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Abstract

This thesis describes two potential solutions to increase the mechanical and barrier properties
(to hydrocarbons from contaminated soils) of PE-100 plastic pipes for water transportation.
Both solutions exploit the melting and crystallisation behaviour of HDPE: flow-induced

crystallisation (FIC) and single-polymer composites (SPCs).

Two commonly-used PE-100 HDPE resins manufactured by Ineos Group Ltd (UK) and
Borealis AG (Austria) have been characterised by a range of rheological, rheo-optical and rheo-
SAXS (small-angle X-ray scattering) techniques in order to measure key flow parameters,
including critical specific work for the flow-enhanced nucleation of HDPE and Rouse polymer
relaxation time, responsible for the formation of oriented morphologies such as distorted
spherulites and shish-kebabs. The measured flow parameters have been explored further in
polymer processing to produce homogeneous polymer films of various structural morphologies
for establishing structure - property (mechanical and permeation) relationships. To enable this,
a novel Couette shear-flow cell has been developed. The detachable body of the cell, consisting
of an inner rotor and a disassembling removable outer stator, is mounted inside a high
temperature oven. This design enables larger oriented polymer films to be produced and
recovered from the cell after shear for further measurements. Mechanical testing of the FIC
HDPEs and SPCs has been performed either by tensile testing or dynamic mechanical analysis.
Permeation cells were fabricated and polymer samples subjected to permeation testing in

similar accordance with the time-lag protocol.

It was found that both HDPE resins could form an oriented morphology under a moderate shear
flow. Polymer with a greater fraction of high molecular weight displayed greater degrees of
orientation and improved mechanical performance but an increased permeability to xylene
vapour. The latter was related to the orientation of the oriented morphology relative to the
permeant flux during measurements. SPCs showed a negligible impact upon the mechanical
properties, which was thought to arise from poor adhesion at the fibre-matrix interface and thus
poor load stress transfer. Decreased permeability compared to homopolymer samples was
observed, especially those with a bi-layer construction. Both approaches studied in this work
have been shown to offer viable alternatives to the aluminium foil used as a permeation barrier

in the current manufacture of PE-100 pipes.
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List of Abbreviations and Symbols

Materials
PE1 HDPE resin supplied by Borealis

PE2 HDPE resin supplied by Ineos
500k HDPE resin with My, = 500 kDa
5M UHMWPE resin with My =5 MDa
TA23 UHMWPE tape supplied by Teijin
XF23 UHMWPE tape supplied by Teijin

S1 UHMWPE tape supplied by Teijin

Symbols and Abbreviations

I Probability that a line of length x has equal electron scattering length density at either
end
AG Change in Gibbs free energy

AGbulk Change in Gibbs free energy of the bulk
AGnmelt Change in Gibbs free energy of the melt
AGnuclei Change in Gibbs free energy of the nuclei

AGsurtace  Change in Gibbs free energy of the surface

AH Change in enthalpy

AHy Specific enthalpy of melting per unit volume of crystal
A8 Change in entropy

AT Change in temperature

O Time lag (see also (1)



) Specific surface energy

¢ Azimuthal angle

a Solvent quality

Y Strain

Ve Critical Strain

y Shear rate

Ve Critical shear rate

Vmin Minimum shear rate

0 Phase angle

€ Strain

n Viscosity

n* Complex viscosity

10 Zero-shear viscosity

Noo Infinite-shear viscosity

0 Cone angle

20 Scattering angle

A Wavelength

v Poisson’s ratio

& Friction coefficient

p Density

o11 Normal stress component acting in the direction of shear/flow
022 Normal stress component acting perpendicular to the shearing plane
033 Normal stress component acting in the transverse direction to shearing
Oe Fold surface free energy



Of

0y

Td

Tr

R

DP

DSC

Ea

ERM

FIC

Fold surface free energy per unit area

Lateral surface free energy per unit area
Shear stress
Reptation time
Relaxation time (Maxwell model)
Rouse relaxation time
Specific surface energy
Angular shear rate
Surface area
Tube diameter
American Society for Testing and Materials
Nucleus thickness or segment length (Rouse Model)
Coil-Stretch Transition Model
Heat capacity
Inter-crystalline region length
Diffusion coefficient
Differential pressure
Differential Scanning Calorimetry
Electric field vector
Young’s Modulus
Activation energy
Entropic Reduction Model
Force

Flow-induced crystallisation
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GTR

HDPE
HF-DSC
HMW
HMWT

HT-GPC

ILT

ISO

JMAK

ko

kg

Ki

Spreading rate

Storage (elastic) modulus

Loss (viscous) modulus

Gel Permeation Chromatography

Spreading (growth) rate

Gas transmission rate

Sample thickness

High-density polyethylene

Heat-Flux Differential Scanning Calorimeter
High molecular weight

High molecular weight tail
High-temperature gel permeation chromatography
Nucleation Rate

Ideal Laminate Theory

International Organisation for Standardisation
Flux

Johnson-Mehl-Avrami-Kolmogorov model
Consistency index

Non-scattered X-ray beam

Boltzmann constant

Incident X-ray beam

Nucleation Constant

Reciprocal of polymer chain size in solution

Scattered X-ray beam

vii



Lc

LCB
LDPE
LH

Li
LLDPE
LMW
Imin

Lp

LVR

Mc
Me

Mn

M,

MWD

N1
n2
N1

\P)

Sample length

Crystal thickness

Long chain branching

Low-density polyethylene
Lauritzen-Hoffman Theory

Initial sample length

Linear low-density polyethylene
Low molecular weight

Minimum stable lamellar thickness
Nucleus length

Linear viscoelastic region
Molecular Weight

Critical weight for entanglement formation
Entanglement molecular weight
Number-average molecular weight
Weight-average molecular weight
Z-average molecular weight
Molecular weight distribution
Power law index or refractive index
Ordinary refractive index
Extraordinary refractive index
First normal stress difference
Second normal stress difference

Electron charge displacement vector
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P Permeability

p Pressure

P2 Herman’s Orientation Function
PE Polyethylene

Pi Permeability of individual layers
PL Total permeability of a laminate
PLI Polarised light image

Q Quantity of penetrant

q Scattering vector

R Light ray retardation

r Radius

Rg Radius of gyration

Rh Hydrodynamic radius

RI Refractive index

S Solubility

SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SCB Short chain branching

SCG Slow crack growth

SIC Shear-induced crystallisation
SIPLI Sher-induced polarised light imaging
SNM Stretch Network Model

SPC Single-polymer composite

T Temperature
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TR

TTS

U*

UHMW

UHMWPE

\Y

VR

w

We

WAXD

WAXS

We

Xe

Xw

Time

Time-lag value

Reference temperature
Crystallisation temperature
Melting temperature

Equilibrium melting temperature
Melting temperature of shish nuclei
Melting temperature of spherulites
Transmission rate
Time-Temperature Superposition
Activation of the segmental jump
Ultra-high molecular weight
Ultra-high molecular weight polyethylene
Volume

Retention time

Work

Critical work

Wide-angle X-ray diffraction
Wide-angle X-ray scattering
Critical work

Fraction of crystallinity

Normalised molecular weight (Mw/Me)
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Chapter 1
Background



1.1 Aims and Thesis Outline

HDPE pipes have become an essential part of water transportation infrastructure, and the
current solution to transport potable water through land contaminated with hydrocarbons (PE
pipes with an encapsulated-aluminium permeation-barrier) has been successful because of their
relatively high mechanical strength, flexibility and permeation barrier properties. However,
two alternative technologies will be investigated as a means to produce the next generation of

water pipes to address coming limitations originating from sustainable material requirements.

It is well known that the final material properties of a polymer product depend greatly upon the
structural morphology.® Under normal, quiescent crystallisation conditions, typical semi-
crystalline polymers crystallise into spherulites. However, upon application of an external flow
field, such as shear, polymer chains are aligned with the flow direction and a crystalline shish-
kebab morphology is produced. For plastic pipes, conventional extrusion causes alignment
along the axial length and correspondingly greater tensile strength in the axial direction than in

the hoop direction - this can make the pipe liable to failure through SCG.?

Several methods of pipe reinforcement have been trialled over the years such as carbon/glass
fibres, steel strip, rotating mandrel and aluminium foil wrapping but these increase production
complexity and cost.®>* Two novel methods of reinforcement shall thus be introduced in this
work: FIC and SPCs. FIC is a very well-researched field, but little work has been conducted
exclusively for the plastic pipe extrusion process, compared to injection moulding for example.
Specifically, the oriented crystalline morphology resulting from FIC of two current pipe
manufacturing grades of HDPE will be investigated through parallel plate and Couette cell
shear flow as a means of improving the mechanical strength and barrier properties. In addition,
SPCs fabricated using oriented UHMWPE tapes will also be investigated as an alternative
approach for achieving improvements in mechanical and permeation barrier properties.
Therefore, this work will investigate whether FIC and SPCs can increase the mechanical
strength of a pipe whilst also maintaining, or even, improving the barrier properties, compared
to the current aluminium-foil reinforced pipe. If either technology is successful, this could lead

to significant savings in material and energy costs.

A full description of all experimental techniques and measurement conditions will be provided
in Chapter 2. Two commercial grades of HDPE, currently used in the manufacture of plastic
pipes, have been supplied by Aliaxis R&D (Vernouillet, France) in addition to three UHMWPE
highly-oriented tapes from Teijin (Endumax). Several analytical techniques will be utilised in



Chapter 3 to characterise the molecular characteristics of the materials used. The molecular
weight of both HDPE blends will be determined by high-temperature gel permeation
chromatography (HT-GPC) which will be outsourced to Smithers Rapra (Shawbury, UK).
Characterisation of the viscoelastic behaviour of the two HDPE materials will be performed by
rheology measurements. The peak melting and crystallisation temperatures and the degree of
crystallinity will be obtained for all materials by DSC measurements. Additionally, small-angle
X-ray scattering (SAXS), rheo-SAXS and rheo-optical measurements will be used to
characterise the degree of orientation and crystalline morphology of the materials as received

and, in subsequent chapters, after shearing experiments.

Chapter 4 explores the flow behaviour of both HDPE blends and determines and optimises
some key parameters. Using previous DSC measurements, a temperature-shear profile will be
created for future shearing experiments performed using a parallel plate shear cell. Therefore,
shear pulses will be applied to PE disks with post-shear SAXS scans across the diameter of
each disk to determine the degree of orientation.® The effects of altering shear parameters, such
as shear time and temperature, upon the crystalline morphology will also be investigated by
post-shear SAXS measurements. Key shear parameters such as the critical shear rate and
critical work will be determined in conjunction with rheological measurements. The impact of

shear upon the crystallisation kinetics will also be explored.

In Chapter 5, a novel Couette cell setup will be described and extensively used to produce
larger samples with a homogeneous oriented morphology for further mechanical and
permeation testing. By altering the shear conditions, samples of different degrees of orientation
will be produced for both HDPE materials and specimens cut for further testing. Comparisons
will also be made with unoriented specimens. Tensile testing will be outsourced to Aliaxis
R&D to find the Young’s Modulus, elongation to break and stress at yield. A series of
permeation cells will be fabricated to allow for permeation testing in accordance with the
vapour loss transmission method. Three specimens from each shear condition will be cut from
the larger samples and barrier properties investigated by measuring the mass lost from each

cell at regular intervals using xylene as a simulated fuel.

Finally in Chapter 6, multi-layer HDPE-UHMWPE SPCs will be investigated as a suitable
replacement for the current aluminium foil barrier layer. Fabrication conditions will be
optimised through the use of a novel vacuum compression moulding (VCM) apparatus. Using
the obtained UHMWPE tapes, mono-layer and bi-layer (with fibre orientation crossed at 90°)



composites will be fabricated alongside non-composite samples and an aluminium foil-
composite control group. Three samples per composite layup will be fabricated and the barrier
properties measured in the same manner as mentioned previously. Mechanical properties will
be measured by dynamic mechanical analysis (DMA) frequency sweeps and the effect of

UHMWPE as a tape interlayer assessed.

Therefore, this work aims to study whether the permeation resistance to hydrocarbons and
mechanical properties can be improved by controlling the crystallisation process and resulting
morphology through two novel technologies: FIC through Couette shearing and SPC
fabrication.

1.2 Materials for Pipe Manufacturing

Solid-wall pipes have a vast array of uses and offer a cost-effective method of transporting
natural gas, oil, potable water, sewerage and communications cables.® Early pipes were
restricted by materials, joining technologies and the capacity to pump the fluid at high pressure
— some of the earliest pipes were constructed of wood, stone, lead and copper.®’” Joining these
pipes together often proved the greatest challenge. Wax, tar, pitch and other materials were
used to ‘seal’ the joints of early pipes, leading to inevitable leaking. One of the principal drivers
for the expansion of pipeline networks was for the transport of crude and refined oils and, as

towns and cities grew, the transport of drinking water.’

1.2.1 Metal Pipes

With the advent of wrought (< 0.5 % carbon) and cast (2 - 4 % carbon) iron and subsequently

steel (Table 1.1), a cost-effective solution for fluid transport was available.” To seal the pipes
together, the hot ends of both pipe sections could be hammered or welded together to create a
leak-free joint and allow for higher transport pressures, compared to wood for example.’
However, this could be time-consuming and at very high pressures the seams could burst and
thus were prone to leaking.” Screwing threaded pipe ends together was an alternative option.’
Cast iron is heavy, inflexible, brittle and cracks easily; wrought iron is also heavy, but ductile
and malleable.” Iron pipes also displayed significant temperature effects: expansion in hot
weather caused bending and buckling; in cold weather the pipes would contract, pulling the
screw threads apart, therefore leaking significantly.” Laying these pipelines underground

mitigated these issues, but did increase corrosion.”®



Transport pressures were significantly lower than modern pipes (at just 12 MPa) due to poor
materials and joining technologies. Transitioning to ductile, seamless, high toughness steel
pipe and oxyacetylene welding to join pipe ends allowed for larger pipe diameters and
increased pressures.” Nonetheless, poor joining technologies and damage by corrosion caused

metal pipes to be highly susceptible to leaking and the ingress of contaminants.®

Material Advantages Disadvantages

) Higher pressures than concrete/ Malleable, heavy, susceptible to
Wrought iron

clay pipes, ductile corrosion
_ Higher pressures than concrete/ Heavy, inflexible, brittle and cracks
Cast iron ) ) ) )
clay pipes easily, susceptible to corrosion
Steel Seamless, corrosion-resistant, Heavy, inflexible, low-operating
ee
tough, larger diameters pressures, short lifespan

Table 1.1: Key advantages and disadvantages of historic materials used for pipe manufacture.°

1.2.2 Plastic Pipes
Polyethylene (PE) was first used as a pipe material in the 1950°s, when the rapidly expanding

oil and gas industry required a tough but lightweight and flexible pipeline to meet demands.’
The performance benefits of this new material then spread into municipal water, sewerage and
communications applications. The success of PE pipe can be attributed to its low weight, low
cost, corrosion resistance and leak-free joints.® Small diameter pipe is even flexible enough to
be coiled for easier transport and installation.® Other piping materials include polybutylene
(PB), polyvinyl chloride (PVC) and chlorinated polyvinyl chloride (CPVC), polypropylene
(PP) and cross-linked PE (PE-X) (Table 1.2). The major benefit of plastic pipe is its excellent

corrosion resistance, with additional savings in the cost of installation, labour and equipment.®



Material Advantages Disadvantages

HDPE | Lightweight, flexible, leak-free joints  Sensitive to mechanical loading and

temperature changes

PE-X | Flexible, corrosion-resistant, high- Damaged by UV

temperature applications

PP Cheap, corrosion-resistant, Damaged by UV and high temperatures
impermeable to moisture, chemically

inert, good processing

PVC [ Inert, corrosion-resistant Brittle, cannot be used for hot water
distribution, prone to leaking as joints

age, small-diameter only

CPVC | Corrosion-resistant, can withstand Brittle, cannot be used for high
slightly higher temperatures than temperature fluid applications, high
PVC thermal expansion coefficient
PB Lightweight, flexible, low thermal Prone to joint leakage, damaged by
expansion/ contraction chlorine

Table 1.2: Key advantages and disadvantages of common polymer materials used for pipe

manufacture.?

Piping technology has adapted and significantly changed in line with the needs and demands
of the industry it serves. Transport of potable water through contaminated brownfield sites
requires particularly careful pipe design to prevent ingress of contaminants. The current
solution is a multi-layered pipe: inner PE pipe, aluminium foil barrier layer, external PE pipe.
This solution has proven extremely effective, however further advancements will be required
to produce the next generation of water pipes to address coming limitations originating from

sustainable material requirements.

1.3 Introduction to Polyolefins

Plastics over the years have been the source of many advances in technology and brought
benefits to society.® Polyolefins, namely PE and polypropylene (PP), are widely regarded as

two of the most useful commodity polymers with a wide variety of applications, such as food



packaging, carrier bags, toys, kitchen/home appliances, pipes, medical applications and
countless more.'* The success of these polymers can be attributed to the very low cost of
production and low toxicity compared to other polymers.'? More recently, however, they have
become a source for concern amongst environmentalist groups and the general public. By 2015,
an estimated 8.3 billion tonnes of plastic had been created.® Of this amount, approximately
6.3 billion tonnes of waste, the vast majority of which is plastic bottles, has been generated:
79% accumulated (landfill or the environment), 12% incinerated and 9% recycled (567 million
tonnes).'® However, the problem of recyclability is an issue for all plastic industries, including
the plastic pipe manufacturing industry. Thus, any new piping technology that can be fabricated
using less raw material and lower energy costs will be of great benefit to producers and

consumers alike.

Plastic products can be classified into two main groups: thermosets and thermoplastics.
Thermosets undergo an irreversible chemical change upon heating, for example, epoxy resins
form cross-links and ‘cure’ when heated. Thermoplastics, conversely, undergo reversible
changes upon heating and examples include PE and PP.!* Both PE and PP can be subdivided

into different grades depending on their application - this work has focussed solely on PE.

Now ubiquitous in everyday life, PE proved difficult to produce initially. It was first
discovered at the end of the 19" century, as a by-product of the thermal decomposition of
diazomethane, but was only identified in later years as a polymer.’®> Hermann Staudinger’s
concept of high molar mass macromolecules and the polymerisation process in the 1920s paved
the way for a new branch of chemistry and the discovery and characterisation of PE.16-8
Fawcett and Gibson, in ICIls Cheshire laboratories, are officially credited with the first
successful, if unintentional, discovery in 1933 as part of a series of reactions investigating the
effect of pressure upon chemical reactions.'® A mixture of ethylene gas and benzaldehyde was
subjected to 170 °C and 1400 atm but without any apparent reaction until the autoclave was
opened, whereupon a white, waxy solid was discovered coated to the reactor walls.!®
Benzaldehyde was recovered unchanged and the white solid appeared to be a polymer of
ethylene.?® Further repetitions of the experiment gave very low product yields and the
experiments were abandoned. PE was essentially rediscovered in 1935 when it was found that
minute quantities of oxygen (<10 ppm) in the reactor were necessary for a stable reaction and
good yield.?%? The conditions produced oxygen radicals which, when introduced to ethylene,
caused polymerisation by a chain reaction and formed inter- and intra-molecular branching,

thus producing low-density polyethylene (LDPE).*® The industrial and commercial value of
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this novel material was quickly realised, however commercialisation was suspended on the
outbreak of World War 1l and it became a state secret. LDPE was an excellent high-frequency
electrical insulator and was used in the production of the coaxial cables in radar sets. In
common with many other polymers, there was a concerted research effort during WWII and
by 1944, Du Pont and the Bakelite Corporation in the USA began large-scale commercial
production under license from IC1.1° Further advancements showed that varying the pressure,
temperature and catalyst could have a big impact upon the structure of the final product and
generate different grades of PE.

Despite a seemingly simple hydrocarbon structure, composed solely of carbon and hydrogen,
the vast number of grades for diverse applications arises from different morphologies of this
basic structure.!* Three distinct morphologies can be identified, each with different material
properties: highly-crystalline, semi-crystalline and amorphous.'® Highly crystalline PE has
very neatly ordered chains folded into lamellae and is often brittle. Amorphous PE is the exact
opposite. Little to no order is found in the chain packing arrangement thus imparting flexible
material properties. Semi-crystalline PE consists of at least two distinct phases of highly
ordered and disordered chains with the resulting mechanical properties a blend of both
morphologies.® It is impossible to prepare a sample of PE that is anything but semi-crystalline
— all commercial PE products can be classified as such.'® The extent to which crystalline or
amorphous characteristics dominate depends upon the size, orientation and proportions of the

two respective morphologies. °

Within this semi-crystalline classification, various material grades of PE can be found (Figure
1.1), notably low-density (LDPE), high-density (HDPE), linear low-density (LLDPE) and
ultra-high molecular weight (UHMWPE). All have the same backbone structure of carbon and
hydrogen; variations arise mainly due to synthesis conditions and the degree of branching,
hence causing differences in density and crystallinity (Table 1.3).1%1® Branches disrupt the
packing to form an ordered crystal structure and hence contribute to a lower density;
hydrocarbons of various lengths or even acid and ester functional groups can form branches.*®
A general rule is that as the concentration of branches increases, the density and crystallinity
of the material decreases.’® Conversely, fewer branches contribute to a much higher density
due to more efficient chain packing in the crystal.1%22



HDPE LDPE LLDPE UHMWPE

Density (g cm™) 093-097 091-094 0090-094 0.94-0.098

Degree of crystallinity
(% from DSC)

55-77 30-54 22 -55 50-95

Table 1.3: Density and degree of crystallinity (as measured by DSC) for various types of PE.°

N TS

HDPE
LDPE
UHMWPE LLDPE

Figure 1.1: Simplified structures of HDPE, LDPE, LLDPE and UHMWPE. The chain length
and degree of branching impact upon the physical properties and give rise to the different

grades.

1.3.1 High-Density Polyethylene (HDPE)

HDPE produced by this route results in chains that are predominantly unbranched and therefore

very linear (Figure 1.1).2>%° The resulting morphology is consequently very organised and
highly crystalline. HDPE is one of the stiffest grades available and is therefore used for high
stress environments, such as pipe manufacture, where maintaining structural integrity is very

important.*®

1.3.2 Low-Density Polyethylene (LDPE)

LDPE on the other hand shows significant branching with a mixture of randomly located short

and long chain branches, as a result of its free radical synthesis (Figure 1.1 and Section
1.2.5.2).1% These long chain branches can in turn be subjected to further branching. The high
degree of branching prevents close chain packing and therefore the recorded density of the

material is much lower relative to HDPE.!®



1.3.3 Linear Low-Density Polyethylene (LLDPE)

LLDPE also shows random branching, but with fewer long chains, and is synthesised by

coordination catalysis (Figure 1.1).1° Generally, this material is produced by co-polymerising
ethylene with a number of 1-alkenes, mainly, ethyl, butyl and hexyl chains. The greater
regularity of the branches hinders crystallinity to some extent, but is not as extreme as LDPE.
Therefore, the density is somewhere between that of HDPE and LDPE.

1.3.4 Ultra-High Molecular Weight Polyethylene (UHMWPE)

UHMWPE has a molecular weight >10° g/mol and shows excellent chemical inertness,

lubricity and mechanical strength (Figure 1.1). The latter property cannot be surpassed by any
other grade owing to effective load transfer along the long chains. As such, UHMWPE finds

extensive use in medical implants and ballistic protection.?®

The high melt viscosity arising from the high molecular weight of the chains means that
UHMWPE cannot be formed into products using conventional processing methods.?*
Typically, UHMWPE is often drawn into fibres or tapes via a process of gel-spinning and post-
drawing.? In the former process, a dilute polymer solution is extruded through a nozzle with
subsequent solvent evaporation or extraction.?® This as-spun crystalline fibre is drawn under a
tensile stress, at temperatures below the fibre melting point, to the desired draw ratio which
produces fibres with greatly increased tensile modulus and break strength.?® Highly orientating
the fibres in this manner has a corresponding effect of greatly increasing the degree of

crystallinity due to the closer chain packing in the crystalline regions.?®

1.3.5 Polymer Synthesis

The reactor and catalyst system used will depend upon the grade of PE required: free radical,
high-pressure synthesis produces LDPE, whereas Ziegler-Natta, low-pressure synthesis
produces HDPE, for example.’® The reactor at the centre of the process can either be an
autoclave or a tubular reactor with the starting materials fed either in solution, slurry or gas
phase.’® Early catalysts contained many active sites, leading to PE resins with very broad
molecular weight distributions (MWDs).*® The resulting high and low molecular weight tails
had a significant impact upon the physical properties: an excessive high molecular weight tail
increased processing difficulty; an excessive low molecular weight tail exacerbated stress
cracking.’® Tighter control of polymerisation conditions and new generations of catalyst

narrowed the MWD, but at the expense of easier overall processability of the resin.’® Both
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Ziegler-Natta?’ and metallocene®® catalysis can be used during commercial PE synthesis,

however the single-site nature of the latter leads to reduced branching of the chains.*®

By installing multi-reactor systems, broad MWDs can be achieved and even tailored to specific
applications (Figure 1.2) without negatively affecting the processing behaviour. The resulting
MWD, measured by gel permeation chromatography (GPC), is an amalgamation of both
individual MWDs. The result is a material with properties somewhere between those of the
two individual component blends. The homo-polymer with the lower molecular weight is
typically synthesised first. Clearly, different conditions and catalysts are required in each
reactor in order to synthesise the desired homopolymer for the final blend.’® Without the
advancement in catalyst technology seen over the years, these types of blends would be much

more difficult, if not impossible, to produce consistently.?

Catalyst Polymer

Ethylene
Hydrogen
Comonomer

Amount/ Concentration

Log [ij
Figure 1.2: Multi-stage reactor for producing a bimodal distribution of HDPE/LDPE polymer.
The final molecular weight distribution is a blend of the individual molecular weight

distributions of the two components.

1.3.5.1 Ziegler-Natta Catalysis

Ziegler-Natta synthesis is the most common commercial production method for PE, owing to

the flexibility of the catalyst system.® These catalysts are expensive to produce and so, highly
active catalysts are desirable; by limiting the number of such active sites, the polymerisation
can be closely controlled by reaction conditions. Typically, relatively low temperature and
pressure conditions are required, compared to free radical polymerisation. Generally, the
molecular weight of the final polymer increases as temperature decreases because of the
decreased rate of chain transfer relative to chain propagation, the former being the primary

limit to molecular weight.*°2°
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The catalyst system consists of a base metal halide or alkyl complex with a transition metal salt
—for PE, aclassic example is triethyl aluminium (AlEts) with titanium tetrachloride (TiCls).1°
The active centre is postulated to comprise of a Ti atom coordinated with an alkyl group and
four CI atoms in an octahedral arrangement, with one vacant site (Figure 1.3). An ethylene
molecule coordinates at this vacant site, subsequently inserting between the alkyl and metal

and creating a new vacancy. Repeat additions in this manner grow the polymer chain.®

H.C R---CH H,C—R
ol R H,C:CH, cu\1'3. __g,..tHz g | da
CI/TICI —_— CI, 'ICI > CI\fi"‘CH —_— CI:Ti-' 2
¢l Ccl ClI” N Cl..Cl
R ¢l
Cl
H2C=CH2l
H,C C/Hz (H2C=CH9n HZC-—C’HZ
/ n /
T T aTEt
cl (o

Figure 1.3: Mechanism of Ziegler-Natta polymerisation of ethylene.®

1.3.5.2 Free Radical Polymerisation

LDPE is produced exclusively by high-pressure free radical polymerisation, requiring an
appropriate free radical source, ethylene monomer and high temperature (180 — 300 °C) and
pressure (1000 — 4000 bar).1%2® Conditions similar to those used initially by Fawcett and
Gibson are still used today: 200 — 300 °C and 1000 — 1550 bar.*® Typical free radical initiators
include oxygen, organic peroxides and azo compounds and they initiate polymerisation by
decomposition under the reaction conditions to form the radical (Figure 1.4).1°?° Subsequent
abstraction of a hydrogen atom from a nearby ethylene monomer (brought into close contact
by the high pressure) propagates the chain growth.!® Termination of the radical occurs either
by quenching with another radical or when the radical on the growing chain is transferred to
another chain. Thus, there are many competing side reactions which results in premature chain
termination or branching.®

oo, . HyC:=CH, { } ; 22 -

2C:CH; ——— R-CH;—CH; —— 1H,C:=CH,[, * H.C""'C"¢c
X Hz Hyl,

Figure 1.4: Mechanism of free-radical polymerisation of ethylene. R denotes a radical initiator

such as oxygen, an organic peroxide or azo compound.*®

12



Branching arises when a propagating chain radical abstracts a hydrogen from an existing
polymer chain and can occur either intramolecularly, resulting in short chain branching (SCB),
or intermolecularly, resulting in long chain branching (LCB).1*?° SCB refers to branches of
only a few carbon atoms much smaller than the backbone, whereas LCB refers to branches that
are comparable in length to the backbone.®* The frequency and type of branching can be
controlled somewhat by reaction conditions, and the probability of LCB increases
proportionally as the molecular weight of the chain increases.!® SCB arises when the
propagating chain end ‘back-bites’ and abstracts a hydrogen only several bonds away from the
growing chain end, leading mainly to butyl SCB. Chain growth continues from this new radical

centre, leaving the original chain end as a short branch.*®

1.3.5.3 Metallocene Synthesis

Polymerisation using metallocene catalysts produces ethylene-a-olefin copolymers with
narrow polydispersity, primarily LLDPE.*® This can be achieved due to the single active site
present in each catalyst, hence monomer polymerisation occurs identically resulting in fewer

long chain branches.®2°

Generally, metallocene catalysts consist of a Group IV metal atom (Ti, Zr, Hf) attached to two
substituted cyclopentadienyl ligands and two alkyl or halide ligands (Figure 1.5a).1° Several
variants of this generic metallocene catalyst are available (Figure 1.5b-d) and a
methylalumoxane ([(MeAlO)n], MAQ) co-catalyst is also typically used in order to obtain a
high catalytic activity.®

R
M (2 M X Zr< Me;SiC \Zr\
\
\ cl
o> A e
; ()
M = Ti, Zr, Hf _ _
X = CI, Me R X = C2H4, Me;Si
R= C"Hznq M= -rl’ Zr, Hf
X = Cl, Me
R = CpHan+1
(e) (b) (c) (d)

Figure 1.5: Example structures of (a) generic metallocene; (b) generic metallocene with
indenyl substituents; (c) bridged metallocene; (d) constrained geometry catalyst.®

13



1.4 Polymer Processing

Polymers are often supplied as pellets or powders and in order to create a product, heat and
pressure need to be applied.!® Over the years, numerous processing techniques have been
developed to process polymers in different ways depending on the desired product outcome.
Techniques such as extrusion,® blown film moulding,* injection moulding®* and calendering®®
are some of the most common. For the purpose of PE pipe manufacture, single-screw extrusion

is exclusively used and so shall be the focus of further discussion.>2¢

1.4.1 Fundamentals of Flow

The molecular structure of a polymer determines the processing behaviour.®® The typical, and
much simplified, procedure for thermoplastic processing is to heat the material to the molten
state, rapidly shape into the desired product and subsequently cool to solidify. Due to the long
chain nature of thermoplastics and the inevitable entanglement points between chains, the
molten material has a much higher viscosity compared to low molecular weight materials.®’
For commercial processes, fast production is desirable. As such, when the high viscosity melt
is moved rapidly, a large amount of frictional interaction and heating occurs.®® This heat is due
to the dissipation of mechanical energy and the process is known as viscous dissipation or

‘shear heating’.

