precision having tolerance limit of 30 μm for proper contact of plates with 

polymer disks for desired application of shear. The wavelength of 1.24 Å and the sample 

to detector distance of 6.06 m was maintained in all experiments. A vacuum chamber in 

the BM26B beamline between the sample and detector was used for reduction of 

scattering and absorption from air as shown in figure 2.1. The 2D-SAXS patterns were 

acquired with an acquisition time of 10 s and dead time of 0.5 s to transfer the data 

followed by intensity correction of the primary beam and required absorption between the 

adjacent images. The length scale of the scattering vector (q) was 0.001-0.5 nm

512 × 512 260 μm × 260 μm

-1. The 

scattering vector was 4 sin /q π θ λ= , where, 2θ is the scattering angle. The 2D-SAXS 

patterns were integrated to obtain the integrated intensity as a function of scattering 

vector (q). The integrated intensity as function of time is defined 

as, max

min
SAXS ( ) ( , )

q

q
I t I q t= ∫ dq , where qmax and qmin being the maximum and minimum of q 

values. The obtained intensity data is subtracted with intensity prior to the application of 

shear. The 400 μm thickness of the flat polymer disk was reduced to 200 μm in the shear 

cell, before application of shear to the polymer melt. The steady shear was applied on the 
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flat polymer disks mounted between the two parallel plates of the shear cell to follow the 

structure development in sheared polymer melts.  

 

 
 
Figure 2.2: SAXS setup in DUBBLE/BM26 beamline used for the experiments. The 
sample to detector distance was 6.06 m. The whole setup is online connected to 
controllers in the hutch of BM26B.  
 

The two different schemes used to understand the flow effects were, Scheme-1: 

Steady shear (γ • = 100 s-1 and γ • = 50 s-1 for the time duration, st  = 1 s) at 136 °C 

followed by immediate cooling (10 °C/min) to room temperature. Scheme-2: Steady 

shear (γ • = 50 s-1 and 100 s-1 for 1s) at isothermal crystallisation temperature of 136 °C, 

In this case, (a) the sample was heated to 160 °C from room temperature at a rate of 30 

°C/min (b) the sample was kept at 160 °C in the melt for 5 min. to remove the melt 

history (c) the sample was cooled at the rate of 10 °C/min to isothermal crystallisation 

temperature of 136 °C  The shear rate (γ • = 50 s-1 for the time duration, st  = 1 s) was 

applied at 136 °C. (d) holding isothermal for 600 s at 136 °C during experiment to follow 

the structure development under shear. (e) the sample was cooled to room temperature at 

a rate of 10 °C/min to monitor the crystallisation process with decreasing temperature.  
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The schematic representation of flow and thermal history applied during the shear 

experiment is shown in figure 2.3 

 

 
Figure 2.3: The schematic representation of flow and thermal application during shear 
experiments. 
 

2.3 Results and Discussions 
 

2.3.1 Morphology of SWCNT/PE composites 
Figure 2.4 show the surface morphology of nascent PE and SWCNTs/PE 

composites. It is noticeable in the figure 2.4a that the PE powder has irregular surface. 

The average particle size of PE (~100 μm) having high surface energy, with irregular 

surface makes it suitable for SWCNTs to adsorb on the surface after spraying. The 

adsorbed small bundles of SWCNTs are clearly visible (~300 nm) in figure 2.4d.  
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Figure 2.4: SEM images of the surface morphology of nascent PE powder - (a) at 2 μm 
(b) at 1 μm. Surface morphology of 0.6 wt% SWCNT coated PE powder -(c) at 1 μm (d) 
at 300 nm. The SWCNTs are adsorbed on PE surface by spraying uniformly dispersed 
aqueous suspension of SWCNTs.  
 

2.3.2 Isothermal crystallisation of PE in presence of SWCNTs 
The influence of SWCNTs during isothermal crystallisation of PE at 125 °C was 

investigated to understand the enhancement of crystallisation kinetics. Figure 2.5 shows 

the evolution of storage modulus,G′ , as a function of time. The onset of crystallisation 

occurs earlier with the increase in SWCNT content in PE. The quantitative information of 

time required for the early onset of storage modulus build up is shown in Table 2.2. The 

onset of crystallisation occurs almost 3 times earlier with 0.1 wt% SWCNT content in 

PE. The result suggests that the polymer chains are crystallised on the surface of 

SWCNTs and hence, the SWCNT surface acts as a nucleation site for crystallisation of 

PE. 
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Figure 2.5: Isothermal crystallisation of PE in the presence of SWCNTs at 125 °C. The 
evolution of storage modulus, G′ , as a function of time at constant strain and frequency. 
 

Table 2.2: Quantitative data of onset crystallisation time of PE in SWCNTs/PE composite 
obtained from figure 2.5 
 

SWCNT content 
(wt %) 

Onset of 
crystallisation (s) 

0.0 800 
0.1 300 
0.3 200 
0.6 90 

 

Standard DSC results are shown in Table 2.1 for PE. The isothermal crystallisation 

experiments were performed using DSC at 123 °C and 124 °C to study the nucleation 

effect of SWCNTs on PE as shown in figure 2.6. The crystallisation peak shifts to a lower 

time with the increase in SWCNTs content in PE. The results were fitted [168] with 

Avrami equation [122-124] to describe the nucleation and growth process in SWCNT/PE 
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composites. Avrami equation [109-111] is used for characterising the dimensionality 

through Avrami exponent that can be written as, 

 

( ) 1 exp( )n
c tϕ = − −Kt          (2.3) 

 

Where, cϕ  is relative crystalline volume fraction at crystallisation time t, K is overall 

crystallisation rate constant which defines the nucleation and growth, and n is Avrami 

exponent. The Avrami exponent relates the dimensionality and growth of crystals to the 

nucleation with respect to time. The value of n appropriate to systems with invariant 

nucleation and growth rates is dependent on the geometry of the growth. For a thermal 

heterogeneous nucleation n = 3 and a sphere-like crystal growth geometry is expected; 

for the same type of nucleation and n = 2 corresponds to a disk-like growth, and n = 1 

corresponds to linear crystal growth. The sporadic homogenous nucleation and 

spherulitical growth is expected when n = 4. In literature it is considered that the line-like 

structures corresponds to 1D crystal growth, while circular lamellar-like structure 

corresponds to 3D crystal growth. The circular structures obtained in 2D crystal growth 

are due to thermal hetergenous nucleation where nuclei are being exhausted resulting 

decrease in nucleation rate and hence n decreases from 3 to 2 as observed in this study. 

[30] The values of exponent n for various types of nucleation and growth acts is 

summarised from the literature [169] as shown in Table-2.3  

 

Table-2.3: The values of avrami exponent (n) for various type of nucleation and growth. 
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It is believed that the rate at which crystallisation occurs is very important parameter for 

crystallisation kinetics. A measure of the rate at which crystallisation occurs at a fixed 

temperature is often referred as crystallisation half-time. Crystallisation half-time can be 

defined as time taken by sample to undergo half of the crystallisation when left at a given 

temperature indefinitely. [17]  
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Figure 2.6: Isothermal crystallisation probed using DSC for the polyethylene in presence 
of different concentration of SWCNTs (a) at 123 °C (b) at 124 °C. 

 

Figures 2.7a and 2.7b show the Avrami plots obtained after fitting the data to the 

Avrami equation for isothermal crystallisation temperature 123 °C and 124 °C. At both 

the isothermal temperatures (123 °C and 124 °C), the overall rate constant (as shown in 

Table 2.4) increases with the SWCNT concentration, hence, suggesting faster 

crystallisation due to presence of SWCNTs in PE.  The Avrami exponents (n) for all 

samples are in the range ~2.0 to 2.4 which can be attributed to 2D-structures with 

instantaneous nucleation. As the density of nuclei is higher, the distance between two 

adjacent nuclei is not large enough to allow the 2D structures of lamellar stacks; as a 

result, it becomes difficult to form perfect spherulites. Moreover, the Avrami exponent 

decreases with the increase in SWCNT concentration as found in literature. [149] The 

decrease in Avrami exponent with increase in SWCNT content can be attributed to 

change in crystal growth and microstructure. However, considering the low concentration 

of SWCNTs, the disk-like growth of microstructures can not be neglected. Thus, 

increasing the SWCNT loading can significantly alter the morphology. It is anticipated 

that the microstructure of the PE crystallite changes to the disk shape due to nucleation 
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on the anisotropic SWCNT bundles, where SWCNTs provide good epitaxy matching to 

the PE chain.  
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Figure 2.7: The Avrami plots obtained from the isothermal crystallisation of SWCNT/PE 
composites. (a) 123 °C, (b) 124 °C and (c) half time crystallisation as function of SWCNT 
content in PE for different crystallisation temperatures.  
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Figure 2.7c shows the crystallisation half time as a function of SWCNT content in 

PE. The halftime crystallisation decreases with increase in the SWCNT content in PE at 

the two crystallisation temperatures (123 °C and 124 °C). The results are consistent with 

the isothermal crystallisation experiments from the rheometry, where the onset of 

crystallisation time decreases by almost 3 times in the presence of 0.1 wt% of SWCNTs, 

suggesting the enhancement of crystallisation kinetics of PE due to the presence of 

SWCNTs. 

 

Table 2.4: Values of Avrami exponent (n), half crystallisation time (t1/2) and overall rate 
constant of crystallisation (K) from Avrami analysis during the isothermal crystallisation 
(123 °C and 124 °C) of PE and SWCNT/PE composites 
 

SWCNT content 
(wt %) 

Tc (°C) n K (min-n) t1/2 (min-1) 

0.0 123 2.27 0.138 2.04 
0.1 123 2.19 0.213 1.72 
0.3 123 2.16 0.265 1.56 
0.6 123 2.14 0.280 1.50 

 
 

SWCNT content 
(wt %) 

Tc (°C) n K (min-n) t1/2 (min-1) 

0.0 124 2.38 0.026 3.92 
0.1 124 2.08 0.040 3.90 
0.3 124 2.06 0.057 3.34 
0.6 124 2.04 0.060 3.30 

 

2.3.3 Crystallisation on cooling in SWCNT/PE composites after 

application of shear 
 The experiments are performed following the scheme-1 described in section 2.2.7.  

After the application of shear (γ • = 100 s-1, γ • = 50 s-1 for st  = 1 s) at 136 °C the SAXS 

data collected while cooling are depicted in figure 2.7. A comparison of the 2D-SAXS 

patterns acquired before the application of shear in each experiment shows an increase in 

diffused scattering with the increase in SWCNT content in the PE. On cooling after the 

application of shear (γ • = 100 s-1 for st  = 1 s), the streak-like scattering due to the 
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presence of shish is observed at 134 °C, figure 2.8a. . The pattern collected at 134 °C 

showed weak scattering in the equator for neat PE. However, the presence of small or 

less shishes in the sample incapable of being detected by SAXS at 134 °C cannot be 

ignored. The SAXS pattern collected at 131 °C shows the emergence of scattering along 

the equator and the meridian indicating the presence of shish-kebab morphology. The 

streak-like scattering detected at 134 °C is predominant in the samples containing 

different amount of SWCNTs. The streak-like scattering along the equator increases with 

the increasing amount of SWCNTs. Around 131 °C the equatorial scattering increases 

and broadens, which is evident for 0.6 wt% SWCNT concentration.  This suggests the 

occurrence of large anisotropic electron density fluctuations due to alignment of 

nanotubes in the flow direction. At 131 °C, the meridional scattering due to formation of 

kebabs increases. For the same applied shear and crystallisation conditions the intensity 

along the meridian increases with the increasing SWCNT concentration in PE. Hence, on 

cooling, with the crystallisation of shish that further enables the growth of kebabs the 

overall shish-kebab morphology is frozen.  The patterns collected at 60 °C show the 

shish-kebab structures, where the intensity along the meridian increases with the 

increasing SWCNT concentration, so does the anisotropy. These results confirm the 

presence of enhanced shish-kebab structures in SWCNT/PE composites.  

 It is interesting to note that the small streak-like scattering in figure 2.8b, is 

detected in the equator at 134 °C even in samples sheared with γ • = 50 s-1 for st  = 1 s at 

136 °C. On cooling, at 130 °C after the applied shear, the development of anisotropic 

scattering in the meridian suggests the kebab formation. The anisotropic meridional 

scattering increases with the SWCNT concentration. The increase in meridional intensity 

with the increasing concentration of SWCNTs, for the same applied shear conditions, 

suggests an increased amount of shish formation with increasing SWCNT concentration, 

even if the presence of shish could not be detected along the equator. The SAXS patterns 

acquired at 60 °C, show the combination of isotropic (spherulites) and anisotropic 

scattering (shish-kebab). However, a substantial amount of isotropic scattering at 60 °C 

in neat PE could be explained due to (1) the fever chains that could be extended due to 

the applied low shear, (2) the presence of few shish-kebab structures, and thus (3) the 

presence of spherulites in between the few shish-kebab structures.  Although, the 
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isotropic scattering increases with the increase in SWCNT concentration in PE, it is to be 

noted that shish-kebab structure formation is also enhanced. In the case of SWCNT/PE 

composites, considering the length of individual nanotubes and their high characteristic 

ratio compared to the flexible PE chains, the low shear would be capable of aligning the 

bundles of SWCNTs in the flow direction. However, under low shear, only a few 

SWCNTs are likely to align along the flow direction, providing perfect epitaxial growth 

of low molar mass chains and thus enhanced shish-kebab structures. Thus the isotropic 

scattering in SWCNT/PE composites under low shear may be attributed to (1) SWCNT 

bundles which are not perfectly aligned in the flow direction and are spread in the PE 

matrix leading to random growth of spherulites. (2) The presence of spherulites between 

the few aligned SWCNTs. Since the loading of SWCNTs in polymer matrix is low (upto 

0.6 wt%), the dilute SWCNTs system may be considered in this study.  It is believed that 

higher loading of SWCNTs may lead to formation interconnected or entangled network. 

Such a network may increase complex viscosity of polymer matrix making it difficult for 

polymer chains and SWCNTs to align in flow direction to form shish. In otherwords, in 

entangled network system, shear may not have any effect to form anisotropic structures, 

ultimately resulting in spherulite formation. Comparing the final structures in the 

obtained patterns acquired at 60 °C from figure 2.8a and figure 2.8b, it is clear that the 

shish-kebab structures are enhanced with SWCNT concentration and can be arrested by 

immediate cooling after the application of shear. Hence, the frozen initial structures 

obtained on cooling eventually lead to a large amount of shish-kebab structures.  
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Figure 2.8: 2D-SAXS patterns of SWCNT/PE composites collected at selected 
temperatures while cooling after the application of two different shear rates at the same 
temperature and time (a) 100 s-1 for 1 s at 136 °C (b) 50 s-1 for 1 s at 136 °C 
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 Figure 2.9 shows the integrated intensity along the meridian for samples sheared 

with two different shear rates applied for the same time (1 s); i.e. 100 s-1 and 50 s-1. The 

intensity is monitored while the samples are cooled to room temperature after the 

application of shear. From the patterns acquired in figure 2.8 and intensity build up 

shown in figure 2.9, it is apparent that on cooling the samples to room temperature with 

increasing concentration of SWCNTs the onset of increase in intensity occurs at higher 

temperatures. Secondly, the intensity increases faster with increasing SWCNT 

concentration. The onset of increase in intensity and the subsequent build up of intensity 

also increases with the increasing shear rate as is shown conclusively in figures 2.9a and 

2.9b for 100 s-1 and 50 s-1 respectively.  
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Figure 2.9: The meridional integrated intensity as a function of temperature monitored 
while cooling the samples to room temperature after the application of shear (a) 100 s-1 
for 1 s (b) 50 s-1 for 1 s. 
 

2.3.4 Effect of shear rates on stretch of long chains in polyethylene (PE) 

melt at isothermal condition 
Figure 2.10a, shows the selected 2D-SAXS patterns of PE collected at an 

isothermal temperature (as explained in the scheme-2 of the section 2.2.7) of 136 °C for 

600 s after the application of strong shear rate (γ • = 100 s-1, st  = 1 s). The image acquired 

before the application of shear in all the cases at t = 0 s showed the diffuse scattering. 

After the application of steady shear rate of 100 s-1 for 1 s, the broad scattering in the 

equator arises at t = 50 s and tends to develop as a function of time. The scattering in the 

meridian appears at 100s and grows as a function of time. The scattering in the equator is 

attributed to the presence of shish (extended chain segments) and emergence of scattering 

in the meridian is attributed to the presence of kebab (folded chains). The growth of 

shish-kebab structures as a function of time suggests the enhancement of crystallisation.  

The alignment of chains along the flow direction influences the electron density 

fluctuation in the direction normal to the flow direction that results in scattering along the 
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equator. The broad equatorial scattering which transforms into streak-like scattering, with 

the appearance of the kebabs (intensity along the meridian) as a function of time, 

indicates the presence of anisotropic structure at the initial stages of crystallisation under 

isothermal conditions after the application of shear. Thus the shish provides the 

nucleation sites for the growth oriented lamellae in radially perpendicular direction to the 

stretched chains. 

   

 
Figure 2.10: The two dimensional SAXS patterns of PE at selected times as a function of 
time at isothermal temperature of 136 °C for 600 s. (a)  SAXS patterns acquired after the 
application of strong shear of 100 s-1 for 1 s. (b) SAXS patterns after the application of 
shear rate of 50 s-1 for 1 s. 
 