Viscosity and MWD are intrinsically linked due to polymer chain entanglements.®” A plot by
Berry and Fox®® (Figure 1.6) of zero-shear viscosity, o (the apparent viscosity of the material
at zero shear rate, measured by extrapolation backwards from observed viscosities)®’, against
the normalised molecular weight (Xw = Mw/Me, where My, is the molecular weight and Me is the
entanglement molecular weight, defined as the average molecular weight between topological
constraints*®) demonstrates that 7o increases proportionally to the molecular weight, until it
reaches M, the critical molecular weight for entanglement formation.*4? After this point, the
dependence of viscosity on molecular weight, M, changes to the power of 3.4 — 3.5. These two
regimes of molecular weight dependence on viscosity point to the existence of polymer chain
entanglements.*! Below a critical value, chains are too short to entangle but still have high
viscosities. Doubling the molecular weight in this region only doubles the viscosity since #og o
M. Above this threshold value, entanglements can form and the viscosity increases

sharply.3®*#! This can cause problems for polymer processing if not taken into consideration.

Flow during these processes in the molten state also imparts orientation to the melt. This

increases the stiffness and strength in the orientation direction because the force is borne mainly
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along the chain axis and intramolecular bonds are much stronger than intermolecular bonds
between chains.'® Mechanical properties perpendicular to the direction of orientation are

reduced however.

']ooc M1 nooc M3.4-3.5

Poly(dimethyl siloxane)
Poly(iso-butylene)

Polyethylene

Polybutadiene

Poly(methyl methacryate)

[10 .
E 4 [Poly(vinyl acetate)

4 |Polystyrene

Constant +logn

L I I I L
0 1 2 3 4 5 6

Log 107 X,,

Figure 1.6: A plot of zero-shear viscosity, 7o, against molecular weight showing the effect of
entanglements between polymer chains on viscosity.*® The low molecular weight lines in the
grey zone correspond to unentangled samples while the high molecular weight lines correspond
to entangled polymers. The dependence of viscosity upon molecular weight changes to the
power of 3.4-3.5 after the entanglement point. Xw = Mw/Me Where My, is the weight-average

molecular weight and M. is the entanglement molecular weight.

1.4.2 Extrusion

The first thermoplastic extruder was designed in 1935 by Paul Troester in Germany and is

arguably the most important tool in the polymer processing industry.®? Material is extruded

when it is pushed out of an opening from a tube — plastics, metals, ceramics and even foodstuffs

15



are all common extrudate materials (Figure 1.7).3%% Both solid and molten state extrusion are
known, with the latter being the most common for thermoplastic processing. Generally, solid
particulates or powder are fed into the extruder and melted within the extruder barrel in a
process known as plasticating extrusion.®>3 Continuous and batch extruders can be found,
with the former using a rotating screw to maintain a constant flow of material. Batch extruders
utilise a ram or piston and are commonly used for solid state extrusion or injection moulding.
Both single- and twin-screw extruders are used in industry, with further sub-categories of twin-
screw extruders depending on the process.®? The advantages of single screw extruders are the
relatively low cost, rugged design and good performance and reliability.>> For PE pipe
manufacture, single-screw extruders are exclusively used primarily due to the lower cost, but
also because the good plasticising function ensures a stable and high-speed extrusion.3
Another point of comparison is the mixing vs pumping ability. Twin-screw extruders offer
superior mixing of the melt, whereas the single-screw can tolerate higher barrel pressures and,
therefore, a greater pumping of the melt through the die head.®? Twin-screw extruders are likely
to be more expensive and are mainly used for PVC pipes because this material degrades very
easily at high temperatures and two screws that are constantly ‘cleaning’ each other helps

prevent any material stagnation and degradation.

Whether single- or twin-screw, the basics of any extruder are much the same (Figure 1.7).%°
Solid material is fed into a hopper where it enters a heated metal barrel and is conveyed forward
by the rotating screw. At the other end of the screw is a screen and breaker plate assembly
before the molten polymer passes into the die head.®? Once out of the die, the polymer product
is cooled either in air or with water jets. The vertical feed hopper shown (Figure 1.7) is the
most common type and relies on gravity to feed the extruder. Other designs, such as vibrating
hoppers, crammer hoppers and vacuum hoppers, allow for a more controlled rate of feed. They
can also be used for material with a low bulk density that would cause ‘bridging’ in the feed
throat causing a blockage.®® Often the feed throat is water cooled to prevent premature melting
of the material before it enters the barrel. The barrel itself must be able to resist internal
pressures of up to 70 MPa, and the inner surface is often coated to prevent abrasive damage.*®
Electrical band heaters surrounding the barrel are used mainly to maintain the temperature, not

to melt the material in the first instance which is caused by shear heating.3?
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Figure 1.7: A schematic of a typical single screw extruder. Raw material, in the form of pellets,
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is fed into the hopper and conveyed forward by the screw, melting as a result of friction caused
by shearing. The melt is forced through a breaker plate, which arrests the spiral motion of the
melt, and a die to form the final product dimensions. Three zones are identifiable along the
barrel, defined by the screw channel depth: 1) feed zone, raw material enters here and the
channel depth is at its largest; 2) transition zone, the channel depth decreases and the pellets
begin to melt; 3) metering zone, the channel depth decreases to its smallest point to homogenise

the melt and pump it into the die head.

Three distinct, overlapping regions related to the screw geometry can be found in a
conventional screw (Figure 1.7). The feed zone is directly underneath the hopper and has deep
flight channels to accommodate the incoming feed at a high rate. The second zone is the
compression or transition zone, in which the channel depth gradually decreases and the
polymer begins to melt. This compression increases the pressure within the barrel and helps
to homogenise the melt. The third and final section is the metering zone, which fully

homogenises the melt and pumps it into the die head.323®

Between the metering zone and die head, a breaker plate and screen pack can be installed. The
breaker plate is a thick metal disk with many holes drilled through it parallel to the screw
direction. This arrests the spiral motion of the melt arising from the screw rotation and forces
the material into a linear flow to prevent extrudate distortions.®>*® Wire mesh screens are used
to filter out contaminants and/or gels but can also be used to increase die head pressure to

further improve the mixing efficiency.® The die is responsible for shaping the polymer melt
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into the final product - the function of the rest of the machine is simply to melt and transport

the initial solid material to the die head as a homogeneous melt.*?

1.4.3 Pipe and Tubing Dies

The difference between a pipe and a tube is usually size. It is generally accepted that tubing is

a small diameter product of less than 10 mm, whereas pipes are much larger (generally larger
than 20 mm).32 In both cases, however, an annular die is used to shape them (Figure 1.8).%
Die design is complex and must take into account heat flow, viscoelastic behaviour (different
for each polymer) and extrudate swell.>> This latter issue is a problem for profile extrusion
where swelling can yield parts that are significantly outside the specified product dimensions.
For pipe extrusion, shrinkage on cooling is usually uniform around the circumference but

sagging becomes an issue for very large diameter, thick-walled pipes.*®

Air hole
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Figure 1.8: Cross-section of an annular die head highlighting the location of the spider legs,
torpedo and mandrel. The red arrows indicate the direction of melt flow through the die head

assembly.®2

Weld lines are characteristic of annular die extrusion and significant effort has been conducted
to minimise or remove these defects.**#4 In order to form hollow products, the centre of the
die must ‘float’ and the melt flow around it. A streamlined torpedo, supported by a number of
‘spider legs’ is the best solution (Figure 1.8).3? The torpedo shape allows the melt to flow,
without creating any dead spots, and converge again. The spider legs are also streamlined to
aid this process. However, weld lines are still found despite the most streamlined torpedoes
and spider legs possible. Sufficient time is needed after the flow converges for polymer chains
to re-entangle and ‘heal’ the weld lines.'® Therefore, the spider legs must be far enough away
from the die exit to allow this, which is the drawback of annular die heads for pipe extrusion.
These resulting changes in the polymer structure, which are not always immediately visible,
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can have a detrimental effect upon the strength characteristics in certain areas.'® For example,
in the case of pipes, weld lines running the axial length of the pipe will decrease crack resistance
in this direction. * A number of modifications to die heads have been used to reduce the
unwanted effect of weld lines. Rotating the die head and mandrel to twist the weld lines off-
centre;>* coating the spider leg with PTFE to prevent adhesion, but these coatings soon wear;
heating the spider legs, which requires complex engineering solutions;* lengthening the die
head after the spider legs, which considerably increases cost.*> Research has been undertaken

on mandrel/die rotation with favourable resulting mechanical properties.*#647

A common feature of all extrusion head dies is that the polymer flow is parallel in a zone of
constant dimensions.** This region sets the final dimensions of the product, accounting for
stress relaxation, and is always the last zone in the die. A supplementary channel is found in
some mandrels for the inlet of low-pressure air (Figure 1.8). This allows for a more controlled

cooling of both the outer and inner walls resulting in less sagging or product deformation.*®

One of the most successful die heads for eliminating weld lines is the spiral mandrel die.3?4°
A spiral mandrel creates flow in the helical direction by forcing the polymer melt through a
number of spiral channels of decreasing depth (Figure 1.9). This causes some circumferential
orientation and an increased hoop stress performance. A series of deep channels arranged in a
star pattern perpendicular to the flow carry the melt initially into the mandrel. As the melt
progresses, the channels get progressively shallower and more polymer begins to flow over the
top. Thus, at the end of the mandrel, the channels are at their narrowest with the bulk of the
material flowing freely over the top. The spiral motion removes weld lines, and the gradual

convergence to a single flow front homogenises the melt.

Melt
Flow

Figure 1.9: A cross-section schematic of a spiral mandrel die. The decreasing channel depth
of the spiral flow lines is highlighted by the red arrows to indicate the melt flow direction.
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1.5 Polymer Crystallisation

The crystallisation mechanism of polymers is complex and not fully understood,*® but can be
simplified into two main features: formation of a small seed crystal (nucleation)**>° and
subsequent growth of the crystal by chain attachment to the primary nucleus.***° This initial
nucleation step can either be homogeneous or heterogeneous (Section 1.4.3.1).°1°2 Such is the
complexity, that debate over the exact details of the process continues and, over the years,
numerous theories have been put forward to try and clarify the issue. Several key features are
essential for every crystallisation event. Firstly, polymer chains must partially disentangle from
their surrounding neighbours.*® Secondly, any entropy of conformation must be foregone in
order to form crystals.*® Finally, as cooling continues, the chains must arrange themselves into

an ordered, periodic lamella structure.*®

In polymer crystals, the chains are longer than the parameters of the unit cell with each chain
often passing through many unit cells.*® Accordingly, an ideal polymer crystal is impossible
to come by, requiring infinite molecular weight, regular structure of the chains, regular
conformation of the unit cells and completely regular chain conformation.*® Therefore, the
general requirements for any chain to crystallise are regular chemical structure and regular

conformation of monomers.*®

1.5.1 Morphology

Crystallisation is a phase transition process from the disordered, isotropic melt to the ordered

semi-crystalline phase.>® Disorder in the melt is characterised by random coils of polymer
chains, but the semi-crystalline phase is more complex.>? Consisting of amorphous, crystalline
and interfacial regions, the relative volumes of each part determines the final macroscopic
properties.’® This interfacial transition zone ties the amorphous and crystalline regions together

and could arguably be the most important region in determining final properties.*®

The first solution-grown PE single crystals were reported in 1957, but issues arose regarding
the structure. Firstly, the chains were known to be longer than 1000 A but the crystal was only
100 A thick. Secondly, the calculated density was much higher than that measured
experimentally.> A suitable structure to account for these observations was the chain-folded
lamella as proposed by Keller (Figure 1.10).%
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Transition Zones

Crystalline Amorphous Crystalline Amorphous

Figure 1.10: Example sketch of chain-folded lamella (in the grey crystalline regions) and a
representative diagram of crystalline and amorphous regions, linked by tie-chains in the
transition zones, in a semi-crystalline polymer.2°® A single polymer chain can cross several
crystalline and amorphous boundaries. d is the distance between crystalline regions and L. is

the thickness of the lamellar structure.

Crystalline polymers always have a density that is lower than that of the fully crystalline
material estimated from the unit cell of the crystal structure; this means that non-crystalline,
amorphous material must be present in the structure. Moreover, the periodic nature of the
morphology formed suggests that the non-crystalline component resides in between the
crystalline layers as an amorphous layer, linked by tie-chains (Figure 1.10).°> Small angle
neutron scattering (SANS) experiments have shown that a single polymer chain can be included
in different layers, with the tie chains between these layers forming the amorphous and non-
crystallised regions (Figure 1.10). These chain-folded lamellae crystals are nonequilibrium,

meta-stable structures and may rearrange or modify their structure over time.>?

The surfaces of these solution-grown crystals were observed to be microscopically smooth,
suggesting the crystals were composed of crystalline rods linked by tight folds to the next
chain.® There is still debate over the exact method of chain re-entry into the lamellae.
Adjacent re-entry (with tight or loose folds) and the switchboard model are the two most

common explanations, with the latter the most popular (Figure 1.11).%*
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Figure 1.11: Sketches of adjacent re-entry (a) and switchboard models (b) for lamellae
crystallisation.!®® L is the thickness of the crystalline domain.

Under quiescent crystallisation conditions, most polymers will crystallise from the melt into
spherulites.>® These symmetrical, spherical crystalline entities of chain-folded lamellae are a
commonly observed feature of semi-crystalline polymer crystallisation with interesting optical

properties.+8:49:57-61

There are two requirements for spherulite morphology (Figure 1.12) formation: moderate or
large undercooling and unrestricted growth.*® It is important that the melt is cooled slowly to
allow time for nuclei to generate randomly and subsequently grow radially. Fast cooling results
in the random coils gathering together in the amorphous phase; therefore, the growth rate is
dependent on the crystallisation temperature.!® From a central nucleation point, a growth front
radiates outwards only stopping upon impingement with a neighbouring spherulite.*® Only
pure material is crystallised, any impurities (such as dust particles or similar contaminants) are

excreted ahead of the growth front.

—— o — —

Figure 1.12: A schematic sketch of a spherulite demonstrating the radial growth from a central
nucleation point. The inset image displays a sketch of the folded-chain arrangement to form

lamellae.®?
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Initial crystal growth is restricted to three-dimensional growth of the lamellae away from the
nucleation point.>? This primary crystallisation is marked by linear lamellae growth rates, with
splitting/branching occurring to fill the crystallisable space through the formation of a
spherulitic superstructure consisting of lamellae stacks and amorphous regions.>? This radial
growth occurs until spherulite impingement, after which secondary crystallisation can occur in

the intra-spherulitic regions.>

The chain stereochemistry and conformation also play an important part in crystal formation.
Upon cooling, there is a tendency for chains to adopt the lowest energy conformation which
favours co-operatively ordered chains and the formation of nuclei.%® For polymer chains to
crystallise, a basic requirement is for chains to adopt an ordered form, from which a crystal
lattice can be created by orienting and packing chains regularly and uniformly.®* Structure
determinations and energy calculations have concluded that the conformation adopted by a
polymer chain in the crystalline state is very close to the lowest energy conformation.®* Despite
a very simple polymer structure, constructing an energy level diagram for the chain
conformations of PE reveals the all-trans conformation to be the lowest in energy, similar to
that for butane (Figure 1.13).1° Therefore, the planar zig-zag, all-trans conformation is present
in the crystalline state which gives rise to the orthorhombic unit cell (the unit cell is the smallest
chain segment arrangement that can be repeated in three dimensions to form the larger
crystal®®) as the most common crystalline unit cell.** This unit cell is a cuboid with axes of
differing lengths and a 90° angle between each axis (Figure 1.14).!° PE can arrange into
different unit cells, such as monoclinic and hexagonal, under conditions of elongation or higher

temperatures (Section 3.3.2).%°
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Figure 1.13: Potential energies associated with the rotation along the central C-C bond for an
ethane sub-unit of a PE chain. The lowest energy conformation is the all-trans conformer.®*
The inset figures depict the conformation when viewed along the C-C bond axis. @ is the

rotation angle along the C-C bond.
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Figure 1.14: The orthorhombic unit cell of PE depicted in three-dimensions (left) and along
the c-axis (right). The white circles represent carbon atoms and the grey circles represent
hydrogen atoms. The lengths of each axis in an unperturbed unit cell are typically: a = 7.42 A,
b=495A,c=255A.

The observed macroscopic properties of a polymer are largely determined by the shape, size
and inter-connectivity of the crystallites.! Therefore, good understanding of polymer
crystallisation allows for control of the physical properties of these materials and possibilities

for tuning the properties for a particular application.°
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1.5.2 Thermodynamics

As with all thermodynamic processes, the Gibbs free energy (4G) dictates the direction of
change and the spontaneity of the process (Eq. 1.1).

AG = AH — TAS 11

For crystallisation from the melt, 4G will be negative (and therefore the process favourable)
when the enthalpy released upon crystallisation exceeds the entropy loss at a given temperature:
AH > TAS. As such, crystallisation is a delicate balance between thermodynamic and kinetic
factors.’® At high temperatures, the rate of crystallisation will be low due to little
thermodynamic driving force. At low temperatures, the rate will be suppressed by kinetic

factors hindering chain movement.*®

All crystallisation events rely upon a two-step process, according to classical crystallisation
theory: nucleation and growth. To initiate crystallisation, stable nuclei are required. Forming
such nuclei requires a negative Gibbs free energy change from the melt to nuclei: 4G = AGnuyclei
- AGmei. An alternative way of thinking about this process is the competition between bulk (a
negative value) and surface free energy changes (a positive value), the former of which must
overcome the latter at a certain critical size of the nuclei to generate an energetically favourable

stable nuclei: 4G = AGhui + AGsurface.®®

1.5.3 Kinetics and Growth

It is widely accepted that the crystallisation process is kinetically-controlled® and therefore
kinetics are governed by the rate of nucleation and the rate of crystal growth.*® In addition, the
conditions under which PE crystallises (i.e. the rate of crystallisation) can influence the final
mechanical properties within limits imposed by molecular characteristics.!® Hence the rate at
which a PE resin crystallises can determine its suitability for certain industrial processes — for
example, fast crystallisation may be more beneficial for injection moulding applications.®
Molecular characteristics that influence the morphology can also influence the rate of
crystallisation — for example, a high melt viscosity hinders chain mobility during crystallisation
and so the rate decreases and also inhibits the formation of thick lamellae.’® Thus, the
conditions of crystallisation and molecular characteristics determine the final physical

properties.1®5?

Arguably one of the largest influences upon lamellae thickness is temperature, but molecular

architecture such as branches and entanglements can hinder the crystallisation process. The
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temperature at which lamellae are stable is a complex function of thickness and interfacial free
energy and it has been observed that thinner lamellae melt at lower temperatures.®” The greater
the thickness, the higher the temperature it can exist at.’® The Gibbs-Thomson equation (Eq.

1.2) helps to explain this:

Tn= 72 (1- 155) 12

where Tr is the actual melting temperature of a crystal of thickness Lc, T, is the equilibrium
melting temperature, oe is the fold surface free energy, and 4H, is the specific enthalpy of
melting per unit volume of crystal.®® Thin lamellae have a very large surface-to-volume ratio,
with the surface atoms at a higher energy than those within the bulk of the lamellae. Therefore,
surface energy terms must be added to the Gibbs potential for the interior crystalline material.
Consequently, melting points are depressed from T;%, for infinite thickness, to Tr with smaller

lamellae thickness.

1.5.3.1 Primary Nucleation

Primary nucleation is the process by which new crystallites are formed when a bundle of chain
stems adopts adjacent, parallel and linear configurations and packs together into a unit cell
exceeding a critical size.!®4%°2 This process can either occur homogeneously or
heterogeneously.>*%? Homogeneous nucleation requires the sporadic and spontaneous
generation of crystal nuclei, often from solution.%*"* To do so, a free energy barrier must be
overcome from an initially stable system to one that is meta-stable arising from thermal or
density fluctuations — hence a large driving force, such as large undercooling, is
necessary.>®%872 Density fluctuations arise from the Brownian motion of chain segments to
form short-lived clusters.>® Heterogeneous nucleation, on the other hand, occurs on a surface:
the reactor wall, catalyst particles or even rogue dust particles.t® This latter type of
crystallisation occurs almost exclusively in quiescently-cooled PE melts.®® The addition of
foreign particles adds extra surface area and hence lowers the nucleation barrier — nucleating
agents are often purposefully added to increase crystallisation rates by generating large
numbers of nuclei.’® In a polymer melt, the surface free energy is given as the sum of the
contribution of all surfaces, assuming there are no foreign particles: AG; = ZpA (where ¢ is

the specific surface energy and A the surface area).

An additional mode of heterogeneous nucleation (termed athermal or self-nucleation) exists

when a previously highly oriented polymer is melted, whereby the nucleation process is
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initiated by nuclei which survive the melting process.'** Upon cooling, these preserved nuclei
help to initiate crystallisation and thus are an important feature of crystallisation memory
effects.> An example of such self-nucleation is when highly oriented PE samples are melted

and thermally stable oriented nuclei remain in the melt.>>°

As such, nucleation can be defined as the creation of a new solid phase, with lower free energy,
from an old phase (molten) with a higher free energy.”? The lower free energy of the newly
formed phase arises due to the inevitable ordering that occurs during crystallisation.'®484° The
system is always striving to achieve the lowest possible energy state and a crystal is in a lower

free energy state than its liquid when below the melting temperature.*®

Nucleation and growth processes are marked by their occurrence when a homogeneous phase
becomes metastable — an energy barrier thus must be overcome to initiate this.>> Spinodal
decomposition occurs when one phase spontaneously separates into two phases, thus negating
the need for an energy barrier,”* " and has been shown to occur for HDPE.®*"® However, it is
difficult to make a distinction between the two processes (spinodal decomposition or nucleation
and growth) when the nucleation barriers are below ksT and, furthermore, it is difficult to
separate the nucleation and growth processes due to the low concentrations of nuclei.®®*” Phase
separation via spinodal decomposition is known to occur below a stability limit — the
temperature at which spontaneous phase separation occurs.®®"® One phase contains polymers
of the correct chain conformation for crystallisation and the other forms the amorphous phase
upon crystallisation.®®’® In particular, this mechanism of crystallisation has been seen for melts
crystallised under shear because flow aligns the chains into the correct conformation and thus

increases the density of appropriate chains for nuclei formation.5

1.5.3.2 Secondary Nucleation

Secondary nucleation refers to the two-dimensional nucleation on the surface of the newly
formed primary nuclei,’®%? and it plays a vital role in determining lamellae thickness and radial
growth rates.”” The Lauritzen-Hoffman (LH) theory provides a simple and analytical method
of describing polymer crystallisation, in addition to the physical need for polymer chains to
fold during the process.'®4%°1’8 The elementary unit in the LH theory is a crystal stem which
attaches and detaches to the crystal front.”” It assumes that the initial critical nucleus is longer
than the minimum stable lamellar thickness, Inin, at the chosen crystallisation temperature,’”
created by random fluctuations. The rate-limiting step is the attachment of the first crystal stem
to the growth front, therefore an enthalpic barrier for secondary nucleation exists and originates
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from the surface free energy of the first crystal stem on the growth front.”” Additional stems
deposit onto the crystal growth front which results in lateral spreading and new layer formation
before the next nucleation event.>! Thus two parameters can be identified to characterise the
process: the nucleation rate I, defined as the net rate of deposition on the surface per unit
substrate length; the lateral growth rate Gr, defined as the difference between the arrival and
departure of stems at the crystal surface.’>’® Thus three regimes of nucleation and crystal
growth can be identified depending upon the ratio of | to Gr (Figure 1.15 and Table 1.4) with
the following parameters: b is the nucleus thickness, Lp is the nucleus length; Kq is the

nucleation constant’” where o is the lateral surface free energy per unit area, or is the fold

surface free energy per unit area, T, is the equilibrium melting temperature, kg is the
Boltzmann constant, AH is the enthalpy change of fusion per repeat unit.>%’®"® Despite wide
acceptance, a number of challenges have been raised which has resulted in the development of

several new kinetic models and modification of the original LH theory.”
> ") "
: m
-—
Gy >
2

Figure 1.15: Three regimes of crystallisation Kkinetics, depending upon the ratio of the
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nucleation rate to the growth rate, as defined by the Lauritzen-Hoffman Nucleation Theory.>!
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Table 1.4: Equations governing the growth and nucleation of the crystallisation regimes
identified by the Lauritzen-Hoffman Secondary Nucleation Theory. U* is the activation energy

of the segmental jump.”
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1.5.4 Flow-Induced Crystallisation

Flow-induced crystallisation (FIC) is of great industrial importance for polymer processing.
Mechanical properties are linked intrinsically to the morphology, therefore any morphological

change (such as crystal structure) will have a profound effect upon a polymeric material.>®-

The entropy of long chain molecules depends upon several factors, including pressure,
temperature and degree of orientation. The thermodynamic consequence of stretching these
molecules under flow is a reduction in entropy and a corresponding increase in the rate of
polymer crystallisation.8! The work of Pennings, Keller and others in the 1950 - 60s led to the
discovery of the ‘shish-kebab’ structure (Figure 1.14).82-8 Developments in X-ray scattering
techniques in the 1990s contributed to a second surge which has largely continued into the

present day.8"-%3

Experiments on the effect of FIC can be divided into two categories: those performed in
processing equipment to observe the effect of FIC for a particular process®*9% and those
performed under carefully controlled laboratory conditions using shear cells or
rheometers.88%-% There are advantages to both, however, laboratory experiments are preferred
to elucidate and separate the roles of flow and temperature which is much harder to do in

processing equipment.®

1.5.4.1 FIC Research Landscape
Pennings and Kiel observed an unusual fibrillar morphological structure upon stirring dilute

PE solutions in xylene.8? They were able to show that fibrillar crystals could be grown in
flowing solutions under simple laminar flow.2® Dilute solutions were used to minimise the
effect of macromolecular interactions - isolated molecules in a flow field could more easily be
studied, chain extension could be more easily observed and single crystal recovery for further
analysis made easier.8®2 Thin rings of crystalline PE, with high tensile strengths and strong
birefringence, were deposited upon the stirrer and electron micrographs showed ribbon-like
extended chain crystals with significant lamellae growing from them (Figure 1.14).82
Significant orientation along the fibre axis was also observed.??

Subsequent salient work by Keller and Machin developed the mechanism of formation of
oriented polymer crystals, building upon earlier work by Lindenmeyer who first coined the
term shish-kebabs.**%° Normally, a nucleus is the origin from which crystal growth radiates,
leading to a spherulitic structure.! At a surface, however, growth can only occur perpendicular

to that surface, never through it and the same effect was seen upon ‘flow lines’ which originated

29



during injection-moulding.!® This model of ‘flow-line nucleated crystallisation” was extended
to extruded PE and termed ‘row-structure’.2%%1%% |t was shown that the extension of long chains
promoted the crystallisation of long, thread-like precursors oriented parallel to the direction of
flow. These precursors in turn acted as nucleating agents and a surface for the radial growth
of folded lamella by lowering the energy for crysatallisation.8-%°11 As such, a high molecular
weight tail (HMWT) in the MWD (i.e. the longest chains) was deemed necessary for an
enhancement of crystallisation kinetics.®192103 Blackadder and Schlenitz showed that
ultrasonic agitation could also form shish-kebabs.1** This somewhat unusual observation is,
however, consistent with the view that shish-kebabs are more frequently observed in solutions

that are disturbed during crystallisation.®*%°

Pennings built upon this work in his paper on the hydrodynamic effects of flow upon
crystallisation.®> He crystallised PE using a Couette cell: two concentric cylinders, the inner
of which could rotate at a set shear rate. Under these conditions, the polymer crystallised at a
higher temperature than was possible quiescently and, in similar solution experiments, the
resulting PE crystal attached itself to the stirrer. It was also noted that only the high molecular
weight (HMW) chains crystallised, leaving the low molecular weight (LMW) chains in
solution.’?1% Hydrodynamically, the origin of enhanced crystallisation was traced to the
extensional flow component. Simple shear flow proved incapable of promoting primary
nucleation, but proved extremely good at enhancing the growth of existing primary nuclei into
macroscopic structures. 8.8 In other words, extensional flow accelerated primary
nucleation, whereas shear flow accelerated secondary nucleation and growth.821% A single
molecule in simple shear flow, as is likely in the dilute solutions used, would simply rotate
about its centre of gravity. The necessary conformation change to accelerate crystallisation
kinetics could only be achieved with combined shear and extensional flow components.°-1%
Pennings, Keller and their associates produced numerous papers on the subject and helped to

advance this emerging research field,82-86100-102,106-116

Further study since then has confirmed that increasing the shear rate induces a change in the
crystal morphology from spherulitic at low shear to shish-kebab at high shear.!*"-*?! Further
increases in shear rate cause an increase in orientation and change in PE crystal orientation
from isotropic to anisotropic, aligned along the flow direction.!?? Binsbergen noted that row-
nuclei formed in sheared PP melts which disappeared only when heated to high temperature.*8
These observations were in accordance with Hill and Keller who demonstrated that such row-

nuclei crystals caused nucleation and growth of lamellae oriented transversely to the row-
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nuclei.’?”11® This was exploited by Odell et al. and Bashir et al. to produce extremely high-
modulus PE fibres with an inter-locking shish-kebab structure through capillary extrusion.*?*
125 Mykhaylyk et al. crucially demonstrated that the longest chains in a melt were stretched by
shear flow to form stable nuclei along the flow direction from which the oriented lamellae
morphology subsequently crystallised.® In order to achieve the initial stretching of the longest
chains, shear needs to be applied at rates greater than the inverse relaxation time of the longest
chains in the melt.>!?! Similarly, Maxwell and Lagasse showed that enhancement of the
crystallisation kinetics only occurred at shear rates greater than a critical shear rate,811%

A number of theories have been presented to try and explain why the energy of crystallisation
is lowered by flow-induced orientation.8818 The coil-stretch transition model (CST) first
proposed by de Gennes*?” was developed further by Keller and Kolnaar*?® to account for the
formation of the shish-kebab structure. Flory proposed the entropic reduction model (ERM)*?°
for explaining the acceleration of crystallisation kinetics. This model proved extremely
insightful by proposing that shearing and extending the chains reduces their conformational
entropy.'?® Less entropy is therefore sacrificed when passing into the crystalline state, where
the configurational entropy is taken as zero. When TAS < AH, crystallisation will occur.
Therefore, providing TAS is smaller than the enthalpic term, crystallisation can occur at a
higher temperature as 45 becomes smaller due to chain extension.'?® Both of these models were
theoretical efforts to try and interpret the observed effects of imposing flow on a polymer. The
vast body of observations led to some general conclusions: enhanced crystallisation kinetics,
new crystal forms and crystal morphology modified from spherulite to shish-kebab.!3

More recently, a large body of work has been undertaken by various groups, that builds upon
the models proposed previously, to elucidate the formation of shish-kebabs from crystallisation
under flow.23° Hsiao et al. concluded that the shish were composed of multiple entangled long
chains and linked to coiled sections via a combination of in-situ SAXS and wide-angle x-ray
diffraction (WAXD).}®*3! Kimata et al. postulated that the long chains in the melt played a
catalytic role in recruiting surrounding chains in the formation of shish entities, but their
concentration was not over-represented in the shish compared to the quiescent melt.??
Alternatively, Han proposed that the cores of shish-kebab-like cylinders originated from
stretched bundles of deformed entangled network strands and not extended single chains.132133
The effect of different flow conditions upon the morphology and enhanced crystallisation
kinetics, which stems from an enhanced nucleation density, has also been extensively

investigated.'® Increasing the flow rate, strain, molecular weight and concentration of long
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chains in the MWD enhance both the nucleation and degree of orientation.*?*135137 Keum et
al. found that the stability of shish induced by flow could be improved with an increased
concentration of long chains in the melt.**® Furthermore, the crystal structures induced by flow
have been shown to survive for some time at temperatures above the quiescent melting

temperature, 121139140

Additional models have also been proposed which differ fundamentally from the CST
model.1** Most notably, the stretched network model (SNM) can be applied to entangled
melts.'*? Pennings and Smook proposed that the entangled network of polymer chains during
flow was responsible for shish-kebab formation during gel spinning.14344 During extrusion
also, an inhomogeneous distribution of entanglement relaxation times was apparent: those with
a short lifetime relaxed quickly, whereas those with a long lifetime had greater relaxation times
and could thus maintain chain orientation after flow had ceased.**? Janeshitz-Kriegl et al.
introduced the concept of dormant nuclei for a polymer melt under flow.'#>!4¢ These dormant
nuclei would transform into point-like nuclei only above a critical value of the flow strength
and align along the flow direction. Additional increases in flow strength would cause these
nuclei to merge into shish-like nuclei.**? Kornfield et al. built upon this and proposed that point-
like precursors form initially during flow, from which adjacent chains adsorb to the surface
causing the free chain velocity to reduce and thus stretch.!3>47 Mykhaylyk et al. proposed that
point-like nuclei were directly aligned along the flow direction and aggregated into row nuclei,
but an additional growth step was necessary for the final shish structures to form.56:148149 A
‘ghost nucleation model’ was proposed by Cui et al. whereby the movement of point-like
precursors creates a new surface along their movement trails from which secondary nuclei
promote the formation of row-nuclei.™®® Therefore, for polymer melts, the network of
entanglements, rather than single chain dynamics, are responsible for the formation of shish-

kebabs under flow.142

1.5.4.2 Crystalline Morphology and Mechanism of Formation

Penning’s seminal work was the first to display the crystalline structure resulting from FIC.8?
The shish-kebab morphology is constructed of a thin central core fibre (shish) from which
lamellae grow epitaxially to form rough disks (kebabs) (Figure 1.16). The central core is
composed mainly of the longest chains in the melt or solution and crystallises first with shorter
chains crystallising subsequently onto the fibre to form the lamella overgrowths.'®® The central
core fibre thickness has been calculated to be approximately 1000 A'! with the lamellae
ranging from 1000 - 3000 A in thickness at a spacing of 1000 A.82
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Shish

Figure 1.16: Sketch of a shish-kebab (L) and images of shish-kebabs (R) from the work of

Pennings et al.®

A mechanism for the formation of shish-kebabs by shear flow has been proposed (Figure 1.17
— for clarity, entanglements between chains have been omitted).}*® In the quiescent state,
polymer chains are entangled and coiled (Figure 1.17A). Upon application of shear flow, the
longest chains are stretched and begin to align once a specific amount of work has been applied
at shear rates greater than the inverse Rouse relaxation time (y = 1/tR) of the longest chains
in the melt (Figures 1.17B and 1.17C).> With continued shearing, these stretched and oriented
bundles nucleate to form a row of nuclei and, subsequently, a shish fibre (Figure 1.17D). After
the cessation of shear, cooling the melt initiates thermal crystallisation (Figure 1.17E) and the
remaining chains in the melt use the newly formed shish fibre to crystallise epitaxially into
chain-folded lamellae kebabs (Figure 1.17F) via a diffusion-controlled mechanism.38151
Crucially, the flow time must be applied for a sufficiently long time in order to orient and

stretch the longest chains enough to induce shish formation.149:152
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Figure 1.17: A schematic diagram of the formation of shear-induced structural morphologies
in polymers: a four-stage model of shish formation in a quiescent polymer melt (A) under shear
conditions consisting of stretching of long-chain molecules (stage 1, B), nucleation (stage 2,
C), alignment of shish nuclei (stage 3, D) and fibrillation (stage 4, D). After the cessation of
shear and starting to cool the melt, shorter chains use the newly formed shish as a nucleation

point (E) from which to grow into chain-folded lamellae kebabs (F).14°

Keller and Machin discovered that nitric acid washing could remove an outer part of the shish-
kebab to yield a thinner ribbon-like fibre, measured to be 20 - 30 A thick and 70 A wide.®
However, this fibre was not a smooth ribbon; it too contained lamellae overgrowths and was
thus itself a shish-kebab (Figure 1.18). This finding was also confirmed by Pennings.®* This
leads to a classification of micro and macro shish-kebabs and would suggest that a micro shish-
kebab resides within the core of the much larger macro shish-kebab. Nitric acid can remove
the lamellae from the macro-shish, but not from the micro-shish, the lamellae of which are
permanent. This not only suggests that this is the smallest entity present in these structures,

but also that there is molecular connectivity at the micro-level.*>
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Figure 1.18: The lamellae of the macro-shish (left) can be removed to reveal a much smaller
micro-shish-kebab (right).