Figure 2.10b shows the patterns collected after the application of shear (γ • = 50 s-

1, st  = 1 s). The selected 2D-SAXS patterns collected after the application of shear 

reveals the weak scattering across beamstop. Considering the no appearance of the 

streaks along the equator and intensity along the meridian, it could be stated that the shear 

rate of 50 s-1 for 1 s is not efficient in stretching the chains at the isothermal temperature 

of 136 °C. Differences in the arising 2D patterns with the applied shear rates can be 

explained by the Deborah number approach. The concept of the Deborah number was 

introduced by Reiner [170], to describe a measure of departure from fluidity. Basically, 

the Deborah number is a dimensionless measure of the fastness of change in rheological 
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conditions in terms of both deformation and stress of a material element within a 

deforming body. In the literature [171], a satisfactory definition of the Deborah number 

has been given for suddenly accelerated flows. The Deborah number can be defined [172] 

as a measure of the ratio between characteristic time of observation, , and the 

timescale of inherent processes in a material, . 

obst

inht

 

obs

inh

tDe
t

⎛ ⎞
= ⎜
⎝ ⎠

⎟           (2.4) 

 

In general, characterises the rate of the inherent rearrangement of the materials 

structure. Since the level of structure organisation, its rupture and restoration can vary, 

variations in the values of characteristic times for the same material may be expected. In 

case of steady flows, for instance, the flows whose kinematic description does not contain 

time explicitly – the time elapsed from startup of flow is essentially infinite; yet , the 

Deborah number for such flows is not necessarily zero, unless some very restrictive 

conditions are imposed.  Noll [173] discussed the concept of constant stretch history 

flows. These flows consists the principal stretches of deformation carrying the 

configuration at time ‘t’ into the configuration at time t

inht

τ−  independent of ‘t’. Oldroyd 

[174] introduced the general concept of flow with perpetual rheological history. This 

concept includes the history of deformation of a material element, history of stress and 

the history of temperature for non-isothermal flows. The Deborah number has been used 

in shear flow to study the formation of oriented structures in FIC. [89, 102, 175] For this 

purpose, the time-temperature superposition is applied to determine the variation of two 

time scales repτ and sτ  with T, where – reptation time repτ corresponds to the relaxation 

time of molecular orientation and chain retraction time sτ corresponds to the relaxation 

time of molecular stretch. The potential of flow in inducing the orientation and stretch 

can be quantified using two Deborah numbers reported in equations 2.5 and 2.6  

 

rep repDe τ γ •=           (2.5) 
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s sDe τ γ •=           (2.6) 

 

The formation of oriented (shish-kebab) structure occurs with the magnitude of 

. Thus, it is likely that strong chain stretching governs the formation of shish-

kebab structures. The displacement of chains in a polymer melt occurs as a result of 

reptative motion that determines the viscoelastic properties. The Deborah number of 

reptation and stretch for the HMW chains of neat polyethylene at two different shear rates 

is calculated based on MWD information as reported in literature [102, 110, 176-177] 

using equations 2.5 and 2.6,  

s 1 10De ≈ −

The approach makes use of equilibrium time ( eτ ) at given temperature conditions 

and the number of entanglements per chain (Z) based on HMW chains. Hence, stretching 

time ( sτ ) is not affected by MWD if  and HMWZ eτ  are known. [102] To determine the 

Deborah number of reptation ( ) and stretch ( ) at 136 °C, the time-

temperature superposition (TTS) principle is applied with the aid of rheology. To 

determine the relaxation times associated with chain reptation ( ) and chain stretch 

( ), the entanglement equilibration time,

HMW
repDe HMW

sDe

HMW
repτ

HMW
sτ eτ  =  at 190 °C and the 

entanglement molecular weight, 

97 10 s−×

eM  = 828 g/mol is assumed. [178] 

The relaxation times of reptation ( ) and stretch ( ), for HMW (MHMW
repτ HMW

sτ z ~ 1.18 x 106 

g/mol) chain, were calculated using following equations,  

 
2

HMW 3
rep e

1.513 1Z
Z

τ τ ⎛= −⎜
⎝ ⎠

⎞
⎟         (2.7) 

HMW 2
s eZτ τ=           (2.8) 

 

Where, eτ  is entanglement equilibration time of segments between entanglements and 

entanglement per unit chain (Z) is defined by the ratio Mz/Me. Z can be estimated as 1430.  
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The values of relaxation times related to chain reptation ( ) and chain stretch ( ) 

were found to be 56.651 s and 0.0143 s repectively. The average molecular weight 

between topological constraints (M

HMW
repτ HMW

sτ

e) of PE at 190 °C can be defined [109-110] as,  

 
o

e 4 R / 5 NM T Gρ=          (2.9) 

 

where,  is plateau modulus. The calculation of characteristic relaxation times requires 

the information of 

o
NG

eτ  for PE.  In general, eτ  can be estimated from the monomeric 

friction coefficient (ζ ) and some physical constants. The equation can be expressed 

[179-180] as,  

 

 
( )2 2

e
e 2

B o3  

R M M

k T m

ζ
τ

π
=         (2.10) 

 

Where, 2R M is the monodisperse chain end to end distance molecular weight ratio for 

ideal equilibrium random coil, Me is the average molecular weight between topological 

constraints, T is the absolute temperature, is the molecular weight of monomeric unit 

and k

m

B is the Boltzmann constant.  B

The Arrhenius type of temperature dependence with activation energy Ea = 

29.057 kJ/mol is found for the horizontal shift factor (aT) at T = 136 °C. The vertical shift 

factor (bT) does not show strong temperature dependence. The shift factors for different 

temperatures are determined experimentally on the application of TTS principle to 

storage modulus (G ) curves obtained in the frequency spectrum of 0.01 to 100 rad/s. 

The Arrhenius activation energy for TTS principle can be expressed [94]

′
 as,  

 

a
T

E 1 1( ) exp
R

a T
T T

⎡ ⎤⎛ ⎞
= −⎢ ⎜

⎝ ⎠⎣ ⎦
⎥⎟         (2.11) 
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Where,  is Arrhenius activation energy, aaE T(T) is shift factor at absolute temperature, R 

is gas constant (8.314 J/mol. K-1), = 409 K is absolute temperature and T = 463 K is 

reference temperature. The obtained shift factor (i.e. a

T

T = 2.70) at 136°C is considered 

while using equations 2.5 and 2.3 to calculate the De for HMW chains at 136 °C. The 

calculated relaxation times and Deborah numbers for the applied shear rate are reported 

in Table-2.5.  
 
Table 2.5: The Deborah number of reptation and stretch of HMW chains for different 
shear rates at 136 °C. 
 

Shear rate (s-1) Shear time (s) HMW
repDe  HMW

sDe  

100  1 41.5 10×  3.8  
50  1 37.5 10×  1.9  

 
The horizontal (aT) and vertical (bT) shift factors for different temperatures obtained from 

rheological experiments are shown in Table-2.6. Thus from the Table-2.6, eτ at 136 °C is 

1.89 x 10-8 s.  
 

Table-2.6: Rheological parameters for PE at different temperatures. 

 

Temperature (°C) aT bT

136 2.70 0.90 
142 2.43 0.91 
145 2.35 0.92 
160 1.86 0.95 
180 1.30 0.98 
190 1 1 

 

The Deborah number of stretch for HMW chain at 136 °C after the application of 

shear rate of 50 s-1 for 1 s is 1.9. Since the stretch Deborah number is not significantly 

more than 1, only few high molecular weight chains can be stretched to form a weak 

shish that would not suppress the nucleation barrier for the kebab formation. Such a weak 
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shish formation is not detectable within the applied SAXS setup. This explains the 

absence of intensity along the equator and meridian in figure 2.10b  

Whereas, for the applied shear rate of 100 s-1 for 1 s, Deborah number of stretch 

for the high molar mass significantly exceeds the value of 1.0. Thus the high molar mass 

chains are stretched to an extent that the strong shish formation occurs, which is 

consistent with the appearance of intensity along the equator.  With the appearance of 

shish, nucleation barrier for the formation of kebabs is suppressed and the crystallisation 

proceeds. The formation of shish-kebabs is seen in figure 2.10a   

Figures 2.11a and 2.11b show the integrated intensities corresponding to equator 

and meridian as a function of time after the application of two different shear rates. The 

shear of 100 s-1 and 50 s-1 are applied at 136 °C for 1 s. The intensity in the meridian 

dominates in the later stages of the isothermal crystallisation temperature in both cases, 

though the difference is very small in the case of 50 s-1 for 1 s of the applied shear. From 

the SAXS patterns and rheological approach, it is quite clear that for the shear rate of 100 

s-1 for 1 s, shear is effective for the formation of shish-kebab structure. Lack of drop in 

intensity along the equator with time suggests that the long chains are stretched and 

remain extended due to high relaxation times. The resultant shish morphology is frozen 

with the appearance of kebabs. This further strengthens the shish formation with time 

providing the nucleation for the growth of kebabs. Hence, the meridional intensity in the 

later stages dominates due to the formation of kebab-like structures. However, for the 

shear rate of 50 s-1 for 1 s, the higher intensity along the meridian (from figure 2.11b) 

relative to the equator in the later stages of isothermal crystallisation suggests the 

existence of some anisotropy, which may arise due to the formation of some oriented 

structures that are not fully detectable.  The anisotropy suggests that some long chains do 

get stretched even at a lower Deborah number of stretch and are capable of forming very 

weak shish. However, the data along the equator and meridian is widely scattered making 

it difficult to draw any robust conclusions.  
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Figure 2.11: The evolution of integrated intensity along the equator and the meridian as 
a function of time after the application of shear at isothermal temperature 136 °C. (a) 
After application of the shear, 100 s-1 for 1 s, at 136 °C. (b) After the application of 
shear, 50 s-1 for 1 s, at 136 °C . 
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Figures 2.12a and 2.12b, show the ordering of lamellae as the neat polymer 

crystallises on decreasing temperature after the application of two different shear rates 

(100 s-1 and 50 s-1 for 1 s) at an isothermal temperature, 136 °C and residence time of the 

sheared melt at 136 °C for 600 s prior to cooling. In the neat PE sample sheared with 100 

s-1  for 1 s, with decreasing temperature broad distinctive lobes emerge along the 

meridian.  The increase in intensity suggests an overall increase in electron density 

fluctuation due to re-organisation of chain segments with crystallisation on cooling. With 

the application of high shear rate, as more long chains are likely to be stretched, a well 

defined oriented structure emerges in the crystallisation process whereas, the application 

of low shear rate results in less chain stretching, ultimately resulting in the complete 

relaxation of stretched chains (if any) to give isotropic scattering. The isotropic scattering 

that emerges at 122.7 °C as shown in figure 2.12b, may be attributed to the presence of 

spherulites. Thus this sample is expected to have less oriented lamellae at low 

temperatures. 

 

 
 
Figure 2.12: The acquired 2D-SAXS patterns in neat polymer at different temperatures 
while cooling to room temperature at different shear rates. 
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2.3.5 Structure development of SWCNT/PE composites at isothermal 

crystallisation under low shear rate  
From the results above it is apparent that strong shear promotes chain extension in 

the early stages that results into the formation of shish-kebab structures. To make 

distinction in the origin of the shish structures in the presence of SWCNTs, on purpose 

we performed experiments at low shear rates. To recall, the application of shear in the 

neat polymer (50 s-1 for 1 s) at isothermal temperature of 136 °C, as shown in the figure 

2.9b gives isotropic scattering. When the same low shear rate conditions are applied to 

polymer/nanotube composites, the isotropic scattering (absence of streak-like scattering) 

increases with increasing amount of SWCNTs in PE, Figure 2.13a. Although, the 

scattering appears to be isotropic in the patterns, the intensity in the vicinity of the 

beamstop increases with the increasing amount of nanotubes at 136°C after the 

application of shear at the same temperature. Thus the structures arising due to the 

presence of SWCNTs in the sheared samples cannot be excluded. It is worthwhile to note 

that the detection of structures at the very initial stages is limited by the resolution of the 

SAXS detector. However, the overall intensity increases with time. The increase in 

intensity becomes apparent in the patterns collected at t = 300 s and t = 500 s for the 0.6 

wt% SWCNT/PE composites. The presence of anisotropy in these sheared samples 

become apparent in the azimuthal plots shown in figure 2.13b. The anisotropy suggests 

that SWCNTs are aligned in the flow direction to form shish. The increasing amount of 

SWCNTs influences the relaxation time of the polymer chains. Hence, the presence of 

SWCNTs influences the oriented structure formation in the samples sheared with a 

shearing rate of 50 s-1 for 1 s. 
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Figure 2.13: (a) 2D-SAXS patterns collected at different times after the application of 
shear at the isothermal temperature of 136 °C for polyethylene having different 
concentration of SWCNTs (b) Azimuthal plots for the 2D-SAXS patterns acquired after 
600 s of isothermal condition at 136 °C. 
 

Figure 2.14 shows integrated intensity corresponding to the equatorial region of 

the SAXS patterns for SWCNT/PE composites, collected during the isothermal 

temperature of 136 °C after the application of shear (50 s-1 for 1 s). The intensity along 

the equator increases with the increase in SWCNTs content in PE. The intensity remains 

stable for 600 s under isothermal conditions after the application of shear. This suggests 

that the presence of SWCNTs leads to stable shish formation. However, for 0.3 wt% and 

0.6 wt% SWCNTs in PE, an increase in intensity in the later stages (>300 s) under 

isothermal conditions is noticed suggesting the crystallisation and growth of oriented 

structures even at low shear rate γ • = 50 s-1 for  = 1 s. st
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Figure 2.14: The integrated intensity corresponding to equator (streaks) as a function of 
time for the PE having different amount of SWCNTs. The shown intensity is probed for 
600 s at 136 °C after the application of shear (γ • = 50 s-1,  = 1 s). st
 

Figure 2.15, shows increase in the intensity at the meridian at the isothermal 

temperature 136 °C after the application of shear (γ • = 50 s-1 for  = 1 s). The meridional 

intensity increases with the SWCNT content in PE. This suggests enhanced 

crystallisation in SWCNT/PE composites.  This increase in intensity may be attributed to 

slow crystallisation as a result of low shear rates. The effect of SWCNTs on the 

nucleation of polyethylene chains even at low shear rates can be understood well from the 

present study. In otherwords, the result conclusively demonstrates that SWCNT bundles 

acts as nucleation sites when PE crystallises indicating that initial PE crystallites are in 

contact with nanotubes irrespective of shear rates. 

st
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Figure 2.15: The meridional integrated intensity at 136 °C for SWCNT/PE composites as 
function of time. The intensity corresponds for 600 s of isothermal temperature for 
sheared (50 s-1 for 1 s) samples. 
 

 Figure 2.16 shows the 2D-SAXS patterns of sheared (50 s-1 for 1 s) SWCNT/PE 

composites collected at 60 °C while cooling to room temperature. It is evident that the 

scattering is completely isotropic for the neat PE leading to spherulite formation. The 

mixed morphology consisting of shish-kebab (anisotropy) and spherulite (isotropy) is 

detected for SWCNT/PE samples at 60 °C. With the increase in SWCNTs in PE, the 

anisotropy increases, as observed from the increase in the meridional scattering. Hence, 

the presence of SWCNTs increases the shish-kebab formation. 
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Figure 2.16: 2D-SAXS patterns of different SWCNT/PE samples acquired at 60 °C after 
the application of shear (γ • = 50 s-1 for 1 s) at 136 °C. The sheared samples are 
annealed at 136 °C for 600 s prior to cooling at a rate of 10 °C/min (following scheme-2 
in the experimental section).  
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Figure 2.17: Azimuthal distribution of intensity for the pattern acquired at 60 °C for the 
sheared SWCNT/PE samples following the scheme-2 in the experimental section. 
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 Figure 2.17 depicts the azimuthal distribution of intensity for neat PE and 

SWCNT/PE composites at 60 °C. This confirms the isotropic pattern for neat PE with the 

absence of meridional maxima. However, the presence of SWCNTs in PE leads to 

maxima in the meridian confirming the presence of shish-kebab structures at 60°C. It is 

interesting to note that the intensity increases along the equator with increase of 

SWCNTs in PE and may be attributed to oriented SWCNTs, which acts as shish in the 

suppression of the nucleation barrier. The Herman’s orientation [181-183] function (fh) is 

determined using equations 2.12 and 2.13 to calculate information about PE orientation in 

the presence of SWCNTs after the application of different shear rates at isothermal 

temperature 136 °C.  

 

( )23[cos ] 1
2hf
φ⎧ ⎫−⎪ ⎪= ⎨ ⎬

⎪ ⎪⎩ ⎭
     (2.12) 

 

Where φ is the angle between equator and meridian, the mean square cosine ( 2cos φ ) of 

the azimuthal angle can be defined as, 
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θ θ θ
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∫
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     (2.13) 

 

Where, I(θ) is the diffracted intensity from the planes normal to the c-axis. When fh = 1, 0 

and -0.5, the scattering is parallel, random and perpendicular to the c-axis. The detailed 

analysis of orientation function in our case is reported elsewhere. [184] The 2D-SAXS 

patterns are analyzed by taking different regions in specific ways as shown in the figure 

2.18. The patterns are integrated azimuthally in an anticlockwise direction from θ = 0° at 

equator to get full intensity profile within the regions. The values for integration used in 

the calculation of Herman’s orientation function are taken from the intensity 

corresponding to azimuthal angle (θ = 0°) to azimuthal angle (θ = 90°).  
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Figure 2.18: The SAXS data analysis performed for estimation of Herman’s orientation 
function (fh) using two dimensional patterns. (a) Shows the regions considered for 
calculation as defined in four quadrants for complete azimuthal integration (θ = 0° to 
360°) for obtaining the azimuthal distribution of integrated intensity, where θ = 0° and 
90° represents equator and meridian respectively. The integrated intensity corresponding 
to θ = 90° to 180° is considered to obtain orientation function. The SAXS pattern shown 
here is taken at the 60 °C 
 

The Herman’s orientation function for SWCNT/PE composites at isothermal temperature 

after the application of shear is shown in figure 2.19. After the application of shear (50 s-1 

for 1 s) at an isothermal temperature of 136 °C, the orientation function for the sheared 

neat PE sample is close to 0 due to isotropic scattering. In the presence of SWCNTs in 

PE, the orientation function is dominated by chain extension in the early stages due to the 

presence of shish and by loosely packed lamellae in the later stages due to the presence of 

kebabs. [184] However, the overall values of orientation functions are close to 0, 

nevertheless, the changes are apparent with the increase in SWCNT content in PE due to 
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scattered intensities in the equatorial and the meridional regions. The increase in the 

scattering in the meridian at the later stages (>250 s) for sheared 0.6 wt% SWCNT/PE 

sample (refer figures 2.13 and 2.19) and corresponding changes in the orientation 

function suggest that the presence of SWCNTs enhances the crystallisation of PE with 

the growth of kebabs as short chains relax on the surface of SWCNTs. SWCNT nucleate 

PE crystal growth and accelerate the crystallisation rate. SWCNT bundles template PE 

crystallisation such that lamellae grow perpendicular from the SWCNT surface with PE 

chains (c-axis) parallel to the SWCNTs axis. Hence, SWCNTs surface provide higher 

density of nucleation site for the radial growth of straight lamellae without twisting. [146, 

149] Although, the orientation functions are close to zero but higher than 0 in the early 

stages, the presence of oriented SWCNTs structures cannot be neglected after application 

of low shearing condition – as the SWCNTs are more rigid compared to the flexible 

polyethylene chains. Hence, it can be anticipated that SWCNTs have important role in 

suppression of the nucleation barrier, irrespective of the low shear conditions, that favors 

the growth of kebabs in the later stages of crystallisation process. The results also 

indicate that SWCNTs surfaces could themselves act as nucleation sites for the growth of 

kebabs even at low shear rates. 
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Figure 2.19: Herman’s orientation function (fh) for the sheared samples at isothermal 
temperature 136 °C after the application of different shear (γ • = 50 s-1 for  = 1 s) st
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2.4 Conclusions 
The crystallisation behavior of SWCNTs coated PE was investigated using different 

experimental techniques. The isothermal crystallisation was probed by rheometry and 

DSC confirmed the role of SWCNTs as nucleating agents for polyethylene chains 

suppressesing the nucleation barrier and accelerating the rate of crystallisation with 

change in the overall morphology from spherical to disc shape of the crystallites. The 

onset of crystallisation and the overall crystal growth rate is enhanced due to the presence 

of SWCNTs in PE. Flow induced crystallisation studies were performed to study the 

structure development in SWCNT/PE composites. The presence of SWCNTs under 

shearing conditions accelerated crystallisation kinetics and promoted the development of 

anisotropic structures, similar to shish-kebab. The enhanced oriented structure formation 

in SWCNT/PE composites as compared to neat polymer, even after the application of low 

shear at isothermal condition has implications on chain relaxation in the polymer melt.  
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Chapter 3 
 
Structure development in sheared 
polyethylene: the influence of zirconia 
nanoparticles on crystal orientation 
 
 

In this chapter structure development in high density polyethylene having a broad 
molecular weight distribution (MWD) in the presence of zirconia nanoparticles under the 
strong shear (100 s-1 for 1 s) is investigated. Experimental techniques used for the studies 
are time resolved small angle X-ray scattering (SAXS) and wide angle X-ray diffraction 
(WAXD). The SAXS patterns show evolution of scattering along the equator immediately 
after the cessation of shear. Subsequent increase in intensity along the meridian is 
observed on cooling. The intensity along the equator is attributed to shish formation, 
whereas the intensity along the meridian to kebab formation.   The growth of kebab 
formation is monitored at isothermal crystallisation temperature, = 125°C, for 
polyethylene in the presence of different concentrations of zirconia nanoparticles. Shift in 
the onset of crystallisation to higher temperatures is observed with increase in zirconia 
content in the polyethylene. With the increase in zirconia content, crystallinity increases. 
The increase in crystallinity with time and zirconia concentration is determined from 
WAXD. Along with the increase in crystallinity the intensity along the meridian 
increases, as determined by SAXS. The increase in fraction of oriented crystals is 
determined by the ratio of intensity scattered from oriented crystallites to the total 
scattered intensity. From WAXD data the Herman’s orientation function is determined to 
study the enhancement of orientation along the flow direction. Scherrer’s equation is 
used to measure the apparent lateral dimensions of kebabs in the hkl direction.  The long 
period in all cases is found to decrease slightly in the early stages of crystallisation, 
before the plateau value is reached.  

cT
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3.1 Introduction 
The presence of flow during processing deforms macromolecular chains 

producing very specific organisations. Such specific organisations pertaining to the 

formation of highly oriented structures have been widely reported in semicrystalline 

polymers, where the polymer at least at the initial stages crystallises under shear or 

elongation flow. [89, 97, 185-188] Specifically, a fundamental mechanism governing the 

role of molar mass and molar mass distribution in the formation of such highly oriented 

structures under flow is of interest in polymer science. The well established view 

maintains that long and extended chains dominate the central innermost portion of ‘shish-

kebab’ structures. [189] Moreover, ‘shish’ (extended chains) provides nucleating sites for 

the growth of ‘kebab’ (folded chains). 

The effect of processing conditions on polymer crystallisation has been studied 

for a long time. The rate of crystallisation highly depends on the influence of flow 

because of chain alignment or segmental orientation of molecular chains. This chain 

orientation leads to change in crystallisation kinetics by suitably providing nucleation 

sites causing oriented lamellae to grow radially perpendicular to the chain axis. However, 

the understanding at molecular length dimensions has been limited. The monitoring of 

shear induced structures effectively by using small and wide angle X-ray techniques 

(SAXS/WAXD) has made it possible to probe long range ordering of lamellar stacking 

by SAXS and crystal structure development by WAXD. Thus advances in time resolved 

SAXS and WAXD through synchrotron radiation sources with shearing devices has 

enabled the crystallisation of semi-crystalline polymers to be monitored. The influence of 

the high molar mass component of polyethylene (PE) in the development of chain 

orientation is the stimulus to the studies performed in this chapter.  This chapter 

addresses the influence of spherical zirconia nanoparticles on the formation of structures 

under strong steady shear protocol and further highlights the increase in orientation 

induced due to the presence of zirconia particles. 

The influence of different shear rates and time on the crystallisation kinetics of 

iPP has been reported. [98] These findings suggest that, at higher shear rates, low shear 

times are more efficient for maximum orientation. Studies performed using different 

molecular weight and molecular weight distribution lead to the conclusion that chain 
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orientation is strongly influenced by increasing molar mass. Recently, SAXS/WAXD 

studies confirmed that a high molar mass tail also plays a significant role in enhancing 

the formation of highly oriented structures. [68, 78, 89, 154, 190]  This formation relates 

to the concept of coil-stretch transition, where the gauche conformations in the random 

coil chains transform into trans-conformations.  The development of shish-kebab 

morphology under elongational flow in dilute solutions was extensively investigated by 

Keller et al. [61-62, 191-192] According to them, c [ ]M βε ∗= for the flow induced 

crystallisation under elongation in dilute solution, where εc is critical rate of elongation, β 

is equal to 1.5 (factor for polyethylene) and M* is the critical orientation molecular 

weight that defines coil- stretch transition. [68, 95] After deformation, the polymer chains 

having molecular weight more than critical orientation molecular weight (long chains) 

retain extension while short chains relax back to their original coil conformation.  Over 

the decades, it has become clear that the formation of shish-kebab morphology is a local 

event that depends on the chain dynamics and thermodynamics applicable in the polymer 

melt. [67, 193-196] The concept of shish-kebab morphology is realised in the dilute 

solutions as well as in polymer melts.   

The shish-kebab structure morphology has been subject of extensive 

investigations using X-rays. [99, 154, 186, 190] The effect of altering the concentration 

of long chains in polyethylene blends has been studied.  The presence of oriented nuclei 

under shear in melt occurs due to the distribution of relaxation time. [83, 197] It is also 

known that precursors are formed even at temperatures above equilibrium melting point, 

where the time scale for the growth of nucleus decreases with the increase in temperature. 

It is further noticed that Flory’s statements [59] have limitations since orientation of 

polymer chains, occurring due to flow, eliminates the free energy barrier to form a 

nucleus. According to Coppola et al. [198] the temperature governs the thermodynamic 

driving force which is then enhanced due to the orientation and stretching of high molar 

mass chain depending on particular flow regimes. Seki et al. [66] demonstrated that 

oriented nuclei are formed due to high molecular weight chains exceeding the overlap 

concentration.  Somani et al. [99] proposed the nucleation and growth in orientation 

induced crystallisation of polymers during flow. According to them, orientation causes 

alignment of chain segments of polymer molecules and results in the formation of 
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primary nuclei in the flow direction. Further it is shown that the polymer molecules 

above the critical orientation molecular weight ( M ∗ ) could be oriented at a given shear 

rate (γ • ). Ogino et al. [199] showed that the anisotropy increases above certain critical 

concentration of HMW chains. This critical concentration of HMW chains in polymer is 

0.5-0.6 %. According to them the critical concentration of HMW chains must be more 

than overlap concentration (i.e. 0.178 g/cm3) to form shish-kebab structures. Thus 

anisotropy increases with the increase in high molecular weight while decreases with the 

increase in low molecular weight. 

The studies on bimodal molecular weight distribution (MWD) also revealed the 

overgrowth of FIPs by twisted kebabs resembling lamellae within spherulites. The twist 

is likely to arise from tilting of the chains when the concentration of shish-kebabs is low. 

[175] The phenomenon of lamellar twisting was investigated by Hoffman and Lauritzen. 

[200] They attributed the cause to the different congestions of fold surfaces resulting in 

surface stresses. This phenomenon has been widely studied in polyethylene [201-204] 

and holds a significant importance during the initial stages of kebab development.  In this 

chapter, the fundamental mechanism responsible for morphological development in PE 

under flow in defined shear conditions is elucidated. Further, the influence of 

nanozirconia on morphological development has been demonstrated.  

 

3.2 Experimental Section 
 

3.2.1 Materials  
High density polyethylene (HDPE) having broad molecular weight distribution 

was selected. The corresponding molecular weight information obtained using GPC is 

summarised in Table 2.1 of Chapter 2. The HDPE sample in powder form was kindly 

supplied by Dow Chemicals B.V., Terneuzen, Netherlands. The polymer was 

polymerised using Ziegler- Natta catalyst in a slurry process. The zirconia nanoparticles 

(particle size of 20 nm) from Mel Chemical Ltd, UK were obtained in aqueous 

suspension form consisting 25.5 wt% of solid content. 
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3.2.2 Preparation of zirconia/PE composites 
The solid content of the zirconia suspension was reduced to 0.25 wt% by adding a 

suitable amount of de-ionised water. The obtained concentration is sonicated for 45 min 

and then centrifuged at 3000 rpm for 20 min. More than 95 % of zirconia nanoparticles 

were suspended in the aqueous solution while the rest were deposits. The suspended 

aqueous solution with zirconia nanoparticles of 0.25 % was sprayed onto the surface of 

HDPE. The substrate with the thin layer of HDPE is shaken in order to ensure that 

zirconia nanoparticles are uniformly coated on HDPE powder. The HDPE powder 

adsorbed with zirconia nanoparticles was dried for 12 hours at 60 °C in a vacuum oven. 

The polymer films of about 0.4 mm thickness with and without zirconia nanoparticles 

were prepared by compression molding at 160 °C for 5 min. For X-ray measurements, 

samples in the form of disks having diameter of 30 mm were obtained from the melt 

compressed films. 

 

3.2.3 X-Ray characterisation (SAXS/WAXD) 
The structure formation was probed by SAXS and WAXD. SAXS was used to 

probe lamellae and their stacking; while WAXD is sensitive to atomic order within the 

lamellae (Bragg peaks). The excess of scattering in 2D-SAXS patterns were due to 

spherical zirconia particles with diameter (20 nm) much greater than those of SWCNTs 

(1 nm). SAXS patterns did not show the formation anisotropic structures and hence it was 

necessary to determine if there exist any ordered lamellae (kebabs) in 2D-SAXS patterns. 

Hence, WAXD technique was used to understand the reasons of less anisotropy. For 

instance: Kebab twisting may lead to decrease in anisotropy and orientation in polymer 

matrix which can be determined preferably by WAXD as compared to SAXS. Two 

dimensional (2D) SAXS and WAXD measurements were carried out separately at 

BM26B/DUBBLE and ID11 synchrotron beamlines in the European Synchrotron 

Radiation Facility (ESRF), Grenoble, France respectively. The wavelengths of 

synchrotron radiation are 1.24 Å for SAXS and 0.49 Å for WAXD. The shear cell is 

clamped perpendicular to the incident X–ray beam. Time resolved 2D-SAXS patterns 

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

 pixel size) with sample to detector distance of 5.26 m. The vacuum 

512 × 512

260 μm × 260 μm
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chamber was placed between the sample and detector to reduce the scattering and 

absorption from air. The acquisition time of 7 s was used to acquire images with a dead 

time of 3 s for data transfer between the adjacent images which was followed by 

correction for intensity of the primary beam, absorption and sample thickness. After 

subtraction, the images were integrated to determine the scattered intensity (I) as a 

function of the modulus of the scattering vector: 4 sin( / )q π θ λ= where, 2θ is scattering 

angle. The integrated intensity as function of time is defined as, max

min
SAXS ( ) ( , )

q

q
I t I q t= ∫ dq , 

where qmax and qmin being the maximum and minimum of q values. The obtained intensity 

data is subtracted with intensity prior to the application of shear. WAXD patterns are 

collected with a two dimensional Frelon detector having a resolution of 512 × 512  pixels 

(with pixel size of 50 ) and a sample to detector distance of 33.1 cm. The 

WAXD patterns were recorded with acquisition time of 30s and dead time of 5 s for 

transferring of data. The images were integrated to obtain the intensity distribution (I) as 

a function of scattering angle 2θ by correcting for the spatial distortions and scattering of 

empty sample holder. Quantitative analysis was performed on the corrected X-ray 

patterns.  

μm × 50 μm

The shear flow experiments for both SAXS/WAXD were performed using a 

Linkam shear cell (CSS-450) modified with kapton windows. The samples were annealed 

at 160 °C for 5 min to erase memory effects. The samples were cooled from 160 °C to 

136 °C at a controlled rate of 10 °C/min. The pulse of shear ( , ) was 

applied at 136°C followed by cooling to 125 °C at a controlled rate of 5 °C/min. The 

structure development was followed isothermally at 125 °C for 600 s. Finally, the sheared 

samples were cooled to 60 °C at the controlled rate of 10 °C/min. A schematic of flow 

and thermal protocol is shown in the figure 3.1. 

-1100 sγ • = s 1 st =
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Figure 3.1: The schematic of flow and thermal protocol used in the experiments. 

 

3.3 Results and discussions 
 

3.3.1 Crystallisation on cooling in PE and Zirconia/PE composites after 

application of shear  
Figure 3.2 shows the growth of intensity as a function of time for PE while 

cooling from 136 °C to Tc = 125 °C. The intensity at the equator, in the form of a streak, 

appears immediately upon the cessation of shear at 136 °C representing the formation of 

shish.  The equatorial streak in SAXS can be also correlated to precursor formation that 

tend to disappear if the flow is applied at relatively higher temperatures [89]. The 

segmental interaction increases due to aggregation of oriented chains from different 

molecules that are less distant to each other. This process leads to the formation of 

bundled chain segments. The bundles of chain segments grow over the period of time as a 

result of accumulation of new chain segments and become stable i.e. in other words may 

form highly ordered crystalline structures. The stable chain segments are considered to 

possess a high degree of orientation. In our case, where the sample is set to cool just after 

the applied shear, the stretched chains are likely to crystallise. The occurrence of multiple 

shish formations can be assumed since a single shish may be too weak or dilute to be 

detected by SAXS.  With decrease in temperature, intensity along the meridian increases 
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more than along the equator (it can be noticed at 50s after application of shear. The 

temperature at this point is 131.8 °C). This indicates the formation of kebabs 

perpendicular to shish, due to rapid relaxation of short chains that tend to adopt the 

random coil state (lamella). 

 

 
Figure 3.2: The early development of intensity in meridian and equator for neat PE; 
under cooling to T = 125 °C, after the application of shear (γ • = 100 s-1, ts = 1 s) at 136 
°C.  
 

Figure 3.3a, shows development of SAXS intensity under isothermal conditions, 

at Tc=125 °C. The increase in intensity arises from the growth of kebabs that tend to grow 

steadily under isothermal conditions. The hump in the intensity profile at higher q values 

refers to the oriented crystals i.e. kebabs. The hump increases consistently for 600 s at the 

isothermal condition suggesting the steady growth of lamella. Figure 3.3b, shows the 

WAXD intensity evolution corresponding to 110 and 200 reflections as a function of 2θ 

at isothermal T = 125 °C.  The growth of oriented structures can be noticed by the 

increase in the intensity corresponding to 110 and 200 reflections. 
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Figure 3.3: (a) The SAXS intensity evolution associated with meridian during isothermal 
crystallisation T = 125 °C as a function of scattering vector (q) and time. (b) The WAXD 
intensity evolution corresponding to 110 and 200 reflections as function of 2θ at 
isothermal T = 125 °C.   
 

Figure 3.4 shows increase in intensity as a function of time on cooling from 136 

°C to 125 °C. The earlier onset of crystallisation in polyethylene containing zirconia is 

noticed. The intensity corresponding to the meridian rises early as a function of time for 
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zirconia/PE composites. The results are in agreement with crystallisation studies using 

rheometry [184] addressed in the chapter 4. Hence, on shearing, the presence of zirconia 

nanofillers enhances the nucleation process causing the growth of kebabs earlier 

compared to neat polyethylene.  
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Figure 3.4: The rise of intensity as a function of time under cooling from 136 °C to 125 
°C for PE in presence of zirconia nanofillers. The samples are sheared (100 s-1 for 1 s) at 
136 °C before cooling to 125 °C. 
 

Figure 3.5a, shows 2D SAXS patterns acquired after the selected time on cooling 

PE with and without zirconia. The patterns acquired on cooling after 10 s (T = 135 °C) of 

the applied shear at 136 °C show streak-like scattering. The intensity of streak-like 

scattering increases with increasing concentration of zirconia. This suggests that the 

presence of zirconia influences the relaxation behaviour of polymer chains and thus the 

amount of shish in PE. The patterns acquired after 50 s (T = 132 °C) on cooling shows 

the development of kebabs. The intensity corresponding to the meridian at this point is 

more for PE containing zirconia compared to neat PE (refer figure 3.4). Hence, the 

dominant shish formation in the presence of zirconia leads to the formation of kebabs. 

Figure 3.5b, shows 2D-WAXD patterns collected after 70 s (T = 130 °C).  The 110 
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reflection is observed in all patterns, though the intensity of 110 arcs in neat PE is much 

lower compared to the ones observed in the presence of zirconia. The difference in 

intensity in the sample with or without zirconia can be also attributed to higher onset of 

crystallisation temperature in the presence of zirconia. However, taking both SAXS and 

WAXD images into consideration, the increase in intensity of the 110 diffraction peak 

with increasing concentration of zirconia, at the same crystallisation conditions, also 

suggests the presence of a greater volume of oriented structures – i.e. shish.   

Considering the higher acquisition time (35 s) for the WAXD image compared to 

the SAXS (10 s) intensity arising in the WAXD pattern before 35 s after the applied shear 

could not be detected. Thus the developing WAXD pattern with the formation of shish is 

not detectable. Figure 3.5b shows a sequence of WAXD images where the intensities of 

110 and 200 reflections increase after shear on cooling in the presence of 0.5 wt% of 

zirconia. In the initial stages, the two reflections appear perpendicular to the flow 

direction. However, with the increasing time i.e. decreasing temperature, the intensity of 

200 reflection perpendicular to the flow direction (meridian) increases, whereas the 

intensity of the 200 reflection that appeared just after the flow along the equator does not 

change. It is to be realised that with the change in the position of 200 reflection, the 

position of 110 reflection stays the same. Such a shift in the position of 200 reflection can 

be accounted for by twisting of crystals (kebabs) between different shish. [205-206]  
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Figure 3.5: (a) 2D SAXS patterns after 10 s (T = 135 °C) and 50 s (T = 132 °C) are 
recorded for PE in presence of zirconia nanoparticles under cooling. (b) 2D WAXD 
patterns acquired after 70 s (T = 130 °C) and 105 s (T = 127 °C) on cooling. 
 

3.3.2 Structure development at isothermal temperature  
The SAXS and WAXD measurements were performed to study crystal growth at 

125 °C. The shear rate of 100 s-1 for 1 s was applied at 136 °C followed by immediate 

cooling to isothermal temperature, 125 °C.  2D SAXS and WAXD patterns for neat PE 

and PE having different concentration of zirconia nanoparticles at the isothermal 

crystallisation temperature, 125 °C were collected. Figure 3.6 represents a composite of 

XRD patterns collected at 125°C after application of shear. 
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Figure 3.6:  (a) 2D SAXS and (b) 2D WAXD patterns at selected times; acquired at 125 
°C for PE having different concentration of zirconia. 
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The meridional scattering, shown in figure 3.6a, is obtained in the SAXS patterns 

at isothermal temperature T = 125 °C. Increase in intensity along the meridian is due to 

the development of lamellae structure – kebab formation which grows perpendicular to 

central core consisting of extended chain crystalline segments through the process of 

chain diffusion and adsorption. It is to be noticed that in the case of neat PE; pronounced 

scattering on the meridian after 10 s at isothermal temperature, 125 °C, increases with 

time before it reaches a plateau. The increase in intensity suggests significant growth of 

kebabs. The scattering remains stable from 200 s to 600 s during isothermal 

crystallisation after shear. In the presence of zirconia, unlike neat PE the obtained 

scattering in the meridian remains constant for the complete 600 s of the isothermal 

crystallisation.  Selected 2D WAXD patterns were collected during isothermal 

crystallisation at 125 °C as shown in figure 3.6b.  In neat PE, the initial diffraction 

patterns at the early stages of isothermal crystallisation 125 °C exhibit two highly 

oriented 110 and 200 arcs along the equator and the meridian respectively. This suggests 

that both a-axis and b-axis are perpendicular to the flow direction. In zirconia/PE 

composites, the 110 arcs along the equator and 200 arcs along the meridian become more 

sharp and intense with time. The sharp reflections indicate the formation of highly 

oriented PE crystals having better crystallinity. Thus, the WAXD results at 125 °C, 

strengthen the viewpoint of twisting of kebabs, reported in section 3.3.1 of this chapter.  

Figure 3.7 shows the integrated meridional SAXS intensities for the zirconia/PE 

composites after the application of shear. The shaded region indicates the isothermal 

crystallisation region (T = 125 °C). The samples are cooled to the isothermal 

crystallisation temperature immediately after the cessation of shear at the controlled rate 

of 5 °C/min. The intensities for all the samples remain constant suggesting ordering of 

lamellar structures.  
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Figure 3.7: The integrated intensity of meridian from SAXS analysis; as a function of 
time obtained after cessation of shear ( , -1100 sγ • = s 1 st =  at 136 °C). The isothermal 
crystallisation (T = 125 °C) is indicated by shaded region where the intensity remains 
almost constant for 600 s before cooling to room temperature. The unshaded region from 
0 s to 120 s corresponds to control cooling from 136 °C to 125 °C. 
 