1.5.4.3 Mechanical Properties

The formation of shish-kebabs has been shown to increase the mechanical properties of
polymer products.®® More specifically, the tensile strength, fracture toughness, flexural
modulus and elongation to break can all be increased.’® Research suggests that the shish-
kebab structure can dissipate the energy of deformation along the length of the shish, thus
providing an enhancement over spherulites.®™> The drawback, however, is a corresponding
decrease in ductility which can make processing difficult.®> By forming shish-kebabs, the
crystallinity of a sample is increased. Since more energy input is required to deform a
crystalline (compared to an amorphous) region, the net result is an observable enhancement in
properties.’® For example, work by Bai et al. showed that increasing the crystallinity, by the
formation of shish-kebabs, of injection moulded samples resulted in an increase in yield

strength, amongst other properties.>®

Most of the mechanical enhancement via shish-kebabs occurs in the direction of the fibre,
which grows parallel to the direction of the flow. As such, uniaxially oriented fibres prove
extremely strong when pulled in the shish direction.*® Conversely, if a stress is applied
perpendicularly to the fibre direction (transverse), the mechanical enhancement is not as readily
observed. Keller et al. explained that much of the axial strength arises due to covalent bonding
along the chain axis which is much stronger than intermolecular chain bonding.!?® They also
observed that the kebabs interlocked, thus preventing crystal slippage and increasing stiffness

and strength along the shish direction.'?

This transverse (or radial) stress can cause serious problems for pipe manufacture, where slow
crack growth (SCG) along the pipe length is the principal mechanism of pipe failure.*” Through
the manufacturing process, polymer chains are naturally oriented along the pipe length
resulting in very strong axial strength, but weaker transverse radial strength. Much research

has been undertaken to try and solve this problem, and it was discovered that rotating the pipe
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through the die head and/ or mandrel correspondingly twisted the oriented structures around
the pipe diameter in a spiral fashion; therefore orientation was no longer parallel to the pipe

longitudinal axis alleviating the SCG failure mechanism,44647.156.157

1.6 Single-Polymer Composites

Composite technology has revolutionised many key industrial applications, most notably in
aircraft manufacture. Their key properties of high strength and low weight have led to many
new developments that would not have been possible with conventional materials, such as steel,
wood, glass or ceramics. Bulk plastics typically suffer from low elastic moduli when compared
to metal counterparts, however reinforcement of these bulk plastics can redress this imbalance.
In particular, continuous fibre-reinforced composites comprise a great number of applications.
Key properties, and advantages over conventional metals for example, include higher stiffness,
improved corrosion resistance and greater fatigue strength.'®® The typical construction of such
composites involves a continuous fibre, such as carbon, glass or aramid, often in a woven fabric

impregnated in a continuous matrix phase, such as epoxy resin, 58159

The primary aim of any fibre-reinforced composite is to obtain materials with both high
strength and elastic modulus.®® Typically, very strong materials are brittle and do not exhibit
elasticity, whereas elastic materials do not have the necessary strength requirements for load
bearing applications. Fibre-reinforced composites negate this issue with a high strength fibre
and more elastic reinforcing matrix. Single-polymer composites (SPCs), also known as
polymer self-composites, are an exciting and interesting new development in fibre-reinforced
polymer materials. Typical composites comprise two different materials, e.g. a glass- or
carbon-fibre embedded into an epoxy resin.'®® SPCs use a matrix and fibre reinforcement of

the same material, for example HDPE matrix and UHMWPE fibre.

A common issue with traditional composites is their end-of-life disposal because the matrix
(for example, epoxy resin) and fibre reinforcement (for example, carbon fibre) are typically not
compatible to be recycled in the same waste streams.*®! Therefore, an extra step, and added
expense, is the separation of the matrix from the fibre typically by milling or chipping. Thus,
another key advantage of SPCs lies in their inherent recyclability, as both the fibre and the

matrix are fully compatible in the same waste streams.*6!
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1.6.1 Composite Technoloqy

The mechanical behaviour of fibre-reinforced composites depends predominantly on the ability
for stress transfer from the matrix to the fibre. This in turn depends on a number of parameters,
including matrix strength, fibre strength and the fibre/matrix interfacial adhesion. Thus, the

use of stronger fibres and matrices leads ultimately to stronger composites.!6

The 1930s are often heralded as the start of the fibre-reinforced composite industry with the
advent of glass fibres and fibreglass — typically SiO2-based with small amounts of other
metal/non-metal oxides. Typical tensile strengths of these fibres in commercial applications
are of the order 2.8 — 4.8 GPa.® It was not until 1964, that carbon-fibre was first discovered
and subsequently applied to composite materials, specifically in aircraft components where
high strength-to-weight ratios and fatigue resistance are crucial.®® Importantly, carbon fibres
are relatively inert, resistant to moisture and thermal expansion and have high thermal and
electrical conductivity. Of all the reinforcing fibres, carbon fibre offers the highest tensile
strength, with a maximum of 7 GPa, and elastic moduli between 200 — 400 GPa.®® In the
decade that followed, aramid and UHMWPE fibres were also incorporated and led to
remarkable breakthroughs in aircraft and automotive transportation, sporting equipment, body

armour and much more.16?

1.6.2 UHMWPE Composites

Aside from the issues surrounding end-of-life disposal, another inherent problem with

conventional composites, is achieving a strong and stable interface between chemically
different fibre- reinforcement and matrix.®2 Not so with SPCs, as both the fibre and matrix
are chemically identical. The manufacture of these composites exploits a narrow temperature
window between the melting points of the two materials caused by the orientation of the
UHMWPE chains.'®® Ideally, the matrix needs to melt and fully wet the fibres without thermal
relaxation destroying any of the orientation in the reinforcing fibre. Typically, this temperature
window is 10 - 20 °C, depending on melting temperatures of the components, so careful

temperature control is required.

Capiati and Porter first published findings of HDPE reinforced with UHMWRPE fibres — the
first SPCs.1%2 Their findings showed that extended and aligned chain crystals had a higher
melting point, due to the greater thermodynamic stability of extended chains, than conventional
crystals. Hine et al. explored different melt pressing techniques in order to ascertain the optimal

route.*® Hot compaction and film stacking were combined with woven and non-woven tapes

37



to allow the comparison of traditional hot compaction, traditional film stacking and a combined
approach. Their results showed that the combined approach gave the greatest mechanical
properties and a larger temperature processing window, likely due to the partial melting and
wetting of the fibre surface allowing for a better interface.'®* Followed by Deng and Shallaby,
SPCs of UHMWPE fibre and matrix gave favourable tensile strength and creep resistance, but
no change in wear properties, with specific focus on load-bearing biomedical applications.®®
Guan et al. reported on mould temperature effects in an oscillating stress field, with specific
focus on measuring the resulting improved mechanical properties.’®® Differential scanning
calorimetry (DSC) measurements revealed a double peak melting endotherm, which was
attributed to the presence of spherulites at the lower temperature and shish-kebabs at the higher
temperature - the orientation of these shish-kebabs was determined by WAXD.%® The presence
of the latter helped to explain the increased mechanical performance.

Huang et al. used continuous extrusion to produce self-reinforced sheets of HDPE, the tensile
properties of which were improved.t®” By careful design and control of the die head pressure
at the die exit, FIC was successfully used to produce these samples. The increasing extensional
strain rate as the melt approached the die exit was sufficient to increase the crystallisation rate.
Zhang et al. used oscillating packing injection moulding to produce SPCs of HDPE/LDPE with
improved tensile strength and modulus.'®® This was attributed to the orientation of the chains
and resulting shish-kebab crystal structures with DSC and WAXD measurements revealing
some co-crystallisation between HDPE and LDPE. Amer and Ganapathiraju investigated the
effects of common processing parameters (cooling rate, temperature, processing pressure and
duration) on the elastic modulus of self-reinforced HDPE.!%® Optimum parameters were shown
to be matrix-dependent with higher moduli achieved for slower HDPE matrix cooling rates.

Similarly to Zhang et al., Lei et al. focussed on dynamic packing injection moulding to produce
uni- and bi-axially oriented specimens.!’® Both the flow direction and transverse direction were
studied, with a 42 % increase in tensile strength in both directions for the bi-axially oriented
samples.t’® DSC, SAXS, WAXD and electron microscopy revealed an inter-locking shish-
kebab structure which explained the improved mechanical properties. Further work revealed
the presence of a transcrystalline layer between the matrix and fibre reinforcement.}’* The
work of Stern et al. showed that this layer was not produced using amorphous fibres, such as
glass, because a sufficiently high heterogeneous nucleation density could not be achieved along

the fibre surface. Subsequent crystal growth was restricted in the lateral direction, hence the
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transcrystalline layer.}’* SPCs from PP, polyester and cellulose have also been fabricated over

the years.
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Chapter 2
Methodology and

Measurement Techniques



2.1 Preparation of Polyethylene Disks
HDPE pellets were supplied by Borealis (HE3490-LS,) and Ineos (B4922N3004), designated

in the subsequent text as PE1 and PE2 respectively. Both materials were designed for use in
pressure pipes for water transport, offering excellent resistance to stress crack propagation and
good processing properties through extrusion.? For the purpose of this study, unpigmented
resins were supplied to prevent potential additional nucleation effects and in order to utilise

polarised light imaging.

HDPE pellets were first heated to 150 °C, above the melting temperature of spherulites, in a
vacuum oven for 12 - 24 hours to degas the material for future processing and measurements.
This was subsequently transferred to a Moore hot press and pressed between 2 steel plates with
0.55 mm spacers at 150 °C. The press was closed and a force applied to approximately 2 tons.
The heating element was switched off and the press cooled to 100 °C to solidify the polymer
below the spherulitic crystallisation temperature, after which point the steel plates were
extracted, opened and the sample removed. Disks of various diameters were cut from the larger
film using a manual hand press. Disks of 25 mm diameter were also prepared via VCM using
the MeltPrep apparatus, full operational details of which are given in Section 2.10.1.

2.2 Apparatus for Shearing Experiments

2.2.1 Shear Geometry Selection

A number of available geometries are capable of shearing a polymer sample, each imparting
different flow. Typically, the four most commonly used are cone-plate,® rectilinear parallel
plates,* slot flow® and torsional parallel-plates.® A uniform shear rate is obtained for cone-plate
and rectilinear parallel plates, whereas a linear distribution of shear rate is obtained with slot
flow and parallel plates. A fifth geometry is also available, which also imparts a uniform shear

rate — the concentric cylinder Couette flow.5’

50



2.2.2 Cone-Plate and Parallel-Plate Geometries

Typically, rotational rheometers have two fixtures, one of which rotates whilst the other
remains stationary; the rotating fixture can either be a cone or parallel (Figure 2.1).*

A
\ 4

A
\ 4
~N

e SN

Figure 2.1: Two types of rheometer fixture: cone-plate (left) and parallel-plate (right). The
cone-plate fixture has an associated cone angle, 6, which makes the shear rate across the sample
radius, r, constant at a defined angular speed, w. The parallel-plate fixture results in a radial
distribution of shear rates across the sample, changing linearly from zero at the centre to
maximum at the fixture edge. The sample is represented with dashed lines, the fixture in white

and the base in grey.

The results of a test performed with either fixture will generally be consistent, however, the

difference lies in the shear rate distribution across the sample. The shear rate is determined by:
)= — 2.1
Y= h

where y is the shear rate, w is the angular speed, r is the distance from the centre of rotation
and h is the sample thickness. For a cone-plate fixture, the sample gap increases radially
towards the edge and wr/h ratio remains constant; therefore, for a given angular speed and
radius, the shear rate (reported as that at the disk edge for both cone-plate and parallel plate)
remains constant over the whole sample.* For a parallel-plate fixture, the sample thickness h is
constant and, therefore, a distribution of shear rates is obtained from zero at the centre to V4.
at the edge (Figure 2.2).* For shear thinning materials in a parallel plate, it is therefore possible
that a corresponding distribution in the magnitude of shear-thinning could also occur across
the diameter, with the greatest shear-thinning occurring at the disk edge with maximum shear
rate (Vmax)- Hence, small diameter plates and low oscillation amplitude measurements are
used to help minimise this effect.* For steady-state parallel plate shear flow, the Weissenberg-
Rabinowitsch correction takes account of the higher shear rates at the disk edge and thus can
be applied to account for the non-linear flow behaviour.*
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w, angular speed .
Ymax

wr
y() = o

Figure 2.2: A linear distribution of shear rates is observed across parallel-plate shear with the
shear rate equal to zero at the centre and maximum (y,,,4,) at the disk edge. The shear rate can

be calculated from the disk radius (r), the gap between plates (h), and the angular speed (w).2

When trying to ascertain boundary conditions for nucleation and flow experiments, a
distribution of shear rates is most beneficial — especially if flow conditions are unknown.®
Therefore, a torsional parallel-plate shearing device was selected for use in this work (Figure
2.1). However, subsequent work required larger oriented samples with a uniform orientation,
for mechanical testing and permeation measurements, and so a novel Couette cell shearing
device was developed and utilised. By shearing under a number of different conditions, and
hence producing different degrees of polymer chain orientation, subsequent tensile testing
would give the modulus for each set of conditions to show the effect of orientation upon

mechanical properties.®

2.2.3 Couette Geometry

Shear rheometers can be divided into two categories: drag-flow and pressure-driven flow.
Drag-flow rheometers, such as Couette fixtures, generate shear between moving and fixed solid
surfaces, whereas pressure-driven rheometers use a pressure difference over a closed channel

to generate shear (Figure 2.3).°

Flow — moving plate Stationary plate
y
—
=
—
Stationary plate Stationary plate

Figure 2.3: Diagrams depicting drag-flow (left) and pressure-driven flow (right).
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The Couette viscometer is a rotational, drag-flow rheometer, but differs significantly from the
fixtures previously described. Also known as a ‘cup and bob’ or ‘concentric cylinder’, this
particular fixture uses two concentric cylinders with one or both able to rotate. Typically, the
outer cylinder is fixed (the stator) whilst the inner cylinder (rotor) rotates (Figure 2.4). If the
stator-rotor gap is small enough, the curvature can be neglected and the fluid under

investigation is considered to experience a constant shear rate.°

Stator

Sample gap

Sample

Figure 2.4: A cross-section (left) schematic of the rotor and stator assembly showing the small
sample gap. An example (right) schematic of an angled Couette fixture. The sample is
highlighted by the dashed lines between the rotor (light grey) and stator (dark grey) gap. w is

the angular rotation of the rotor.

2.2.4 Instrument Selection

Whilst rheometers can impart very accurate flow fields, temperature control is more accurate
with shear devices such as a Linkam CSS450 shear cell, fitted with silver block heaters.®
Previous work by Mykhaylyk et al. has shown that, even for the Linkam device, a temperature
gradient of 1 °C exists across the sample plates at a radius exceeding 10 mm from the centre
point.® Thus, it was necessary to use small samples for these shear experiments with a gap of
0.5 mm chosen. In order to provide accurate flow fields, some modifications were made by
Mykhaylyk et al. to stabilise the motors and handle the normal forces produced when shearing

viscous materials.®

A novel Couette cell was constructed by previous members of the research group, and modified

during the course of this research, to enable shearing of larger polymer films in order to obtain
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uniformly oriented specimens for mechanical testing. Crucially, the outer stator could be

disassembled and removed to retrieve the crystallised samples.

2.3 Gel Permeation Chromatography

2.3.1 Background & Theory

Polymers, regardless of polymerisation route, always contain a mixture of chains of different

molecular weights. The reason for the inherent dispersity of polymers arises due to the
statistical variations in common polymerisation processes, such as free radical or step growth.!
GPC is an extremely valuable tool for characterising this MWD. The basic apparatus consists
of a series of reference and measurement columns packed with porous beads, a detector for
measuring the concentration of polymer within the eluent over time and a system for recording

the eluent volume.1?

The columns contain porous, crosslinked polystyrene beads with pores ranging in diameter
from 60 A - 10" A.® Only solubilised polymer can be measured, so any insoluble gel must be
removed prior to the measurement. For successful characterisation, each polymer chain must
form a random coil and the solution be sufficiently dilute so as to avoid polymer-polymer
interactions. Different solvents will cause different degrees of solvation and swelling of the
polymer, resulting in different hydrodynamic radii (Rn). Other effects, such as conformational
changes, resonance forms, steric bulk of branches and degree of branching, can all affect the
Rn.!! A solution of the sample polymer, dissolved in the column eluent, flows through the
column at a known and controlled rate, whereby interaction between the beads and solvated
polymer molecules causes fractionation of the material according to size exclusion of certain
molecular dimensions.* Longer chains will have a larger Rn value and thus will elute much
quicker than shorter chains with lower Rn values as the latter chains will have greater interaction

with the pores in the separation columns, therefore producing a distribution in elution times.*?*3

Calibration should be performed ideally using fractions of known molecular weight and narrow
MWD of the polymer under investigation. Since such fractions are generally not available, a
universal calibration method is employed whereby the elution volume of a polymer fraction
can be related to the intrinsic viscosity of a solution at a certain molecular weight, /#/M, to
produce a calibration curve plot (Figure 2.5).
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Polystyrene
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S Polyethylene

SS

Retention Time (min)
Figure 2.5: Example sketch of universal calibration curves for polystyrene and polyethylene

narrow standards. Information obtained from Agilent Technologies Application Note.!®

It has been shown that when a calibration plot of log/n/M vs retention time (Vr) is made, many
different polymer types, including branched polymers, fall upon this single curve where 7 is
the intrinsic viscosity (the relative viscosity increase of a solvent resulting from the addition of
polymer molecules?) for a specific M.12® Therefore, the calibration plot provides a relation
between intrinsic viscosity and M of a polymer solution through the Mark-Houwink equation
(Eq. 2.2):1

[n] = K,M* 2.2

where the values of K, and o are related to a specific polymer-solvent system.'® The reciprocal
function of the size of the polymer in solution is proportional to K, and « describes the quality
of the solvent.'® As viscosity is a function of polymer chain size (the hydrodynamic radius),
and not strictly M, the viscosity-average molecular weight depends strongly upon polymer-
solvent interactions.” Typically, narrow MWD polystyrenes are used and, providing the Kp
and o values of both polymers are known (typically found in the literature), a good calibration

can be made and the molecular weight of the sample polymer can be obtained. 2131618

2.3.2 Measurement Conditions

HDPE is sparingly soluble in organic solvents and only in those at elevated temperatures close
to or above its melting point. In particular, HDPE can only be solubilised by 1,2,4-
trichlorobenzene at 138 °C or xylene above 100 °C.1*171%-22 Thys, the MWD of HDPE was
measured by conventional HT-GPC at 160 °C using 1,2,4-trichlorobenzene as the eluent by

outsourcing to Smithers Rapra, Shawbury, UK.
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A solution of each polymer was prepared by adding 15 mL of eluent to 15 mg of sample and
heating at 190 °C for 20 minutes with shaking to aid dissolution. The solutions were allowed
to cool to 160 °C and subsequently filtered through a 1.0 um mesh of glass-fibres directly into

autosampler vials with automatic sample injection.

The measurement was performed using an Agilent Technologies PL GPC220 with Agilent
Technologies Olexis columns (PLgel Olexis guard plus 3 x Olexis, 30 cm, 13 um) at a flow
rate of 1.0 mL/minute at 160 °C. All data acquisition and handling were performed by Agilent
Technologies Cirrus software. A differential refractive index (RI) detector (effectively
measuring concentration) and on-line differential pressure (DP) detector were used to obtain
the chromatograms. This latter detector is more sensitive to high My polymers as the response
is a function of intrinsic viscosity (effectively My) and concentration. However, providing that
measured samples are of the same chemical structure and composition, RI detectors allow for
better comparison of MWD as the response is proportional to My and concentration of the

eluted sample.®

By using known polystyrene calibration standards with a narrow MWD in the same eluent, the
chromatograms obtained through RI detectors can be converted to MWDs.?! Calibration was
undertaken using a series of Agilent/Polymer Laboratories EasiVial PS-H polystyrene
calibrants with further mathematical procedures involving literature viscosity constants (Mark-

Houwink parameters) applied to express the results for linear HDPE (Table 2.1).2!

Polystyrene Polyethylene
(calibrants)  (samples)
o 0.707 0.725
Kp x 104 1.21 4.06
Table 2.1: Mark-Houwink parameters used to calibrate the HT-GPC for linear polyethylene

using polystyrene calibrants.

2.4 Differential Scanning Calorimetry

Thermal properties and transitions, such as melting and crystallisation, can be obtained through
DSC and it was used in this work to select the temperature ranges used in the rheological

measurements and shearing experiments.
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2.4.1 Background & Theory

A typical heat flux-DSC (HF-DSC) consists of a furnace and two sample environments, each

connected to a thermocouple (Figure 2.6). Above each thermocouple sits either an empty
reference pan or a sample pan, both typically made from aluminium. Providing each pan is

made from the same material, thermal effects arising from this material can be discounted.?®

| —Furnace Furnace ——

Reference Pan L Sample Pan

Ry

DRI

RN

Thermocouple

Thermocouple

Figure 2.6: A schematic of a typical heat-flux differential scanning calorimeter. Sample and
empty reference pans rest upon individual thermocouples with heating supplied at a controlled
rate via the furnace. The resulting discrepancies in heat flow in the sample pan are recorded.

During a DSC measurement, a sample and reference are subjected to a controlled temperature
program and the resulting difference in the heat flow, and hence the enthalpy, between the two
is measured.?*?® The resulting DSC curve expresses heat flow over time (or temperature) with

heat flow given by:

dH dT 23

a7 =~ Crgp H@O

where Z—: is the heat flow (W g or mW g, Cp is the specific heat capacity (J g Kb), % is
the heating rate (°C min) and £ (T, t) is a (kinetic) function of time and temperature and is

strongly affected by phase transitions (e.g. melting, crystallisation etc.).?® Recall that enthalpy

can be defined thermodynamically by:

T

H= prdT 2.4
0

Hence, knowledge of Cp, from zero Kelvin up to the relevant temperature of interest allows for
accurate material property determination.?® For endothermic transitions (such as melting), the

enthalpy of the system increases, whereas for exothermic transitions (such as crystallisation),
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the enthalpy of the system decreases.?®>?"?® In the absence of any phase transitions, and
therefore enthalpy changes, the amplitude of the DSC curve is proportional to the heat capacity
at constant ambient pressure.? For both endothermic and exothermic peaks, integration of the
peak will yield the enthalpy of the transition, provided that an accurate baseline calibration (to

obtain Cp) has been performed.?®

When analysing DSC curves for semicrystalline polymers, there are some important
temperatures and associated considerations. Upon melting there are two melting points: a lower
transition corresponding to the spherulitic melting temperature, Tms, and an upper transition,
known as the equilibrium melting temperature, T2 - the melting point of an infinitely thick
crystal 823031 For HDPE, this value is 145.5 °C.2° Tps is often simply referred to as the
melting point (or nominal melting point) of the polymer and is associated with quiescently
cooled polymer melts (from which spherulites are the dominant morphology).® Additionally,

the onset and end points of crystallisation and melting can be determined.

In all DSC measurements performed in this work, a cyclic heating-cooling protocol was
employed, unless stated otherwise (Table 2.2). The temperature of the first heating exceeded
T,% and was held isothermally for 10 minutes to ensure complete erasing of the thermal and
processing history. The first cooling, in particular the cooling rate, depends largely upon the
information required. Under slow cooling, high crystallinities can be achieved as the polymer
chains have sufficient time to arrange into an optimal state.3>%® Fast cooling, however, can
effectively quench the amorphous state or be useful when performing isothermal crystallisation
studies.®® The second heating provides information regarding the thermal behaviour of the
polymer and the structure obtained during the previous cooling, hence the importance of
cooling rate selection.?® Thus, this step provides information upon the material without
processing history effects. The second cooling step is not strictly necessary, however can be
useful for comparison to the first cooling.

2.4.2 Deqgree of Crystallinity

Several methods have been developed to measure the degree of crystallinity in polyolefins,
such as density measurements, Raman spectroscopy, SAXS, WAXS and DSC.*? From a
practical perspective, DSC offers a balance of simplicity and valuable quantitative information,

providing special attention is paid to heating rate and baseline calibrations.?33237

By quantifying the heat associated with fusion (melting) of the polymer, polymer crystallinity,

X, can be determined. This value is typically reported as a percentage and is obtained by
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normalising the obtained heat of fusion against that for a 100 % crystalline polymer
sample.?>3738 For PE, such crystals cannot be produced and, therefore, theoretical values must
be used.?>32373% Wunderlich and colleagues estimated this value to be 293 J g by
extrapolation from an almost completely crystalline PE formed via high-pressure
crystallisation.®**> A further complication is the broadening of the melting endotherm of

polymeric species due to the distribution of crystal stem lengths present.?>46-49

2.4.3 Measurement Conditions

A TA Instruments DSC25 was used, with temperature and heat capacity calibrations performed
prior to measurement using indium standards. All measurements were performed under a
nitrogen atmosphere, to avoid oxidative sample degradation.? The polymer sample weights
ranged between 5 - 10 mg (in order to minimise any thermal gradient in the sample), measured
using a 4 decimal point balance and encapsulated in high-purity aluminium pans with a hole
punched into the lid to maintain atmospheric pressure during heating.?® A 4-step heating and
cooling protocol at 10 °C min was applied to each sample (Table 2.2). All measurements and

data analysis were performed using TA instruments Trios software.

Initial Final
Step
Temperature (°C) Temperature (°C)
1 40 180
2 180 40
3 40 180
4 180 40

Table 2.2: Initial and final temperatures at each step of the DSC temperature program for the
measurement of melting and crystallisation enthalpies and temperatures of HDPE samples. All

heating and cooling rates were 10 °C min™.

The measurement of isothermal crystallisation Kinetics required a modified temperature
protocol, with all other calibrations and instrumentation the same. Samples were heated at 10
°C mint to 136 °C and maintained isothermally for 1 minute at this temperature. The samples
were next cooled at a rate of 100 °C min to the crystallisation temperature and maintained
isothermally at this temperature for 10 minutes before cooling to room temperature at 20 °C
minL. Crystallisation temperatures for each successive measurement were between 120 — 110

°C in 2 °C increments with a new sample used each time.
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2.5 Rheology
2.5.1 Background & Theory

Rheology is the study of the deformation and flow of matter, and is often dominated by

studying complex fluids such as polymers, suspensions and slurries. Early theories of elasticity
and viscosity were developed by Hooke and Newton: Hooke’s theory of elasticity states that
force is directly proportional to deflection;>® Newton established viscosity relationships for
normal liquids - applying only to fluids with Newtonian behaviour, viscosity is constant
regardless of shear rate (i.e. shear rate-independent).>®* A liquid showing any deviation from

these conditions is non-Newtonian or viscoelastic, such as a PE melt.1°

In the 19™ century, Navier and Stokes presented a consistent theory for a Newtonian viscous
liquid (named such in honour of Newton). For simple shear, a shear stress, o, results in a shear
flow which persists as long as stress is applied, in the case of a Newtonian liquid.® With respect
to both of these theories, complex, non-Newtonian fluids, such as polymer melts, do not obey
either of them. Polymers show non-linear behaviour, whereby a material property can change
as the applied stress also changes — but not in a linear fashion. An example is shear-thinning
viscosity behaviour with increasing shear rate. Thus, there are elements of both viscous and

elastic components to the behaviour.