3.3.3 Crystallisation at low temperature 
Figure 3.8 shows the 2D SAXS and WAXD patterns acquired at 60 °C for PE and 

zirconia/PE composites. The 2D SAXS patterns from figure 3.8a, suggest the presence of 

oriented lamellae indicative of meridional scattering. The meridional scattering increases 

with the zirconia concentration in PE attributed to shish-kebab structures. The 2D 

WAXD patterns in figure 3.8b acquired at 60 °C show well oriented structures with the 

increase in zirconia content in PE. The 110 and 200 arcs become sharp with the increase 

in zirconia concentration, which becomes apparent on azimuthal integration of the 

intensity. It is also interesting to mention that unlike in the case of neat PE, the 2D 

WAXD patterns for zirconia/PE composites show weak 200 arcs along the equator 

together with the intense arcs along the meridian. Figures 3.9a and 3.9b show the 

azimuthal distribution of intensity obtained from the patterns acquired at 60 °C for the 
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110 and 200 reflections in all samples. From the full width half maximum of the110 

reflection, it is apparent that the broad peak sharpens with the increase in the amount of 

zirconia. The peak intensity increases with the increasing amount of zirconia. This 

indicates that in the presence of zirconia crystals are more oriented along the flow 

direction.  

The 200 reflection is present along the equator as well as meridian in all samples, 

with or without zirconia. However, the intensity of the 200 reflection in the 

meridian/equator changes with the concentration of the zirconia particles. For an 

example, with the increasing concentration of zirconia, the 200 reflection along the 

meridian increases.  

 

 
 

Figure 3.8: 2D X-ray patterns acquired at 60 °C for PE and Zirconia/PE composites; (a) 
from SAXS; (b) from WAXD. 
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Figure 3.9: The evolution of azimuthal distribution of scattered intensity for; (a) 110 
reflection; (b) 200 reflections at T = 60 °C for PE in presence of different concentration 
of zirconia nanoparticles.  
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3.3.4 Crystal orientation in broad MWD PE in the presence of zirconia 

nanoparticles 
WAXD data was analysed quantitatively to provide information on the 

crystallinity in the semi-crystalline polymer. The overall intensity (XT) obtained from 

WAXD data is proportional to the amount of crystalline phase. The WAXD crystallinity 

index is calculated after deconvolution of intensity scattered by the amorphous (XA) and 

the crystalline phase (XC) using procedures explained in other studies. [207] Further, the 

one-dimensional profiles of crystallinity are calculated. 

 

C
T

C A

100XX
X X

= ×
+

         (3.1)  

 

The value of XC in this formula can be basically calculated from the intensity of 

crystalline peaks integrated between the two limits. 

 
2

1

C C ( )X I d
θ

θ

θ θ= ∫          (3.2) 

Whereas, on integrating total scattered intensity between the same limits gives XC + XA 

and can be represented as: 

 
2

1

C A C+A ( )X X I d
θ

θ

θ θ+ = ∫         (3.3) 
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Figure 3.10: The overall crystallinity developments in sheared PE melt in the presence of 
nanoparticles. The shaded region corresponds to isothermal crystallisation. 
 

Figure 3.10 shows increase in crystallinity as a function of time immediately after 

cessation of the shear (  for 1 s). The steady growth in the crystallinity is 

observed at the isothermal crystallisation temperature, T

-1100 sγ • =

c = 125 °C for 600 s. The 

polyethylene samples having different concentrations of zirconia nanoparticles (0.5 wt% 

to 2.0 wt%) gain higher crystallinity in the early stages compared to the neat PE.  While 

on cooling from the sheared temperature to the isothermal crystallisation temperature, the 

earlier onset of crystallisation for polyethylene in the presence of zirconia is observed. 

This finding is in agreement with the SAXS analysis shown in the figure 3.4, where the 

earlier increase in intensity corresponding to meridian in the samples containing zirconia 

nanofillers is also observed.  
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The degree of orientation of crystals is determined using Herman’s orientation function. 

[181]  

 

( )20.5 3 cos 1hf β⎡= × −⎣ c
⎤⎦         (3.4) 

 

Where, β is the azimuthal angle. The fh value is 1.0, when c-axis of the crystallized 

particles is parallel to the flow direction; fh value is -0.5, when when c-axis of the 

crystallized particles is perpendicular to the flow direction and in the case of randomly 

oriented sample fh value is 0.  Wilchinsky’s method [208] can be used to calculate 
2cos cβ  from 110 and 200 reflections by using formula, 

 
2 2

200 110cos 1 0.565(cos ) 1.435(cos )cβ β= − − 2 β      (3.5) 

 

Hence for the set of 200 or 110 reflection, the average orientation expressed in terms of 

( 2
200cos β ) or ( 2

110cos β ) can be mathematically calculated using formula, 

 
/ 2

2

2 0
/ 2

0

( ) cos sin
cos

( )sin
hkl

I d

I d

π

π

β β β
β

β β β
=
∫

∫

β
        (3.6) 

 

Where, hkl is the set of 200 or 110 planes. Figure 3.11 shows the orientation function 

calculated from WAXD profiles.  The polyethylene containing zirconia nanofillers shows 

higher orientation compared to the neat polyethylene.  
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Figure 3.11: Herman’s orientation function calculated after the application of shear 
( ,  at 136 °C) for PE melt in presence of different concentration of 
zirconia nanoparticles.  

-1100 sγ • = s 1 st =

 

2D-SAXS images are analysed to determine the orientation fraction of 

polyethylene in the presence of zirconia. Figure 3.12 shows the oriented fraction as a 

function of time obtained from SAXS analysis.  
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Figure 3.12: The orientation fraction obtained from integrated intensities of different 
regions extracted from 2D SAXS after the application of shear ( ,  at 
136 °C) 

-1100 sγ • = s 1 st =

 

The intensity scattered from oriented crystallites is considered to be the sum of intensity 

obtained on the equator and the meridian [175].  

 

O E MI I I= +           (3.7) 

 

Where, IE and IM are the scattered intensities corresponding to the regions of the equator 

and meridian. Thus the fraction of the oriented crystals of lamellae (ψ) from SAXS can 

be obtained on addition of the scattered intensities in the different azimuthal regions: 

 

O

T

I
I

ψ =           (3.8) 
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Where, IT is total scattered intensity. The value of orientation fraction increases 

immediately after cessation of the shear and remains almost constant during isothermal 

crystallisation (Tc = 125 °C). The orientation fraction increases with increase in 

concentration of zirconia in polyethylene which is in agreement with the degree of 

orientation obtained from WAXD. The increase in the orientation under shear at higher 

concentrations is due to locally increased shear stresses produced as a result of zirconia 

nanoparticles and small inter-particle distances. The lower distance between adjacent 

particles at higher concentrations leads to interaction within themselves. Hence an 

increase in viscosity may be expected to lead high orientation in PE containing zirconia 

nanoparticles.  

 

3.3.5 Distribution of crystallite size and long period in the adjacent 

kebab formation 
The crystallite size was calculated from diffraction peaks of WAXD using 

Scherrer’s equation. [209-211] Scherrer’s equation assumes that the line broadening of 

reflections results from the finite crystallite size. 

 

hkl
hkl hkl

0.9
cos

L λ
β θ

=          (3.9) 

 

Where, Lhkl is the crystallite size in the direction perpendicular to the diffraction plane 

(hkl), 0.9 is crystalline shape function and βhkl the peak width at half maximum intensity 

(in radians).   
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Figure 3.13: Distribution of dimensions of crystallites at isothermal crystallisation 
temperature (T= 125 °C) for zirconia/PE composites; (a) shows dimensions of crystallite 
in 110 direction. (b) shows dimensions of crystallites in 200 direction. 
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Figure 3.13, shows the apparent lateral dimensions  of kebabs in the  

direction estimated using Scherrer’s equation. The crystallite sizes for neat PE vary 

between 28 nm to 30 nm for the equatorial 110 reflections. In the presence of nanofillers, 

the crystallites size increases with increasing amount of zirconia content. The dimension 

of 110 crystallites vary between 34 nm to 35 nm. However in all cases, the dimension of 

meridional 200 crystallites fluctuates between 17 nm to 21 nm. The long period is 

calculated as, 

hklL hkl

 

Max
2 /pL qπ=            (3.10) 

 

Where ‘ ’ corresponds to the maximum in the scattered intensity. Changes in the long 

period with time at the isothermal crystallisation condition after the cessation of the shear 

in polyethylenes with or without zirconia are summarised in figure 3.14. 

Max
q

0 100 200 300 400 500 600
40

50

60

70

80

90

100

110

Lo
ng

 p
er

io
d 

[n
m

]

time [s]

 PE
 0.5%
 1.0%
 2.0%

Isothermal at 1250C for 600s

 
Figure 3.14: Long period obtained at isothermal crystallisation temperature (T=125 °C).   
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The long period decreases in the initial stages and reaches plateau after 200 s. The 

decrease in long period corresponds with the overall increase in the crystallinity. [68] (see 

figure 3.10) The electron density fluctuation of system is proportional to the invariant 

(Q). For instance, the invariant becomes zero for a homogenous system that does not 

have any concentration fluctuation. The invariant can be calculated using equation 3.11, 

 

2

0

( )Q I q q d
∞

= ⋅∫ s          (3.11) 

 

In case of an isotropic polymer sample, the electron densities arising from crystalline 

( cρ ) and amorphous phases ( aρ ) can be obtained using equation 3.12, 

 
2

c a(1 ) ( )Q ϕ ϕ ρ ρ= ⋅ − ⋅ −         (3.12) 

 

The long period in the early stages in the presence of zirconia may arise due to high 

average electron density fluctuation between the zirconia particles (electron density of 

zirconia particle is 2.95 mole electron per cm3) and the polymer melt/crystals (average 

electron density of PE is 0.5366 mole electron per cm3). During isothermal 

crystallisation, with the increasing volume of polymer crystals the overall electron 

density of the crystals increases. Once the overall crystal density exceeds, the presence of 

zirconia particles, the measured lamellar thickness corresponds to the average distance 

between the crystalline and amorphous regions; prior to this the measured long period in 

the presence of zirconia is not the long period between the crystalline and the amorphous 

regions. As apparent from the figure 3.14 the time required for the true measurement of 

the long period between the average crystalline and the amorphous regions increases with 

the increasing content of the zirconia particles. From here it could be stated with certainty 

that within the experimental limitation, ultimately no difference in the average long 

period is observed after 300 s. Differences in the long period with increasing 

concentration of nanoparticles are simply a result of homogeneous distribution of 

spherical particles i.e. high electron density motifs. 
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 3.4 Conclusions 
Time resolved X-ray scattering (SAXS/WAXD) studies provide close monitoring 

of structure development under shear in polymers. The results in this chapter show the 

significant role of zirconia nanoparticles in formation of oriented structures after 

cessation of shear. The onset of crystallisation is found to shift to higher temperatures 

with the increase of zirconia content in polyethylene. The structure development under 

shear at an isothermal crystallisation temperature of 125 °C shows steady growth of 

lamella. The higher crystal thickness in zirconia/PE composites indicates that the overall 

crystallisation kinetics can be enhanced by addition of zirconia nanoparticles. The crystal 

orientation obtained from WAXD matches with SAXS data where the orientation is 

enhanced in polyethylene with increase in zirconia concentration. The study indicates the 

role of zirconia in increasing local shear stresses produced as a result of zirconia 

nanoparticles and small inter-particle distances. The analysis provides insight into the 

slight increase in viscosity as demonstrated in chapter 4 using rheology; in presence of 

zirconia, due to a smaller distance between adjacent zirconia nanoparticles, constructive 

interactions occur on a molecular scale. 
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Chapter 4 
 
Influence of nanoparticles on the 
rheological behaviour and initial stages of 
crystal growth in linear polyethylene 
 
 

In this chapter the role of broad molecular weight distribution (MWD) 
polyethylene (PE), in the presence of nanoparticles of different aspect ratios and binding 
efficiency with the polymer is demonstrated on the formation of shish-kebab structures 
under specified shear protocol using time-resolved small angle X-ray scattering (SAXS). 
The results show the scattered intensity in the form of streaks at the equator while 
maxima on the meridian confirm the presence of oriented structure in the polymer. SAXS 
facilitated the probing of steady growth of obtained shish-kebab structures at an 
isothermal crystallisation temperature, 136 °C. The study reveals the influence of 
nanoparticles (single walled carbon nanotube (SWCNT) and zirconia) on chain 
orientation. The presence of nanoparticles promotes a high degree of orientation, where 
shish is formed along the flow direction and kebab perpendicular to it. A higher degree of 
chain orientation is observed in the presence of SWCNT’s compared to zirconia 
nanoparticles. SWCNTs present at low concentration (<0.6 wt %) are aligned in the flow 
direction leading to a increase in shish length as estimated from Ruland’s streak 
analysis. The stable shishes in the early stages of crystallisation suppress the nucleation 
barrier for further crystallisation. Compared to the polymer without nanoparticles the 
shish length increases in the presence of zirconia, however the increase in shish length is 
much more pronounced in the presence of SWCNTs compared to zirconia nanoparticles. 
Nanoparticles increase the orientation fraction as deduced from the integrated intensity 
of equator and meridian in the patterns. Absence of the plateau in the low frequency 
region of the polymer-SWCNT composites suggests the absence of network formation.  
Nevertheless, comparing the storage modulus at two different temperatures (142 °C and 
160 °C), suggests a strong temperature dependence and difference in adsorption energy 
of the two nanoparticles.  
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4.1 Introduction 
The resultant morphology of a viscoelastic melt is strongly dependent on the 

molecular characteristics and the applied processing conditions. Morphology thus 

obtained influences the mechanical properties of the polymer, thus it has been always a 

quest to develop knowhow on the structure-property relationship. Because of their 

simplicity and commercial viability linear polyethylenes and polypropylenes are the 

semicrystalline polymers that have been investigated for sometime. One of the frequently 

used characterisation tools to follow structure development is time resolved X-ray 

scattering, where the intensity in the low angle region arises due to electron density 

fluctuation with the organisation of chains in the region of 1 to 100 nm. When the 

polymer melt is subjected to flow highly anisotropic structures, similar to shish-kebab are 

formed. To have insight in to the development of shish-kebab structures a series of 

studies have been performed. In all these studies the quest has been to understand the 

initial stages of shish formation. The structure formation is an outstanding issue still 

active due to less information available in the early stages of crystallisation as a result of 

different parameters such as effect of average molecular weight (Mw) and molecular 

weight distribution (MWD), melt memory, shear rate and temperature. What follows is a 

brief overview of some of the salient findings reported in the literature. 

Shish-kebab morphology in polymers was first observed during fractionation 

process of high molar mass PE. [8, 212-213] Binsbergen [9] studied crystallisation in 

isotactic polypropylene (iPP) from melt. Using cross polarized optical microscopy under 

flow conditions, he observed birefringence arising due to chain orientation while cooling 

after application of shear at 180 °C. Keller et al. [68] proposed a hypothesis on the chain 

orientation above the critical molar mass M*. In sheared polymer melts with a particular 

polydispersity at a given temperature, the chains longer than M* can remain in an 

extended state and oriented after deformation while short chains relax back to form a 

random coil state as their relaxation times are short. Rheological studies [198, 214-215] 

have indicated the effect of shear rate and quenching on crystallisation under shear flow. 

According to Janeschitz-Kriegl and coworkers [79, 216-217] the oriented nuclei which 

are formed at high shear rates at temperatures close to the equilibrium melting point are 

practically stable at temperatures at which spherulites melt. Nevertheless, the application 
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of shear rates at temperatures below the melting point of the spherulites leads to the 

stable precursors due to longer relaxation times as compared to deformation time. As a 

result, the long lasting deformation under low stresses leads to the same precursors as that 

of short term deformation under high stresses. Schultz et al. [155] studied the mechanism 

of early stages of structural development under flow in polymer melt spinning using in-

situ simultaneous X-ray scattering (SAXS/WAXS). They reported the presence of shish-

kebab structures in the polyethylene melt and further verified such structures by SAXS 

without any detection by wide angle X-ray scattering (WAXS). Samon et al. [218] further 

reported that the onset of crystallisation is a result of chain orientation and does not 

depend on chain chemistry or specific undercooling. 

Muthukumar and coworkers [152] with the help of molecular dynamics 

simulation studies showed that the emergence of shish-kebabs is related to the 

discontinuous coil-stretch transition of isolated chains. They demonstrated the presence 

of stretched and coiled conformations at a given flow rate. The stretched chains 

crystallise into shish, the coiled chains form single chain lamellae and then adsorb on to 

the shish constituting kebabs. Hsiao et al. [64] made use of a polyethylene (PE) blend 

containing 2 wt% of ultrahigh molecular weight polyethylene (UHMWPE) and 98 wt% 

of low molecular weight PE copolymer matrix to investigate FIC. The scanning electron 

micrographs of a solvent extracted sheared PE revealed the presence of shish-kebab 

structures with multiple shish. They stated that the disentanglements of UHMWPE in the 

blend, if any, were extremely low and further considered the hypothesis that the 

“entangled thread” upon stretching will show straight sections with short thread lengths 

aligned parallel to each other and remaining parts of thread will stay entangled or form 

globular sections. The multiple shish originates from the stretched chain sections and 

kebabs originate from coiled chain section following the diffusion controlled 

crystallisation process. The concentration of HMW chains in PE must be more than 

overlap concentration to form shish-kebab structure. The optimum concentration of 

HMW chains is 0.2 wt %. to form shish-kebab structure. Yang et al. [153] reported a 

higher degree of crystal orientation due to the role of long chains in the enhancement of 

shear induced precursor formation in bimodal PE blend. Zuo et al. [190] reported the 

melting and re-formation of shish-kebab precursor structure in sheared polyethylene 
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bimodal blend. The results indicated that shish-kebab re-formation is directly related to 

the relaxation behavior of stretched chain segments confined in a topologically deformed 

entanglement network. 

 Ogino et al. [199] studied the effect of ultra high molecular weight (UHMW) 

component in the formation of shish-kebab structures. They followed the crystallisation 

of PE blends of low molecular weight (LMW) and ultra high molecular weight (UHMW) 

components using time- resolved depolarized scattering (DPLS) techniques. Their studies 

showed the evident streaks in the equator of two dimensional patterns suggesting the role 

of the UHMW component.  They argued that the critical concentration is two to three 

times larger than the overlap concentration of the chain ( RgC∗ ), indicating the role of 

entanglements of UHMW PE chains in the formation of oriented structures. Keum et al. 

[219] demonstrated the nucleation and growth behavior of twisted kebabs from shear 

induced scaffold in entangled PE melts. According to them, low shear rates generate a 

lower shish density which enhances kebab twisting. Matsuba et al. [220] studied the role 

of UHMW PE on shish-kebab formation. Their investigations revealed a significant 

effect of crystallisation rate and the relaxation rate of the UHMW component on shish-

kebab formation process. Kimata et al. [157] adopted small- angle neutron scattering to 

show that long chains are not overrepresented in the shish relative to their concentration 

in the material as a whole. They concluded that the molecular deformation of short and 

medium chains in the shish, being greater than that of long chains, enhanced fluctuations 

in the local molar mass distribution due to shear or a difference in the concentration of 

short and medium chains in the shish relative to the bulk. 

 Balzano et al. [89, 175] used a specially synthesised linear high density 

polyethylene with bimodal molar mass distribution. They demonstrated the presence of 

extended chains arising due to the high molar mass component in polymer melt while 

shearing above but close to the equilibrium melting temperature (Tm = 141.2 °C). They 

found a match between the dissolution time scale of the extended chains and the time 

scale for the reptation of HMW chains suggesting the role of HMW in the formation of 

flow induced precursors (FIPs). Studies also indicated that streak-like FIPs crystallised 

with an orthorhombic lattice producing only crystalline shishes. Kumaraswamy et al. [83, 

197] showed that oriented crystals are formed as a result of value exceeding a critical 
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shear rate and shearing time. They claimed the presence of oriented nuclei under shear in 

the melt due to the distribution of relaxation time. Balzano et al. [221] recently studied 

precursor formation in the early stages of the flow induced crystallisation of iPP from the 

melt during and immediately after the application of strong shear. They reported the 

nucleation of crystalline structures during shear further affecting the development in 

structure and morphology. Recently, Haggenmueller et al. [149] showed the formation of 

shish-kebab structures as result of fiber spinning in SWCNT/PE composites. They 

demonstrated a higher chain orientation for the PE in presence of SWCNTs and stated 

that SWCNTs nucleate PE crystal growth, accelerating the crystallisation rate. 

However, how the shish structure is influenced in the presence of nanofillers is 

not well investigated and is emphasised in this chapter. In general, the role of broad 

molecular weight distribution on the crystallisation process of PE is investigated and 

discussed, using a time resolved X-ray scattering technique to monitor the formation of 

shish-kebabs from early stages of crystallisation. The role of nanoparticles such as 

SWCNTs and zirconia, in the formation of highly anisotropic structures is further 

demonstrated. For polyethylene, while SWCNTs provide a good epitaxial matching and 

high aspect ratio, the presence of spherical zirconia particles provide very high surface to 

volume ratio with an aspect ratio of nearly one. This aims to provide an insight in to the 

structure development under shear in the formation of shish-kebab structures.   

 

4.2 Experimental section 
 

4.2.1  Materials and sample preparations 
 In this work, a linear PE with broad molecular weight distribution was utilised. 

The detailed thermal, MWD analysis and supplier’s information is provided in chapter 2. 

SWCNTs are obtained from Unidym Inc., USA. The aqueous suspension of nano-sized 

yttria stabilized zirconia particles was obtained from MEL Chemicals, U.K. The 

suspensions of different nanoparticles were uniformly sprayed on to the PE powder 

(having average particle size of 100 μm) in the similar way as reported in chapter 2 and 

3, as well as in the literature. [130, 222] The specific dimensions of individual SWCNT 

and spherical zirconia nanoparticle are reported in chapters 2 and 3. 
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4.2.2 Time resolved small angle X-ray scattering (SAXS) 
 The two dimensional (2D) time-resolved SAXS measurements were performed in 

DUBBLE/BM26B beamline at European Synchrotron Radiation Facility (ESRF), 

Grenoble, France. A two dimensional gas filled detector having resolution of 512 × 512  

pixels and pixel size was employed to detect time-resolved small angle 

X-ray scattering (SAXS) patterns for shear experiments.  The sample to detector distance 

for SAXS measurements was 6.057 m. The beamline consists of a vacuum chamber in 

between the sample and detector to reduce the scattering and absorption from air. The 

wavelength of synchrotron radiation used in SAXS experiments was 1.24 Å.  An 

acquisition time of 10 s was used to acquire images with a dead time of 0.5 s for data 

transferring, following the correction of intensity of the primary beam, sample thickness 

and absorption needed between the adjacent images. The images were integrated to 

determine the scattered intensity (I) as a function of scattering vector (q).  The range of 

length of scattering vector q in the SAXS measurements was 0.001 – 0.5 nm

260 μm × 260 μm

-1, where q is 

given by q = 4π sin θ/λ, with, 2θ being the scattering angle. The integrated intensity as 

function of time is defined as, max

min
SAXS ( ) ( , )

q

q
I t I q t= ∫ dq , where qmax and qmin being the 

maximum and minimum of q values. The obtained intensity data is subtracted with 

intensity prior to the application of shear. 

  In these experiments, samples in the form of flat disks of 400 μm thickness were 

obtained from compression molding.  All the samples were mixed with Irganox 1010 to 

avoid the possible degradation. The flat disk-like samples were mounted between two 

plates of a Linkam shear cell CSS 450. The quartz windows of the shear cell were 

replaced by kapton windows to get the desired scattering. The shear cell was calibrated to 

a tolerance range of 30 µm to have maximum contact of plates with sample while 

shearing. The 400 µm sample was compressed in the shear cell upto 200 µm in the melt 

to ensure the correct application of shear on the sample during the experiment. The 

temperature and applied shear protocol (refer figure 4.1) for the shear cell was as follows. 

1. Heat the sample from room temperature to 160 °C at a rate of 30 °C/min 

2. Hold the sample at 160 °C in the melt for 5 min. to remove the melt history 
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3. Cool the sample at the rate of 10 °C/min to an isothermal crystallisation 

temperature of 136 °C and soon thereafter apply the shear (100 s-1 for 1 s). 

4. Keep isothermal for 10 min at 136 °C during the experiment to follow the 

structure development under shear 

5. Cool the sample to room temperature at the rate of 10 °C/min to monitor the 

crystallisation process while cooling  

 

 
Figure 4.1: The schematic of the thermal and flow history applied in the present study. 
Shear rate of 100 s-1 for 1s is applied in isothermal crystallisation temperature of 136 °C 
to study the growth of structures. Here, T1 represents the temperature in the melt i.e. 160 
°C for 5 min. to remove the melt history. T2 represents the isothermal crystallisation 
temperature of 136 °C and T3 is 60 °C  
 

 Samples are subjected to steady shear at an isothermal crystallisation temperature 

of 136 °C to follow the structure development for 10 min. The shear rate of 100 s-1 for 1 s 

i.e. strain of 100 % was implemented. Steady 2D-SAXS patterns were continuously 

obtained for the whole profile of thermal and flow history.  
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4.2.3 Rheometry 
 Dynamic rheological properties were investigated using an ARES Rheometer. An 

oscillatory shear mode using parallel plate geometry with a diameter of 25 mm at 142 °C 

and 160 °C under the nitrogen atmosphere was adopted for the measurements. A 

frequency sweep ranging between 0.01 and 100 rad/s at low strain rate of 2.0 % was 

applied. The samples were placed between the preheated plates and allowed to equilibrate 

for approximately 5 min. prior to each run. The compression molded samples inside the 

rheometer were cooled from 142 °C to follow the evolution of storage modulus G′  with 

the constant strain of 2.0 % and frequency of 10 rad/s. A slow cooling rate of 0.1 °C/min 

is used in all the cases for precise monitoring of the onset of crystallisation. 

 

4.3 Results and Discussions 
 

4.3.1 Role of broad molecular weight distribution in formation of shear 

induced structures 
 2D-SAXS patterns of polyethylene having a broad molecular weight distribution 

for selected times after the application of steady shear (100 s-1 for 1 s) at 136 °C are 

presented in figure 4.2.  After shear the sample was left at the isothermal temperature of 

136 °C for ten minutes. The steady shear in the polymer melt resulted in the formation of 

broad weak equatorial scattering which with time strengthened into streak-like scattering. 

From figure 4.2, it is evident that at the initial stages the broad weak scattering along the 

equator is constant for some time (refer to the pattern taken after 50 s). After 100 s of the 

applied shear development of scattering along the meridian occurs. In general, the 

appearance of streak-like scattering in the equator is attributed to the presence of a shish-

like structure as explained in chapter 2. Considering variations in the intensity along the 

equator at the initial stages such a structure can be metastable, where the chains are 

oriented along the flow direction.  At the later stage the appearance of maxima in 

meridian is related to the formation of kebab-like structure due to lamellar stacking 

resulting in outward growth of chains perpendicular to the central core. The results 

indicate that the applied strong shearing condition resulted in the formation of shish-
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kebab morphology and enhanced crystallisation process in the broad molecular weight 

distribution polymer. The growth of shish-kebabs structures is enhanced at this flow 

protocol, an observation in agreement with the earlier reported findings [221]. Similarly 

the studies also suggest the role of critical shear rate below which the streak-like 

scattering in the equator do not occur. If this happens it is beyond the detection limit of 

the applied experimental conditions and presence of shish could be realised in the 

appearance of the intensity along the meridian during formation of the kebabs. 
 The SAXS intensity and the flow induced oriented crystals tend to increase as a 

function of time. The time resolved 2D-SAXS patterns give the real-time structure 

development in a sheared polymer melt: (1) After application of shear the increase in the 

streak like scattering with time along the equator suggest growth of shish. (2) The 

increase in intensity along the meridian with time at isothermal temperature, suggests the 

growth of kebabs after 100 s. These findings are in accordance with literature data [99] 

where at least in the initial stages of shear application the high molar mass component 

present in the polymer melt facilitates the shish formation. The chain orientation changes 

the crystallisation kinetics by providing the nucleation sites from which the oriented 

lamellae grow radially perpendicular to the chain axis.  

 
Figure 4.2: 2D-SAXS patterns of sheared broad MWD PE at isothermal crystallisation 
temperature of 136 °C for 600 s after application of shear rate of 100 s-1 for 1 s. The 
growth of kebab starts at 100 s and can be noticed in the image. The patterns show the 
steady growth of shishes and kebabs at isothermal crystallisation temperature.  
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 The 2D-SAXS patterns, shown in figure 4.3, are taken at selected temperatures 

while cooling the polymer melt to room temperature after following the structure 

development process at the isothermal temperature, 136 °C. With decrease in 

temperature, the scattering in the meridian broadens and intensity increases. The kebab 

grows and meridional scattering separates out and gets transformed in to distinctive lobes 

at low temperatures. From the SAXS patterns it can be noticed that such a process of 

nucleation and transformation of meridional scattering into the formation of lobes starts 

at 126.9 °C. The persistence of anisotropic intensity on cooling suggests the near absence 

of spherulites in the shish-kebab dominated morphology. The increase in intensity 

suggests a volume increase in the electron density fluctuation due to re-organisation 

process of chain segments that occurs on cooling. 

 

 
Figure 4.3: Selected 2D-SAXS patterns at different temperatures while cooling the 
polymer melt to room temperature after isothermal crystallisation at 136 °C for 600 s to 
follow the structure development. 
 

 The intensity build up during the crystallisation process at 136°C after the 

application of shear is shown in the figure 4.4. It is evident that after 100 s the intensity 

corresponding to the meridian dominates suggesting the development of kebabs in the 

obtained patterns. The equatorial intensity dominates in the early stages indicating the 

formation of shishes (extended chains) due to chain alignment or segmental orientation of 

molecular chains in a preferred direction. The intensities tend to grow as a function of 

time, consequently, accelerating the rate of crystallisation.  
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Figure 4.4: SAXS intensity built up as a function of time in the meridian and equator at 
isothermal crystallisation (136 °C) after application of shear (100 s-1 for 1 s) obtained 
from SAXS. The intensity in the initial stages is more in the equator as compared to 
meridian. 
 

 Observations in figure 4.4 are further supplemented by the evolution of scattered 

intensity as shown in figure 4.5 at isothermal temperature. The presence of a shoulder at 

higher q-values after 100 s suggests the growth of meridional maxima in the 2D SAXS 

pattern. This shoulder is attributed to the formation of kebab-like structures that result 

due to the growth of lamellar stacks perpendicular to the direction of the central core in 

the shish-kebab morphology. The overall intensity tends to grow as a function of time 

developing the oriented structures. The strong meridional maxima occurring in the 

patterns suggest a high volume fraction of kebab like structures.  The results are in 

agreement with the similar studies performed in chapters 2 and 3 on neat PE. All the 

studies prove the role of HMW component of broad molecular weight distribution in 

formation of oriented structures. 
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Figure 4.5: Evolution of total intensity scattered after the application of shear at 
isothermal condition of 136 °C.  
 

4.3.2 Crystallisation in polymer melts of PE having broad molecular 

weight distribution (MWD) in the presence of nanoparticles 
 From literature [89] and the studies addressed in this chapter, it is evident that 

broad molecular weight distribution plays important role in the formation of shish-kebab 

structures, we further investigated the effect of nanoparticles on development of this 

morphology. The results indicate the acceleration of crystallisation kinetics after addition 

of nanoparticles in polymer melt. The crystallisation temperature shifts to higher 

temperatures in presence of nanoparticles. It is obvious from the SAXS patterns that more 

X-rays scattering takes place around the beam center in presence of single walled carbon 

nanotubes (SWCNTs) due to their high aspect ratios. The spherical shape of zirconia 

nanoparticles limits this excess of scattering to a certain extent as the particle size of such 

zirconia nanoparticles used in our studies is 20 nm. However, in either case, the extent of 

formation of oriented structure increased with increase in the concentration of 

nanoparticles.  The 2D-SAXS patterns of polymer in presence of different concentration 
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of single walled carbon nanotubes and zirconia nanoparticles taken at selected times are 

presented in figure 4.6 and figure 4.7 respectively. The presence of nanoparticles 

enhances the alignment of chain segments under applied shearing conditions. The growth 

of formation of kebabs occurs early in polymers containing nanoparticles as compared to 

a pure polymer melt suggesting the early onset of crystallisation. 

 

 
Figure 4.6: 2D-SAXS patterns of broad MWD PE in presence of SWCNTs at 136 °C at 
selected times after application of shear. 
 

 From figure 4.7 it is apparent that scattering in the vicinity of the beamstop in the 

presence of nanoparticles imposes difficulty in probing the weak scattering arising at the 

initial stages of shish formation. However, with time the evolution of intensity gives 

desired information about structure development under preferred shearing conditions. 

Smeared isotropically distributed intensity just before the shear (at t = 0 s), which 

increases with the concentration of nanoparticles, suggests the dispersion of nanoparticles 

in polymer matrix.  After the application of step shear, now the subtracted intensity from 

t = 0 s, shows continuous increase in the intensity along the equatorial and meridional 

direction. The increase in intensity suggests the evolution of shish-kebab morphology in 

the presence of nanoparticles.  
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 The increasing concentration of nanoparticles enhances the formation of shishes 

in the structure thus ultimately leading to formation of oriented kebabs. In all cases, 

streak-like scattering occurs in the equator resulting in the formation of multiple shishes 

in the polymer melt. Such scattering at the equator is soon followed by the meridional 

maxima leading to the formation of shish-kebab structures.  

 

 

Figure 4.7: 2D-SAXS patterns of broad MWD PE in presence of zirconia nanoparticles 
at 136 °C after application of shear. The images are taken after selected times during 
isothermal crystallisation. 
 

The figure 4.8 represents the equatorial intensity developments occurring after the 

application of shear (100 s-1 for 1 s, at isothermal crystallisation of 136 °C) to polymer 

melts containing different concentration of nanoparticles: SWCNT and zirconia. The 

presence of nanoparticles leads to increase in the intensities as compared to pure polymer 

melt. Equatorial intensity in the pure polymer grows as a function of time. In the presence 

of SWCNTs near constant intensities corresponding to the polymer melt represent the 

stability of these flow induced precursors. In the case of polymer melts having different 
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concentration of zirconia nanoparticles, integrated intensity corresponding to the 

equatorial region increases as a function of time indicating the possible growth of 

crystalline shishes as a function of time.  
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Figure 4.8: The intensity development in the equator for polymer melts at isothermal 
crystallisation after application of shear (a) at different SWCNT concentration (b) at 
different zirconia concentration. It is clear that increase in the concentration of 
nanoparticles leads to increase in intensity in equator suggesting the growth of shishes. 
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The figure 4.9 shows the 2D-SAXS patterns collected at 60 °C for different concentration 

of nanoparticles. All patterns show the partially oriented morphology which is basically a 

mixture of oriented and isotropic distribution of lamellae. This indicates the existence of 

shish-kebabs and spherulitic structures.  

 

 

Figure 4.9: SAXS patterns of polymer melt in presence of different concentration of 
nanoparticles taken at 60 °C.  
 

It is worthwhile to note that the increase in the scattering in the meridian occurs as a 

result of nucleation and growth of unoriented crystals and possible re-organisation of 

chains segments or oriented crystals within the lamellae causing the increase in electron 

density.  

 

4.3.3 Determination of crystal orientation; along the equatorial and 

meridonial direction 
Herman’s orientation function [182] was used in our studies to determine the 

orientation for PE with different concentrations of nanoparticles. Detailed analysis of our 

SAXS data gave orientation of crystalline lamella as demonstrated elsewhere. [161] The 

equations used to calculate the Herman’s orientation function are defined in detailed in 

chapter 2. Analysing the pattern in this way gives the values of Herman’s orientation 

function (fh), i.e. fh = 1, when scattered intensity is concentrated only perpendicular to the 

flow direction in 2D-SAXS patterns, fh = -0.5, when scattered intensity is parallel to flow 
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direction in 2D-SAXS patterns and fh = 0, when scattered intensity is diffused (isotropic 

in nature) and spread across the pattern. 
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Figure 4.10: The illustrated azimuthal distribution of neat PE as a function of intensity 
obtained from the SAXS data analysis at different times for isothermal crystallisation 
temperature of 136 °C. The distinctive peaks corresponding to equator and meridian can 
be noticed in the intensity distribution.  
 

The figure 4.11 shows the comparison of Herman’s orientation functions obtained 

for the polymer melts in the presence of different concentrations of nanoparticles by the 

regressive analysis of SAXS data. Within 50 s, after the applied step shear, it is apparent 

that intensity along the equator exists, giving a positive value to the Herman’s orientation 

function. When compared with the different nanoparticles, it is evident that the 

orientation function in the presence of nanotubes is higher than in the presence of 

zirconia. With the increasing concentration of nanoparticles the equatorial orientation 

arising due to shish formation increases, suggesting that the presence of nanoparticles 

favours the shish formation. Shish formation further promotes the kebab morphology 

leading to the evolution of intensity along the meridian. As anticipated, a greater amount 
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of shish provides more nuclei for crystallisation thus the higher orientation along the 

meridian. This becomes apparent in figure 4.11 after approximately 100 s of the applied 

shear.  
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Figure 4.11: Herman’s orientation function (fh) for the polymer melt in the presence of 
nanoparticles. The orientation is dominated parallel to flow direction (shishes) in the 
initial stages obtained from equatorial scattering while the orientation is dominated by 
growing of polymer crystals (kebabs) as a function of time perpendicular to flow as a 
result of meridional scattering. 
 

It is evident from the experiments and figures 4.2, 4.6, 4.7 and 4.11, that there is 

rapid increase of intensity in the meridian (kebabs) as a function of time because 

accelerated crystallisation kinetics dominates the orientation functions. In general, flow 

increases the orientation functions, the fh increases with the increase of nanoparticles in 

either of the cases (SWCNT and zirconia). The early fall of orientation functions in the 

presence of nanoparticles suggest the possible role of nanoparticles in shifting the 

crystallisation process to a higher temperature (as consistent with the rheological studies 

performed in later part of this chapter). The SWCNTs orient more polymer crystals 
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parallel to the flow direction in the early stages as compared to zirconia which we 

attribute to alignment of nanotubes parallel to the flow direction.  

The influence of nanoparticles in the development of oriented structures is further 

strengthened by the quantitative analysis performed below. From the 2D-SAXS patterns 

(refer figures 4.2, 4.6 and 4.7), it is obvious that the intensity along the equator and 

meridian increase with time. For this reason, both the intensities obtained in the equator 

and meridian are considered for calculation of the total orientation fraction from 

experimental techniques as also acquired from literature. [175] Only half of the 2D-

SAXS patterns corresponding to two quadrants (i.e. from θ = 0° to 180°) is considered to 

yield the intensity value related to different regions. Thus intensity scattered due to 

oriented crystallites is considered to be the sum of intensity obtained in the equator and 

meridian.  

 

O E MI I I= + ,          (4.1) 

 

Where, IE and IM represents the intensities related to corresponding regions and can be 

considered as the intensity of oriented crystallites obtained by summation. Thus, the 

amount of oriented crystals (ψ ) in the SAXS patterns is 

 

O

T

I
I

ψ =           (4.2) 
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Figure 4.12: The orientation fraction (ψ ) estimated through the intensities obtained in 
the equator and meridian direction.  
 

Like figure 4.11, figure 4.12 shows that with increasing amount of nanoparticles 

the overall orientation increases. For the amount of nanoparticles used, compared to the 

zirconia, SWCNTs seem to be more effective in the development of oriented structures. 

What follows is the quantitative analysis on the length of shish structures that could be 

observed in the presence of nanoparticles. 