Thinking in terms of the earliest definitions for material classification, the Newtonian fluid and
Hookean solid, it is apparent that there are two types of behaviour resulting from an applied
stress. A classical fluid will flow under stress, but a solid will deform under that same stress.
Polymers exhibit both flow and deformation, depending on the type of polymer and applied
shear stress. Therefore, rheology is an important tool to understand material behaviour, both
during flow and/or deformation. Viscosity is an extremely important material parameter. As
polymers display non-Newtonian (viscoelastic) behaviour, parameters such as shear rate and
temperature can affect the measured viscosity and is thus an important consideration when

designing polymer processing techniques.®®

2.5.2 Rheometers

One of the simplest types of rheometer is the viscometer, which consists of a spindle dipped

into the test liquid. By rotating this spindle, and measuring the torque required to do so, the
viscosity of the liquid can be obtained.® This technique forms the basis of the rotational
rheometer, used to generate torsional shear flows. In the majority of rotational tests, the

imposed stress and strain may be kept constant (i.e. steady shear) or oscillate sinusoidally (i.e.
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oscillatory shear) with time.® For Newtonian liquids, rotational steady-shear measurements can
be used to obtain the viscosity.® However, as non-Newtonian liquids display viscoelastic
behaviour, sinusoidal oscillatory measurements are capable of detecting the influence of both
viscous and elastic components upon the material response.® Additionally, oscillatory tests are
regarded as non-destructive when performed in the linear viscoelastic region (LVR) as the
microstructure is not destroyed by the applied deformation.® When a sinusoidal stress is applied
to a material, a corresponding sinusoidal strain response is observed, measured as torque by
the rheometer®2. The strain of a viscoelastic material is out of phase with the applied stress by
the phase angle, ¢, due to the extra time necessary for molecular motions and relaxations to

occur (Figure 2.7).2°

I A — Stress

— Strain

Amplitude

a Time

Figure 2.7: Sinusoidal waveforms for stress and strain functions during a rheology

measurement with associated phase shift, §, between the respective waveforms.

Viscoelastic materials exhibit both viscous and elastic behaviour and the measurement
response reflects this with an elastic component, G, and a viscous component, G 3652 These
are often referred to as the storage modulus and loss modulus respectively. The amplitude of
the strain and stress gives G, the phase difference combined with the amplitude of strain and
stress gives G .52 A further component, complex viscosity (#*), can be calculated from the

storage and loss moduli and angular frequency of oscillations, w:
! 2 n 2
G G
In"| = \/(—) + (—) 2.5
w w
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Consider the case of a spindle dipped into a Newtonian liquid; upon rotation, this purely
viscous, inelastic liquid will display a concave surface due to centripetal force pushing the
liquid away from the axis of rotation.>* Conversely, a non-Newtonian, viscoelastic liquid will
be observed ‘climbing’ up the rod — this free surface climbing is known as the normal stress
(Weissenberg) effect.>*® The rod climbing is caused by normal stresses generated by shear.®’
When a viscoelastic liquid undergoes shear flow, an additional normal stress arises in the flow
direction due to the stretching and orientation of the entangled network, in addition to the usual
shearing stress.>*® A normal stress alone has little rheological significance, since if the stress
is isotropic no deformation will occur, however a normal stress difference can cause
deformation.>® Two, independent normal stress differences are apparent (termed the first and
second normal stress difference, N1 and N2 respectively) which, in conjunction with the
viscosity, are functions of shear rate and are called the viscometric functions (Eq. 2.6 — 2.8):

n) = a/y 2.6
N,(¥) = 011 — 0y 2.7
2.8

N,(y) = 03 — 033

where o is the shear stress, y is the shear strain, o, is the normal stress component acting in
the direction of shear/flow, o,, is the normal stress component acting perpendicular to the
shearing plane and o35 is the normal stress component acting in the transverse direction to

shearing.°

These normal forces have been studied in detail for polymer melts for two principal reasons.
Firstly, these elastic stresses give rise to interesting flow behaviour, such as rod climbing and
extrudate swell. Secondly, they have proven important in determining the constitutive
equations for general flow that provide relations between the applied stress and resulting
deformation rate.3®! Thus, for high viscosity, polymer melts oscillatory measurements are
favoured over rotational measurements to minimise the Weissenberg effect. Whilst the sample
under investigation in a theometer is confined underneath the plate fixture, the same ‘climbing’
effect occurs, exhibited as an axial ‘normal force’ against the fixture, measured by an axial
force sensor. The sensitive nature of rheometer components necessitates normal force limits to

be placed on the motors to prevent damage, which are swiftly reached with viscous materials.
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2.5.3 Variation with Shear Rate

Situation Shear Application
Rate (s?)

Sedimentation of fine powder in liquid 10%—10* | Medicines, paints
Levelling due to surface tension 102 —107 | Paints, printing inks
Draining under gravity 101 - 10! | Painting and coating
Extruders 10°—10% | Polymers
Mixing and stirring 10' — 10® | Liquid manufacture
Pipe flow 10° - 10® | Pumping, blood flow
Spraying and brushing 10%—10* | Spray-painting, brushing
Lubrication 10% - 10" | Internal-combustion engine

Table 2.3: Typical shear rate ranges for common industrial and household processes.

A wide range of shear rates (Table 2.3) can be encountered in industrial and everyday

situations, demonstrating the varying conditions a polymer melt might be subjected to. 1° The

approximate shear rate for any operation can be estimated by dividing the average velocity of

the liquid by a characteristic dimension (such as the radius of the tube the liquid flows

through).*°

PE melts are viscoelastic and exhibit shear-thinning, a reduction in the measured viscosity as

the shear rate increases (Figure 2.8). Generally speaking, shear-thinning is a characteristic of

non-Newtonian liquids, enhanced by a broad MWD, and arises from the alignment of the

entangled network (at rest, no shear applied) with the flow direction under applied shear.*
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Figure 2.8: A plot of shear rate against viscosity showing a typical shear-thinning curve for a
non-Newtonian liquid with the Power Law region, zero-shear (n,) and infinite-shear (1)

plateaus indicated.

Note that plateaus are found at the lowest and highest shear rate regions. These signify the
zero-shear viscosity, 7o, at low shear rate when the limit tends to zero,5? and infinite-shear
viscosity, 7., at high shear rate when the limit tends to infinity.®® Historically, these have also
been called the 1 and 2" Newtonian plateaus respectively. In order to obtain a complete flow
curve, two or often three different viscosity measurement techniques are needed to access a
wide shear rate range as these different techniques often have over-lapping shear rate regions.
Once generated, there are a number of equations that can be used to model this flow curve and

obtain values for 7o and 7.

The Power Law Model, which describes the relationship between shear rate and viscosity, can
be defined:

n= K)'/n—l 29

where n is the power law index and K is the consistency index. For most polymer melts, the
power law region describes the characteristic shear-thinning behaviour.®® The limitation of this
model is that it can only fit the linear part of the double logarithmic flow curve where the fluid

shows power law behaviour and cannot capture the Newtonian plateaus.

Polymer melts display complex flow behaviour and therefore require complex models to
adequately describe this behaviour. The Power Law Model is applicable within the range
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Ne K N K 19, however outside of this range, it can be expanded to the empirical Cross
Model:

(770 - 7700) 2-10

()| = ne + W

where n(y) is the shear rate-dependent viscosity, n, and 7., are the zero-shear and infinite-
shear viscosities respectively, y is the shear rate, K is the consistency index and n is the power
law index.5#%> One disadvantage of this model, however, is the difficulty in measuring 1,
experimentally and, as such, is often set to a small value or discounted as negligible.®® By also
utilising the Cox-Merz rule, which correlates dynamic and steady-flow measurements, y and

w can be directly interchanged:
'@l =n@)  forw=7y 2.11
A major benefit of this rule is the ability to predict n*(y) from oscillatory measurements.5¢:¢7

2.5.6 Rheological Models

Several rheological models are useful for describing and understanding the linear viscoelastic

and relaxation behaviour of polymer melts.

2.5.6.1 Maxwell Model

A fundamental mathematical model for describing stress relaxation from rheological data is

the Maxwell Model.*8 It describes linear viscoelastic behaviour by considering both the elastic
and viscous components of a material, represented by the spring (elastic) and dashpot (viscous)

connected in series (Figure 2.9).1°

G

Figure 2.9: A diagram depicting a spring and dashpot in series to represent one of the simplest
linear viscoelastic models, the Maxwell Model. When a stress (z) is applied, the measured
response can be modelled by the spring and dashpot connected in series. The viscous

component is represented by the dashpot () and the elastic component by the spring (G).

Upon application of a constant strain, only the spring deforms initially followed by the time-

dependent dashpot response, which deforms under the same strain. As the stress relaxes to
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zero, the deformation is transferred to the dashpot leading to a loss of energy as this latter
deformation is irreversible.®® For slow motions, viscous Newtonian behaviour dominates,

whereas elastic behaviour dominates at rapidly changing stresses.®

The general constitutive equation for the Maxwell model is given by:

) do
ny :TrE-I_O- 2.12

where 7 is the relaxation time of the material. For oscillatory motion, a constitutive equation

can be formulated:

o
— =G'si t)+G" t
e sin(wt) cos(wt) 213

(wt)?
1+ (wt)?

w
1+ (wt)?

where G' =G and G =n

At sufficiently low frequencies (o << 1/zr), these reduce further to:

2.14a

G =G 2 and G" =
o(@Tr) nw 2.14b

Gl

w=1/T

Angular Frequency,

Figure 2.10: A typical Maxwellian response of the storage modulus, G’, and loss modulus,

G ”, against angular frequency, w, on a double logarithmic scale.

For a typical Maxwellian oscillatory response (Figure 2.10), G is much larger than G’ at low
frequencies and, therefore, liquid-like behaviour dominates. As the oscillatory frequency

increases, G’ increases to an extent that solid-like behaviour dominates. At the maximum of
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G”, G’ is equal to G” - this critical crossover frequency is the inverse of the relaxation time,
w= ]/Tr.4

By utilising multiple Maxwell models in parallel, the dynamic response of a viscoelastic
material over a range of frequencies can be modelled providing that suitable values for G and
7r are selected to cover the entire frequency range of measurement. The values of the overall
G’ and G” at any frequency, w, can be obtained from the sum of i contributions from i

Maxwell elements:*

" wT 2.15a
and G = XM 57 .
2.15

Tri

wTTl
L9+ w22, w2t

G'(w) =) G;

i

2.5.6.2 Boltzmann Superposition

According to Boltzmann’s superposition principle, the influence of strains applied at different
times can be superposed — the deformation of a polymer is the sum, or superposition, of all
strains that results from various deformations acting at different times.®®%® Therefore, the

material response to a certain strain is independent of any existing strain.®®
If, at a particular time ti a strain Ay(t) is applied, the resulting stress can be expressed by:
Txyi(t) =G(t— ti)Anyi(ti) 2.16

where 7 is the stress and G is the relaxation modulus. Therefore, the stress within a specimen
exposed to several different strains at different time points can be found by the sum of all stress

responses when t > t;:

n
Ty (© = ) G (¢ = )0y, (8 )17
i=1

2.5.6.3 Time-Temperature Superposition

For a Newtonian liquid, viscosity decreases as temperature increases according to the

Arrhenius equation:
n=Ae’/r 2.18
where T is the absolute temperature and A and B are constants of the liquid.

Non-Newtonian liquids, similarly, show a strong dependence upon temperature due to several
reasons. The dominating factor is the strong decrease of relaxation times with increasing

temperature; less importantly, the moduli associated with such relaxation processes and

67



absolute temperature are proportional.®> Thus another superposition is the time-temperature
superposition (TTS). By shifting the data obtained at several different temperatures to a
common reference temperature, the viscoelastic behaviour of a material over a broad range of
times or frequencies can be described.” It requires the use of temperature-dependent (vertical),
and time-dependent (horizontal), shift factors (ar and br respectively) on double-logarithmic
plots of, for example, G’/G” against angular frequency, w. A mastercurve can be generated
through the use of these shift factors to give a data range covering several decades that cannot

be measured on any one single rheometer at any one temperature.

In generating the mastercurve, two relationships can be used along with the temperature-
dependent shift factor, ar. By studying the temperature dependence of liquid viscosity, the
empirical Arrhenius relationship can be proposed in terms of ar:

ar (T) = exp [% (% — Tlo)] 2.19

where Ea is the activation energy for flow, R the gas constant and T and To the measurement
and reference temperatures respectively. Providing the temperature is above the Tg, this
relationship holds for linear polymers in the plateau zones.” If the temperature is much closer
to the Tg, then the model proposed by Williams, Landel and Ferry (WLF) is preferred:

—c1(T — To)
[z + (T = To] 2.20

logar =

with T and To defined as previously and C1 and C; as empirical constants.’*"2
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2.5.6.4 Rouse Model

Rouse developed a simple spring and bead model (Figure 2.11) to describe the relaxation

behaviour of a local part of the chain.”™

N=0

Figure 2.11: Representative sketch of the Rouse Model which describes the relaxation
behaviour of n number of polymer chains. The segment length is denoted by b and the number

of segments by N.5?

In creating this model, Rouse made three assumptions: 1) both the springs and beads have no
volume; 2) all springs have the same spring constant; 3) no interaction exists between the
springs or beads. If an external stress is applied to this model polymer, relaxation of the spring

occurs after a certain time, known as the Rouse relaxation time, zr, and is defined as:

252
= SND 221
3m2kgT

where ¢ is the friction coefficient, b is the segment length, N is number of segments, kg is the

Boltzmann constant and T is the temperature.

2.5.6.5 Tube Model
De Gennes proposed the tube model as a way of taking into account the interactions of

surrounding entanglements and the restriction of movement upon relaxation behaviour (Figure
2.12).7
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Figure 2.12: A representative sketch of the Tube Model which describes chain interactions and
surrounding entanglements (indicated by the grey circles) associated with relaxation. The tube

diameter is denoted by a.>?

The polymer chains can only move parallel to the tube direction and, as such, the relaxation
time is equal to the time necessary for the chain to slip through the tube. This is known as the

reptation time, zqg and is represented by:

EN3b*

= S Ta 2.22

with all terms as defined previously and a as the tube diameter.

2.5.7 Measurement Conditions

Amplitude and frequency sweeps were performed using a TA instruments AR-G2 rheometer
fitted with a high temperature furnace and 8 mm parallel steel plates.>> Prior to all
measurements, zeroing of the fixture-plate gap and normal force was performed at the
measurement temperature to ensure that the measured response was a product of the sample
and not a machine artefact. All measurements and subsequent data analysis were performed

using TA instruments Rheology Advantage and Data Analysis software systems respectively.

In all measurements, the following preliminary preparation steps were undertaken. The sample
was heated to the required measurement temperature (under nitrogen flow to prevent oxidative
thermal decomposition”7®) and the rheometer fixture lowered to a gap of 500 pm. Excess
material was trimmed and a relaxation period applied in order for the chains to relax and the
normal force to reduce to zero prior to starting measurements. Sample trimming was a
necessary and important step to prevent errors in the measurements: overfilling, resulting in

excess melt outside of the tool, causes an addition to the torque signal;’” underfilling, resulting
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in incomplete filling of the fixture-plate gap, causes a large error similar to edge fracture

instability (‘edge effects’) at the fluid-air interface.® 8"

Amplitude (% strain) oscillation sweeps were first performed to determine the LVR, the area
in which the material responds linearly to the magnitudes of stress and strain over time.*&
Measurements were performed at angular frequencies 0.06283 rad s*, 6.283 rad s*, 62.83
rad s, 100 rad s'tand 628.3 rad s™and across the range of percentage oscillation strains 0.01 —
100 %, repeated in duplicate. Each suite of measurements was performed at temperatures of
150, 170 and 190 °C in order to understand the material rheological response across a range of
strains and temperatures. A strain of 1 % fell within the LVR and was used for further

measurements.

Frequency oscillation sweeps were carried out at 1 % strain, between 100 — 0.06283 rad s and
at temperatures of 150 — 200 °C. At least three viscosity curves were measured at different
temperatures and merged to create a mastercurve by means of the TTS using TA instruments
Trios software. The viscosity curve at the temperature of interest (130 °C) was then calculated
by shifting the mastercurve using TTS coefficients and fitted with the empirical Cross model

to obtain the shear rate-dependence of the viscosity, 1(y).36:°5281

2.6 Sample Preparation via Couette Cell Shearing

A custom-built co-axial cylinder (Couette) shearing cell was used, consisting of an inner
rotating cylinder (rotor) and stationary outer cylinder (stator), to obtain large samples with
homogeneously-distributed oriented morphology for mechanical testing and permeation

measurements.

The most significant aspect of this apparatus was the unique design of the stator, such that it
was assembled of four equal segments comprising a circle (Figure 2.14, image b). This allowed
the outer stator to be disassembled and removed and the crystallised material to be recovered
for further measurements. The main body of the cell was constructed from stainless steel and
the stator and rotor from brass to exploit the strength and heat conductive properties of the
metal and alloy respectively. A bearing system was installed between the rotor and shaft

coupling to reduce friction and ensure free rotation around a fixed axis.

The cell (Figure 2.13 and 2.14) was connected via steel shafts (diameter 10 mm) and a rigid
shaft coupling (Ruland, 45 mm length, 29 mm outer diameter, 10 mm inner diameter) to an

inline spur gear reducer (Ondrives NH92-20, 15mm output shaft, 17 - 40 Nm output torque,
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ratio 20:1) and high torque stepper motor (Pacific Scientific, T23NRHK-LDF-C5-00) with
closed loop encoder (Pacific Scientific, PD2406-DI-001E) programmed from a computer
through ToolPac software. A 90 L oven with CAL 3300 PID temperature controller and i-
Autoc KSIM series single phase AC output solid state relay was used to heat the sample.

The whole cell was located within a natural convection oven, with the gearbox and motor
assembly fixed atop the oven. Steel shafts connecting the motor and cell ran through an
opening in the oven roof. 12 Nm of torque was required to initiate rotation of the shaft, as
measured by a manual torque wrench, however the torque from the motor output alone was

2.68 Nm and thus insufficient to initiate rotation of the cell. Therefore, a gearbox was installed

to increase the torque output to 29.5 Nm.
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Figure 2.13: A schematic of the novel Couette cell used to obtain large samples with

homogeneously-distributed oriented morphology for mechanical testing and permeation

measurements.

Samples of 60 mm x 160 mm were cut and clamped around the rotor by the stator with a sample
gap of 0.5 mm (Figure 2.14). The cell was heated in the oven to 150 °C, briefly removed to

tighten all bolts and fixings and placed back into the oven for 30 minutes to achieve thermal
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equilibrium. The oven was subsequently cooled to 130 °C and a shear pulse applied by the
external motor and gear reduction assembly, fitted atop the oven. The motor and cell were
disconnected, removed from the oven and submerged in a large cold-water bath to complete
the crystallisation. The stator was disassembled and the sample removed.

Figure 2.14: Images of the Couette cell: a) whole assembly; b) stator cylinder, the stator is
composed of four equal quadrants to remove the sample; c) rotor cylinder; d) rotor and stator
with crystallised HDPE present in the sample gap. The numbers correspond to: 1) motor, 2)
control box, 3) gearbox, 4) oven, 5) shaft coupling, 6) main body (bearing housing), 7) stator

and rotor assembly (also in images b-d).

2.7 Shear-Induced Polarised Light Imaging of PE disks

2.7.1 Background & Theory

Polarised light imaging is a valuable tool to study the oriented morphology of polymers by

observing the retardation of incident light caused by the birefringence of oriented molecular
chains.5282 Birefringence has been shown to be directly proportional to stress and, therefore,
is a valuable yet non-invasive method of measuring flow fields and the stresses generated
during shear.®83 In particular, flow birefringence techniques have become an essential tool in
understanding polymer fluid dynamics. By subjecting a polymeric liquid to an external flow

field, the applied stress causes the refractive index to display anisotropy, thus connecting fluid
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motion and structural response.8? Upon interaction with a birefringent object, the incident light
is separated into two rays: ordinary and extraordinary. By using the refractive indices
corresponding to each ray, n: (ordinary) and nz (extraordinary) the retardation of incident light
can be quantified as:

where R = retardation, h = sample thickness.>2

Typically, to obtain polarised light images (PLIs), a sample is placed between 90° crossed
polariser and analyser with a white light source and images acquired through a CCD or CMOS
camera (Figure 2.15). If the sample is birefringent and the light is linearly polarized by a
polariser, then the refracted light emerges with an altered polarisation due to a phase shift by
the different refractive indices of ordinary and extraordinary components of the incident light.
This altered polarisation allows the light to pass through the analyser crossed with the polariser
at 90° to give a PLI containing sample structural information. Non-birefringent samples

generate a dark image because the light retains its incident polarisation, therefore it cannot pass

through the “crossed” analyser.284
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Figure 2.15: Optical arrangements of PLI acquisition. Left: basic method; Right: In-situ

method. The hatched lines give an approximation of the polariser directions.

An advance to this technique developed by Mykhaylyk is the acquisition of in-situ images,
typically under shear (Figure 2.16), and is known as shear-induced polarised light imaging

(SIPLI).82 Coupling the basic technique with torsional parallel plates produces a shear rate
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distribution across the sample and therefore a direct insight into the shear process. Another
major advantage of this technique is the ability to perform time-resolved experiments and track
the formation of oriented nuclei and subsequent crystallisation during shear-induced
crystallisation (SIC).82

A common feature of any PLI, regardless of the method to obtain it, is the Maltese cross (arising
from the circumferentially aligned birefringence axis) which is indicative of oriented
morphology.®284 The interaction of light with a medium causes electrons to be displaced. This
electron charge displacement, P, is generally not parallel with the electric field vector, E, due
to the anisotropy of electron clouds. The greater the interaction between the light wave and
the medium, the greater the refractive index, n, and the smaller the wavelength, 1. Refractive

index can be defined by:
n,sinf; = n,sind, 2.24

where n is the refractive index of the medium and & is the angle of the propagating light wave
measured from the normal of the boundary.® All transparent, non-cubic crystals are birefringent
because the polarisation caused by a light ray depends on the E vector direction, which is
perpendicular to the propagation direction. An important consequence of this is that the
polarisation state of an incident ray is changed upon interaction with the medium, thus forming

the basis for polarised light microscopy.®

Consider a polymer chain as an optical indicatrix, the imaginary surface of which can be
described by the refractive indices of light rays propagating in different directions.®
Viscoelastic liquids, under quiescent conditions, are optically isotropic - they form a spherical
indicatrix caused by light rays propagating equally in all directions.828485 Under the influence
of shearing, stretching, deformation and/or orientation, this spherical indicatrix is stretched into
an ellipsoidal indicatrix, which is associated with birefringence. The refractive indices become
uniaxially oriented along the direction of flow, with its semi-axis length proportional to the

principal refractive indices (Figure 2.16).8*

75



Semi-axis Minor semi-axis

Figure 2.16: 2D representations of the optical indicatrix of a polymer chain under no flow (left)
and flow (right). The semi-axes are equal in the case of no flow, however major and minor

semi-axes arise under flow. The major semi-axis is in the flow direction.®

Zero birefringence, and hence a dark field image, is obtained when the sample is isotropic or
if the crystal is viewed along its optic axis.®®> Rotating the sample has no effect as the indicatrix
is spherical. Alternating dark and light segments are observed when crystal orientation is such
that the projected indicatrix is a major ellipse. The dark regions are the result of either principal
indicatrix axis coinciding with the vector of the propagating ray.®® Crystals within a spherulite
have a common radially-pointing crystallographic direction, thus setting the indicatrix pattern.
Two examples are presented (Figure 2.17) where the principal indicatrix axis is tangential or
radial to the incident ray. Considering the direction of the incident ray to be vertical, the region
appears dark as E is parallel to a semi-axis and therefore transmitted rays have the same field

direction and are thus blocked by the analyser.®

Negative Positive

Figure 2.17: Maltese cross patterns observed from negatively and positively birefringent
spherulites. The indicatrix has the largest semi-axis in the tangential direction for negative
spherulites, while the largest semi-axis is radial in a positive spherulite. Rotating the spherulite
about the viewing direction or by interchanging the directions of polarizer (P) and analyser (A),

does not change the pattern.®
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2.7.2 Measurement Conditions

Two methods of gathering in-situ PLIs were used to observe the formation of oriented
morphology in polymer melts.

2.7.2.1 Linkam CSS450 Shear Cell

This setup can be described as a torsional parallel plate shear device coupled to a reflection
polariscope, with a key feature being the use of reflected light to gather PLIs. A Linkam
CSS450 shear cell was modified by attaching an external high torque stepper motor (Pacific
Scientific, T23NRHK-LDF-C5-00) and closed loop encoder (Pacific Scientific, PD2406-DI-
001E) programmed from a computer. A fixed glass top plate was used as a viewing window
and a polished steel rotating bottom plate was used both to shear the sample and act as a mirror
for the polarised light (Figure 2.18). Mounted coaxially was a polariscope setup: StockerYale
Model 21AC quartz halogen white light source attached to a fibre optic ring light guide, two
linear polarisers (a ring-shaped polariser and disk-shaped analyser) and CMOS camera (IDS
GmbH, UI-3860CP-C-HQ Rev.2, Sony IMX290 CMOS Colour Sensor, 1945x1097 Pixel) with
a lens (17.6 mm focal length, Xenoplan 1.4/17-0903). The disk-shaped analyser could be
rotated through 360° allowing for a 90° crossed polariser-analyser setup. An additional heat
source, supplied by an electronic temperature-programmable heat gun (Steinel HG2320E)
supplied additional heating alongside the bottom heater of the shear device to compensate for
heat loss (due to the removal and replacement of the top heater plate with a glass plate) and
maintain the required temperature within the sample. All heating, cooling, and gap setting was
performed using LinkSys software and all shearing through ToolPac software. Image capture
was performed using uEye Cockpit software.??
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Figure 2.18: A schematic of the Linkam CSS450 shear cell with coaxially mounted polariscope
setup. The inset figure (dashed lines) shows the polarisation setup consisting of polariser ring,
ring light and analyser disk. Blue lines with arrows indicate the light path from the source,

reflected back through the sample to the analyser and camera.®?

Pre-cut 16 mm diameter PE disks were placed inside the shear device and heated at 10 °C
min to 150 °C and held isothermally for 10 minutes. The sample was cooled to 130 °C at 1
°C min™and held for 5 minutes, during which time a shear pulse was applied with simultaneous
video capture using a CMOS camera. The sample was subsequently cooled at 20 °C min™ to

room temperature and removed (Figure 2.19).
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Figure 2.19: The temperature-shear protocol for SIPLI using a Linkam CSS450 shear cell.
An initial heating step to 150 °C at 10 °C min* was followed by a 10-minute isothermal hold
to erase thermal history. Cooling at 1 °C min™ to the shear temperature of 130 °C, with a 5-
minute isothermal hold, during which time a shear pulse was applied. The final cooling step

to room temperature occurred at 20 °C min™.

2.7.2.2 SIPLI Rheometer
A 25 mm diameter disk of PE was placed between parallel plates of a modified Anton Paar

MCR301 mechano-optical rheometer (Figure 2.20) connected to a variable temperature Peltier
system, with Peltier hood for better temperature control. The modifications allowed for in-situ
image capture of shear-induced PLIs. A rotating, polished steel parallel plate fixture was used
to shear the sample and act as a mirror for the reflected polarised light. A transparent, fused
quartz bottom plate was used as viewing window to allow polarised light to pass through the
sample and record an image on the camera below. The parallel plate fixture was highly
polished with diamond paste to create a reflective surface with a surface roughness of
approximately 1 um, which was comparable with the wavelength of light but larger than the

radius of gyration of polymer chains.®*

The optics consisted of an Edmund Optics 150 W MI-150 high intensity fibre optic white light
source as the incident light, polariser and analyser disks “crossed” 90° with a colour CCD
camera (Lumenera Lul65c) to capture the images. Images were acquired every 500 ms for the
duration of the experiment using software supplied with the camera. The optical path can be
described as follows. Light rays from the source are plane-polarised upon passing through the
polariser, reflected off the beam splitter up into the sample at an angle perpendicular to the
sample surface. The light is then reflected by the highly polished fixture back through the

sample (thus creating a double pass through the sample and glass disk), through the beam
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splitter and analyser before reaching the camera. The state of polarisation does not change

upon reflection by the mirror, only the sample.®*
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Figure 2.20: A schematic of the mechano-optical rheometer setup used for simultaneous
rheology and SIPLI measurements. The main components of the optical setup are written in

bold text with the blue arrows representing the light path.8*

The sample was heated to 150 °C and a gap of 0.5 mm was selected. After sample trimming
and sufficient time had elapsed to allow for the material normal stresses to reach as close to
zero as possible (after 1 hour the normal forces had decreased to 10 — 10 Pa and after 2 hours,
the normal forces had not reduced further which indicated a limit of relaxation), the sample
was cooled to 130 °C. After 5 minutes, a continuous shear pulse was applied (using a range
between y =0.5-10s?; ts =10 - 30 s), after which the sample was cooled to room temperature

and removed.

2.8 Linkam CSS450 Shear Experiments for ex-situ SAXS

A modified Linkam CSS450 shear cell (as described in Section 2.7.2.1) was used to shear
samples. The samples were also to be unloaded from the cell after completion of the
temperature-shear protocol, thus requiring rigid fixtures, and so the original glass plates were

substituted for steel and the heating performance of the device was appropriately calibrated.
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Controlled heating was supplied by silver heating blocks located in both upper and lower plates
and controlled cooling by an external liquid nitrogen cylinder and pump assembly. All heating,
cooling, and gap setting was performed using LinkSys software and all shearing through
ToolPac software.

Pre-cut 16 mm diameter PE disks of 0.55 mm thickness were placed between the plates of the
device and a temperature-shear protocol analogous to that used for SIPLI measurements

(Section 2.7.2.2) was applied.

2.9 Small-Angle X-Ray Scattering of Sheared PE disks

2.9.1 SAXS Instrumentation

SAXS is a technique widely used to study structural features on a sub-micrometre scale.®’
Normally a sample is exposed to an X-ray beam in transmission mode and any particles or
features within the beam scatter X-rays and are recorded by a detector. Thus, SAXS displays
the averaged structure of selected particles within the bulk material.®

The basic components of any SAXS instrument are largely the same: source,
monochromator/X-ray mirror, collimator, sample holder, beam stop and detector (Figure 2.21).
X-rays are generated by the source and propagate towards the sample and, upon interaction
with the electrons in the sample, scattered waves carrying information about the structural
morphology of the material are produced. All components of the setup are held under vacuum

to prevent unwanted scattering from the air.
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Figure 2.21: A typical setup for a SAXS measurement. Kijis the incident X-ray beam and Ksis

the scattered beam.

2.9.2 Basic Scattering Theory

X-rays are electromagnetic radiation with a wavelength of 10— 102 A on the electromagnetic

spectrum. Typically, a wavelength range of 0.5 — 2.5 A% is used because the X-ray wavelength
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is comparable to interatomic bond distances and is ideal for structural characterisation.®’
Polymer studies can be performed using a copper anode tube, characteristic Ka radiation of

1.54 A, or a gallium liquid metal jet anode, A = 1.34 A.

When X-rays interact with matter, both scattering and absorption processes occur. The
majority of the radiation is simply transmitted.?® Electrons within the irradiated sample scatter
incoming waves of radiation, the intensity of which is measured by the detector. Two types of
scattering can occur: elastic and inelastic scattering (Figure 2.22). Elastic scattering (Rayleigh
or Thompson scattering) results in no energy transfer from the wave to the particle and occurs
during SAXS. Inelastic scattering (or Compton scattering) occurs when energy is transferred

to the particle, thus reducing the energy of the scattered wave accordingly.
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Figure 2.22: Scattering from a particle can be elastic (left) or inelastic (right). Elastic scattering

occurs when X-rays interact with particles.

Scattering methods can provide information about structure and morphology, movement and
molecular mass.®® However, the result of any scattering experiment will be ambiguous and, as
such, prior knowledge of the sample (an approximate idea of the structure or microscopy
images) is necessary to assist with analysis.% Commonly, if a studied sample is isotropic, the
scattering pattern is the averaged result of all material in the sample, therefore the recorded
two-dimensional (2D) scattering data are reduced to one-dimensional (1D) patterns. The
resulting 1D curve can be fitted with various models and thus the size, shape and ordering of

objects within the sample can be elucidated.

Important to any scattering experiment is the magnitude and direction by which waves are
scattered, called the scattering vector, g, which can be derived from scattering angles (Figure
2.23 and Egs. 2.25 — 2.27). The dimensions are the reciprocal of length, hence scattering

patterns show structures in reciprocal space. Particles obviously have real structures with real
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dimensions and are said to exist in real space.®® Since elastic scattering is occurring, k and ko

have the same magnitude.

2n
ko kol = lies| = = 223

A ")
- )4 q=k— kg 2.26

4r
lq| = TSinH 2.27

Figure 2.23: Schematic diagram of the interaction of an electron with incident X-rays. The
vector ki represents the incoming X-rays, ko represents the non-scattered X-rays, ks represents

the scattered X-rays, g represents the scattering vector and 4 is one-half of the scattering angle.

2.9.3 Structure Determination

Correlation Function analysis (Figure 2.24) is commonly applied to semi-crystalline polymers
exhibiting a two-phase (crystalline and amorphous) structure, assuming a lamellar morphology
(see Section 1.4.1, Figure 1.10).%°

Long Period

l

Short Period

Normalised Correlation Function

Size (nm)

Figure 2.24: An example sketch of a correlation function of the electron density in a semi-
crystalline lamellae morphology, as a function of size. Analysis of this correlation function

provides information regarding the short and long-periods of the lamellae morphology.

From the correlation function, information such as crystallinity, average lamellae thickness,

long spacing and, if absolute scattering intensities are measured, the difference in electron
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density between amorphous and crystalline regions.®® The main assumption is that scattering
is due to a linear arrangement of lamellae stacks with sharp boundaries between the phases.*
In reality, they consist of folded chains and a small transition region between the crystalline
and amorphous domains.®® In addition, a range of lamellae thicknesses are possible resulting

in broad SAXS peaks.%%%

The position of the diffraction peak maximum is related to the lamellae d-spacing (the distance
between planes of atoms that give rise to diffraction peaks®?) with a larger d-spacing appearing
at smaller scattering angles. To gather further information from the scattering, an electron
density correlation function can be obtained by subjecting the scattering function to a Fourier

transformation.®!

2.9.4 Data Analysis

The relative electron density distributions determine how strongly or weakly a particular object

will scatter. Weakly scattering objects, such as dilute polymer solutions, will require much
longer exposure times compared to stronger scatterers, such as polymer films. The amount of
data in a 2D scattering pattern (Figure 2.25) can be reduced by averaging to give a 1D pattern.
Typically, averages are either linear (box average) or circular (pie and arc average) depending
on the investigation and instrument type.® For assessing the degree of orientation in a sample,
an arc average, termed azimuthal integration, is performed around the 2D scattering pattern
with its centre at the direct x-ray beam position. Partially oriented artefacts, such as fibres and
sheared solutions, are identified by an intensity spike in the azimuthal profile. From such an
integration, it is also possible to identify isotropic and crystalline samples.

[} [}
e °
@
[} [}
[} [}
Isotropic Partially Anisotropic Crystalline

Figure 2.25: Representative 2D SAXS patterns resulting from different degrees of orientation

within a sample.®
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2.9.5 Measurement Conditions

Throughout this work, SAXS patterns were collected using laboratory instruments. A Bruker
AXS NanoStar (equipped with a 2D Hi-STAR multi-wire gas detector and modified with
Xenocs GeniX 3D X-ray source [CuKa radiation, X-ray wavelength A = 1.54 A] and motorised
collimating scatterless slits) was used at a sample-detector distance of 147 cm. Samples of
sheared PE disks (16 mm diameter) were mounted normal to the X-ray beam and fixed in place
with Kapton tape at the edges. Once the edges of the sample had been identified, the disk was

scanned at 0.5 mm intervals for acquisitions of 120 seconds each.

All data collection was performed using software supplied with the instrumentation. 1D
scattering curves were obtained by an azimuthal integration of the 2D scattering patterns using
Irena SAS and Nika SAS2D macros for Igor Pro.%3%* Further data analysis to quantify the
degree of orientation was applied through a custom-written program (by O. Mykhaylyk). The
obtained azimuthal intensity distribution patterns, 1(¢), (¢ is the azimuthal angle) were used to

calculate Herman’s Orientation Function (P2), defined as:

_ 3(cos?¢)—1 2.28
2 2
where
(cos?e) = Jy"* 1(@)cos?¢ sing dgp 2.29
72 1(¢) singp dp

is the average angle that the polymer chain axis (lamellae normal) makes with a chosen
direction, which in this case is associated with the deformation direction.®

2.10 Preparation of Single-Polymer Composites via MeltPrep

VCM

2.10.1 MeltPrep VCM Apparatus

MeltPrep™ is a commercial vacuum compression moulding (VCM) apparatus for making

homogeneous, defect-free samples from powder or pellet starting materials (Figure 2.26).
Common applications include sample preparation for rheology, tensile/extensional testing,
shear experiments and DSC. In this work it was used to fabricate SPC samples in both disk

and bar configurations.
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The apparatus consists of a heating plate, cooling plate, VCM tool and vacuum pump with a
four-way manifold controlled by sliding valves. Two manifold valves are for the heating and
cooling plates and two for sample tools. Both heating and cooling plates have been modified
to accommodate a Viton O-ring and small aperture to draw a vacuum to hold the sample tool
securely in place and maintain consistent thermal contact across all sample preparations. A

supply of compressed air is fed in a ring around the sample tool to cool it (Figure 2.26).

Manifold
Vacuum pump

VCM tool Cooling plate
Heating \ ]
Compresse
plate
\ air feed

Figure 2.26: A photograph of the MeltPrep vacuum compression moulding (VCM) apparatus
used for the fabrication of single-polymer composite samples. ©MeltPrep GmbH

The VCM sample tool (Figures 2.27 and 2.28) consists of a base plate, sample chamber (known
as the VCM insert), outer jacket and lid with a vacuum outlet. The VCM insert consists of a
base plate, PTFE separation foils, VCM chamber and piston. This also has Viton O-rings

located on the VCM chamber, outer jacket and lid to ensure a tight vacuum seal.

Figure 2.27: Photographs of the 25 mm
diameter VCM tool (left and top)
supplied with the MeltPrep apparatus
consisting of a lid, outer jacket and
VCM chamber. The bottom image
shows the 10 mm x 40 mm bar tool.
©MeltPrep GmbH




VCM Insert

Piston

VCM

chamber \

Separation Foils and Sample

Figure 2.28: A schematic of the VCM tool supplied with the MeltPrep apparatus. The
exploded view details the inner components of the VCM tool insert showing the layering of

the separation foils and sample. Viton O-rings have been omitted for clarity.

A number of tool dimensions are available in various disk diameters, and for this work the 25
mm diameter disk tool and 10 mm x 40 mm bar tool were selected (Figure 2.27). To ensure
that any sample residue did not stick to the chamber walls, polytetrafluorethylene (PTFE) foils
were placed on the bottom and top of the sample and also wrapped around the VCM chamber

(Figures 2.28 and 2.29), which could be easily removed from the sample upon unloading.

Figure 2.29: PTFE separation foils used to
encase the sample within the MeltPrep
VCM tool to prevent any sample material
sticking to the chamber walls and thus
allowing for easy sample removal.
©MeltPrep GmbH

2.10.2 Preparation Conditions

The versatility of the MeltPrep system is that any sample thickness can be prepared with
knowledge of the density of the material and the volume of the tool sample chamber. As the

radius of the tool is fixed, and the required sample thickness is known, the volume of the sample
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can be determined. Then, by exploiting the relationship between volume, density and mass,
the mass of required starting material can be determined. For this work, HDPE disks of 0.5
mm thickness and 25 mm diameter were required. Therefore, the volume of the 25 mm

diameter sample was:
Veyctinger = mr2h = m([12.5 mm]? x 0.50 mm) = 245.44 mm? 2.30
where r = cylinder radius (mm) and h = height (mm).
Assuming a density of 0.931 g cm™(9.31 x 10* g mm™), the mass of HDPE required was:
M =Vp = (245.44 mm3x[9.31x10"*g mm™3]) = 0.2285 g 2.31
where M = mass (g), V = volume (mm?) and p = density (g mm).

HDPE bar samples, with dimensions 10 mm x 40 mm, were also required. In this instance, the
volume of the rectangular sample was first determined before applying the density-volume-
mass relationship as before:

Voar = U Xw X h) = (40 mm X 10 mm X 0.5mm) = 200.00 mm3 232
where | = bar length (mm), w = bar width (mm) and h = height (mm).
Assuming a density of 0.931 g cm™(9.31 x 10* g mm™), the mass of HDPE required was:
M =Vp = (200.00mm3x[9.31x10"*g mm™3]) = 0.1862 g 2.33
with all terms as defined previously.

For preparation of the HDPE disks, the hot plate was set to 195 °C. The HDPE pellets were
weighed and loaded into the sample chamber, along with PTFE foils; the tool was assembled
and a vacuum applied. The tool was placed onto the hot plate and the vacuum ring engaged to
secure it. Once the sample temperature was 195 °C (as measured by a thermocouple), the tool
was kept in place for 5 minutes to ensure homogeneous melting. After the elapsed time, the
VCM tool was transferred to the cooling ring and compressed air applied to the base. Once at

room temperature, the tool was disassembled and the sample removed.

For preparation of SPCs, careful temperature control was required. The optimum temperature
window was determined by DSC to be 136 — 144 °C and a hot plate temperature of 140 °C was
chosen. As before, the sample was loaded into the chamber, the tool assembled and placed on

the hot plate. Once at temperature, the tool was left for 10 minutes to allow complete melting
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of the necessary components. Attempts with just 5 minutes resulted in non-uniform melting
and/or delamination. After 10 minutes, the tool was transferred to the cooling ring until at

room temperature.

2.11 Permeation Testing of Polymer Films

2.11.1 Permeation Theory

In order to understand the permeation of fuel vapour (typically low molecular weight species)
through a polymer, both solution and diffusion mechanisms need to be considered. In atypical
cup-based permeation test, each face of the polymer sample encounters different atmospheres
— the upstream side facing the solvent reservoir, and the downstream side open to the

atmosphere (Figure 2.30).

Downstream

Sample

Upstream
Solvent vapour flow
Figure 2.30: The two faces of a sample under permeation testing experience different
atmospheres. The upstream side faces the solvent reservoir and the downstream side faces the
open atmosphere. A permeant solvent molecule must first dissolve into the upstream side,

diffuse through the sample and then evaporate from the downstream side into the atmosphere.

For effective permeation, a solvent molecule must first dissolve into the upstream face of the
polymer. From there, it must diffuse through the solid bulk to the downstream face where it is
free to evaporate back into the atmosphere.®® Once this dissolution, diffusion and evaporation
has occurred, the sample is said to be in a steady state of permeation. Hence, thicker samples
under testing require longer measurement times in order to reach this steady state — the
diffusion through the sample is the rate-limiting step.2®%® This primary mechanism of vapour
flow, in a defect-free polymer film, is called activated diffusion, driven by a concentration

gradient experienced by the opposing film surfaces.®’

This solution-diffusion mechanism can be described in terms of permeability (P), solubility (S)

and diffusion (D); their relationship can be expressed as:

P=D xS 2.34
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The diffusion coefficient, D, is a kinetic term that describes the molecular mobility of a solute
through the polymer phase, also known as the flux.% It can generally be determined by Fick’s
first law of diffusion®® (the flux of the permeate is proportional to the local concentration
gradient) and describes the ability of a solvent molecule (permeate) to move along the polymer

] ax l

where J,. is the flux in the x-direction, D is the diffusion coefficient and % is the concentration
gradient.®®% This first law assumes that the flux is constant in the given direction and is time-
independent.  Therefore, it can only be applied to the steady state regime.*® For one-
dimensional permeation through a polymer membrane, Eq. 2.35 can be rewritten in the form:

j=-o(8)

with all terms as defined previously and [ as the sample thickness. The units for the preceding

terms are given as: J (mol cm? s?); D (cm? s1); 4¢ (mol cm™); I (cm)

Diffusion occurs when a dissolved molecule moves from one ’hole’ to another, which is a
condition of the new hole being of sufficient size (and also the path to said hole) to
accommodate the molecule. As the chain segments vibrate and rotate according to their degree
of thermal excitation, holes form and collapse and are therefore transient in nature. Therefore,
larger and more numerous holes result in faster diffusion; larger diffusant molecules result in
slower diffusion. An energetic barrier, similar to an activation energy, must also be overcome
for molecular transport via the holes.?° Therefore, D effectively measures the speed at which a
permeant diffuses through the polymer. Henry’s Law (in which solubility is proportional to
pressure’®) is obeyed once the steady state is reached — the gas partial pressure and

concentration at the surface are in equilibrium.®’

The solubility, S, is thermodynamic in nature; dependent upon the ability of the permeant gas
to condense, and also of polymer-solute interactions. It can be defined as the ratio between the
equilibrium concentration of the dissolved solvent molecule in the polymer (C) and the gas
phase partial pressure (p) by:%>%101

2.37
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As Eq. 2.34 shows, if the solubility of a molecule in PE is low, the corresponding permeation
will be proportionally reduced.?’ The majority of organic solvents are sparingly soluble in PE,
however, the less polar the nature of the solvent, the greater the solubility and hence
permeability.® PE is therefore a good barrier against polar molecules because of their reduced
affinity for the nonpolar polymer.?® Therefore, in decreasing order of PE permeation by
organic solvents: halogenated hydrocarbons, hydrocarbons, ethers, esters, aldehydes and

ketones, nitrogen-derivatives and acids.?°

Michaels et al. proposed and developed a two-phase model for studying gas transport through
semi-crystalline polymers.19-192 |t was shown, for isotropic HDPE with spherulites, that both
sorption and diffusion occurred exclusively in the amorphous regions with the crystalline
regions acting as impermeable barriers, by decreasing the available polymer volume for
sorption and also by forming a tortuous path for the penetrant molecule.®®% In addition, it
was shown that solubility constants of gases were proportional to the amorphous volume

fraction in the polymer, and thus independent of the degree of crystallinity, given by:%
S=aS” 2.38

where S is the solubility under investigation, o is the volume fraction of amorphous material
and S* is the solubility of a 100 % amorphous, hypothetical PE.1® It was also shown that the
solubility behaviour of the amorphous phase was similar to that of a LMW, homogeneous

liquid and independent of polymerisation route, degree of crystallinity and thermal history.*%

If the permeant is a gas, it is more convenient to measure the vapour pressure, p, then Eq. 2.36

becomes:

J=-D (ﬁ) 2.39

The product DS still equates to the permeability, P.%’

Consider the case whereby S is independent of concentration, thus resulting in a linear distance-
concentration relationship. P, can therefore be defined as follows, with the ratio P/l given as

the permeance, indicated by the symbol g.%

P=->—=DS 2.40
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These idealised cases, displaying Fickian behaviour assume little to no interaction between
permeant and polymer. Non-Fickian behaviour, as seen for water and hydrophilic polymers or

solvent vapour diffusing through polymer films, requires separate consideration.®’

A laminate sample, consisting of more than one polymer layer, can be described by the Ideal
Laminate Theory (ILT), as proposed by Griiniger and von Rohr.1%* The total permeability of

the laminate, P, is a function of the individual thickness, li, and permeability, Pj, of each layer,
L:97,104

P, 1 TR,

& — 241
X, EI(l;/P)  Ap

The transmission rate, TR, is often a more convenient quantity to use instead of P, especially
for laminates (hence the subscript L in Eq. 2.41) and is defined as the guantity of permeant
passing through a membrane, per unit of time, per unit of area, at steady state.®”1* This model
only holds for samples without defects, such as cracks or pinholes, as the lateral spreading of
the concentration profile around the defect results in the transport becoming a three-
dimensional (3D), instead of a 1D problem.®”1% Another quantity is the gas transmission rate,
GTR, (also called permeance, q) expressed in the same way as for the ILT but with the volume
of permeant measured:%’

GTR (orq) = kq (L)

T[N —t,] 2.42

where ki = 9.89 x 108, V is the measured volume (mL), N is the slope of the measured curve

(s), T is the temperature (K) and t_ is the time-lag value (s).%

2.11.2 Time-Lag Method
Numerous ASTM and ISO standard test methods exist (ISO 12572, ISO 2528, ASTM
E96/E96M) for determining the rate of vapour transmission through a thin film sample.10>-107

Perhaps the simplest is the rate of weight loss over time when using a sample fuel, for example
50:50 toluene:iso-octane (also known as fuel C). A concern with this fuel mixture was the
difference in vapour pressures, and hence evaporation rates, as a high vapour pressure equates
to increased volatility.1% Considering toluene (b.p. 110.6 °C; Pvap = 3.96 kPa at 25 °C)*® and
iso-octane (b.p. 99.3 °C; Pyap = 6.03 kPa at 25 °C)*%, iso-octane will evaporate at a faster rate
than toluene potentially leading to a double plateau in the steady state permeation rate data.
Instead, xylene (mixed isomers) was used for these experiments. However, a limitation of this

test method is that the vapour transmission rate is directly linked to the testing conditions
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(temperature, pressure, humidity) and so values obtained under one set of conditions are not
comparable to those at another, unless the conditions are identical. The future application of
this technology will be in underground water transport pipes, so ideally the permeation test
should be performed as such. This was not feasible, however a good insight into permeation

rates was still obtained.

Owing to the solubility-diffusion mechanism discussed previously, there is a time interval
before the steady state is reached. This time-lag, described in seminal work by Barrer, and
developed further Amerongen, showed that the values of P and D could be obtained from the
same method.1%11! By representing the quantity of penetrants passing through the membrane
as a function of time, a straight line is obtained for the steady state region, indicating the flux

of penetrant is constant across the entire membrane face (Figure 2.31).%
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Figure 2.31: An example of a permeability curve showing the permeability (calculated by
measuring the mass of the test cell at regular intervals to determine the mass of xylene lost)
plotted against time, from which the steady state region, indicated by the red dashed line, can
be determined. The plateau region at longer times indicates that the fuel reservoir is empty.

The permeability coefficient, P, is then directly proportional to this straight line by:

_
P=ae 2.43

where Q is the quantity of penetrant, | the sample thickness, A is the sample area, t is the time
and p is the pressure. Since the flux, J, is a product of the penetrant quantity, sample area and

time, this equation can be rewritten as:%111:112
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p==1 2.44
p

Extrapolating this linear steady state region to intercept with the time axis is called the time
lag, @, and is proportional to sample thickness and the diffusion coefficient, D, by:%

lZ

b=25 2.45

From this, the solubility coefficient, S, can be obtained from Eq. 2.34.

It is important to distinguish between permeance and permeability. Under specified
temperature and humidity conditions, permeance relates to the rate of vapor transmission
through unit area of flat material caused by the difference in unit vapor pressure between two
specific surfaces. Permeance is therefore a performance evaluation and not a property of a
material. Transmission relates to the steady state flow of vapour through a flat sample of unit
area in unit time. Permeability is a material property and is the product of permeance and

thickness.10

The purpose of these tests was to establish values for the rate of fuel vapour transmission
through unoriented and oriented HDPE, and HDPE/UHMWPE SPC samples. By testing under
identical conditions, it would be possible to draw a comparison between the samples and thus
observe any changes in permeability by using an oriented morphology or HDPE/UHMWPE

composite construction for pipe manufacture.

2.11.3 Measurement Conditions

A custom-built stainless-steel permeation cell was fabricated consisting of a solvent reservoir,
sample loading area and sealing lid (Figure 2.32). 5 mL of xylene was added into the reservoir,
a thin copper washer placed into the loading area and then a sample, prepared via MeltPrep or
cut from Couette specimens, positioned on top. Silicone vacuum grease was applied to the
screw thread of the lid and then screwed down onto the base, tightening securely. All samples
were measured simultaneously across 40 permeation cells with mass measurements taken at

regular intervals on a four decimal point balance.
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Lid Figure 2.32: A schematic of the
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2.12 Mechanical Testing
2.12.1 Background & Theory

The MWD plays a crucial role in determining the end-use properties of a resin, displaying a

balanced performance in terms of processing and mechanical properties.*®* The LMW chains
promote flowability and hence better processing whereas the HMW chains improve the

mechanical properties of the melt.1**

In addition to the MWD, the semi-crystalline morphology of PE is responsible for the physical
properties observed.?® Amorphous domains impart ductility, whereas crystalline domains
impart hard and brittle properties, constraining the amorphous phases between them and acting
as reinforcing points.!*® Thus changing the degree of crystallinity can have a profound effect
upon mechanical properties.!?® The inter-lamellae connections (Section 1.4.1, Figure 1.10) are
crucial to understanding the effect of morphology on mechanical properties as they transmit
forces between the phases.?® Shish-kebabs in semi-crystalline polymers have been shown to
further improve the mechanical properties, such as stiffness, of end-use products compared to
unoriented spherulitic material.**¢'" Therefore mechanical tests were performed to establish

structure-property relationships for shish-kebab morphology and SPCs.
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2.12.1.1 Tensile Testing
The stress-strain behaviour of polymeric materials depends upon several factors including

molecular weight, microstructure, testing rate and temperature. Stress and strain can be defined

by (Egs. 2.46 and 2.47 respectively):

L- L 246

F
= — 2.47
A;

where F is the force, Aj is the initial cross-sectional area, L; is the initial sample length and L
is the length at which the force is F.}® Consider a typical stress-strain curve for PE (Figure

2.33).

/B C

Stress, o (MPa)

Strain, €

Figure 2.33: An example stress-strain curve for a semi-crystalline polymer. Points indicated
are the Young’s Modulus region (A and red dashed line), Yield Point (B) and Break Point (C).

Strain hardening often occurs between points B and C.

At sufficiently low stresses and strains, the behaviour can be described as that of a linear elastic
solid characterised by the Young’s Modulus (A):

E=o/e 248

As stress and strain increase, the peak maximum indicates the Yield Point (B) at which the
onset of permanent, plastic deformation occurs and the behaviour could hence be described as
non-linear.!'81® Below this point, strain is recoverable.'*® The corresponding stress and
elongation are known as the Yield Stress and Yield Elongation respectively.'!® Beyond point

B, the sample enters a region of plastic deformation which is characterised by considerable
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stretching and the formation of a ‘neck’. The neck is stabilised by drawing new material in
from the surrounding regions until the entire section of the sample has reached the Yield
Point.1® At this point, strain hardening, caused by the alignment and orientation of polymer
chains, occurs until the sample ruptures at a point termed the Break Point (C). The stress and

strain at this point are known as the ultimate strength and elongation at break respectively.'!8:11°

2.12.1.2 Dynamic Mechanical Analysis

The basic principles of Dynamic Mechanical Analysis (DMA) are the same as those described
in Section 2.5.2 and Figure 2.7.2%%2 1t is a term loosely used to describe a broad range of
techniques to measure the physical response of an applied oscillatory strain, with samples
typically consisting of strips, fibres or rods as opposed to a fluid.2%12°

In torsional mechanical analysis, the dynamic loss modulus, G”, is often associated with
molecular motions, transitions and morphology.?® The dynamic storage modulus, G, is often

associated with the stiffness of the material and is related to the Young’s Modulus, E, by:
E=2G'(1+v) 2.49

where v is the Poisson’s Ratio, a measure of the ratio of lateral or transverse strain to the

longitudinal strain, given as 0.46 for HDPE.!?

2.12.2 Measurement Conditions — Tensile Testing

Specimens for tensile testing were prepared by the Couette cell (Section 2.6) to a thickness of
0.5 mm. Five ‘dog-bone’ samples were manually cut for each set of shear conditions with
dimensions (excluding the clamping tabs) of 7 mm x 25 mm (width x length). These samples
were subsequently sent to Aliaxis R&D (Vernouillet, France) for tensile testing in accordance
with 1SO 527.122 Upon receipt, the samples were conditioned for 24 hours at 23 °C. An Instron
AVE 2 Video Extensometer, equipped with Zwick grips 500 N, was used to measure each

sample at a rate of 20 mm min! to deduce the elongation at break values.

2.12.3 Measurement Conditions — Dynamic Mechanical Analysis

SPC composite samples for measurement were prepared as described in Section 2.10.

A Thermo Scientific HAAKE MARS Il1, equipped with solid clamps, was used for these
experiments. The dimensions were measured and loaded between the grips to give a sample
length of 30 mm. A torsional oscillatory frequency sweep between » = 100 — 0.06283 rad s

at 1 % strain was applied in each case. All measurements were performed at 25 °C.
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2.13 Conclusions

Numerous techniques have been used and adjusted throughout this work to characterise and
investigate the structural details and mechanical behaviour of samples after SIC or SPC
fabrication. Various sample preparation methods were required to fabricate test specimens
including hot pressing, MeltPrep VCM, Couette cell shearing and parallel-plate shearing. This
latter technique was also used to probe the shear flow behaviour of PE1 and PE2. Through
GPC and DSC, important details of the MWDs and thermal behaviours of PE1 and PE2 were
obtained. Measurements of the isothermal crystallisation of PE1 and PE2 were also performed
using DSC to observe the effect of shearing upon the crystallisation kinetics. Mechano-optical
SIPLI measurements assisted in determining critical work parameters for shearing and SAXS
was used to observe the resulting morphology from shearing experiments in parallel-plate
shearing and Couette cell shearing. Rheology and associated DMA testing gave valuable data
regarding the linear viscoelastic behaviour of PE1 and PE2 melts and SPCs fabricated with

UHMWPE and aluminium foil inter-layer tapes.

Most significantly for this work, a high temperature Couette cell was fabricated with a
removable stator to retrieve the crystallised material for further measurements. Samples from
this cell were cut into specimens for tensile testing and permeation measurements, which
provided important information regarding the effect of oriented morphology and SPCs upon

mechanical properties and resistance to permeation of xylene.
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Chapter 3

Characterisation of the
Materials Used in the Study



3.1 Introduction

Two commercial-grade, unpigmented HDPE resins were obtained, designated as PE1 and PE2
in the subsequent text. Both materials were designed for use in the transport of drinking water
with a bimodal MWD, offering excellent resistance to stress crack propagation and growth and
good processing properties through extrusion.*3

Bimodal MWDs can be manufactured via two routes: single-reactor, multi-site Ziegler-Natta
catalysis or by multiple-cascading reactors.*® They are particularly useful in pipe manufacture,
offering a balance of good processability and mechanical properties.*® Pipe manufactured
from such bimodal blends allows for higher pressure ratings and longer service lifetimes, with
the current generation identified as PE-100.° This stipulates that a pipe must withstand a hoop
stress of 10 MPa at 20 °C for up to 50 years.” The previous generation of PE-80 resins were

only able to withstand 8 MPa under the same conditions.

Due to the higher-pressure rating of PE-100 pipes, the pipe wall thickness can be decreased,
compared to PE-80 pipes, for the same nominal pressure. Crucially, PE-100 pipe offers a
balance between 3 key properties for successful pipe manufacture: pressure, stress cracking
and impact resistance.® PE1 was optimised for high stress crack resistance and low sag;
produced in two reactors, separated by flash evaporation to remove unreacted hydrocarbons,
chains grow on the same catalyst particle to form an interpenetrating network of LMW and
HMW chains.® PE2 was specifically designed for extrusion applications making use of hexene

co-monomer polymerisation to achieve a bimodal MWD and impart SCB.?

The HMW component imparts increased stiffness and exceptional resistance to slow crack
growth and creep, but also causes an increase in melt viscosity and thus processing difficulties.*
The low molecular weight (LMW) component alleviates this by acting as a ‘lubricant’ in the
amorphous regions of the semicrystalline morphology to increase the processability.*> The
molecular origins of these improved properties lie in the high degree of short chain branching
on the longest chains.” This is in contrast to the PE-80 resins in which branching was
concentrated in the shortest chains.” Increased branching of the longer chains increases the
concentration in the amorphous region, thus increasing the likelihood of their action as tie
molecules and an overall increase in the strength of the polymer matrix.” The type and amount
of co-monomer used during the synthesis of branched PEs strongly affects the degree of
branching and crystallinity resulting in different structural morphologies, mechanical

behaviour and rheology.'®! It is generally regarded that the MWD and degree of branching
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are the key variables in determining material performance.! Increasing the degree of branching
will cause a corresponding decrease in crystallinity (LCB < SCB < linear) for the same My as
the branches increase the mobility of the amorphous regions and entanglement points.'> SCB
increases the temperature sensitivity and flow activation energy under shear by hindering
molecular mobility and, therefore, a larger thermal activation is required for segment motion.*3
LCB has been shown to affect the crystallinity, tensile modulus and other mechanical and
rheological properties.’’ LCB affects polymer viscosity in two ways. Greater molecular
entanglement (compared with a linear polymer of the same molecular weight) causes the
viscosity of branched polymers to be higher at low shear rates. However, shear-thinning
behaviour is more apparent when LCB is increased due to improved disentanglement under
shear.’® Wood-Adams et al. also showed that increasing the LCB content also increased the
zero-shear activation energy'* and Mendelson showed that elastic deformation decreases with
LCB.™ Nevertheless, PE-100 resins cannot easily be used in large diameter, thick-wall pipes
owing to sagging before complete crystallisation — the lack of LCB decreases the melt

elasticity.’

UHMWPE resins typically have viscosities much greater than linear HDPE and, as such, this
can make pipe manufacture from such materials difficult.'®” However, UHMWPE can be
drawn into tapes and fibres through gel-spinning or mechanical drawing, imparting high
degrees of orientation in the process and thus offering a method of potentially incorporating
UHMWPE into pipe manufacture.’®* Three UHMWPE tapes were obtained from Teijin
Aramid: Endumax TA23, XF23 & S1. TA23 was fabricated by compacting of PE powder with
subsequent rolling and stretching. An additional uni-directional laying and cross-plying step
occurs to fabricate XF23 after the same initial fabrication steps. No manufacturing details
could be obtained for tape S1, but it was regarded by industrial collaborators from Aliaxis/GPS

PE Pipe Systems as an intermediate stretching step towards the fabrication of TA23.

Key physical properties were obtained through GPC, DSC, rheology and SAXS techniques to
establish a relationship between the MWD and physical-structural properties - in particular,

how the materials form oriented lamellar morphology under flow conditions.

3.2 Molecular Weight Distribution

Knowledge of the MWD was important for interpreting subsequent flow behaviour and the
resulting degree of orientation. HT-GPC (Section 2.3.2) of both PE1 and PE2 was performed
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at 160 °C with 1,2,4-trichlorobenzene as the eluent with the results averaged over duplicate
runs (Table 3.1 and Figure 3.1).

| Mw(kDa)  Mn (Da) M: (kDa) Mw/Mn
PE1 264.5 7.91 2094.4 335
PE2 227.5 7.93 1858.0 28.5

Table 3.1: Obtained results from HT-GPC analysis of two separate HDPE blends (PE1 and
PE2). Results have been averaged over duplicate runs. My is the weight-average molecular
weight, M, is the number-average molecular weight, M; is the z-average molecular weight and

Muw/Mn is the dispersity. M; is more sensitive to longer chains present in the melt

0.5-_
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Figure 3.1: Molecular weight distribution of two HDPE blends (PE1 and PE2) obtained by
HT-GPC analysis shown on a linear-log scale. The plots are normalised with respect to area,
with the y-axis a function of weight fraction. Data for PE1 is shown in black and data for PE2
is shown in red. The solid lines indicate initial sample measurements (also denoted with #1)
and the dashed lines indicate the duplicate runs (also denoted with #2). Approximate locations
of Mn, Mw and M are highlighted.