 

4.3.4 Analysis for estimation of length of shishes using Ruland’s streak 

method 
The length of shishes present in the obtained shish-kebab structures was estimated 

using Ruland’s streak method. [223-226] The integral width of angular distribution of the 

scattered intensity BBobs was used to estimate the true width of the orientation distribution 

BφB  (misorientation) and the average length (L) of the shishes aligned in the direction of 

the c-axis. The azimuthally distributed scans of intensities at different q values were 

analysed using the Lorentz function to yield the average width of the angular distribution. 
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The width of the equatorial streaks in reciprocal space can be related to obtain the length 

of shish (L).  The relationship between the L and BBφ can be approximated as, 

 

2 2 2 2
obs 2

1q B q B
L φ= +          (4.3) 

 

The relationship gives linear plot between and2 2
obsq B 2q . The shish length (L) and degree 

of misorientation (BBφ) are determined through the linear least square fitting applied to our 

data. In the relation, q = 4π sin θ/ λ (2θ is the scattering angle whereas; q is the scattering 

vector, λ is wavelength). The length of shish (L) is determined from the intercept of the 

linear plot while BφB  represents the misorientation parameter. The interpretation of ‘L’ for 

shish is considered to be orderly aligned in the direction of c-axis. 
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Figure 4.13: Typical distribution of azimuthal scattered intensity at equator in presence 
of streaks obtained for neat PE. The intensity usually fluctuates due to metastable nature 
of these FIPs in the intial stages of crystallisation. In order to analyze, the data points 
are fitted with Lorentzian function to get proper values of integral width of angular 
distribution (Bobs) 
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The figure 4.13 shows the typical azimuthal distribution fitted with the Lorentzian 

function to estimate the integral width of angular distribution (BBobs) required for obtaining 

the length of shish (L). The obtained integral width of angular distribution (BobsB ) was 

plotted as a function of scattering vector (q) based on the equation (4.5). The average 

values of shish length obtained are plotted as a function of different concentration of 

nanoparticles (figure 4.14). 
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Figure 4.14: Average length of shish as a function of different concentration of 
nanoparticles. ( -represents the shish length in presence of SWCNTs, -represents the 
shish length in presence of zirconia) 
 

The average values of shish length are found range from 190-250 nm. The 

presence of SWCNTs favors shish formation as is evident through the rapid increase in 

shish length at low concentration as compared to that of zirconia nanoparticles. In 

presence of both nanoparticle types, the average length of shish grows with increasing 

concentration. The increase in the shish length further supports the observations in figure 

4.11 where it is observed that the growth of kebabs occurs earlier in the presence of 

nanotubes than in zirconia, and is concentration dependent. The kebabs grow rapidly in 
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the perpendicular direction to the shish. In contrast to some studies [227] (where, the 

shrinking of shish length as a function of time at isothermal crystallisation conditions is 

observed), the present study showed the steady growth of shish within the range of 20-30 

nm at constant temperature as a function of time. Other interesting features are the values 

of misorientation obtained from the Ruland’s streak method. The degree of 

misorientation (BBφ) decreases with the increase in nanoparticle concentration (shown in 

table 4.1). The average value of misorientation of shishes is lower in presence of 

nanoparticles indicating the better orientation in the obtained shish-kebab structures. 

These results are in agreement with the conclusions drawn from figure 4.11.  

 

Table 4.1:  The degree of misorientation (Bφ) for PE in presence of nanoparticles 

 

SWCNT Concentration (%) Zirconia Concentration (%) Samples 
 

PE 
 0.1 0.3 0.6 0.5 1.0 2.0 

Misorientation , BBφ (°) 33 20 19.5 17 26 22 23 
 

 

4.3.5 Rheological properties of PE melt in presence of nanoparticles 
Before analysing rheological properties, some of the salient findings reported in 

earlier experiments performed on polyethylenes in the presence of nanotubes, where 

polyethylenes having molar mass greater than a million g/mol, show network formation. 

In rheological studies such a network formation is realised at low frequencies, where the 

modulus of the polymer-SWCNT network is much lower than the network arising due to 

the entanglement formation. One of the other findings reported in such studies is the 

decrease in viscosity at a specific concentration of nanotubes (0.2 wt%).  One of the 

explanations provided for the decrease in viscosity is the selective adsorption of high 

molar mass component in the polydisperse polyethylene. [130, 222] Because of the van 

der Waals interaction, PE chains tend to be adsorbed on the SWCNTs (also suggested by 

the crystallization studies, see figure 4.19). In the applied experimental time, the 

probability of the high molar mass to remain adsorbed on the SWCNTs will be higher 

than the low molar mass chains. The adsorbed polymer, especially of high molar mass, 

can be considered as an immobilised part of the SWCNT at least for times larger than the 
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experimental time. Thus, the polymer forming the remaining matrix will effectively have 

a lower average molecular weight than the pure polymer (dashed chains in the illustration 

of figure 4.15). This would cause faster relaxation of chains thus a decrease in the storage 

modulus (or viscosity) as found in figure 4.18 

 
Figure 4.15: Illustration of SWCNT-polymer interactions. The figure shows presence of 
different networks: (a) SWCNT-SWCNT network formation; (b) SWCNT-polymer 
interaction (adsorption); (c) SWCNT-polymer-SWCNT bridging; (d) polymer-polymer 
network through temporary entanglements. [130, 228] 

 

Figure 4.16, shows the change in the storage modulus G  at two different 

temperatures (T = 142 °C and 160 °C) for different concentrations of SWCNTs in PE. 

Considering the low molar mass of PE used in this thesis, unlike UHMW-PE, in the 

presence of nanotubes no plateau at the low frequency region is observed. However, with 

the increasing amount of nanotubes, parallel shift in the modulus as a function of 

frequency become apparent. Similar to the earlier reported findings the presence of 

nanotubes in the polymer matrix also shows nonlinear increase in viscosity with 

increasing amount of nanotubes. The nonlinear increase in viscosity, complemented by 

the parallel shift in the modulus at different frequencies, show temperature dependence. 

That is with the increase in temperature from 142 °C to 160 °C the effect of drop in 

viscosity is suppressed. A cause for such a drop in viscosity is attributed to selective 

′
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adsorption of high molar mass chains on to the dispersed nanoparticles. Considering the 

similar molecular arrangement of nanotubes and polyethylene chains, compared to the 

zirconia and polyethylene as shown in figure 4.17, a lower barrier for the selective 

adsorption between the nanotubes and polyethylene could be anticipated. Such a 

possibility becomes apparent on comparing the changes occurring in the viscosity with 

increasing concentration of zirconia nanoparticles in polymer matrix, where with the 

increasing concentration of zirconia a regular increase in the modulus occurs and no drop 

in viscosity is observed [130-131, 146, 222, 229-230] as shown in figure 4.18.  

To have more insight on the influence of selective adsorption, crystallisation 

behaviour on cooling from the polyethylene melt in the presence of nanoparticles has 

been followed by rheological studies. From figure 4.19 it is apparent that the onset of 

crystallisation shifts to higher values with increasing amount of nanotubes from 0.1 wt% 

to 0.6 wt%, whereas, the shift in the onset of crystallisation in the presence of zirconia is 

observed above 0.5 wt% of dispersed particles in the polymer matrix. The change in 

slope in the modulus build up with crystallisation further strengthens the pronounced 

effect of nanoparticles. Below 122 °C, due to possibility of slippage data are not reliable.  
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Figure 4.16: Storage modulus G′  of SWCNT/PE as the function of frequency for two 
different temperatures (a) represents the SWCNT/PE composites at 142 °C (b) represents 
the SWCNT/PE composites at 160 °C. 
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Figure 4.17: Storage modulus G′  of PE in presence of zirconia nanoparticles as the 
function of frequency for two different temperatures (a) at 142 °C (b) at 160 °C. 
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Figure 4.18: Complex viscosity as a function of nanoparticles at two different 
temperatures. (a) For SWCNT/PE composites (b) For zirconia/PE composites. 
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Figure 4.19: Evolution of the storage modulus,G′ , during cooling (slow cooling rate of 
0.1 °C/min.) from 142 °C at constant strain  ( 2.0 %γ = ) and frequency (10 rad/s), (a) 
PE in presence of SWCNTs (b) PE in presence of zirconia nanoparticles. 
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4.4 Conclusions 
The X-ray synchrotron facility was utilised to investigate the origin of shish-

kebab structures in the presence of nanoparticles. The results suggest an increase in the 

amount of shish-kebab structures in the presence of nanoparticles in the polymer matrix. 

The intense scattering of intensity at the equator in the early stages of crystallisation in 

the form of streaks indicated the presence of shish while steady increase in intensity in 

the meridian suggested the growth of kebabs. The estimation of Herman’s orientation 

function indicates a higher degree of chain orientation in the presence of nanoparticles in 

the early stages of crystallisation. Chain orientation in the presence of SWCNTs was 

found to be more than with zirconia nanoparticles in the polymer matrix. The orientation 

fraction was found to increase in the presence of nanoparticles. Ruland’s streak analysis 

showed the increase in shish length due to the presence of nanoparticles in the polymer. 

The higher shish length in the presence of a small concentration of SWCNTs (between 

0.1 wt% to 0.6 wt%) as compared to zirconia nanoparticles in the polymer indicates the 

possible alignment of SWCNTs in the flow direction. The shish length increases with the 

amount of nanoparticles. The higher shish length favors the growth of kebabs in the later 

stages (>100 s) of crystallisation. The rheological study provided insight into the 

selective adsorption of polymer chains on to the nanoparticles. A non linear increase in 

viscosity was observed with the increase in SWCNTs in the polymer. The drop in 

viscosity in the presence of SWCNTs was suppressed at a higher melt temperature, 

whereas, a regular increase in viscosity was observed with increased zirconia loading in 

the polymer. The shift in the onset of crystallisation is more pronounced in the presence 

of SWCNTs (between 0.1 wt% to 0.6 wt%) as compared to zirconia in the polymer 

matrix, where it is obsereved above 0.5 wt%. The results conclusively demonstrate the 

role of nanoparticles in crystallisation. 
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Chapter 5 
 
A study on the chain-particle interaction 
and aspect ratio of nanoparticles on 
structure development of a linear 
polymer  
 
 
The objective of this chapter was to study the effect of surface area and aspect ratio of 
two nanoparticles viz. single walled carbon nanotube (SWCNT) and zirconia, on chain-
particle interaction in polymer melt. The stability of metastable flow induced precursor 
(FIPs) in polyethylene melts in the presence of nanoparticles, was studied above (T = 
142 °C) but close to the equilibrium melting point of unconstrained extended chain 
crystals. The results conclusively demonstrate the influence of chain-particle interaction 
between PE and the nanoparticles on the stretch of the long chains.  With applied flow 
SWCNTs together with PE chains are observed to align along the flow direction, giving 
rise to a strong streak like pattern along the equator. At the initial stages, intensity of the 
observed streak is stronger than that for the neat polyethylene. The streak intensity 
stabilises with time, where the time required for the stabilisation depends on the amount 
of dispersed nanotubes in the polymer matrix.  On the contrary, in the presence of 
zirconia nanoparticles, where the chain-particle interactions between PE and the 
nanoparticles are weak the initially observed streak tends to disappear with time, where 
the time required is strongly dependent on the concentration of the nanoparticles in the 
polymer matrix.  The chain orientation along the flow direction was determined using 
Herman’s orientation function and the length of the oriented chains by Ruland’s streak 
analysis.  On cooling with the crystallisation of the polymer scattering develops along the 
meridian, indicating the development of folded chain crystals, where the oriented chains 
present along the flow direction provide epitaxial matching thus suppressing the 
nucleation barrier. The meridional intensity (arising with the formation of crystals, 
called kebabs) at room temperature show strong dependence on the stable streak 
intensity (chain orientation along the flow direction, called shish) along the equator prior 
to cooling.    
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5.1 Introduction 
The study of flow induced precursors (FIPs) in initial stages of crystallisation of 

polymers in the melts under the influence of flow field is important for achieving final 

properties in polymers. The applied flow field at a suitable temperature and deformation 

shear and strain rates promote the crystallisation process and subsequently the resultant 

morphology associated with the final product. Many studies have shown the role of flow 

conditions in the formation of primary nuclei during the early stages of crystallisation. 

Under flow, the polymer  chains get aligned in the flow direction giving rise to maximum 

density fluctuation in the perpendicular direction as can be detected by time resolved 

small angle X-ray scattering (SAXS) techniques. Depending on the temperature and 

heterogeneities present the applied flow influences the molecular conformation in the 

polymer melt and may form stable primary nuclei. Time resolved small angle X-ray 

scattering techniques are applied in detecting the spatial arrangements and morphology 

developments due to rapid formation of primary nuclei in nanoseconds during the early 

stages. [231] 

The anisotropic precursor leads to the formation of shish-kebab morphology 

during the crystallisation process under shear. The anisotropic structure influences the 

mechanical properties of polymeric materials. The initial structures obtained after 

immediate shear can be metastable in nature and can undergo either crystallisation or 

dissolution at high crystallisation temperatures. The basis of formation of FIPs is a 

subject of interest in recent years [90, 110, 217, 232-233, 240, 243] and is studied in this 

chapter at high temperature. The concept of coil-stretch transition by De Gennes [109, 

234-235] shows the transition of polymer chains from random coil to fully extended 

chain conformation without intermediate stable chain conformation above a critical strain 

rate under flow. Keller et al. [68] proposed the existence of a critical orientation 

molecular weight (M*) in the formation of oriented structures under shear flow. The study 

proved that polymer chains longer than M* can remain in an extended state after 

deformation while short chains quickly relax back to form a random coil state due to 

short relaxation times. Further, the crystallisation of these extended chains leads to the 

shishes and epitaxial crystallisation of the coiled state leading to the formation of kebabs 

in later stages. 
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Hsiao et al. [64] studied sheared polyethylene (PE) blends containing a very low 

concentration of ultrahigh molecular weight polyethylene (UHMWPE). The study 

revealed the presence of shish-kebab structures with multiple shish. According to them, 

the multiple shish originate from stretched chain sections and kebabs originate from 

coiled chain sections following a diffusion controlled crystallisation process. Wu et al. 

[236] investigated poly(vinylidene fluoride) (PVDF) fibers spun under stretch-hold 

deformation at room temperature. They obtained streak-like scattering in the equator of 

SAXS patterns and attributed this to the formation of microfibrils and microvoids 

respectively. 

In contrast to the Cahn-Hilliard (CH) theory [237] for spinodal decomposition, 

which basically suggests the spontaneous growth of fluctuations indicative of 

thermodynamic instability, some studies [238] have provided a possible explanation for 

the concept of spinodal decomposition as the extension of rigid segments having 

crystalline conformation caused by the conformational change of molecules from 

amorphous to crystalline state with the lowering of temperature below the melting 

temperature. [239-241] The presence of metastable liquid-liquid (LL) phase coexistence 

curve buried inside the equilibrium liquid-crystal co-existence region forms a basis of 

spinodal dynamics in polymer melts. It is understood that a polymer chain having the 

correct conformation will crystallise. But chain conformation alone cannot drive phase 

transition in melt condition; hence, it is usually coupled with density. Chains having helix 

conformations will pack more densely than chains with random conformations. Thus, 

part of the chain in the dense region will be crystalline while it will be amorphous in 

dilute region. The metastable (LL) phase is a result of conformation-density coupling and 

has been previously proved. This conformation-density coupling is vaguely believed to 

act as a precursor to polymer crystallisation.  Hence, it is often considered that spinodal 

decomposition is not necessary to induce the shish-kebab structure formation. [154] The 

simulation studies by Frenkel [242] and Dukovski and Muthukumar [152] proved the 

mechanism that governs the formation of shish-kebab structures. The study revealed the 

role of shishes as nucleating substrates in promoting epitaxial crystallisation of low 

molecular weight (Mw) chains to form kebabs. The simulation study clearly showed that 

the kebab growth was significantly influenced by the rate of addition or diffusion of 
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chains. Kumaraswamy et al. [83, 197] demonstrated the formation of oriented crystals on 

the basis of critical shear rate and shearing time. They showed stronger dependence of the 

shear rate than the shearing time on the orientation of crystals. Seki et al. [66] proved the 

influence of high molecular weight chains exceeding the overlap concentration in the 

formation of oriented nuclei.  

According to Ogino et al. [199], the critical concentration is two to three times 

larger than the overlap concentration of chains ( ), indicating the role of 

entanglements of UHMW PE chains in the formation of oriented structures. Further, it has 

been reported that the crystallisation rate and the relaxation rate of the ultrahigh 

molecular weight component have significant effects on the shish-kebab formation 

process. [220]  

*
RgC

Under flow conditions, [102] Deborah numbers (De) associated with reptation and 

stretch can be defined  as  

 
*

rep s, >1, > ( )De De Tλ λ         (5.1) 

 

where λ is stretch ratio and λ* is the transition between two stretching regimes (i.e. the 

global configuration of the chain and the rotational isomerisation (RI)) at temperatures 

well above the melting temperature, Tm. The chain segments are strongly oriented and the 

chain conformation becomes similar to that of the crystalline state. Due to this, the 

critical fluctuations in the orientation and conformation of the chain segments are no 

longer required during flow. The application of the flow field therefore shifts the 

nucleation dynamics, ultimately resulting in an increase of the observed nucleation rate. 

Van Meerveld et al. [102] applied four different approaches for determining reptation 

time ( repτ ) and stretching time ( sτ ) to classify flow induced crystallisation. First, they 

used an approach based on zero shear rate viscosity, η
repτ and η

sτ . Since the magnitude of 

zero shear viscosity is primarily related to Mw, the magnitude of η
repτ is an average 

reptation time and not that of the high molecular weight (HMW) tail. Ultimately, the 

<1 for all shear rates was in disagreement with the fact that chain stretching HMW
sDe
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governs flow induced crystallisation and hence was found inappropriate. Second, they 

used average reptation time from the spectrum of Maxwell modes, *
repτ and *

sτ . Moreover, 

the resulting magnitudes of *
repτ and *

sτ  are greater than η
repτ and η

sτ  but the equal 

rheological considerations apply for η
repτ and η

sτ , hence the approach was not acceptable. 

The third approach was related to the longest relaxation time from a spectrum of Maxwell 

models  and . The difficulties associated with this approach were: (a) The 

 was related to HMW chains only when the storage modulus and loss modulus 

were measured in terminal regimes. (b) The contribution of the HMW tail may be 

screened by remaining part of the melt. Thus, the magnitude of  is expected to be a 

good estimate if the effect of tube dilation and fast Rouse relaxation modes on   for 

determining intrinsic reptation time of HMW is corrected. The fourth approach was based 

on MWD, and . It had the major advantage over other assumptions required 

for determining 

HMW
repτ HMW

sτ

HMW
repτ G′

G′′
HMW
repτ

HMW
repτ

MWD
repτ MWD

sτ

sτ  and repτ . The benefit of this approach is the procedure to estimate 

avoids the problems in determination of MWD
sτ sτ  and repτ  in other approaches. Further, sτ  

is not affected by MWD if  and HMWZ eτ  are known. The limitation is that the magnitude 

of  is larger as it does not account for tube dilation and fast Rouse relaxation modes. 

[107] The  is supported by the formation of shish-kebab structure with a magnitude 

of De

MWD
repτ

MWD
sτ

s ≈ 1-10. Thus, it was found in agreement that strong chain stretching governs the 

formation of shish-kebab structures. 