GPC analysis confirmed that both PE1 and PE2 were bimodal with broad MWD and high
dispersity (Table 3.1). The LMW (10% — 10° Da) regions of both distributions displayed near
identical behaviour and therefore exhibited very similar processing properties. At 10° < My <
10% Da, PE2 displayed a slightly larger fraction of HMW chains than PE1 at the second peak
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suggesting that mechanical strength could be greater compared to PE1. However, PE1 showed
a slightly larger fraction of ultra-high molecular weight (UHMW) chains at Mw > 10° Da. This
was confirmed by the larger M; values, which are more sensitive to the higher molecular weight
chains in the sample (it is measured within the high molecular weight region — Figure 3.1), for
PE1 compared to PE2. Further evidence was apparent in viscosity measurements (Section
3.4.2) where PE1 displayed slightly higher viscosity than PE2, however it did not adversely
affect the processing. As the mechanism for FIC (Figure 1.17) shows, the longest chains in a
melt stretch and align under flow first and initiate FIC due to their longest relaxation times.*®
Therefore, it was expected that the greater fraction of UHMW chains in PE1 would result in

stronger orientation in shearing experiments compared to PE2.

HDPE resins are typically made using either titanium-based Ziegler-Natta or Chromium-based
Phillips catalysts which allow for the reaction process to be tuned according to the desired
properties of the end-use product.!”?° A balance is needed between density, molecular weight
and MWD. By adding small amounts of short chain olefins to the reaction vessel, a degree of
SCB occurs, increasing the spacing between chains and decreasing the density which improves
the resistance to SCG.Y" A higher average molecular weight improves mechanical properties
and melt strength, the ability with which a melt resists deformation by sagging during cooling,
and typical molecular weights for pipe manufacture are over 100 kDa. However, the
corresponding increase in viscosity must be balanced to achieve optimal extrusion conditions

and throughput.*”2

Producing HDPE resins leads to different chain lengths due to the multiple active site nature
of the catalysts, which results in a molecular weight that is different for each molecular chain.’
A narrow MWD indicates chains with a fairly uniform length, whereas a broader distribution
indicates a range of different chain lengths.!” A broad MWD typically offers good
processability, but at the expense of stiffness and impact strength.}” To circumvent this issue,
two or more different resin blends may be mixed to create a final batch combining the optimum
properties of broad MWDs at lower and higher molecular weights (Figures 3.2 and 1.2).
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Figure 3.2: A schematic comparison of a typical unimodal and bimodal molecular weight
distribution. The bimodal distribution incorporates the optimum properties from different
molecular weight regions (such a processability or mechanical strength) into a single blend.
Adapted from Ref 22.

Assingle peak ina MWD is termed unimodal, with several peaks termed multimodal. Typically,
bimodal MWDs are used for pipe manufacture as the LMW (and shorter chain components)
exhibit improved processability and the HMW (and hence longer chains) exhibit better
mechanical strength (Figure 3.2). The chains with the highest molecular weight, often termed

a ‘high molecular weight tail’ (HMWT), impart melt strength.
3.3 Differential Scanning Calorimetry

3.3.1 HDPE
DSC obtained the onset and peak of the melting and crystallisation temperatures of both PE1
and PE2 (Figures 3.3 and 3.4, respectively) in order to understand the thermal properties and

establish temperature protocols for polymer processing.
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Figure 3.3: DSC curves showing melting endotherms (down) and crystallisation exotherms
(up) for PEL1. Measurements consisted of two consecutive cycles between 40 — 180 — 40 °C at
a heating/cooling rate of 10 °C min? with 5-minute isothermal holds at each terminal
temperature. The blue (Cool 1) and green (Cool 2) curves overlap exactly, hence why the latter

cannot be observed on the graph.
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Figure 3.4: DSC curves showing melting endotherms (down) and crystallisation exotherms
(up) for PE2. Measurements consisted of two consecutive cycles between 40 — 180 - 40 °C at

a heating/cooling rate of 10 °C min? with 5-minute isothermal holds at each terminal
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temperature. The blue (Cool 1) and green (Cool 2) curves overlap exactly, hence why the latter

cannot be observed on the graph.

Each sample was subjected to the same heat-cool temperature profile: 40 - 180 - 40 °C at a
heating/cooling rate of 10 °C min* with a 5-minute isothermal hold at each terminal temperature
(Section 2.4.3). This profile was repeated twice in succession for each sample: the first to
remove any residual thermal or processing history and the second to observe the melting

properties of the polymers (Table 3.2).

Melting Crystallisation
Onset/ Peak/ X/ AH/ | Onset/ Peak/ X/ AH/
°C °C % Jgt °C °C % Jg*t
PE1

15t Cycle 122.9 131.9 65.4 188.2 118.1 116.7 620 178.6
2nd Cycle 1215 130.3 63.2 1821 118.1 116.7 614 176.9
PE2
15t Cycle 122.8 131.2 65.1 1874 117.3 115.8 58.0 167.1
2nd Cycle 120.6 129.4 65.0 187.2 117.2 1158 57.1 1645
Table 3.2: Values for the onsets, peak melting temperatures, peak crystallisation temperatures,

percentage crystallinity (Xc) and enthalpy of transition (4H) of PE1 and PE2 obtained by DSC
measurements. Two consecutive temperature cycles (40 — 180 — 40 °C at 10 °C min) were
performed with five-minute isothermal holds at each terminal temperature. Xc and 4H values

were obtained by integrating the melting and crystallisation peaks.

Melting in semicrystalline polymers is a complex process compared to small organic
molecules. Due to the distribution of crystallite sizes, the melting peak is not sharp and a broad
temperature range is observed.? Literature values of PE melting points cover a broad range
between 110 — 150 °C with values obtained between 130 — 132 °C for PE1 and 129 — 131 °C
for PE2 which were consistent with literature values.?%?42% Upon melting, the crystallites
binding the solid state together melt to become a viscous liquid.? In contrast to small
molecules, however, the melting point of polymers is not fixed and can be influenced by
molecular composition, thermal history and heating rate.’” Due to chain entanglement,
crystallisation of polymers is slow and kinetically controlled®® and thus the degree of
crystallisation can be affected by the cooling rate. Generally speaking, faster cooling rates

result in lower crystallinity as the molecular segments have insufficient time to arrange into
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lamellae.?” A large number of small crystals, with a high surface to volume ratio, and therefore
a relatively high surface energy, are formed when the cooling rate is high. Larger crystals are
energetically favoured over smaller ones as the surface energy is reduced®® and thus melting
occurs at higher temperatures — rapid cooling therefore leads to reduced melting temperatures
and a broad melting range because crystals of many different sizes are formed, each with a
unique melting temperature.?” Note the very rapid onset of crystallisation, yet no change in
crystallisation temperature was observed for both cycles for both materials. Due to
supercooling effects, which is a consequence of the large energy barrier to the formation of an
ordered crystalline phase, the melting temperature will lie above the crystallisation

temperature, which was consistent with these results.*

Small shifts were seen in the melting points between first and second heating cycles. The first
heating step is regarded as the melting of nascent crystals, whereas the second heating is
regarded as the melting of a melt-crystallised sample.?® The peak melting of the latter sample
has been shown to be lower than the nascent melting temperature at any heating rate.
According to the LH Theory, the thickening of the lamellae formed at the crystallisation

temperature accounts for the difference in observed melting temperature peaks.®!

PE is known to crystallise into chain-folded lamellae, with a range of lamellae thicknesses, the
thin nature of which causes the melting point to be depressed below the equilibrium melting
point, T,2 (145.5 °C for HDPE).?"32 Assuming, therefore, that a specific melt temperature
depends upon lamellae thickness, a correlation may be established between an observed melt
temperature with the thickness of lamellae at a specific temperature.® There is a
thermodynamic driving force towards lamellae thickening caused by the minimising of the total
free energy and, consequently, an increase in lamellae thickness (and also the degree of

crystallinity), causes the melt temperature to be increased.®

Imperfections, such as crystal defects or high surface energies, within the crystal are attributed
to the depression of polymeric melting points from T;%. A high surface-to-volume ratio exists
due to the lamellar morphology and a relation between the melting point depression, T,0 — T,,,

and lamellar thickness, |, is given by:

20,T0

I = : 3.1
AHf(Tm - m)

where o, is the free energy of formation of the lamellae surface and AH; is the bulk heat of
fusion.3 This equation also shows that an increase in |, and hence degree of crystallinity, results
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in higher peak melting temperatures.®? The ratio o,/AH was estimated by Eby and Brown to
be 2.04 x 108 cm.3® Assuming a value of T, = 145.5 °C, the lamellar thickness of PE1 and
PE2 can be obtained from the melting peaks (Table 3.3). The Gibbs-Thomson equation predicts
a thickness of 25 nm for a peak melting temperature of 131 °C (for linear PE with M, =9 kDa
at a heating rate of 1 °C min™).2>** The large difference in average Mw between theoretical
values and these commercial blends and the faster cooling rate likely account for this
discrepancy. An increased number of chain entanglements, owing to the HMW, will hinder
chain folding into lamellae and, given that crystallisation is a kinetically-controlled process,
the higher heating rate will have the effect of ‘freezing’ chains in place before they can adopt

an ideal, lower energy folded conformation.®

Lamellar
Peak Melt/ °C )
Thickness/ nm
PE1
1t cycle 131.9 2.18
2nd cycle 130.3 1.95
PE2
1t cycle 131.2 2.08
2" cycle 129.4 1.84

Table 3.3: The lamellae thickness calculated from the peak melting temperature for each

melting endotherm for PE1 and PE2. Thicker lamellae cause higher peak melting temperatures.

As is evident, the slight decrease in melting peak between successive cycles can be attributed
to the decrease in lamellae thickness caused by surface melting and reorganisation.®
Wunderlich et al. observed smoothing of the surface morphology, occurring by a two-step
process: melting and then recrystallisation into folded-chain lamellae.®® By slicing crystals,
they observed that an increased surface area resulted in an enhanced melting rate, itself
dependent on the time to melt a single chain and thus lamellae thickness.*® The heating rate of
10 °C min't was sufficiently high to reduce chain reorganisation on heating.*®* Comparing PE1
and PE2, PE1 maintained a slightly thicker lamellae than PE2 which was consistent with the

X values obtained from DSC (Table 3.2).

115



Polymer crystallinity can be obtained by quantifying the heat associated with fusion (melting)
of HDPE, reported as a percentage crystallinity, X¢, by normalising the observed heat of melting
with that of a 100 % crystalline sample of the same polymer.®” X values were calculated using
a value of 293 J g! as the standard enthalpy of fusion of a 100 % crystalline PE crystal (Table
3.2).38 For crystals displaying polymorphism, phase transitions between the respective
polymorphs can be identified by DSC, as each crystal form typically melts at a different
temperature.?2  Measuring Xc for such polymorphic crystals requires values of a 100 %
crystalline sample for each polymorph.? SAXS/WAXS measurements are often favoured
instead to calculate Xc and determine the respective crystal structure. Comparing X values of
the crystallisation exotherms for PE1 and PE2 (Table 3.2), the crystallinity was similar for both
materials, with PE1 showing slightly greater crystallinity than PE2 in all cases except the
second heating. PE2 showed a significantly lower crystallinity during crystallisation in
comparison to the melting, which was not observed with PE1. PE2 was synthesised with a
degree of hexene co-monomer? to achieve the desired characteristics of the MWD and it was

likely that these branches were contributing to the decrease in the crystallinity at this step.?°

3.3.2 UHMWPE
DSC was used to obtain the onset and peak of the melting and crystallisation temperatures
(Table 3.4 and Figures 3.5-3.8) of three UHMWPE oriented tapes (TA23, XF23 and S1) in

order to establish conditions for fabricating SPCs. The same heat-cool protocol as for the

previous HDPE measurements was used (Section 2.4.3).

All UHMWPE tapes were obtained from Teijin Aramid Endumax brand. TA23 was fabricated
by compacting, rolling and stretching of PE powder to a thickness of 60 pm and a density of
46.6 g m. XF23 was fabricated in the same manner, but with additional uni-directional laying
and cross-plying steps of 4 x TA23 layers (0°/90°/0°/90°), bonded together with Kraton
adhesive, with an areal density of 198 g m2. S1 was a 170 pm thick, non-commercial grade,
regarded by industrial colleagues to refer to an intermediate stretching stage of the production

of TA23.18 Further specific manufacturing details could not be obtained.
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°C PE1 PE2 TA23 XF23 S1
1t Heat | 131.9 131.2 147.8,152.8,160.5 128.8,147.6149.0 145.0

15t Cool | 118.1 115.8 116.5 119.4 120.5
2" Heat | 130.3 129.4 138.0 134.9 135.3
2" Cool | 118.1 115.8 116.0 119.1 120.2

Table 3.4: Peak melting and crystallisation temperatures for HDPE and three UHMWPE tapes.
Two consecutive temperature cycles (40 — 180 — 40 °C at 10 °C/min) were performed with

five-minute isothermal holds at each terminal temperature.

Rastogi et al. showed that solid state drawing of UHMWPE could be achieved across a broad
temperature range, below T,2 (PE), through reactor synthesis using a nanoparticulate-supported
Ziegler-Natta catalyst system in order to significantly reduce the entanglement density.3*4% The
disentangled solid state is attractive for making high-modulus and high-strength fibres due to
its easier drawability than the corresponding entangled state.** However, upon heating above
the melting point, such disentangled chains will re-entangle and lose the processability and
mechanical benefits.** Solid-state drawing of UHMWPE tapes is both economically and
environmentally attractive as the use of flammable and toxic solvents is not necessary, as is the
case for solution-/gel-spinning of fibres. In composite manufacture, tapes are generally
preferred over fibres because the performance is enhanced owing to the lower surface to
volume ratio of the former.*>4*  An absence of strain hardening upon deformation, indicates
the presence of disentangled chains.** High modulus values are obtained for such mechanically
drawn UHMWPE tapes caused by the orientation of the molecular chains and the subsequent

greater van der Waals interactions between them.*!

Most polymers are only partially crystalline which results in a broad melting temperature range
and melting points significantly lower than the equilibrium melting point, ;% (145.5 °C for

HDPE).2” Multiple melting peaks are common, and may be caused by:

1. Recrystallisation during melting

2. Different crystal forms (or different polymer morphologies)

3. Crystal-crystal transitions

4. Annealing or heat treatment causing changes to crystal size and perfection
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Figure 3.5: DSC curves showing melting endotherms (down) and crystallisation exotherms
(up) for UHMWPE tape TA23. Measurements were performed in duplicate and consisted of
two consecutive cycles between 40 — 180 — 40 °C at 10 °C min! with 5-minute isothermal

holds at each terminal temperature.

Multiple melting endotherms were observed in the DSC curves for TA23 (Figure 3.5), with
similar multiple melting endotherms for drawn UHMWPE fibres observed by several research
groups.*?45-48 Consider that the spherulitic melting point (Tms) of HDPE was 129 - 132 °C and
that all melting endotherms in the first heating were greater even than T, (PE) = 145.5 °C,

which highlighted the effect of orientation upon melting temperatures.*?

Orthorhombic crystals typically melt at 137 °C,*? however Ratner observed that abnormally
high melting temperatures (greater than T,2) arose from constrained orthorhombic crystals
caused by the stabilisation of the phase by applied stress (i.e. drawing and orientation) — lower
entropy, extended chains are preferred over higher entropy entangled chains.***° Yenh et al.
demonstrated that the main melting endotherm could be pushed to higher temperatures (from
131 °C to 140 °C) by increasing the draw ratio.*? Schulte et al. and Stern et al. independently
proposed a combination of both fibre relaxation and crystal form transformation and
melting.**#4 They suggested that the first small shoulder related to fibre relaxation, the second
peak arose due to partial melting and solid-state phase transformation of orthorhombic to
hexagonal crystal forms and the final peak resulted from the transition to the hexagonal phase.*?

The peak melting endotherm at approximately 153 °C was attributed to the solid-phase
transition of crystal phases from constrained orthorhombic to hexagonal or pseudohexagonal.*?

This transition only occurs for constrained fibres® and this new phase subsequently melts at
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temperatures around 159 °C.%%' A melting temperature range of 155 — 176 °C has been
reported for this final phase, indicating that preparation methods, molecular weight and mode
of constraining can all have an impact.>! Modulated-DSC (MDSC) could be used to observe if

these transitions are reversible or irreversible.

Polymers drawn into fibres typically display crystallinities, melting points and melting
enthalpies that are much greater than the equilibrium melting point and bulk polymer
properties.?”5253 This was evident with the materials used in this work, as all UHMWPE tapes
had a peak melting greater than 145.5 °C, with TA23 reaching a maximum of 160.5 °C.
Aligning and stretching the chains produces thermodynamically more stable crystals than
conventionally crystallised melts, thus leading to higher melting temperatures, T,,.%
Considering Gibbs free energy relations, the melting point is given by T,,, = AH/AS, where
AH and AS are the enthalpy and entropy difference between crystal and liquid phases
respectively.>® The entropy is determined by the chain conformations and the enthalpy by the
interaction between chains.?2752 Therefore, controlling or changing either AH or AS could
alter the crystalline melting behaviour.>? The shift in T is the result of decreasing entropy
effects upon stretching and orienting the chains, as both the bulk unstretched and oriented
chains have similar enthalpies of melting, thus increasing Tm . Increasing the draw ratio, and
hence orientation, will also increase the crystallinity as the improved ordering allows for closer

chain packing.®>

The shift in T arises due to an entropy effect, as the enthalpy of melting will be the same
regardless of whether the fibres are constrained or not. Chains in the constrained fibres have
no freedom to relax and so any gain in entropy per monomer unit is reduced compared to the
unconstrained fibres.>? Since T,, = AH/AS, Tm tends towards higher temperatures as A4S
decreases upon constraining.>? Constraining the fibre in a DSC pan above the melt temperature,
and therefore partially restricting thermal relaxation of the stretched chains, was achieved by
using very shallow pans (Figure 3.6). The tape could be pressed flat against both surfaces and
a single melting peak appeared at 146.9 °C with a small shoulder at 151.8 °C, suggesting that
the majority of crystals remained in the constrained orthorhombic phase.*?

Upon second heating of all of the unconstrained UHMWPE tapes, the peak melting endotherm
reduced in value to around 135 °C, indicating a return to a random coil conformation.2
Molecules will attempt to regain the preferred isotropic structure on heating and so relaxation

will occur.5?
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Figure 3.6: DSC curves showing melting endotherms (heating step, red) and crystallisation
exotherms (crystallisation step, blue) for constrained UHMWPE tape TA23. Measurements
were performed in duplicate and consisted of two consecutive cycles between 40 — 180 — 40

°C at 10 °C min"t with 5-minute isothermal holds at each terminal temperature.
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Figure 3.7: DSC curves showing melting endotherms (down) and crystallisation exotherms
(up) for UHMWPE tape XF23. Measurements were performed in duplicate and consisted of
two consecutive cycles between 40 — 180 — 40 °C at 10 °C min! with 5-minute isothermal

holds at each terminal temperature.

During the first heating cycle for XF23, the main melting endotherm occurred at 149.0 °C in
addition to a small shoulder at 147.6 °C and a much smaller peak at 128.8 °C (Figure 3.7).
This particular tape was constructed of UHMWRPE tape or fibres encased in a PE matrix.
Therefore, this small peak was likely to be the HDPE melting, and the subsequent peaks from

the UHMWPE, which was partially constrained by entanglements with the surrounding HDPE
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matrix and, therefore, unable to transition from the constrained orthorhombic phase.*? Upon
second heating, these peaks coalesced into a single peak at 134.9 °C, also suggesting that the

stretched chains had relaxed and entangled in the melt.
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Figure 3.8: DSC curves showing melting endotherms (down) and crystallisation exotherms
(up) for UHMWPE tape S1. Measurements were performed in duplicate and consisted of two
consecutive cycles between 40 — 180 — 40 °C at 10 °C min™ with 5-minute isothermal holds at

each terminal temperature.

The initial peak melting temperature was greater than T,2, which suggested that the polymer
chains were oriented.> No additional peaks were seen for S1, due to the fact that there were no
individual fibres in the tape, as in TA23 and XF23 (Figure 3.8). Therefore, the appearance of
any multiple peaks was attributed to the presence of UHMWPE fibres. Upon second heating,
the peak melting endotherm of this tape reduced to 135.3 °C, which indicated chain relaxation

also occurred with this material .52

The large shifting of peak melting points indicated a large degree of thermal relaxation of the
polymer chains, and the effect of orientation upon melting behaviour.2%2°2 Melting points for
the second heating of each tape were very similar to those of bulk, entangled HDPE. Crucially,
these measurements gave a temperature window for SPC fabrication of 136 — 144 °C with a
temperature of 140 °C chosen. This ensured that only the HDPE matrix melted whilst the
orientation of UHMWPE fibres was preserved. Exceeding the melting point of the UHMWPE
resulted in a rapid loss of orientation as the tape contracted back into an entangled melt, which
was most apparent for TA23. The crystallisation temperatures for each tape were consistent
with those for HDPE.?°
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3.4 Rheology

Rheological measurements were primarily used to gather information about the viscosity and
moduli components: viscous and elastic. For the PE melts in question, a series of measurements
were performed to obtain information regarding the viscosity behaviour with respect to shear
rate.

3.4.1 Amplitude Sweeps

Amplitude sweeps (Section 2.5.7) were an essential first step in assessing rheological
behaviour as they ascertained the upper limit of sample integrity and described the deformation

behaviour in this range.

According to DSC measurements, the spherulitic melting points of the studied PEs were 129 —
132 °C and the equilibrium melting point (from literature) was 145.5 °C.?” Thus, the rheology
measurements of HDPE were performed at significantly higher temperatures: 150 °C, 170 °C
and 190 °C. At each temperature, a strain sweep from 100 - 0.01 % strain was undertaken for
PE1 (Figures 3.9 — 3.11) to find the LVR at five angular frequencies, w, between 0.06283 —
628.3 rad s (Section 2.5.7). All measurements were performed in duplicate and averaged.
The angular frequency refers to the frequency of a sinusoidal waveform in oscillation, given
by w = 2mf where f is the frequency in s and w is measured in radians per second (rad s
1,537 The LVR is the area in which the microstructure responds linearly to the magnitudes of
stress and strain over time, such that G, G” and »* show a linear response to temperature and

angular frequency. %8°

Cox and Merz devised an empirical relationship of great importance. They observed that the
steady state shear viscosity, #, plotted against shear rate, y, corresponded with a plot of complex
viscosity, |n*|, against angular frequency, w: n* = G*/iw where G* is the complex modulus.
Thus n(y) = n*(w) at y = «.5%52 In order to successfully use this rule, steady state values
must be used — any transient effects arising from secondary flows, such as start-up flow or
inertia, must have fully decayed and the flow has to be laminar.®® This rule is especially useful
for polymer melts, as the steady state viscosities are difficult to measure at high shear rates on
highly viscous materials due to sample fracture or turbulent flow.®® Therefore, predictions of

n(y) can be made from oscillatory measurements and such data are usually more reliable.524
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A constant viscosity against strain indicates the linear region,®® and therefore a 1 % strain was

chosen for subsequent oscillation frequency sweeps.
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Figure 3.9: Modulus of complex viscosities, #*, of PE1 at 150 °C measured by amplitude
sweeps at o = 0.06283 rad s, 6.283 rad s, 62.83 rad s%, 100 rad s* and 628.3 rad s*.
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Figure 3.10: Modulus of complex viscosities, #*, of PE1 at 170 °C measured by amplitude
sweeps at o = 0.06283 rad s, 6.283 rad s, 62.83 rad s%, 100 rad s and 628.3 rad s*.
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Figure 3.11: Modulus of complex viscosities, #*, of PE1 at 190 °C measured by amplitude
sweeps at w = 0.06283 rad s, 6.283 rad s, 62. 83 rad s%, 100 rad s and 628.3 rad s™.

The same procedure was applied to PE2 and a 1 % strain also selected for future frequency

sweeps (Figures 3.12 — 3.14).
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Figure 3.12: Modulus of complex viscosities, #*, of PE2 at 150 °C measured by amplitude
sweeps at o = 0.06283 rad s, 6.283 rad s, 62.83 rad s%, 100 rad s* and 628.3 rad s*.
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Figure 3.13: Modulus of complex viscosities, #*, of PE2 at 170 °C measured by amplitude
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Figure 3.14: Modulus of complex viscosities, 7*, of PE2 at 190 °C measured by amplitude
sweeps at w = 0.06283 rad s, 6.283 rad s, 62.83 rad s, 100 rad st and 628.3 rad s.

It was evident that the highest angular frequency (628.3 rad s™) showed non-linear behaviour
at both low and high % strains respectively. All 628.3 rad s™* sweeps displayed viscosity values

equal to or greater than the preceding data at 62.83 rad s

measure

ments. The reason why was unclear, as the highest frequency curves should display
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the lowest viscosities due to shear thinning.?° A possible explanation was the build-up of stress
during the measurement.®® Data for 628.3 rad s* also showed points aggregating and not
progressing beyond 50 % strain which suggested a critical amplitude was reached, above which
non-linearities emerged and large-scale, irreversible sample deformation occured.®® The noise
present at low strain was attributed to low torque and therefore reduced measurement
sensitivity.®® The deviations at higher percentage strains were most likely the result of
emerging inertial effects (manifest as slow flow)®, which can arise from the centrifugal effects
of the periodic acceleration and deceleration of the motor shaft.%® Prior to the measurements,
the moment of inertia of the tool fixture was calculated by the software and applied as a
correction to the results. However, if this correction becomes too large, secondary flows are
present in the sample (i.e. sample inertia) which, in some cases, can cause the observed
viscosity to increase slightly.® Barnes noted that inertia can cause issues during high frequency
oscillatory measurements, especially when approaching frequencies of 100 s™.% As the flow

becomes increasingly non-linear, these inertial effects are amplified.58

3.4.2 Frequency Sweeps

Initial frequency sweep measurements between o = 628.3 —0.06283 rad s caused an inflection
in the complex viscosity at high frequency, the cause of which was unclear (Figure 3.15) since
PE is a known shear-thinning melt.?° Since the measurements were performed under nitrogen
atmosphere to minimise oxidative degradation at temperatures 50 °C lower than the typical
industrial processing temperature, it was unlikely that thermal decomposition of the sample
was the cause of the observed phenomenon. Additionally, both materials had antioxidant

additives to prevent this degradation.
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Figure 3.15: Frequency sweep of PE1 (left) and PE2 (right) at 150 °C with 8 mm parallel plate
geometry, 0.5 mm gap, 1% strain amplitude and angular frequency, o = 628.3 rad s*. The

inflection in 5 * was present in all measurements at » > 100 rad s™%. Open circles show data for
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G’ (storage modulus), open squares show the data for G~ (loss modulus) and the filled triangles

show the data for »*(modulus of complex viscosity).

The inflection was still present, even after repeating this measurement at different % strains
and performing both high-low and low-high sweeps. Temperature effects were also discarded
as the inflection was present across all temperatures 150 — 200 °C. Other factors, such as
dilatancy above a critical shear rate, solidification under pressure or inertial effects could have
contributed to the inflection.®® Correlating with the amplitude sweep data, the beginning of the
inflection arose as the sample approached a deformation of 100 % strain at angular frequencies
greater than 100 rad s, therefore suggesting some form of irreversible sample deformation
was occurring.®®% At 1 % strain at 628.3 rad s the data was non-linear and beginning to
inflect, thus suggesting this was not within the LVR. A significant upturn was also seen in G’
and G” for PE1 and G’ for PE2. Stadler et al. concluded that an upturn in G” at ® > 100 rad
st was caused by inertia and the onset of Rouse motions.®” By reducing the maximum
frequency from 628.3 rad s to 100 rad s, the inflection was not observed (Figure 3.16). The
temperature range was extended to 200 °C with measurements taken at each 10 °C increment
(Figure 3.16).
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Figure 3.16: Frequency sweeps for PE1 and PE2 showing #* (modulus of complex viscosity)
curves at temperatures between 150 — 200 °C, 1 % strain amplitude and «» = 100 — 0.0628

rad s*. Black triangles represent PE1 and red triangles represent PE2.
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For both PE1 and PE2, the viscosity curves at each temperature were merged using a reference
temperature of 170 °C and shifted to 130 °C by performing a TTS to generate viscosity
mastercurves (Figure 3.17). By fitting the Cross model (Eg. 2.10) to each mastercurve, a shear-
rate dependent viscosity, n(y), value of n(y) =59 786 = 3 886 Pa s was obtained for PE1 and
n(y) =71954 £ 13592 Pa s for PE2. The fitting of the model at the highest shear rates deviated

in a slight upwards curvature for PE2, hence the larger error observed for this material.

10°

10°

n*(Pas)

104

103
10* 102 10! 10° 10' 102 103

w (rad s?)
Figure 3.17: The shear-dependent viscosity mastercurves of PE1 (black circles) and PE2 (grey
triangles) shifted to 130 °C after performing a time-temperature superposition. Fitting with the
Cross model to PE1 (blue dashed line) and PE2 (red dashed line) gave values for the shear-rate
dependent viscosity, n(y), of 59 786 Pa s and 71 954 Pa s respectively. The inset table displays

the ar shift factors obtained from the time-temperature superposition.

As expected from the previous GPC measurements (Figure 3.1), PE1 showed slightly higher
viscosity at both 7o and 7. regions, owing to the HMWT present in this material (Table 3.5 and
Figure 3.20). Despite being manufactured by different suppliers, both materials showed similar
rheology and TTS behaviour (Figure 3.20).
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| PE1 PE2
no(Pas) | 1.82x10° 1.45x10°
3 (Pas) 3790 3748

Table 3.5: Values of the zero-shear viscosity, 1y, and infinite-shear viscosity, 1., plateaus as
obtained from Cross Model fitting of the time-temperature superposition mastercurves of PE1
and PE2 shifted to 130 °C.

The applicability of the TTS to HDPE melts has been widely researched and shown to work
across a wide range of temperatures.®*’® The ar values obtained for these materials are
consistent with previous works, and have been shown to be independent of MWD.®® Therefore,
these materials can be classified as thermo-rheologically simple on account of obeying the TTS

principle.”

3.4.3 Linear Viscoelastic Behaviour

Additionally, from the above measurements, plots of G’ and G against w were created at each
temperature for both PE1 and PE2 (Figure 3.18). The crossover points (when G’ = G”) for
each material were largely consistent at all temperatures, which indicated that the materials
relaxed along similar timescales.®® In all cases, G” > G at lower frequencies indicating liquid-

like behaviour, which became more solid-like after the crossover pointas G’ > G .58
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Figure 3.18: Frequency sweeps for PE1 and PE2 showing G’ (storage modulus) and G (loss

modulus) curves at temperatures between 150 — 200 °C, 1 % strain amplitude and @ = 100 —

0.0628 rad s™. Black symbols represent PE1 and red symbols represent PE2.
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A TTS was applied to the G’/G ” data for PE1 and PE2 using a reference temperature of 170

°C and shifted to 130 °C (Figure 3.19 and Table 3.6). However, across all of the temperatures

measured, the G’/G” behaviour for each material was very similar hence why the mastercurves

do not appear to have covered any greater range of angular frequencies.
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Figure 3.19: Mastercurves of G’ (black) and G

130 °C.
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" (red) for PE1 (left) and PE2 (right) shifted to

PEL PE2
Ti Gi Ti Gi
11 62.41 2 483.63 | 185.08 725.21
2| 7.45 14745.00 | 23.02 7 278.68
3| 0.89 64 718.40 2.86 38 696
41 011 121748.00 0.36 100 465.00
5 0.01 202731.00 0.04 186 792

Table 3.6: Values of 7 (relaxation time) and Gi (complex modulus) for PE1 and PE2 across the

5 Maxwell modes applied to each G’/G” mastercurve.

A Maxwell model of 5 modes was applied to the TTS G /G mastercurves of PE1 and PE2

(Figure 3.19 and Table 3.6). Polydisperse materials have a range of relaxation time scales.”

Crossover points of G’ and G~ are useful indicators of relaxation times through the reciprocal

of the G’/G” crossover frequency, w = 1/z,°% and My, with a longer relaxation time referring to
a higher My, (Table 3.7).5873
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PE1l PE?2

Crossover Modulus, G’ = G” (Pa) 49 158.90 50 627.00
Crossover Frequency, o (rad s?) 1.08 0.85
Relaxation Time, T (s) 0.93 1.18

Table 3.7: Crossover values of the storage, G, and loss, G, moduli and angular frequency,

o, for PE1 and PE2 which lead to characteristic relaxation times.

HDPE of My = 224 000, but a relatively narrow MWD (= 3.0), has been calculated in the
literature to have a relaxation time of 4.1 x 10* 5.7 However, given the narrow MWD
compared to both materials used in this study, it was difficult to draw a direct comparison.
Considering that the longest chains in a melt have longer relaxation times due to an increased
number of entanglements,’* and the MWDs of both materials, it could be anticipated that PE1
should have the longer relaxation time. However, whilst this material did possess a slightly
larger fraction of the highest molecular weight material, the HMW peak in the distribution for
PE2 was greater (Figure 3.1). Therefore, this suggested that PE2 on average had a larger
proportion of longer, HMW chains, whereas PE1 contained the longest, UHMW chains. The
rheology results showed that both PE1 and PE2 were similar in terms of relaxation time and
viscosity, which roughly correlated with the MWD.

3.5 SAXS of HDPE and UHMWPE

SAXS provided a valuable insight into the structural morphology of the studied polymers after
shearing. Herman’s Orientation Function, P2, was used in each case to quantify the degree of

orientation Section 2.8).

3.5.1 Lamellar Morphology and Degree of Orientation: HDPE

During shearing experiments, two morphologies were visible from a 2D SAXS acquisition
(Figure 3.22). The halo pattern was indicative of isotropic morphology (Figure 3.20 left),
whereas the two-lobe ‘tear-drop’ pattern represented anisotropic morphology (Figure 3.20
right), corresponding to a stack of parallel lamellae.” As has previously been reported from
work involving polyolefins crystallised from oriented melts under shear and melt-spinning, 2D
SAXS images can be interpreted in terms of a two-phase lamellar system where the stacks of

lamellae are perpendicular to the flow/elongation direction (Figure 3.21).72757°
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Figure 3.20: Two types of morphology visible in a 2D SAXS pattern: isotropic (left) and

anisotropic (right). The arrow in the right image indicates the direction of flow.

2D SAXS patterns gave information regarding the polymer morphology (Figure 3.21), such as
the halo (Figure 3.21A) from isotropic spherulites (also seen in the left image of Figure 3.20).
The tear-drop shaped meridional lobes (Figure 3.21B, and also seen in the right image of Figure
3.20) arise from a stack of parallel lamellae with a distribution of irregular distances and
thicknesses between crystaline lamellae and amorphous regions. However, as lamellae spacing
becomes increasingly regular, sharp meridional spots (Figure 3.21C) appear. The meridional
arcs (Figure 3.21D) arise due to a wide range of lamellae orientations with respect to the flow
direction (vertical in this instance). Finally the meridional tear-drop lobes with equatorial
streaks (Figure 3.21E) result from highly-oriented shish-kebab sructures with irregularly
spaced lamellae and a high density of oriented fibre bundles respectively.”® It is worth noting
that these are idealised structures and, in many cases, a mixture of structures will be present,

with the resulting 2D pattern reflecting as such.
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Figure 3.21: Schematic representations of commonly observed 2D SAXS patterns for oriented

morphology: A) halo from isotropic polymer chains (i.e. entangled forming a spherulitic
morphology); B) tear-drop shaped meridional lobes from irregular distances and thicknesses
between crystalline lamellae (black) and amorphous regions (grey); C) sharp meridional spots
from regular distances and thicknesses between crystaline lamellae and amorphous regions; D)
meridional arcs from lamellae structures with different orientations tilted with respect to the
flow direction; E) highly-oriented shish-kebab sructures with irregularly spaced lamellae. The
equatorial streaks are indicative of a high density of oriented fibre bundles.”

Whilst the latter morphology (Figure 3.21E) indicates highly-oriented shish-kebabs, the
equatorial streak representing the fibre bundle parallel to the flow direction (shish) was not
present in this work. Nevertheless, according to the generally accepted mechanism of shish-
kebab formation (Figure 1.17), they must have been present. Under shear, the longest chains
in the melt are stretched and aligned, eventually nucleating and crystallising into fibre bundles
(shish). This fibre subsequently acts as a nucleation point for the lamellae (kebabs), consisting
of the remaining chains in the melt, to grow and crystallise. Therefore, shish must be present
first in order for kebabs to form afterwards and produce the tear-drop shaped lobes on the
SAXS patterns. It was likely that the number densities of the shish were too low to cause

significant scattering.”™

Correlation function analysis allows parameters such as lamellar long period and crystalline

and amorphous layer thickness to be determined from a 1D SAXS pattern.8-8 A Correlation
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Function can be envisioned by considering an imaginary line moving through the structure of
asample. I'x) is the probability that a line of length x has equal electron scattering length density
at either end and, hence, a regular structural ordering within the sample will manifest itself as
apeak in 7. 1D (1) and 3D (I) correlation functions can be obtained, the difference being
that the former is only averaged in the plane of the scattering vector.*® Data are extrapolated to
g -2 0, according to the Guinier model, and g = o, according to Porod’s law, with the resulting
analysis interpreting the results based upon a two-phase lamellar model.®’ The correlation

function can be written as:

N 2
ACET fo 1(@)q? cos(qR) dg 3.2

where 1(q) is the scattering intensity and the invariant, Qs, is defined as:

(=

q2
Qs(t) = f q*1(9)dq ~ f q*1(q)dq 3.3
0 a1

Integration of the 1D SAXS curve gives Qs, provided that it is performed between suitable

limits of g = gz (the first reliable data point) and q = g2 (the region where 1(q) is constant.

Correlation functions from reduced 1D patterns (Figure 3.22) were performed on isotropic
samples of PE1 and PE2 in order to gather the average lamellae long period, average lamellae
thickness and degree of crystallinity (Table 3.8). PE samples with My =500 kDa and Mw =5
MDa (500k and 5M respectively, both of which were used later in Chapter 6 in the fabrication
of SPCs) were also measured to show the effect of My and crystallinity on morphology. A
sample of LDPE was also measured (Lupolen 1840H, Basell, My = 17 kDa, Mw = 240 kDa,
polydispersity Mu/Mn ~ 14, Tms = 111.2 °).%7

PE1 PE2 500k oM LDPE
Average Long period (A) 170 141 135 124 151
Average Lamellae Thickness (A) 99.1 67.8 62.0 47.9 65.1
Xe 0.58 0.48 0.46 0.39 0.43

Table 3.8: Average long period, average lamellae thickness and degree of crystallinity obtained
from correlation funcions of PE1, PE2, 500k, 5M and LDPE.
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Figure 3.22: 1D SAXS patterns of LDPE, HDPE and UHMWPE samples collected using a
Bruker AXS NanoStar.

The long periods obtained (Table 3.8) from the correlation function were consistent with
literature values.®* PE1 displayed larger long periods than PE2 which was consistent with GPC
and first-scan DSC measurements. Due to Babinet’s principle, and without any prior
knowledge, the degree of crystallinity according to the correlation function could have been
either 58 % or 42 % for PE1.858 For PE2, the degree of crystallinity could either have been 48
% or 52 %. However, considering the DSC data (Table 3.2), values of 58 % and 52 % for PE1
and PE2 respectively were in corroboration. Crystallinities for 500k and 5M were also in

corroboration with DSC measurements.

Cole and Holmes obtained a value of 123 A for the long period and X. of 0.45 for a sample of
LDPE at room temperature, but with large error ranges.8*8” The MWDs and increased number
of entanglement points with UHMW chains, and hence lower chain mobility to form folded-
chain structures, could account for the observed differences.?® Additionally, Bellare et al.
discovered that UHMWPE contained a large distribution of lamellae thicknesses and spacings,
which could also account for the values obtained here.3 There was good correlation between

the Xc values obtained through the correlation function and those obtained by DSC.
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Depending upon the area at which a SAXS acquisition is taken, the lobes arising in an

anisotropic 2D image can be arranged parallel to the meridional or equatorial direction (Figure
3.23).

Figure 3.23: The changes in lamellae orientation with respect to taking a SAXS acquisition
with the lobes parallel to the meridian (blue) or equatorial (red) directions. Measuring at
different points will lead to changes in the direction of the lobes identified on the 2D SAXS
scattering pattern. The white arrows in the 2D SAXS images indicate the direction of flow and

the grey arrows in the shish-kebab diagrams represent the growth direction of lamellae.

The sheared PE disk underwent planar rotational flow, thus a linear distribution of shear rates
occurred from a maximum at the disk edge, to zero at the disk centre. By performing an
azimuthal integration of the radial 2D SAXS patterns, this orientation was observed
quantitatively (Figure 3.24).
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Figure 3.24: Azimuthal integrations of a disk of HDPE at vairous radius intervals (inset white
circle) with the area of integration shown in the inset image by the red shadow ring (inset). As
the distance from the centre decreases, so also do the intensity peaks and, in the 2D SAXS

patterns, the lobes change into a diffuse halo indicating an isotropic region.

3.5.2 Lamellar Morphology and Degree of Orientation: UHMWPE
Three UHMWPE tapes were used to construct SPCs: TA23, XF23 and S1. Each of the three
tapes underwent a single SAXS acquisition for 120 seconds in order to understand the

underlying morphology (Figure 3.25).
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Figure 3.25: 2D SAXS patterns (measured using a Bruker AXS NanoStar) and 1D azimuthal

integrations of UHMWPE oriented tapes TA23 (black curve, top image), XF23 (red curve,
middle image) and S1 (blue curve, bottom image). The scale bar of 0.05 A in the image of
TA23 applies to all images and the white arrow in the image of S1 indicates the direction of
fibre orientation for all tapes. In this instance, 0° is taken as the point on the left-hand side of
the images, perpendicular to the white arrow (i.e. West if on a compass), working around in a

clockwise direction.

Azimuthal integrations of all tapes revealed a degree of orientation with the directions of the
azimuthal angles as denoted previously (Figure 3.24). The single equatorial streak in TA23
indicated fibrils oriented in a direction perpendicular to the streak direction (the fibre direction
is indicated by the white arrow in Figure 3.25). The two peaks in the azimuthal integration
(one peak is located at 180 °, the second is split at 0°/360° — this also occurs for XF23) indicated
orientation in one direction. XF23 displayed biaxial orientation, evident by the cross-streak
pattern in the 2D image and four peaks present in the integration. The two peaks located at 90°
and 270° displayed weaker intensity than the peaks at 0°/360° and 180° which indicated that
orientation was stronger in the transverse direction (perpendicular to the white arrow in Figure
3.25). S1 exhibited very weak orientation, which was consistent with the belief that this was
an intermediate step towards the fabrication of TA23, in a direction corresponding with the

orientation aligned axially (parallel to the white arrow in Figure 3.25).

Due to the high intensity spots visible in TA23 and XF23, there could have been significant
void scattering.8® Due to the mechanical stresses imparted by drawing, these voids would be
ellipsoidal with the major axis parallel to the draw direction.*® The presence of such features
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could be explained by the small amount of intermolecular forces between parallel fibrils
without significant entanglement.®* Equatorial streaks have been observed in other highly
drawn tapes and were ascribed to voids which imparted a high scattering contribution.® Fibres
with a shish-kebab structure were unable to pack closely due to lamellae overgrowths.
Therefore, such a system may be considered as a three-phase model: crystalline, amorphous
and voids. However, Yeh et al. observed that at high draw ratios, lamellar overgrowths
constituting the kebabs were pulled into the main shish core, whereby kebabs could not be
observed by SAXS.*? Given, therefore, the highly drawn nature of these tapes (in particular
TA23), it was highly likely that this accounted for the lack of kebab lobes present in the 2D
SAXS patterns.?®

3.6 Conclusions

Over the 40 years of HDPE use in plastic pipes, there has been an increasing drive towards
higher performance materials, typically expressed as a pressure rating over a typical service
lifetime of 50 years.” The demands placed upon plastic water pipes during their operational
lifetime are such that a somewhat contradictory combination of stiffness (i.e. high modulus)
and resistance to environmental stress cracking are key requirements.%> The dominating
features of an HDPE pipe resin that determine the performance in a pipe application are
molecular weight and MWD.Y" This, in turn, determines the mechanical and rheological
properties of the melt, which translates into the strength characteristics and processing
behaviour during manufacture and application.!” Higher molecular weights generally impart
improved mechanical performance at the expense of ease of processing.!” Two commercial-
grade HDPE materials, currently used in the manufacture of plastic water pipes, were obtained

and various thermal, rheological and SAXS properties measured.

The average molecular weight and MWD considerably affect the physical properties.)” MWDs
of PE1 and PE2 were obtained by HT-GPC which confirmed that both materials were bimodal
and that PE1 had a slightly larger proportion of UHMW material (a HMWT) than PE2. This
small tail drives much of the mechanism of FIC.%® The average molecular weights of PE1 and
PE2 were 264.5 kDa and 227.5 kDa respectively with dispersity values of 33.5 Da and 28.5 Da
respectively. Typical literature My values for HDPE are in the range 10% - 10° Da, however,
the studied materials were speciality polymers and literature values of similar My and dispersity

for comparison could not be obtained.®?
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DSC measurements gave the key melting and crystallisation points for both materials, with
melting point values between 120 - 132 °C and degree of crystallinity values consistent with
literature values for HDPE.?%2+%6 By repeating each thermal cycle twice, the effect of surface
interfaces upon the measured temperature values was elucidated. Knowledge of the peak
crystallisation and melting temperatures, along with the respective onsets, allowed temperature
protocols to be established for polymer processing. The melting of highly crystalline, oriented
UHMWPE tapes revealed three distinct peaks, most likely caused by a combination of fibre
constraint and crystal melting and transitions.®**® By constraining the fibre, a single peak
appeared at 146.9 °C with a small shoulder at 151.8 °C. Therefore, the multiple melting peaks

were only possible for unconstrained UHMWPE fibres, consistent with the literature.424°

Rheological measurements revealed that both materials displayed similar rheological
properties in terms of viscosity and relaxation times, which correlated with the MWD obtained
by HT-GPC. Creating G’/G” mastercurves determined the relaxation times from G’/G”
crossover points as 0.93 s and 1.18 s for PE1 and PE2 respectively. By performing frequency
sweeps at temperatures 150 - 200 °C, and conducting a TTS on the resulting #* data,
mastercurves shifted to 130 °C were obtained for both PE1 and PE2. Applying the Cross model
to these mastercurves gave shear-rate dependent viscosity values, n(y), of 59 786 + 3 886
Pasand 71 954 + 13 592 Pa s for PE1 and PE2 respectively. These values were consistent
with GPC measurements which revealed that PE2 had a greater amount of HMW material (as
identified in the second peak of the bimodal distribution) compared to PE1.

SAXS analysis of HDPE samples allowed for the determination of the underlying crystal
morphology. Isotropic samples showed a 2D pattern consisting of a diffuse halo around the
beamstop, whereas anisotropic samples displayed a distinct two lobe pattern centred around
the beamstop.®® Azimuthal integrations of these patterns determined the degree of orientation
according to Herman’s Orientation Function, P2. The distinct two-lobe pattern of sheared
samples pointed towards an oriented morphology, indicative of chains that have stretched and
aligned during processing.®® This correlated with polymer processing techniques, such as
injection moulding and extrusion, which result in a degree of stretching and aligning of polymer
chains through the movement of the melt. Therefore, control of the magnitude of shearing
during polymer processing could impart beneficial properties, such as enhanced mechanical
behaviour, to end-use products.®® Correlation function analysis revealed differences in the long

periods, lamellar thicknesses and degrees of crystallinity between PE1 and PE2. The former
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showed larger values of each measured property which was consistent with GPC and DSC

measurements. Long periods were also consistent with literature values.
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Chapter 4

Controlling the Structural
Morphology Through Shear-

Induced Crystallisation



4.1 Introduction

Pennings and Keller were one of the first to conclude that shish-kebab formation depended
upon a HMWT in the MWD, and that these longest chains must be stretched and elongated at
a critical rate.}™ Subsequent work found that oriented structures could only be created through
flow when the shear rate (often applied through mechanical work) was greater than the inverse
Rouse time (the relaxation time of the longest chains in the melt or solution), y > 1/7,.%38
Mykhaylyk et al. expanded on this, using parallel plate shear geometry combined with
polarised light imaging and SAXS measurements, to reveal the relationship between the degree

of orientation in the sample and the critical shear rate at which orientation could occur.’

In order to assess the effectiveness of using SIC as a viable method to increase pipe permeation
resistance and mechanical strength, the critical shear rate and critical work for the formation of
oriented morphologies in PE used for pipe production needed to be measured. An important
distinction must be made between FIC and SIC. The impact of shear flow or extensional flow
upon chain conformation is fundamentally the same, thus FIC is a general term covering
different kinds of flow, including shear and extensional.®° SIC refers specifically to shear-

flow conditions for inducing crystallisation and so applies to this work.

4.2 Temperature-Shear Protocol

A temperature-shear profile typically consists of three key steps: initial removal of thermal
history by melting of the polymer at temperatures greater than the equilibrium melting point;
cooling the polymer to the shearing temperature and application of a shear pulse; crystallisation
of the polymer, either isothermally or non-isothermally.® Therefore, characteristic temperatures
such as melting point and crystallisation point were measured by DSC (Section 3.3.1) prior to

developing the profile.

To ensure all morphology arising from the thermal processing history is erased prior to starting
measurements, the polymer should be heated above T for a duration longer than the
disengagement time of the longest chains, z4, which can be estimated from the crossover of G’
and G” (Table 3.7).5 T, can be obtained from DSC measurements as the peak melting
endotherm in a DSC measurement.® After a controlled melting and cooling protocol,
spherulites have been observed to melt and recrystallise in the same place, as the nuclei from
which the spherulite grows survive the melting process.!! Within the range between T,,,; and

T2, shish nuclei, precursors to oriented shish-kebab morphology, can be stable. The presence
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of shish nuclei influences the final crystallised morphology and the memory effect of these
nuclei can be exploited to analyse their thermal stability.5? If the melting temperature of shish
nuclei, T,,,, IS greater than T,,,, then these flow-induced nuclei should survive at temperatures

Tms < Tmo < T and act as oriented nucleating agents to direct the crystallising morphology.®

Previous work has shown that samples with an oriented morphology created by FIC have
confirmed thermal stability of the shish at temperatures higher than T,.%*® Therefore, it was
important to understand the thermal stability of oriented morphology nucleated within PE1 and
PE2. The conditions used (y = 10 s ts=10's; T = 130 °C), were shown to induce orientation

by post-shear SAXS measurements (Figure 4.7).

As defined from DSC measurements (Section 3.3.1, Table 3.2), a crystallisation temperature
of 114 °C was selected with an initial melting temperature of 134 °C, increasing by 2 °C per
cycle to a final temperature of 150 °C. Heating and cooling rates were 10 °C min* with
isothermal holds of 6 minutes at 114 °C and 4 minutes at each melting temperature. SAXS
acquisitions were taken consecutively every 120 seconds with selected images taken at each

melting and crystallisation temperature displayed (Figures 4.1 and 4.2).

The SAXS patterns obtained for PE1 at temperatures greater than T,,, (Figure 4.1, even-
numbered images 2 - 18) showed no orientation suggesting the kebabs, representing the
formation of oriented structures, had melted. However, upon cooling the melt to the
crystallisation temperature, the emergence of an oriented structure returned even up to melting
temperatures of 140 °C (Figure 4.1, image 9). This was consistent with the trend seen by
plotting the degree of orientation P. function against time (Figure 4.1, black filled circles)
which showed that orientation was maintained until melting at 140 °C, with a small amount
remaining after melting at 142 °C (Figure 4.1, image 11). After melting at 146 °C, no
orientation was detected in the crystallised state as evidenced in the 2D SAXS patterns (odd-
numbered images 13 — 19) and the P> function. Thermal relaxation of the polymer chains
caused a relaxation of the shish-kebab structures to an entangled melt.*? Therefore, this proved
that the melting temperature of shish nuclei was between 144 — 146 °C for PE1 and that thermal
treatment at temperatures below 144 °C would not erase the oriented structure.
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Figure 4.1: Detection of the melting point of oriented shish nuclei created in PE1 during shear-
induced crystallisation measured by the decrease of the degree of orientation with temperature
(filled symbols). Heat-treatment cycles were applied to a sample of PE1 crystallized after a
shear pulse y = 10 s for t; = 10 s at 130 °C and encapsulated in an aluminium DSC pan with
Kapton windows. The heating protocol (red line) was stepped in increasing increments of 2 °C
(134 °C, 136 °C etc.) alternated by cooling to below the temperature of spherulite
crystallization), 114 °C. No orientation (P2 = 0) was observed in the sample crystallized after
heating to 146 °C (pattern 16 and corresponding time-temperature range in the graph). The
orientation of the lamellar stacking (SAXS) was parallel to the direction of the shear flow
(indicated by the white arrow in image 2), applied at 130 °C before crystallization. All of the

SAXS patterns shown (1 - 19) have the same q scale (the scale bar is in pattern number 12).

Mykhaylyk et al. demonstrated that this was a temperature-dependent effect, caused by the
temperature oscillations, and not a time-dependent kinetic process.® Oriented samples were
held at temperatures greater than Tms, but below Tme, for 10 hours and upon crystallisation the
oriented structure was still present, suggesting that such a long thermal treatment at
temperatures greater than Tms did not erase the shish nuclei.b Thus the memory effect of shish
nuclei demonstrated that they could survive at temperatures greater than the melting point of
spherulites (Tmo > Trms).® Hsiao et al. presented a mechanism for the thermal relaxation of shish-
kebabs subjected to a similar melting-recrystallisation procedure.? They postulated that the
stability was dependent upon the relaxation dynamics of the stretched, UHMW chains forming

152



the shish, the time scales of which were an order of magnitude higher than those for the
kebabs.'? These stretched chains could, therefore, remain so during the time scale of the
experiment and quickly nucleate the growth of kebabs upon cooling to the crystallisation
temperature. As the temperature was increased, however, gradual relaxation of the stretched
chain components occurred after each thermal cycle.*? Consequently, as the concentration of
stretched chain segments decreased, so too did the amount of shish re-formation and hence
fewer kebabs recrystallised.*? The point at which no orientation was observed indicated that
the stretched chains had relaxed completely to the entangled network.

A sample of oriented PE2 was also subjected to the same melting and recrystallisation
procedure. Similar to PE1, the SAXS patterns obtained at temperatures greater than the
spherulitic melting temperature (Figure 4.2, even-numbered images 2 - 18) showed no
orientation suggesting the kebabs were also in the melt state. Upon cooling the melt to the
crystallisation temperature, the emergence of an oriented structure also returned but only up to
melting temperatures of 136 °C (Figure 4.2, image 9). This was consistent with the trend seen
by plotting the degree of orientation P> function against time (Figure 4.2, black filled circles)
which confirmed that orientation remained until melting at 136 °C, with a small amount
remaining after melting at 136 °C (Figure 4.2, image 3). After melting at 138 °C, no orientation
was detected in the crystallised state as evidenced in the 2D SAXS patterns (odd-numbered
images 5 — 19) and the P> function. Therefore, this suggested that the melting temperature of
shish nuclei was between 134 — 136 °C and that thermal treatment at temperatures below 136

°C would not erase the oriented structure.

153



] 140
08 1 120
sofl ppo@mo@oEE |,
© °
E 0.06 ] ® Degree of Orientation )
50_05 i . —Temperature Profile - 80 .g
6 1 2
$004 {| & Pob ¢ ¢ # L 60 £
o omll PN i % % ’ & @
o 0 1 ¢ é L 20
0.02 5 & B we ﬁé &
0.01 | ii # 20
o] os e o4 ¥ ;
g * & s 0
0 2000 4000 6000 8000
Time/ s

Figure 4.2: Detection of the melting point of oriented shish nuclei created in PE2 during shear-
induced crystallisation measured by the decrease of the degree of orientation with temperature
(filled symbols). Heat-treatment cycles were applied to a sample of PE2 crystallized after a
shear pulse y = 10 s for t; = 10 s at 130 °C and encapsulated in an aluminium DSC pan with
Kapton windows. The heating protocol (red line) was stepped in increasing increments of 2 °C
(134 °C, 136 °C etc.) alternated by cooling to below the temperature of spherulite
crystallization), 114 °C. No orientation (P> = 0) was observed in the sample crystallized after
heating to 136 °C (pattern 4 and corresponding time-temperature range in the graph). The
orientation of the lamellar stacking (SAXS) is parallel to the direction of the shear flow
(indicated by the white arrow in image 2), applied at 130 °C before crystallization. All of the
SAXS patterns shown (1 - 19) have the same q scale (the scale bar is in pattern number 12).

There was clearly a significant difference between the thermal stability of oriented structures
between PE1 and PE2, with the former displaying thermal stability of the oriented morphology
to higher temperatures. As shown by GPC measurements (Section 3.2, Figure 3.1), PE1
possessed a larger fraction of UHMW material in the MWD. Therefore, the chain relaxation
dynamics would have been longer than those for PE2 and the corresponding thermal stability

greater.'4

The onset and peak melting and crystallisation temperatures were obtained by DSC for both

PE1 and PE2 (Section 3.3.1, Table 3.2) to assist in constructing a temperature-shear profile
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(Figure 4.3). Spherulitic melting temperatures, Tms, of PE1 and PE2 were 129 - 132 °C and
crystallisation temperatures were 116 - 118 °C. Therefore, an initial melting temperature of
150 °C was selected in order to be certain that the previous thermal history had been erased (by
melting at temperatures greater than T,2).6 A shearing temperature of 130 °C was chosen at the
melting point of spherulites and significantly above the crystallisation temperature under
quiescent conditions. This choice was also consistent with the early experimental work
showing that this temperature was an appropriate value for studying FIC of HDPE.®
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Figure 4.3: The initial temperature-shear protocol created from DSC data and SAXS
measurements of the shish melting temperature. An initial heating step to 150 °C at 10 °C
min~t was followed by a 10-minute isothermal hold to erase thermal history. Cooling at 1 °C
min! to the shear temperature of 130 °C, with a 5-minute isothermal hold, during which a shear

pulse was applied. The final cooling step to room temperature occurred at 20 °C min™.

A risk with using parallel plate geometries was the influence of secondary, turbulent flows,
caused by elastic instabilities, displacing the newly formed shish nuclei into the centre of the
sample disk.’5%8 Unlike LMW liquids, polymer melts are known to develop elastic flow
instabilities, which are often a limiting factor in fabrication processes.?? Elastic instabilities in
polymer melts arise because of the viscoelastic nature of such fluids and the non-linear
response to deformation — elastic energy is stored (rheologically classified by G°) during
deformation and subsequently released (through chain relaxation), thus causing turbulence to
existing laminar flows.*-2! The general criterion for instability onset is a certain critical value
of the Weissenberg number as a measure of the melt elasticity.?*®* By shearing at higher
temperatures, relatively low shear rate and strain (shearing time), the effect of elastic
instabilities was minimised.” These flow instabilities are a known phenomenon in a range of

processing techniques, including extrusion where linear polymers such as HDPE can exhibit
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instabilities in shear flow in the die.?*?* For example, melt fracture during extrusion occurs
above a critical output rate resulting in an apparent wave-like defect pattern on the surface of
extruded products.?* These industrial polymers were designed to have a high melt elasticity,
making them stable during processing but potentially leading to problems such as die swell.2>%
Above a certain strain, distortions to the symmetric shearing caused spiral flow through the
disk which was identified by a tilting in the 2D SAXS pattern, indicating an uneven flow
distribution (Figure 4.4).5 A four-spot 2D SAXS pattern was also indicative of tilting of the

crystalline lamellae (Figure 4.4, image 18).%’
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Figure 4.4: A diagram of spiral shear flow during torsional parallel plate shearing (y = 10 s*,
ts=10s, T =130 °C) displaying elastic instabilities, as observed by the 2D SAXS images taken
along the sample diameter. The tilting of the 2D SAXS patterns was indicative of flow
instabilities. The arrows indicate the approximate direction of flow within the sample and the
numbers correspond to the radial position in mm at which the SAXS measurement was taken

along the diameter of the disk.

In this work, appropriate conditions were chosen to avoid flow instabilities by shearing at
higher temperatures, relatively low shear rate and strain (shearing time).” Thus a disk of PE1
(16 mm diameter) was subjected to the temperature-shear protocol (Figure 4.3, see also Section
2.2) with a shear pulse applied: y =10 2, t,=10s, T = 130 °C. After unloading the disk from

the shear cell, a radial SAXS scan was performed in 0.5 mm intervals with the resulting 2D
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SAXS patterns. Calculating and plotting the degree of orientation, P2, against the radial

position gave a quantitative distribution of the orientation across the disk (Figure 4.5).
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Figure 4.5: Plots of the degree of orientation of PE1 calculated from SAXS patterns (Bruker
AXS NanoStar) measured along the diameter of the samples after shearing (y = 10 s for a
shear time of 10 s at 130 °C). The zero-radius position corresponds to the centre of the sample,
the negative values of the radius correspond to the left-hand side of the sample and the positive
to the right-hand side of the samples. The white arrows on the SAXS patterns indicate the flow
direction. The red arrows indicate the approximate regions at which significant orientation
onset occurred. Selected 2D SAXS patterns are included to show the change in morphology at

the highest and lowest shear rates.

There was a clear difference in the two morphologies identified by SAXS: the two-lobe spots
indicated oriented structure formation and the isotropic halo indicated unoriented material.?® It
was clear that as the shear rate decreased towards the centre of the disk (as y = 0), P> tended
towards zero. Thus, a clear boundary was observed between oriented and unoriented material,
indicated by the red arrows (Figure 4.5). Therefore, under the shear conditions used here, PE1

could form oriented morphology.

Another interesting feature was the plateau region just after the degree of orientation increased
from zero (Figure 4.5). The radial distribution of shear rates in parallel plate shearing (Figure

2.2, Section 2.2) leads to an increased density of oriented nuclei at the disk edge and a faster
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rate of crystallisation which creates an annular-shaped crystallisation front, identified by
polarised light imaging (Figure 4.6).% Therefore, as the crystallisation front proceeded from the
disk edge to the centre upon cooling, the molten centre was confined by the shear plates and
experienced compression due to shrinkage of the crystallised annulus (Figure 4.6).
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Figure 4.6: Selected polarised light images of PE1 taken at 1 s intervals after the cessation of
shear (y =10s?,ts=10s, T = 130 °C) during cooling at 20 °C min™. The faint Maltese Cross
indicates the formation of oriented morphology and the red circles represent the boundary
between oriented and unoriented material. The directions of the crossed polariser and analyser

are indicated.