It was also resolved that the precursor formation occurs at temperatures close to 

the equilibrium melting point, and the time scale for the growth of a nucleus decreases 

with increasing temperature. One of the studies from Balzano et al. [89, 175] proved the 

formation of FIPs at temperatures close to the equilibrium melting point. The 

investigations were carried out using specially synthesised linear high density 

polyethylene (HDPE) having a bimodal molecular weight distribution. The possibility of 

obtaining a suspension of extended chain shish crystals only at high temperatures above 

but close to the equilibrium melting point of unconstrained extended chains crystals 
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requiring the stretch of longest chains of MWD was demonstrated. Keum et al. [243] 

studied the formation and stability of shear induced shish-kebab structures in highly 

entangled melts using blends of UHMWPE and HDPE at a temperature of 1420C. They 

confirmed the formation of shish without kebabs and absence of HDPE chains in shish 

formation. The thermal stability of oriented structures suggested the entanglement 

restraints of the stretched chain network as a governing factor for the melting behavior of 

shishes. Recently, [157] small angle neutron scattering (SANS) has been utilised to show 

that long chains are not overrepresented in the shish relative to their concentration in the 

material as a whole. The molecular deformation of short and medium chains in the shish 

being greater than that of long chains, enhanced fluctuations in the local molar mass 

distribution due to shear, or a difference in concentration of short and medium chains in 

the shish relative to the bulk. 

Recently, [244] SAXS/WAXD studies confirmed the nature and thermal stability 

of flow induced crystallisation precursor structures in blown LLDPE and HDPE/LLDPE 

films during constrained melting, proving the significance of the high molar mass tail in 

the enhancement of highly oriented structures. Even though the last several decades have 

seen considerable efforts to understand the nucleation and growth behavior of polymers 

under shear flow, with conventional theories and kinetics process associated with flow 

induced crystallisation, the basic mechanism responsible for nucleation and growth 

processes in the very early stages of crystallisation is still a matter of uncertainty.  The 

aim of this chapter is to understand the governing factors in the formation of flow 

induced oriented precursor formation by using the linear PE with broad molecular weight 

distribution (MWD) using a time-resolved SAXS technique. To elucidate the molecular 

nature of such oriented structures in the initial stages as a result of shish only, a 

temperature (Tc = 142 °C) above but close to equilibrium melting point of linear PE was 

chosen. At this temperature, efforts have been made to resolve the issues related to chain 

alignment and high anisotropy as a result of chain extension. Further, nanoparticles such 

as single walled carbon nanotubes (SWCNTs) and silica nanoparticles have been widely 

used for improving mechanical and electrical properties. [105, 130-131, 138-139, 245-

248] Under flow, molecules of nucleating agents act as point nuclei to form oriented 

crystals. [93-94, 113-114] The presence of nanoparticles often suppresses the nucleation 
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barrier and favours the physical properties. For instance, nanoclay modifies the local 

stress levels and orientation of iPP [160], SWCNTs counterbalance nuclei relaxation by 

providing surfaces favouring polymer crystallisation in PE [130, 146, 149-150] and poly 

(butylene terephthalate). [161] However, flow induced crystallisation in the presence of 

nanoparticles using time-resolved X-ray scattering techniques has never been studied in 

detail and is addressed in this chapter. The role of two types of nanoparticles, having 

considerably different interfacial free energies for the polyethylene chains (SWCNTs and 

Zirconia) in chain orientation at high temperatures under strong shearing conditions were 

investigated.  

 

5.2 Experimental section 
 

5.2.1 Materials and sample preparation 
Based on the earlier work [89] on polyethylene (PE), the topic has been exploited 

for critical investigations to advance steps using the PE of broad molecular distribution 

(MWD). The sample was polymerised using Zeigler- Natta catalyst in a slurry process 

and obtained in powder form. Detailed information regarding the molar mass and molar 

mass distribution of PE determined using gel permeation chromatography (GPC) and 

thermal characterization using differential scanning calorimetry (DSC) is shown in 

chapter 2 (Table-2.1). The nanoparticles used in the study consist of single walled carbon 

nanotube (SWCNT) and nanozirconia. The dimension of nanoparticles and method of 

their dispersion [130, 222] in the polymer matrix is given in chapters 2 and 3. The 

supplier’s information of materials (PE, SWCNTs and Zirconia) used in the present study 

is also provided in chapters 2 and 3. The samples in the form of flat disks of 400 μm  

thickness were obtained from compression molding of powder of neat PE and PE having 

different concentrations of uniformly dispersed nanoparticles at molding temperature of 

160 °C for 5 min for time-resolved X-ray scattering (SAXS) measurements. All the 

samples were mixed with Irganox 1010 to avoid possible degradation while processing.  
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5.2.2 Time resolved small angle X-ray scattering (SAXS) 
The two dimensional (2D) time-resolved SAXS measurements were perfomed in 

the DUBBLE/BM26B beamline at the European Synchrotron Radiation Facility (ESRF), 

Grenoble, France. The detailed schematic of beamline is represented in figure 4.1 of 

chapter 4. A 2D gas filled detector having resolution of 512 × 512  pixels and 

 pixel size was employed to detect time-resolved small angle X-ray 

scattering (SAXS) patterns for shear experiments. The sample to detector distance for 

SAXS was 6.057 m respectively. The beamline consists of a vacuum chamber in between 

the sample and detector to reduce the scattering and absorption from air. The wavelength 

of synchrotron radiation used in our SAXS experiments was 1.24 Å. An acquisition time 

of 10 s was used to acquire images with the dead time of 0.5 s for data transferring 

following the correction of intensity of the primary beam, sample thickness and 

absorption needed between the adjacent images. The images were integrated to determine 

the scattered intensity (I) as a function of scattering vector (q). The integrated intensity as 

function of time is defined as,

260 μm × 260 μm

max

min
SAXS ( ) ( , )

q

q
I t I q t= ∫ dq , where qmax and qmin being the 

maximum and minimum of q values. The obtained intensity data is subtracted with 

intensity prior to the application of shear. The range of length of scattering vector q in the 

SAXS measurements was 0.001 – 0.5 nm-1, where q is given by 4 sin /q π θ λ= ⋅ , (2θ 

being scattering angle). A Linkam shear cell CSS-450 modified by replacing the quartz 

windows of the shear cell with kapton windows to avoid x-ray absorption was adopted to 

apply steady shearing conditions. The shear cell was calibrated with a tolerance limit of 

 to have maximum contact of plates while shearing under preferred flow 

conditions. The flat disk-like samples were placed between the two plates of a shear cell 

CSS-450 and were completely enclosed in the cell. The 400 μm thick sample was 

compressed in the shear cell upto 200 μm in the melt to ensure the correct application of 

shear on the sample during measurements. The chosen flow conditions were; shear rate 

±30 μm

γ • = 100 s-1 for time duration  = 1 s, with constant strain (∈) = 100 units. The 

temperature and shear plan is illustrated in figure 5.1 for this study, and summarized: 

st

1. The sample was heated from room temperature to 160 °C at a heating rate of 30 

°C/min 
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2. The sample was held at 160 °C in the melt above the melting temperature (Tm) for 

5 min to remove complete melt history 

3. The samples were cooled to isothermal temperature (  = 142 °C) at a 

cooling rate of 10 °C/min  

o
mT T>

4. A shear rate γ • = 100 s-1 for time duration  = 1 s was applied at  = 142 °C 

to study the early stage - FIP development for 5 min under isothermal conditions. 

st mT T>

5. The samples were cooled to T = 60 °C at cooling rate of 10 °C/min to study the 

crystallisation process in the later stages. 

 

The steady 2D SAXS patterns were captured after each 10.5 s during complete 

temperature and shear plan.  

 
Figure 5.1: The schematic of the temperature and shear plan utilised in the present study. 
The fast flow condition with shear rate of 100 s-1 for 1 s is applied in isothermal 
temperature of 142 °C to study the FIPs in the early stages of crystallisation process. 
Here, T1 represents the temperature in the melt, i.e. = 160 °C for 5 min, where,  
= 141.2 °C to remove the complete melt history. T

mT T> o
mT

2  represents the isothermal 
temperature, i.e.,  = 142 °C and To

2T T> m 3 is 60 °C. 
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5.3 Results and discussions 
 

5.3.1 Flow induced precursor (FIP) formation (shishes) in broad 

molecular weight distribution (MWD) polyethylene (PE) at           

= 142 °C under fast flow conditions o
mT T>

The 2D SAXS patterns collected after selected times at the isothermal 

crystallisation temperature (  = 142 °C) above but just close to the equilibrium 

melting point of linear polyethylene is shown in the figure 5.2. A shear rate of 

o
mT T>

γ • = 100 s-

1 for time duration  = 1 s was applied and the X-ray diffraction patterns were collected 

before and after the application of shear. The pattern collected just before shear at t = 0 s 

at 142 °C shows the diffuse scattering in the vicinity of the beamstop, suggesting the 

absence of any structure in the melt. The first pattern collected after the application of 

shear, t = 10 s shows scattering along the equator in the form of a streak. The streak-like 

scattering is associated with metastable precursor formation that under suitable conditions 

tends to grow to form stable shish. The pattern captured after t = 50 s shows strong 

streak-like scattering in the equator and further the steady growth of intensity with time 

corresponding to streaks at this temperature are noticed. The increase in intensity with 

time suggests the growth of shish in the vicinity of the equilibrium melting temperature. 

Considering these high temperatures the stable growth of shish structure is associated 

with the formation of extended chain crystals, which tend to be stable in the constrained 

condition.   

st

 
Figure 5.2: Selected 2D-SAXS patterns after the application of shear at isothermal 
temperature prior to crystallisation above equilibrium melting point of linear PE. The 
intense streak-like scattering in the equator can be noticed at t = 50 s becomes sharp as a 
function of time. 
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The streak-like scattering is the result of strong electron density variation 

occurring between the shish and polymer melt as polymer chains get aligned in the flow 

direction with fast flow conditions. The streak-like scattering relates to the presence of 

shishes in the polymer melt at a temperature above the equilibrium melting point of linear 

polyethylene in our studies. The anisotropic structures in the polymer melt consist of 

metastable bundle of stretched polymer chains aligned due to strong flow conditions.  

Thermodynamically, the anisotropy produces a decrease in the total free energy 

( ) resulting in change in dimensions of shishes promoting the growth of 

precursors. The energy associated with the formation of metastable flow induced 

precursors can be related by equation 5.2. 

total 0GΔ <

 

( )
2 2

total end lateral,
4 2

LD DG L D g LDπ π σ π σ
⎧ ⎫ ⎧ ⎫

Δ = − Δ + +⎨ ⎬ ⎨ ⎬
⎩ ⎭ ⎩ ⎭

    (5.2) 

 

Where, L and D are the length and diameter of FIPs. endσ and lateralσ  are the free energies 

at the end and lateral surfaces. gΔ is the difference in the specific free energy of the 

crystalline state and sheared polymer melt. The stability of a precursor, [80] is retained 

only if the order of magnitude for L/D ratio exceeds the value of 10, 

 

end

lateral

σ
σ
⎡ ⎤
⎢
⎣ ⎦

⎥  ~ 10          (5.3) 

 

From the rheological point of view, the flow reduces the chain conformations at high 

temperatures promoting the chain orientation in the direction of stretch. The governing 

criteria for chain orientation and stretch under suitable flow depend on the Deborah 

numbers. Considering the high molecular weight chains (HMW ~  g/mol) of 

polyethylene, it is expected that the chain orientation and stretch of high molar mass 

chains above the equilibrium melting point ( ) under strong shearing conditions (

61.184×10

o
mT γ • = 

100 s-1 for time duration  = 1 s) for unconstrained extended chain crystals with no chain 

folding possibility is achieved. This result is supported by Deborah number approach. 

st
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The detailed information of Deborah number calculation is provided in chapter 2. The 

Arrhenius type of temperature dependence with activation energy Ea = 29.659 kJ/mol is 

found for the horizontal shift factor (aT) at T = 142 °C. The calculated relaxation times 

and Deborah numbers at 142 °C for the applied shear rate are reported in Table-5.1  

 

Table 5.1: The relaxation times and the Deborah numbers of reptation and stretch of 

HMW chains at 142°C 

Shear 
rate (s-1) 

Shear 
time (s) 

T ( )a T  aE (kJ/mol) HMW
repτ  (s) HMW

sτ  (s) HMW
repDe  HMW

sDe  

100 1 2.439 29.659 56.651 0.0143 13812 3.48 
 

 

 
Figure 5.3: The integrated intensity obtained as a result of streak-like scattering in the 
equator from the SAXS analysis. The intensity has been integrated along the cake as 
shown in the shaded region. The plot consists of patterns acquired after selected time in 
the isothermal temperature condition. The result shows the presence of clear streak-like 
structures in the polymer melt. The intensity increases as the function of time suggesting 
the growth of FIPs. 
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Figure 5.3 shows the intensity build up at the equator after application of high and 

fast shear. The steady growth of SAXS intensity and the flow induced crystals are 

observed as a function of time. The evolution of integrated scattered intensity along the 

equator is shown in figure 5.4 as a function of q and time. The intensity tends to grow as 

a function of time after the application of shear suggesting the growth of shishes as 

apparent from figure 5.3. Figure 5.5 shows the evolution of the azimuthal peak at the 

equator after application of shear. Immediately after the application of shear the 

azimuthal peak tends to become sharp. The scattering obtained in the equator as a 

function of azimuthal angle is used in determination of shish length as demonstrated.  
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Figure 5.4: The time resolved evolution of equatorial integrated scattered intensity as a 
function of scattering vector (q) in polymer melt, at isothermal temperature (142 °C) 
prior to crystallisation. The increase in the scattered intensity at low q-values is 
associated with streaks in the equator. 
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Figure 5.5: The time resolved evolution of azimuthally integrated intensity at the equator 
in neat polymer. The peak in the equator (θ = 180°) is the result of scattering in the 
equator associated with the metastable flow induced precursors (FIPs) obtained at high 
isothermal temperature (T = 142 °C) after the application of strong short-term shear. 
 

 

5.3.2 Probing the stability of FIPs obtained in broad molecular weight 

distribution (MWD) polyethylene (PE) in the presence of 

nanoparticles at  = 142 °C o
mT T>

The stability of flow induced precursors was studied in the presence of two 

different nanoparticles, having different chain-particle interaction for polyethylene 

chains. For example, due to the similar chain-particle architecture of carbon nanotubes 

and polyethylene chains a strong interaction between SWCNTs and PE is anticipated. 

Moreover, the higher aspect ratio of the SWCNTs compared to the zirconia nanoparticles 

will also favour the molecular interaction between SWCNTs and polyethylene chains. 

Strong interaction would provide easy stretchability of polyethylene chains with the 

SWCNTs. On the contrary, due to poor chain-particle interaction between the zirconia 

and polyethylene, the polyethylene chains adhered to the nanoparticles will tend to slip 
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under shear. Further, the entropy driven relaxation process will tend to transform the 

stretched chains into random coils. To investigate such a possibility the following 

experiments were performed.    

The samples of physically dispersed nanoparticles on the polymer powder are 

subjected to shear as defined in figure 5.1. 2D-SAXS patterns for selected times before 

and after the application of shear were acquired. Figure 5.6a shows the composite of 2D-

SAXS patterns recorded at different times after shear in the presence of different wt% of 

SWCNTs in the polymer matrix. Compared to the neat polyethylene (Figure 5.2 and 5.3) 

the scattered intensity just after the shear is found to be much higher in the presence of 

SWCNTs. This suggests that the presence of SWCNTs enhances the formation of flow 

induced precursor immediately after the application of shear. However, with time the 

intensity along the equator tends to decrease suggesting dissolution of the precursors with 

time. Such a phenomenon is apparent in the polyethylene matrix having 0.1 wt% of 

SWCNT. With increase in the concentration of SWCNTs, from 0.1 wt% to 0.3 wt%, 

transformation of the streak-like scattered intensity in to broad maxima along the equator 

is observed. The broadening suggests an increase in the number of shishes in the polymer 

melt. With time, after the applied shear, the intensity of the broad equatorial maxima 

decreases before the scattered intensity stabilises and remains constant, even at this high 

temperature. The decrease in scattered intensity after applying shear suggests dissolution 

of some metastable flow induced precursors, while on increasing the concentration of 

SWCNTs from 0.3 wt% to 0.6 wt%, the broad intensity along the equator after shear 

tends to increase. It is to be realised that for homogeneously dispersed SWCNTs in the 

HMW polymer matrix, 0.6 wt% of SWCNTs correspond to a percolation threshold 

resulting into the formation of a stable overlapping network of SWCNTs. [130] The 

presence of such a network will provide the maximum surface of favorable 

heterogeneous nuclei for the crystallisation of polyethylene. Considering the anisotropic 

distribution of intensity, mainly perpendicular to the flow direction, the SWCNTs are 

likely to align along the flow direction, thus promoting the alignment of anchored chains 

on SWCNTs. Efficient chain stretching requires sharing of a chain between two or more 

SWCNTs. Such a probability would be highest for the long molecules in the polymer. 

Further the high relaxation times of the high molar mass component under stress will also 
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favor chain orientation and the formation of extended chain crystals required for the 

stabilisation at this high temperatures.  

Figure 5.6b shows the 2D-SAXS patterns of polymer melt in the presence of 

zirconia nanoparticles. The nanoparticle size of zirconia (20 nm) provides a very high 

surface to volume ratio, thus a good probability for a chain to anchor with different 

nanoparticles. At the lowest concentration of zirconia (0.5 wt%) after application of shear 

strong equatorial scattering is observed. However, the scattering tends to decrease with 

time suggesting dissolution of the shish. It is interesting to note that with increasing 

concentration of zirconia nanoparticle though the surface area of heterogeneous nuclei 

increases dramatically (as shown in Table 5.2) the arising equatorial intensity due to shish 

formation decreases considerably. Unlike PE having 0.6 wt% of SWCNTs, where the 

streak intensity increases with time, with a higher concentration of zirconia the intensity 

along the equator vanishes with time suggesting complete loss of a detectable oriented 

structure arising due to applied flow.  
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Figure 5.6: The 2D-SAXS patterns acquired at selected times at high isothermal 
temperature condition. The images was acquired before application of shear to confirm 
the preferred scattering after the application of shear, (a) shows the patterns of polymer 
melt in presence of increasing SWCNTs concentrations (b) shows the patterns of polymer 
melt in presence of different concentration of zirconia nanoparticles 
 

Table 5.2: Estimated surface area of different concentration of nanoparticles dispersed in 
1 g of polyethylene (PE). 
 

SWCNT 
conc. (wt %) 

Surface 
area (m2/g) 

Zirconia 
conc. (wt %) 

Surface 
area (m2/g) 

0.1 40.04 0.5 0.99 
0.3 119.40 1.0 1.99 
0.6 240.24 2.0 3.97 

 

Figure 5.7, shows the integrated SAXS profiles from the equator at different 

concentrations of nanoparticles obtained after t = 300 s of the application of shear at 142 

°C. Changes in the intensity with q, ( 4 sin /q π θ λ= ⋅ ) are observed with the increasing 

concentration of nanoparticles. With the increasing concentration of SWCNTs, the 

overall scattered intensity increases.  The scattered intensity for 0.5 wt% of zirconia 

concentration in PE is more compared with neat PE. However, the intensity at higher q-

values is significantly lowered in polyethylene containing a higher concentration of 

zirconia nanoparticles suggesting a decreased streak length. 
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Figure 5.7: The scattered intensity in the equator obtained after application of shear for 
the 2D-SAXS patterns of polymer melt in the presence of different concentration of 
nanoparticles collected after t = 300 s of high temperature isothermal condition prior to 
crystallisation. (a) in presence of SWCNTs and (b) in presence of Zirconia nanoparticles. 
The intensity at the y-axis is the integrated intensity in logarithmic scale along the q, 
(where, 4 sin /q π θ λ= ⋅ , 2θ being scattering angle).  
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Figure 5.8: The equatorial integrated intensity obtained from SAXS data analysis as a 
function of time. (a) in presence of SWCNTs; (b) in presence of Zirconia nanoparticles. 
The rapid rise in the intensity immediately after the application of shear is noticed in the 
presence of nanoparticles in polymer melts at isothermal temperature (T = 142 °C). The 
intensities are subtracted with the intensity prior to the application of shear. The 
subtraction is performed to follow the development of resultant intensity due to structure 
formation after the application of flow. 
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Figure 5.8, shows changes in the integrated 2D-SAXS intensity in the equatorial 

region as a function of time at an isothermal temperature of 142 °C after the application 

of shear. It is evident that in all samples with the application of shear intensity along the 

equator increases, favoring the formation of flow induced precursors. After cessation of 

the shear while in the neat polyethylene the intensity continues to increase gradually with 

time, in the presence of the nanoparticles the intensity (though higher initially) tends to 

decrease with the exception of the polymer composite with 0.6 wt% SWCNTs.  

Compared to the SWCNTs, strong decrease in the scattered intensity is observed in the 

presence of zirconia, highlighting the influence of interfacial free energy in the 

stabilisation of oriented extended chain crystals at this high temperature. A cause for the 

stabilisation of the oriented structures close to the equilibrium melting point can be 

associated with the presence of local constraints on the extended chain crystals, even after 

cessation of the shear. Growth of the shish in the neat polyethylene may also arise due to 

change in pressure in the vicinity of the growth front of shish during crystallisation. The 

shish growth is likely to be favored because of the presence of the high molar mass in the 

polyethylene. However, the possibility of the involvement of low molar mass component 

in the shish during the shish growth process after cessation of the flow cannot be 

elucidated nor ignored.   A schematic presentation arising from the information obtained 

on the shish formation in neat PE and PE with the nanofillers is shown in figure 5.9. 

Considering the requisite of chain overlap on the fillers to transfer the stresses on shear, 

shish formation at the initial stages should involve high molar mass chains. Since the 

concentration of SWCNTs (upto 0.6 wt%) considered in study is below the electrical 

percolation threshold, the formation interconnected structures or entangled SWCNTs 

network can be neglected. It is believed that at electrical percolation threshold SWCNTs 

form interconnected structures resulting in the increase in conductivity. Hence, we 

attribute the chain-particle interaction as a result of dilute SWCNTs system. 
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(a) Neat PE 

(b) SWCNTs/PE 

(c) Zirconia/PE 

γ •  = 100 s-1
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Figure 5.9: Shish formation in the neat polyethylene and PE in the presence of 
nanofillers. (a) the growth of shish formation in neat polyethylene depicting the stretch of 
long chain in broad molar mass distribution (b) in presence of SWCNTs, the shish 
formation is promoted due to anchoring of polymer chains on SWCNTs (c) in presence of 
zirconia, the shish formation is perturbed due to weak chain-particle interactions. 
 

The polymer melt in the presence of zirconia nanoparticles at high 142 °C shows 

a different scenario, see figure 5.8. We observe high electron density contrast in the 

equator in the early stages at low concentration, which tends to decrease with increase in 

zirconia nanoparticle concentration in the polymer. The presence of zirconia 

nanoparticles is found to perturb the chain extension in the polymer melt. The rise of 

intensity in the early stages is followed by a decrease in intensity indicating the 

dissolution of precursors (shishes) in the polymer melt. It is generally assumed that local 

anisotropic crystalline structures are formed due to high molecular orientation especially 

near particles. In the case of zirconia nanoparticles, it may be anticipated that poor chain-

particle interaction between zirconia nanoparticles and the polymer chain affects the 

chain orientation and with time, the chains slip over the surface of zirconia nanoparticles 

further prohibiting stable shish formation.  
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5.3.3 Orientation function of shish based on scattered 2D-SAXS 

intensities 
Information about orientation in a preferred direction was obtained using the 

Herman’s orientation function for the polymer melt sheared above the equilibrium 

melting point of unconstrained extended chain crystals, requiring the stretch of the 

longest chains of MWD. Extensive analysis of obtained plots of intensity as a function of 

azimuthal angle from the SAXS data was performed to obtain orientation parameters. For 

a given 2D-SAXS pattern, the orientation parameters are determined using equations for 

the Herman’s function [81, 181-182] as explained in chapter 2 of the thesis. The regions 

corresponding to one quadrant (θ = 90° to 180°) of azimuthally integrated 2D-SAXS 

patterns in anticlockwise direction is considered for the estimation of orientation 

functions in all the samples. The data analysis gives values of the Herman’s function (fh), 

i.e. fh = 1, when scattered intensity is concentrated in the equator (i.e. perpendicular to 

flow direction in 2D-SAXS patterns, in otherwords, considered to be the signature of 

chain orientation in our case), fh = -0.5, when scattered intensity is concentrated in the 

meridian (i.e. parallel to flow direction in 2D-SAXS patterns), and fh = 0, when scattered 

intensity is diffused (isotropic in nature) and spread across the pattern.  
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Figure 5.10: The calculated Herman’s orientation functions for the different 
concentration of nanoparticles in polymer melt at isothermal temperature (T = 142 °C) 
prior to crystallisation. 
 

Figure 5.10, shows the Herman’s orientation functions estimated. The data shows 

good agreement with the 2D-SAXS images obtained (refer to figures 5.6a and 5.6b). An 

increased concentration of SWCNTs favors the chain orientation process in the polymer 

melt, whereas an increased concentration of zirconia nanoparticles perturbs the chain 

orientation. The decrease of chain orientation in the presence of zirconia nanoparticles is 

due to dissolution of metastable precursors. The entropy driven process of chain 

relaxation having constraints due to presence of physical entanglements in polymer melt 

is affected strongly in the presence of SWCNTs. This results in a higher orientation 

function towards the chain axis. The decrease in chain orientation in the presence of 

zirconia nanoparticles is caused by the poor chain-particle interaction between zirconia 

and polyethylene chains.  
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5.3.4 Ruland’s streak method for estimation of shish length  
The time evolution of flow induced precursors (shish) formation was further 

investigated to determine changes in the length of shish (L) using Ruland’s streak 

analysis. [183, 223-226] The method was originally used to determine the size and 

orientation distributions of longitudinal voids in polymer and carbon fibers in real space. 

The method can be used to estimate the shish length based on the equatorial scattering in 

the reciprocal space.  

The integral width of angular distribution of the scattered intensity BBobs was used 

to estimate the true width of the orientation distribution Bφ (misorientation) and the 

average length (L) of the shishes aligned in the direction of the c-axis. The parameters 

obtained from the Ruland streak method were used to analyse the scattered equatorial 

streak. The azimuthally distributed scans of intensities at different q values were analysed 

using the Lorentz function to yield the average width of angular distribution. The width 

of the equatorial streaks in reciprocal space can be used to obtain the length of shish (L). 

The relationships obtained from equation 4.5 of chapter 4, gives a linear plot between 

q B2 2
obs and q  as shown in figure 5.11.2

  

 

Figure 5.11: The plot of vs. used for the calculation of shish length (L) and 
misorientation (B

2 2
obsq B 2q

φ). The orientation distribution is approximated using Lorentzian fit 
with perfect linearisation of observed azimuthal integral breadth as function of scattering 
vector (q) 
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The shish length (L) and degree of misorientation (BBφ) were determined by linear 

least square fitting. In the relation, 4 sin /q π θ λ= ⋅  (2θ is the scattering angle; q is the 

scattering vector, λ is wavelength). The length of shish (L) is determined from the 

intercept of the linear plot while BφB  represents the misorientation parameter. The 

interpretation of ‘L’ for shish is considered to be aligned in the direction of the c-axis. 
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Figure 5.12: The example of typical Lorentz corrected distribution of scattered intensity 
in the equator as function of azimuthal angle for specific value of scattering vector (q) 
obtained for sample containing 0.6 wt% SWCNTs in PE. 
 

The typical intensity distribution obtained at the equator as a function of 

azimuthal angle is shown in figure 5.12. The azimuthal peak at the equator was fitted by 

the Lorentz correction method due to fluctuations to get a precise integral width of 

angular distribution required for the calculation. The shish lengths as a function of time at 

the isothermal crystallisation temperature above the equilibrium melting point for 

unconstrained extended chain crystals were obtained in PE in presence of nanoparticles to 

study the effect. Figure 5.13a shows variation in the shish length obtained over the period 

of isothermal condition at 142 °C after the application of shear. A steady rise of shish 
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length (upto 20 nm) is observed in the neat polymer. In the presence of nanoparticles, the 

shish length was found to decrease from t = 0 s to 150 s and become stable after 150 s. 

The increase of SWCNTs in the polymer melt was found to increase shish length by ~120 

nm (can be noticed in the presence of 0.6 wt% SWCNTs) after 300 s. The rapid decrease 

in the shish length as a result of variation in chain relaxation is observed in the early 

stages after the application of shear. In the presence of zirconia nanoparticles, compared 

to neat polymer, the shish length decreases indicating the dissolution of metastable 

precursors in the polymer melt.  
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Figure 5.13: Estimated shish length of polymer melts in presence of nanoparticles. (a) 
refers to the deviation in the shish lengths as a function of time during high isothermal 
temperature (b) shows the variation in the shish length with the increasing nanoparticle 
concentration in polymer at T =142 °C , t = 300 s.   
 

Figure 5.13b shows the comparison of average shish length as a function of 

different concentrations of nanoparticles at 142 °C. A small amount of SWCNTs leads to 

higher chain extension, eventually increasing the shish length by several tens of nm. The 

spherical rigid zirconia nanoparticles were found to decrease the average shish length 

with increase in concentration. The 2.0 wt% zirconia in polymer melt showed a large 

extent of disorientation after 300 s. Zhang et al. [130, 222] reported that addition of SDS 

surfactant below 2 wt% in polymer matrix do not have any effect on complex viscosites 

using rheology. Hence the effect of SDS on rheological and crystallisation behaviour of 

polymer can be neglected. Therefore SDS itself can neither enhance chain orientation nor 

chain stretching in polymer matrix.  
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5.3.5 Crystallisation studies in later stages of experiment 
Figure 5.14 shows patterns collected at 60 °C after cooling the sample from 142 

°C as shown in Figure 5.1, where T3 = 60 °C.  The crystallised oriented chains (shish) 

provide epitaxial matching for the crystal growth by the formation of lamellae 

(kebabs).The patterns in figure 5.14a showed the steady growth of kebab formation with 

increase in SWCNTs in polymer. The higher amount of oriented lamella in later stages is 

the outcome of stable shishes present in the polymer melt after the application of shear. 

The increase in kebab formation with the increase of SWCNTs in the polymer confirms 

our studies carried out in the earlier stages at high isothermal temperature where the 

increase in precursor formation was noticed. On the contrary kebab formation was found 

to decrease with increase in zirconia nanoparticle concentration during later stages (refer 

figure 5.14b). The results prove the reduction in flow induced precursor formation and/or 

chain orientation in the polymer in the presence of zirconia nanoparticles at higher 

concentrations ultimately influencing the radial growth of lamellae (kebabs) 

perpendicular to the central core (shish). 
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Figure 5.14: 2D-SAXS patterns obtained after cooling at T = 60 °C for the polymer and 
in presence of different concentration of nanoparticles. (a) indicates the increase in the 
oriented structure formation with the increase of SWCNTs concentration. (b) indicates 
the decrease in the oriented structure formation with the increase in zirconia particles in 
polymer. 
 

Figure 5.15 shows change in the integrated intensity as a function of temperature 

while cooling from 142 °C to 60 °C As expected, the nanoparticles, in general, are found 

to accelerate crystallisation kinetics, apparent from the slope of integrated intensity. The 

intensity rises at higher temperature while cooling, due to the earlier onset of 

crystallisation in the presence of nanoparticles. The accelerated crystallisation kinetics 

depends on shear rate, temperature, melt memory and influence of additives etc.  In our 

case, we expect the accelerated crystallisation kinetics is a result of the combined effect 

of shear rate (γ • = 100 s-1 for time duration st  = 1 s), high shearing temperature ( = 

142 °C) and influence of nanoparticles (SWCNT and zirconia).  

o
mT T>
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Figure 5.15: The integrated intensity as a function of temperature while cooling for 
different samples to room temperature. The early rise of intensity can be noticed in 
presence of nanoparticles. 
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5.4 Conclusions 
The chapter demonstrated the role of HMW component of broad MWD in the 

formation of flow induced precursors (FIPs) in the polymer melt above the equilibrium 

melting point of unconstrained extended crystals of linear PE. A time resolved X-ray 

scattering (SAXS) technique was utilised to study the stability of precursors at the 

isothermal temperature prior to crystallisation. The precursor formation in PE, in the 

presence of SWCNTs and zirconia nanoparticles, is compared with neat PE. The result 

confirms the influence of SWCNTs in promoting precursor formation due to change in 

the chain relaxation process favoring the stability of oriented metastable structure. In 

contrast, the presence of zirconia nanoparticles perturbs the precursor formation as 

compared to the neat polymer. The calculated orientation functions reveal the influence 

of nanoparticles on chain orientation. SWCNTs promoted chain alignment in the flow 

direction leading to flow induced precursors (FIPs), eventually orienting the crystals 

towards the chain axis, as compared to neat PE prior to crystallisation. The zirconia 

nanoparticles showed random orientation of crystals at higher concentration. The 

Ruland’s streak method was utilised to estimate the length of shishes. A small amount of 

SWCNTs (~0.6 wt%) leads to increase in the average shish length by ~120 nm. The 

spherical zirconia nanoparticles were found to decrease the average shish length by ~90 

nm with increase in concentration.  
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Chapter 6 
 
Conclusions  
 
 
In this thesis a study on a broad molecular weight distribution polyethylene in the 

presence of nanoparticles is reported. The influence of high molecular weight component 

in the development of oriented structures is in agreement with the previous studies 

performed on the neat polymer having broad or bimodal molar mass distribution. [89, 68, 

64] The novelty of this study is that by making use of specific nanoparticles, the shish-

kebab formation can be enhanced under flow. Since shish-kebab structures have 

structural origin to ultra-high strength and ultra-high modulus fiber, the study in this 

thesis has direct implication in obtaining high-modulus fibers. For this purpose, the FIC 

experiments are performed above and below the equilibrium melting point of the linear 

PE.  

 

6.1 FIC of broad MWD PE 
From the FIC experiments reported in chapters 4 and 5 the following conclusions 

can be drawn. Using time resolved X-ray scattering (SAXS), both above and below the 

equilibrium melting point of linear PE i.e. 142 °C and 136°C, the results conclusively 

demonstrated the role of HMW component of broad MWD in chain extension. For 

instance: Just after the application of shear below the equilibrium melting point (136 °C) 

there is scattering on the equator in the form of streaks (shish) which facilitate the 

occurrence of scattering in the meridian (kebab) as the polymer crystallises during the 

residual time. Even the application of shear just above equilibrium melting point (142 °C) 

leads to streak-like (shish) scattering in equator confirming the presence of oriented 

structures in the polymer. The experiments reported in chapter 2 also revealed that strong 

shearing conditions are requisite to form shish-kebab structures in the neat polymer. 
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6.2  FIC of broad MWD PE in presence of nanoparticles  
FIC experiments on broad MWD PE in the presence of nanoparticles are reported 

in chapters 2 and 3. The SAXS patterns show the evolution of scattering along the 

equator immediately after the cessation of shear and subsequent increase in intensity 

along the meridian on cooling. Emergence of the intensity along and perpendicular to the 

flow direction during or after cessation of shear is indicative of the shish-kebab 

morphology. The shish-kebab structure formation is enhanced by addition of 

nanoparticles in PE. For an example, the formation of shish-kebab structure is realised in 

the presence of SWCNTs at relatively low shear rates,  thus suggesting that the presence 

of SWCNTs have a significant role in the formation of shish-kebabs. Shish formation in 

the presence of SWCNTs at the low shear rates is indicative of strong molecular 

interaction between the polymer and the dispersed nanoparticles. The molecular 

interaction will influence chain relaxation of PE, thus stabilising the formation of 

oriented structures at low shear rates.  

The influence of aspect ratio and change in surface to volume ratio, have been 

investigated by substituting the cylindrical nanotubes by spherical zirconia particles.  

Scattering data analysis on the polymer with zirconia, as depicted in chapter 3, provides 

information on crystal orientation in PE after the cessation of shear. With increasing 

amount of zirconia in PE, the overall crystallinity and the degree of orientation increases. 

Shift in the onset of crystallisation to higher temperatures with increasing amount of 

zirconia is observed.  

From the SAXS studies in chapters 4 and 5, after the application of shear, the role 

of nanoparticles of different aspect ratio in increasing the stability of flow induced 

precursors (FIPs) is demonstrated both above and below the equilibrium melting point of 

linear PE i.e. 142 °C and 136 °C. A higher degree of chain orientation is observed in the 

presence of SWCNTs in PE as compared to zirconia nanoparticles. The stability of FIPs 

is maintained in presence of SWCNTs in PE more than with zirconia nanoparticles. At 

142 °C, SWCNTs with a high aspect ratio, having strong interactions with polyethylene 

molecules favour the molecular extension. On the contrary, zirconia nanoparticles having 

low aspect ratio and poor molecular interaction hinder the molecular extension. The 

results provided insight into the influence of chain-particle interaction between PE and 

 153



 

the nanoparticles on the stretch of the long chains above but close to the equilibrium 

melting point of unconstrained extended chain crystals.  
 

6.3 Rheological studies of PE melt in presence of 

nanoparticles 
The rheological studies reported in Chapter 4 provide insight into the selective 

adsorption of polymer chains on to the nanoparticles. The presence of nanotubes in the 

polymer matrix shows a non-linear increase in the viscosity with increasing amount of 

nanotubes whereas a steady increase in viscosity is observed with increased zirconia 

loading in PE. With the increase in SWCNT content in PE, the effect of drop in the 

viscosity is suppressed at higher temperature. The drop in the viscosity is attributed to the 

selective adsorption of high molecular weight chains on to the dispersed particles. PE 

chains tend to be adsorbed on the SWCNTs due to the van der Waals interaction. Hence, 

the probability of the high molar mass to remain adsorbed on the SWCNTs is higher than 

the low molar mass chains. The adsorbed high molar mass polymer is assumed as an 

immobilised part of the SWCNT for larger times. Thus, the polymer forming the 

remaining matrix effectively has a lower average molecular weight than the pure 

polymer. This causes faster relaxation of chains thus a decrease in the viscosity. The 

isothermal crystallisation experiments performed using rheometry matches with DSC 

(reported in Chapters 2 and 4) to conclusively assert the role of nanoparticles to 

accelerate crystallisation kinetics of PE. However, the onset temperature of crystallisation 

is increased and overall crystal growth is improved due to the presence of SWCNTs in 

PE and is more pronounced compared with zirconia in polymer matrix.  

 

6.4 Recommendations 
The thesis covers the important topics of flow induced crystallisation and 

provides a significant background for future research. The flow induced crystallisation 

experiments although suitable for studying the physics behind polymers have been 

performed over a limited range of shear rates which are far from the range experienced 

during processing operations like extrusion or injection moulding. Hence, as the flow 
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effects on polymer crystallisation are nonlinear, it is necessary to understand the structure 

development at high shear and/or strain rates using other advanced techniques with real-

time processing conditions.  

The results obtained during this research are mainly experimental and more 

detailed correlation with a theoretical model is required. For instance, the studies 

explained in chapter 5 using two nanoparticles (viz. SWCNT and zirconia), having 

different aspect ratio investigates the effect of molecular interaction of nanoparticles on 

stretched long chains of PE. However, it is important to compare the FIC results of PE 

obtained using zirconia with other fillers like carbon black having the same diameter and 

high surface area to volume. The obtained data could be further related to the studies 

performed in this thesis on SWCNTs to provide the conclusions about the surface 

chemistry and structure and/or geometry of nanofillers. It is also observed in figure 5.6a 

(reported in chapter 5) that broadness of intensity in the equator is attributed to flow 

aligned SWCNTs. Based on this thesis, it is not possible to show whether the streak-like 

broadening obtained on the equator is due to bundled or entangled SWCNTs and needs 

more experimental data with some studies on the effects of molecular parameters on 

applied shear flow.  
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