The circular fringe surrounding the Maltese cross was caused by two forces originating from
shrinkage of the crystallised polymer annulus and compressibility of the melt in the centre of
the sample.® Eventually, complete crystallisation occurred as the sample continued to be
cooled, however some orientation at the fringe was lost due to local motion of the chains.® The
location of the fringes was also identified from SAXS measurements by the plateaus in the
degree of orientation (black (PE1) and red (PE2) arrows in Figure 4.7).% PE2 was also subjected
to the same temperature-shear profile (Figure 4.3) and a subsequent radial SAXS scan in 0.5

mm intervals performed to plot P> against radial position (Figure 4.7).
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Figure 4.7: Comparison plots of the degree of orientation of PE1 (black) and PE2 (red)
measured (Bruker AXS NanoStar) along the diameter of the samples after shearing (y = 10
st ts=10s, T = 130 °C). The zero-radius position corresponds to the centre of the samples,
the negative values of the radius correspond to the left-hand side of the samples and the positive
to the right-hand side of the samples. The black and red arrows indicate the onset of the

plateaus in orientation caused by the moving crystallisation front for PE1 and PE2 respectively.

Considering the linear distribution of shear rates in parallel plate shear, the zone of no
orientation indicated the region in which the shear rate was insufficient to stretch and orient
the polymer chains.®” Above this shear rate, the stretching and orientation caused oriented
morphology formation upon crystallisation — oriented structures can only be formed if a
polymer is sheared at a rate greater than the inverse Rouse time, 7, of the longest chains in the
melt (y > 1/7z) and has experienced mechanical work greater than a threshold value.® For
blends with a large polydispersity (Table 3.1), the Rouse time, and hence y,,;,, Should be
regarded as an ensemble value for the molecules in the melt.® A distribution of polymer chain
lengths is present in any polymer melt, as evidenced by a broad MWD obtained through GPC
measurements (Figure 3.1). The breadth of this distribution can also affect the rheology
behaviour, especially with regard to shear-thinning. In particular, melts with a larger molecular
weight and broader MWD exhibit greater shear-thinning than melts with a narrower MWD at
similar molecular weights.>* Additionally, melt relaxation times of melts with a broader MWD

have been shown to be larger than narrow MWD counterparts.>®
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Under quiescent conditions, nucleation of HMW chains is largely independent of chain length.’
However, flow supplies conformational order to chains by stretching and thus delivering one
stretched segment to another via a collision.” These collisions can continue until the aggregated
segment size is larger than the critical nucleus size and so stable shish nuclei are formed.”®
Longer molecules are likely to contain a greater number of stretched segments under flow and,
therefore, more intrachain contacts can occur to further stabilise the emerging nuclei.
Consequently, chains with a large radius of gyration (the UHMW chains) are a necessary
component of a polymer system for the formation of stable shish nuclei.” By way of increasing
the shear rate, the frequency of segment collisions can be increased and thus also the probability
of shish nuclei forming. Hence flow is integral and impacts upon the nucleation process only
above a critical shear rate, whereby the flow stretches and elongates the polymer chains to form
these segments.” The number of stretched segments required to form the shish nuclei depends
upon the critical size of the stable nucleus and stretched segment length, the latter of which is
dependent both upon the MWD and molecular weight of the longest chains in the melt.”® Thus,
a critical nucleation density exists at which the flow causes the stretched segments to aggregate

at a critical size and not immediately relax upon cessation of shear.5"°

During SAXS measurements, x-rays interact with electrons and thus an electron density
difference must be present in order to establish contrast between the background and the
sample.5? The greater number of electrons that are present within the sample volume (the
electron density) the greater the scattering and hence the contrast. Therefore, as the stretched
segments aggregate into shish nuclei, the electron density contrast increases until scattering

reaches the detection limit at which morphological features can be observed by SAXS %728

PE2 displayed a much broader zone of no orientation and lower peak orientation at the edges
compared to PE1, due to the differences in MWD. PE1 had a higher fraction of UHMW
material (Figure 3.3, Section 3.2), the relaxation times of which were longer, and this has been
shown to play an essential role in the formation of oriented shish nuclei.*? Therefore, a larger
fraction of long chains resulted in greater orientation overall, as a higher concentration of shish
nuclei could be formed initially.?® An increased fraction of HMW chains, as was the case for
PE1, also required a lower shear rate for the onset of oriented morphology and hence displayed

a smaller zone of no orientation.®’
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4.3 Critical Shear Rate — Polarised Light Imaging and Boundary

Conditions

The critical shear rate was an important parameter for understanding the behaviour of a material
undergoing SIC as it was the shear rate above which the chains, oriented by flow, began to
stretch. Below this critical shear rate, chains cannot stretch and form oriented nuclei thus SIC
cannot occur and only spherulitic morphology will be produced during crystallisation.

A useful technique for quantifying the shear flow parameters that govern the formation of
oriented morphology was SIPLI (Section 2.7.2).1%3° During shear, PLIs display a clear
boundary between oriented and unoriented zones of the sample; the boundary between these
two zones corresponds to the shear rate above which oriented morphology can be created.’
Birefringence of PE melts under flow can originate from stretched molecules and nucleating
crystals, hence anisotropy in both refractive index and stress caused by flow are mutually
related through a linear stress-optical relationship.'® Therefore, a connection between melt

motion under flow and structural response can be established through this technique.

For PE1 and PE2, it was important to understand the critical shear rate above which oriented
morphology formation could occur. A lower shear rate was used (to reduce the possibility of
the Weissenberg effect occurring upon shearing these materials at higher shear rates) in 25 mm
parallel plate rotational rheology with all other conditions as per the previous temperature-
shear protocol: y,,4, = 0.5s%,t,=10s, T =130 °C.

An indication of the Weissenberg effect was apparent in initial measurements at y,,,4,, = 10 s,
ts = 180 s and T = 130 °C (Figure 4.8). y did reach ,,,,, = 10 s after 40 seconds of shearing,
however this would not have been convenient or practical for further rheology measurements.
Additionally, the viscosity and shear rate showed corresponding maxima and minima
respectively between 0 — 40 seconds of shearing which suggested that the flow behaviour was
non-laminar within this timeframe.®’ The first small plateau ( at 25 — 30 seconds) suggested a
build-up of stress with prolonged shearing which could have been released by slippage between
the sample and disk or, as was observed, a gradual expulsion of the sample through the gap.®”’
As a greater volume of sample was expelled, the normal stresses diminished sufficiently so that
Ymax Could be reached. Gradual shear-thinning was apparent once a steady rotational flow had

been achieved.
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Figure 4.8: Viscosity and shear rate against time (on log-linear and linear-linear scales
respectively) for a sample of PE1 sheared at y,,4, = 10 s%,ts=180's, T = 130 °C using 25 mm

parallel plates. The y,,,, Was achieved only after 40 seconds of shearing.

Images were recorded at 0.5 second intervals (Figures 4.9 and 4.10). The PLIs for PE1 (Figure
4.9), with corresponding times indicated, displayed an opaque Maltese cross. The central
opaque zone corresponded to a non-birefringent region, indicating that this region had
experienced little shear and hence the isotropic polymer melt contained no oriented nuclei
formed under the shear.!® Conversely, the outer bright zone indicated that at higher shear rates

birefringent material corresponding to oriented nuclei was formed under shear.®
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Figure 4.9: Polarised light images of PE1 during shearing (ypqx = 0.5 8%, ts =10, T = 130
°C) measured at 0.5 second intervals. The white circle in the 10 second image indicates the
boundary between unoriented (dark, inner, non-birefringent region) and oriented material

(outer, light, birefringent regions).
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After less than a second of shear flow (image not displayed), faint translucent outer zones
emerged which continued to grow in intensity throughout the time of shearing until a maximum
was reached at approximately 8 seconds of shear. A clear boundary between the light and dark
regions emerged with growing intensity. This boundary, indicated by the dashed circle in the
10 second PLI (Figure 4.9), marked the transition from unoriented to oriented material. By
measuring the position of the boundary relative to the disk edge (and hence maximum shear

rate) through image processing, a critical shear rate of 0.14 s was obtained.®

The same shearing and PLI procedure were applied to PE2 (Figure 4.10).

Figure 4.10: Polarised light images of PE2 during shearing (¥,qx = 0.5, ts=10s, T =130
°C) measured at 0.5 second intervals. The white circle in the 10 second image indicates the
boundary between unoriented (dark, inner, non-birefringent region) and oriented material

(outer, light, birefringent regions).

After 1 second of shearing, faint translucent outer zones emerged and continued to grow in
intensity throughout the time of shearing until a maximum was reached at approximately 9
seconds of shear. A clear boundary between the light and dark regions emerged with growing
intensity. This boundary, indicated by the dashed circle in the 10 second PLI (Figure 4.7),
marked the transition from unoriented to oriented material. By measuring the position of the
boundary relative to the disk edge (and hence maximum shear rate) through image processing,
a critical shear rate of 0.24 s was obtained.’

Note that the orientation increased with the time of shearing, indicating that it took a certain
amount of time at the shear rate of interest to stretch and build oriented nuclei under flow — a
specific amount of work was required.® The lower work observed for PE1 can be explained by
again considering the MWD and the increased fraction of HMW material present in PE1. These
longest chains will have the greatest relaxation times, and an increased concentration of long

chains in the melt requires a smaller applied strain to stretch and align these chains.” A similar
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study performed by Mykhaylyk et al. determined a critical shear rate for an industrial HDPE

(of similar molecular weight but narrower dispersity) of 2 s1.%

4.4 Critical Work Parameters for Oriented Morphology

Formation

The critical work is a key parameter to predict the formation of an oriented morphology.
According to the hypothesis of Janeschitz-Kriegl, the morphology of a sheared polymer melt
can be controlled by the amount of mechanical work performed by flow on the system.3! The

specific work w can be calculated as (Eq. 4.1):

ts
w= [ i@ 41

0
where the integration is over the entire time of shearing, ts, y is the shear rate and n[y(t)] is
the shear-rate dependent viscosity.®"3! This equation demonstrates that both the shear rate and
shear time are important for the respective stretch and growth of the shish morphology.*? When
a relatively high angular speed is used and/or the polymer has a high viscosity, there is an
unavoidable acceleration period before the maximum angular velocity is reached, thus
changing the shape of the shear pulse from rectangular to trapezoidal (Figure 4.3).° This effect
can be used, through a programmed slow acceleration, to bring two experimental benefits:
sample damage during shear at high shear rates can be minimised and the stress overshoot
caused by a nonlinear response during start-up shear is reduced.® Consequently, the shear rates
are no longer constant and, therefore, calculating the specific work requires integration over
the total flow taking into account the dependence of the viscosity upon shear rate.® However,
if the acceleration period is negligible then the shear pulse can be assumed to be rectangular in
shape and, from Eqg. 4.1, the shear rate and viscosity can be assumed constant (y(t) = y and
nly(t)] = n(y) respectively).® Subsequently, multiplication of the parameters can be utilised

in place of the integration over the shearing time, ts:®

We = U(Y)-Yz-ts 4.2

where n(y) is the shear-rate dependent viscosity (this was obtained from the modulus of
complex viscosity mastercurves shifted to 130 °C by applying TTS coefficients and subsequent
Cross model fitting — Section 3.4.2), with all terms as previously defined.” Consequently, with

an increasing fraction of HMW material, the critical work, we, for oriented structure formation
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decreases and has been shown to be approximately inversely proportional to the concentration

of long chains in the blend.’

Flow has a significant impact upon nucleation in undercooled polymer melts to the extent that
considerable numbers of nuclei, comparable to those obtained from quiescent melts at
undercoolings greater than 100 °C, can be obtained by applying moderate amounts of
mechanical work and undercooling.®! An increase in the number of nuclei with the applied
mechanical work was observed by Janeschitz-Kriegl et al.3! This was built upon by Mykhaylyk
et al. to show that oriented structures were only obtained if the applied work was greater than
a critical threshold value at shear rates greater than the inverse Rouse time, y > 1/75.%7
Therefore, chains with a longer relaxation time, the longest chains in the melt, have to be
stretched by the applied shear to form shish nuclei upon which the remaining chains in the melt
can crystallise as kebabs.” As both the chemical structure and MWD affect the relaxation times,
the magnitude of the specific work required to create oriented structures is dependent upon
these factors also.®’ For the bimodal blends used in this work, PE1 was shown by GPC analysis
(Section 3.2, Figure 3.1) to possess a larger fraction of UHMW material than PE2 which
indicated initially that the former material would display a lower critical work for oriented

structure formation.

A combination of techniques was required to obtain the critical work values for the materials
used herein. By performing SIC in parallel plate shear, and then unloading the samples from
the shear device, a boundary could be detected between oriented and unoriented material by an
increase in the P, function, calculated from radial SAXS measurements (Figures 4.5 and 4.7).°
Given a distribution of shear rates is present in parallel-plate shear (Section 2.2.1, Figure 2.1),

the radius at which the boundary occurs can be recalculated into a boundary shear rate, y,,.°

Under the shear conditions used (y = 0.5s?, ts =10 s, T = 130 °C), boundary shear rates, y,,
were calculated to be 4.7 s*and 5.6 s™ for PE1 and PE2 respectively (Figure 4.7). Shear-rate
dependent viscosity values, n(y), of 59 786 Pa s and 71 954 Pa s were obtained from the
viscosity master curves measured for PE1 and PE2 respectively (Table 4.1 and Figures 3.17 &
3.19, Section 3.4.2).
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¥y (51 nm(y) (Pas) Mw(kDa) Mn(Da) M;:(kDa)

PE1| 4.7 59 786 264.5 7.91 2094.4

PE2| 56 71954 227.5 7.93 1858.0

Table 4.1: Boundary shear rates as obtained from the degree of orientation as measured by
SAXS and shear-rate dependent viscosity values as obtained from application of a time-
temperature superposition of oscillatory frequency sweeps and fitting with the Cross Model.
Mn, Mw and M; values as measured by GPC (Figure 3.1 and Table 3.1) are included to highlight
the importance of the UHMW chain present in the melt.

Using these values with Eq. 4.2 gave w¢(PE1) = 13.21 + 1.61 MPa and wc(PE2) = 22.56 + 4.67
MPa.” Previous work by Mykhaylyk et al. obtained values of the same order of magnitude for
a number of LDPE and model PE samples with similar molecular weights and dispersity.°
These results were consistent with GPC measurements which showed that PE1 had a HMWT
present in the blend and, therefore, the critical work required to form oriented morphology was
smaller than that for PE2.” The larger value obtained for PE2 was related to the viscosity and
MWD of the melt. The viscosity of PE2 was fractionally lower than PE1 (Table 3.6, Section
3.4.2) due to the smaller fraction of UHMWPE in the melt. However, the GPC measurements
indicated that the rest of the PE2 blend (especially the HMW content constituting the second
peak in the bimodal distribution) was of a greater molecular weight (Figure 3.1, Section 3.2)
which explained why a greater amount of work was required to overcome the viscosity barrier

to flow.’

As the M, and My, of both materials were similar (Section 3.2, Table 3.1), it was expected that
similar viscosity and relaxation times, averaged by the rheology measurement, would be
obtained. This, however, did not correlate with critical specific work, w, as the values for both
materials were very different (PE1 = 13.21 MPa, PE2 = 22.56 MPa) which was likely explained
by the difference in M; values which are more sensitive to longer chains (M is measured in the
high molecular weight region) .” However, the wc values correlated well with the HMWT
observed for PE1 in the MWD. The longest chains in a melt enhance the flow-induced
nucleation and, therefore, less work was required for PE1 to produce an oriented morphology.’
Therefore, rheology alone was not indicative or conclusive for the prediction of the behaviour
of flow-enhanced nucleation. Differences in relaxation dynamics between different molecular

weight components may well have complicated matters.
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4.5 Optimisation of Processing Parameters

4.5.1 Effect of Shearing Temperature on Degree of Orientation

In order to further test the thermal stability of oriented structures, a series of experiments were
conducted at different shearing temperatures whilst maintaining the shear rate and shear time:
y=10stand ts=10s. 130 °C was taken as the benchmark temperature at which it was known
orientation could be achieved. For each subsequent shearing experiment, the temperature was
increased in 10 °C increments up to 160 °C. After shearing, each sample was unloaded and
measured with a radial SAXS scan (Figures 4.11a and 4.11b) to obtain the degree of orientation,

P», against radial position for PE1 and PE2 at each temperature.
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Figure 4.11a: Degree of orientation against radial position for a) PE1 and b) PE2 at shear

temperatures increasing in 10 °C increments from 130 — 160 °C. The shear rate and time were

kept consistent across the temperature range: y =10stand ts=10s.
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Figure 4.11b: Degree of orientation against radial position for a) PE1 and b) PE2 at shear

temperatures increasing in 10 °C increments from 130 — 160 °C. The shear rate and time were

kept consistent across the temperature range: y =10s*and ts=10s.

Some orientation was clearly visible for PE1 at 140 °C, but significantly less than at 130 °C at
the maximum shear rates at the disk edges. No orientation was observed for PE2 at the same
temperature. At temperatures greater than 140 °C, polymer relaxation outpaced crystallisation
and any oriented nuclei formed relaxed back to the entangled melt state. This was consistent
with the melting behaviour and thermal stability of oriented morphology during thermal
cycling experiments (in Section 4.2.1, Figures 4.1 and 4.2). Oriented structures in PE1 were
stable until 144 — 146 °C, whereas oriented structures in PE2 were only stable until 134 — 136
°C due to the longer relaxation times of the UHMW fraction in PE1. This was particularly
important for consideration when designing future industrial processes as PE is often processed
at high temperatures close to 200 °C. Therefore, if SIC was desired, a method of cooling the
process to suitable temperatures would need to be incorporated.
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4.5.2 Effect of Shearing Time upon Degree of Orientation

The shearing time, ts, was another important parameter for controlling the formation of oriented
structures in polymer melts.®® In order to probe this, a series of samples were sheared at a
consistent shear rate (y = 10 s) and temperature (130 °C) with only the length of shear time
varied. The samples were imaged in-situ using polarised light imaging in order to observe

orientation in each sample (Figure 4.12).

A
Figure 4.12: Polarised light images of PE1 (top) and PE2 (bottom) taken immediately after the

cessation of shear at different shearing times. The shear rate and temperature were kept constant
(y =10s1 T =130 °C).

Time intervals of 5-, 10-, 20-, 30- and 40-seconds shearing time were selected and the samples
sheared in a Linkam CSS450 shear cell with the top plate replaced with a glass viewing window
and polarised camera optics (experimental details can be found in Section 2.7.2.1). A Maltese
cross was visible in images taken at lower shear times, with increasing distortions as the shear
time increased. A clear boundary was also seen at lower shear times between the Maltese cross
and brightly coloured outer fringes which were caused by the increasing stress-induced
birefringence towards the disk edge.® For both PE1 and PE2, increasing the shear time from 5
seconds to 10 seconds caused the diameter of the unoriented zone (indicated by the Maltese
cross) to correspondingly decrease in size. This indicated that the amount of orientation
increased with an increasing shear time. However, as the time of shearing increased further for
PE1, the oriented zone grew smaller, identified by the decreasing diameter of the Maltese cross

region, with a corresponding increase in the highly coloured outer regions, suggesting that
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elastic instabilities (additional turbulent flows arising from the release of stored elastic energy
from melt deformation by shear) were becoming increasingly dominant in the flow. ¢ For
shear times greater than 30 seconds for PE1, the Maltese Cross disappeared completely with
only the brightly coloured stress birefringence observed, suggesting that the oriented structures
formed previously had been displaced due to the dominant elastic instabilities.® The Maltese
cross was visible for PE2 throughout all shearing times, but the diameter of this zone did
diminish with increasing time, also suggesting that elastic instabilities were becoming
increasingly dominant.® The extreme distortions observed at longer shearing times for PE1
were not observed to the same extent for PE2 at corresponding times, which suggested that
PE1 had exceeded an upper strain limit to forming oriented morphology. Chains with the
longest relaxation times and narrow MWDs are most susceptible to elastic instabilities.® The
greater, but narrow (relative to the MWD of PE2) fraction of UHMW chains present in the
MWD of PE1 could explain why this melt exhibited greater susceptibility to elastic

instabilities.

After shearing, each sample was cooled to room temperature and unloaded from the shear cell
to perform a radial SAXS scan in 1 mm intervals across the diameter of each disk (Figures
4.13a and 4.13Db).
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Figure 4.13a: The degree of orientation plotted against disk radius for a) PE1 and b) PE2

showing the effect of shear time upon degree of orientation. Shear timesof5s, 105,20, 30

s and 40 s were measured with y = 10 s** at a shear temperature of 130 °C.
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Figure 4.13b: The degree of orientation plotted against disk radius for a) PE1 and b) PE2
showing the effect of shear time upon degree of orientation. Shear times of 55, 10 s, 20 s, 30

s and 40 s were measured with y = 10 s at a shear temperature of 130 °C.

By plotting the degree of orientation, P, against radial position, a picture of the distribution of
orientation was obtained. For both PE1 and PE2, elastic flow instabilities complicated the
interpretation. The increase in orientation by increasing the shearing time from 5 seconds to 10
seconds was clear for PE1 (Figure 4.13a), whereas the same increase in shear time for PE2
appeared minimal. The impact of elastic instabilities was evident from a shearing time of 30
seconds onwards for PE1 as the P2 curves displayed an uneven distribution of orientation with
no increase observed upon increasing for longer shear times. Whilst elastic instabilities were
evident in the P2 plots of PE2, only minor increases in the degree of orientation were evident

(Figure 4.13b). Thus, both the PLI images and SAXS measurements corroborate each other.

Previous work has indicated the presence of a minimum threshold value for the mechanical
work required to form oriented structures - such oriented morphology will only form above
this critical specific work.®"34 These results presented in Sections 4.3 and 4.4 also point to a
critical amount of work required to form oriented structures. However, this recent work would
suggest the presence of an upper limit above which elastic instabilities dominated the flow and

distorted the orientation distribution through the sample, which was especially apparent for
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PE1. Therefore, these results indicated that a saturation point in the degree of orientation was
achieved for PE1 but not for PE2. Prolonged shearing above this saturation point evidently
had the effect of initiating elastic flow instabilities which displaced/destroyed the oriented

structures.®

In a quality control setting, these elastic instabilities would result in fatal product flaws that
would not pass quality control assessment. Therefore, it is important for manufacturers to
understand the full flow behaviour of the material in question. It was clear that in order to
achieve oriented morphology a balance between shear rate, time and temperature should be
met. All three were equally important in controlling the FIC process and due care must be
taken when designing any future industrial processes.

4.6 Crystallisation Kinetics

Several studies have shown the impact of orientation upon the enhancement of crystallisation
kinetics for polymer melts.*?*%*¢ Comparing the isothermal crystallisation kinetics of sheared
and unsheared HDPE through Avrami analysis gave an insight into the crystallisation kinetics
for PE1 and PE2.

Isotropic samples were cut from melt pressed films of 0.5 mm thickness and anisotropic
samples were obtained by shearing using the Couette cell (¥ = 10 s, ts=20s, T = 130 °C)
before cutting, ensuring that stator segment joints and other defects were avoided. The
measurement protocol for the anisotropic samples was composed of isothermal melting at 136
°C for 1 minute before rapid cooling at 100 °C min™ to crystallisation temperatures, Tc, of 120
— 110 °C, where the temperature was maintained for 10 minutes before cooling at 20 °C/min
to room temperature. For the isotropic samples, initial isothermal melting occurred at 150 °C
for 10 minutes to erase thermal history,® before cooling to the crystallisation temperatures as
mentioned. An isothermal melting temperature of 136 °C was selected to ensure that the

oriented morphology was not destroyed by thermal relaxation.*2

4.6.1 The Avrami Model
Application of the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model (often simply

shortened to the “Avrami Model”) is commonly used in order to understand isothermal
crystallisation kinetics.32° The model is based upon crystalline volume fractions and the

subsequent change of these fractions over time.*® A sample is heated above the equilibrium
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melt temperature, held isothermally to erase thermal history and then cooled rapidly to the

isothermal crystallisation temperature until crystallisation is complete.

The Avrami equation is valid for such isothermal conditions providing that the following
assumptions are met: 1) crystallisation is isothermal; 2) nucleation is random; 3) growth rate is
dependent only upon temperature, not on time (linear growth rate).*#3 The general form of

this equation is:
1—-X; = exp(—Kt") 4.3

where X is the degree of crystallinity at time t, K is the crystallisation rate constant and n is the
Avrami exponent.*#**  This exponent provides information regarding the overall rate of

crystallisation and growth dimension of the crystalline material* and can either be found from:

dx
n= —td—tt (X0 — X)In(1 — X,)1 4.4

or graphically from a double logarithm plot of In {In (1 - Xt)} against In t, since:*!
In{—ln(1 - X))} =nlnt+InK 45

where n is the gradient and K the intercept. Alternatively, K can be calculated from the average

value for n and the crystallisation half-life, ti:

K =—— 4.6

The Avrami exponent n reveals information regarding the nucleation type, growth geometry
and growth velocity*® within the sample (Table 4.2), with an increasing exponent value

indicating an increase in the dimension of crystal growth.*

Avrami Exponent, n | Dimensions and type of crystal growth

1 Fibrils from instantaneous nucleation
2 Fibrils from sporadic nuclei or disks from instantaneous nuclei
3 Disk from sporadic nuclei or spherulites from instantaneous nuclei

Table 4.2: Avrami exponents n for various types of nucleation and crystal growth.

Relating these values to the morphology, values approaching n = 3 indicate a large number of

spherulites; values approaching n = 2 indicate an unordered lamellae morphology; values
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approaching n = 1 indicate ordered fibrils.*’ Values greater than 3 are typically not observed
for HDPE.**%" Deviations from the Avrami model, which manifest as nonlinear plots or non-
integer n values, are often attributed to the simultaneous or consecutive growth of crystalline

units or other inappropriate assumptions in the Avrami model.*’

4.6.2 Avrami Model Analysis of PE1 and PE2
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Figure 4.14: Plots of X; vs crystallisation time for isothermal crystallisation at temperatures
betwween 120 — 110 °C as measured by DSC. The black curves denote unoriented PE and the
red curves denote oriented PE: unsheared PEL (a), unsheared PE2 (b), sheared PE1 (c) and
sheared PE2 (d).
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The relative crystallinity plotted against time (Figure 4.14) displayed an initial linear portion
before plateauing between X: values 0.7 — 1.0 which indicated that crystal growth slowed.
HDPE is known to crystallise rapidly*®, as evidenced by the rapid crystallinity development
over time for both PE1 and PE2 (Figure 4.14). For the unsheared samples in each case,
however, the highest crystallisation temperature (120 °C) showed significantly longer
crystallisation times than the lower temperatures. In addition, the time for complete
crystallisation at this temperature for PE2 was approximately over 1 minute longer than the
corresponding conditions for PEL. It is known that at higher crystallisation temperatures the
overall crystallisation rate is determined mainly by the nucleation rate which tends to be lower
than the crystal growth rate at such temperatures.'* Song et al. determined that a small amount
of UHMWPE dispersed in the HDPE matrix was likely to induce a greater amount of nuclei
thus leading to an enhanced overall crystallisation rate.!* Therefore, the greater fraction of
UHMW chains in PE1 was also likely to induce greater nucleation and hence a faster overall

crystallisation rate than PE2 at the highest Tc.1*

Crystallisation after shear was faster for a given crystallisation temperature and showed lower
Avrami n values than the corresponding quiescent temperature (Figure 4.15 and Table 4.3).
The general decreasing trend with increasing temperature was consistent with a shift from
sporadic to instantaneous nucleation.*® A change in the crystalline morphology was also
observed — lower n values correspond to the formation of fewer spherulites and more fibrils.*’
All of the sheared Avrami exponents gave values of approximately n = 1 which was consistent
with the growth of a fibril.*> The corresponding unsheared samples all had values approaching
n = 2, which indicated an unordered lamellae morphology.*’ In all cases, the values of K
decreased with increasing Tc. These values were related to nucleation rate and growth
processes, hence this data confirmed that both of these processes were arrested somewhat at
higher temperatures.* Significantly, shearing led to a decrease in K values except for the
highest T for PE2. This extremely low crystallisation rate constant could indicate that
crystallisation was extremely slow and unfavourable at this temperature due to very low
nucleation rates.*® Therefore, for both PE1 and PE2, shearing changed the growth from

spherulitic to fibrillated.*>4°
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Figure 4.15: Plots of In[-In(1 - X¢)] versus In t (crystallisation time) for PE1 (top) and PE2

(bottom) under isothermal crystallisation at different crystallisation temperatures. The black

curves denote unoriented PE and the red curves denote oriented PE.
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110 112 114 116 118 120
(°C)
n 2.1 1.8 1.9 1.8 1.7 11

PE1 (Unsheared)
K(mint) | 5.1 45 4.4 4.2 3.6 2.4

n 1.7 1.6 1.8 1.6 15 1.6
PE2 (Unsheared)
K (mint) 4.7 4.5 3.8 3.3 2.5 0.8

n 1.2 1.2 1.0 1.0 0.9 0.7
PEL (Sheared)
K (min™) 34 3.3 3.0 2.9 2.5 1.8

n 1.2 1.2 1.0 0.9 0.9 0.6
PE2 (Sheared)
K (min?) 3.2 3.0 2.8 2.7 2.5 1.7

Table 4.3: Avrami exponents n and crystallisation rate constants K from fitting the Avrami
equation to the isothermal crystallization DSC results of unsheared and sheared samples of PE1
and PE2 (Figure 4.14).

Enhanced crystallization arises from rapid nucleation of many small crystallites, followed by
subsequent growth of crystalline material around these nucleation sites. In contrast, nucleation
in quiescent melts is typically sporadic and slow.* It is hypothesised that deformation, due to
shearing, leads to rapid homogeneous nucleation during flow with subsequent growth
proceeding centered on these newly-established nucleation sites.*>%0-5% A direct correlation
was made by Gholami et al. between isothermal crystallisation and resistance to SCG for a
series of PE-100 resins.*’ They noted that higher Avrami exponents correlated with an
increased amount of spherulites. Resins that displayed higher Avrami values, and hence greater
amounts of spherulitic morphology, displayed easier crack growth because the spherulitic
boundary acted as a weak region in front of the propagating crack.*” Therefore, the lower n
values of sheared PE1 and PE2 would indicate that the SCG resistance would be improved

compared to the unsheared blends.

4.7 Conclusions

The physical, thermal and mechanical properties of semicrystalline polymers depend on the
morphology, degree of crystallinity and crystallisation rate.*® The latter two points in particular
can have a significant effect upon the final crystalline morphology, and hence the physical
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properties. Quite often, the rate of cooling determines the crystallisation rate and consequently
the degree of crystallinity. SIC offers another way by which the morphology can be controlled

and influenced.

The primary morphology of samples that have undergone SIC is the shish-kebab, which has
been demonstrated to remain thermally stable at temperatures greater than the melting
temperature of spherulitic morphology. Subjecting pre-sheared samples of PE1 and PE2 to a
repeated melting-recrystallising temperature protocol, with in-situ SAXS measurements,
demonstrated enhanced thermal stability of the shish-kebab morphology. These structures did
not melt until 144 — 146 °C for PE1 and 134 — 136 °C for PE2. Due to the greater fraction of
UHMW material present in the MWD of PEL, the relaxation times of the longest chains
comprising the shish were greater hence the enhanced thermal stability observed. The presence

of this UHMW fraction influenced many of the optimisation parameters in subsequent work.

Shearing PE1 and PE2 under the same conditions (y = 10 s%, t = 10 s, T = 130 °C) and
performing radial SAXS scans across the disk diameter revealed similar results. The degree of
orientation, measured by Herman’s Orientation Function, P2, showed greater values at the disk
edges (the highest shear rates) for PE1 and a smaller zone of no orientation towards the centre
of the disk (where shear rates tended to y = 0). This was further confirmation of the importance

of the role of UHMW chains in the formation of oriented morphology by SIC.

A critical shear rate, y,, and critical work, w, exist for the onset of stretching and aligning the
longest chains in the melt for the formation of oriented morphology by SIC. Shearing below
this critical value would not form oriented nuclei, and consequently oriented morphology upon
full crystallisation. The critical shear rates for PE1 and PE2 were obtained through SIPLI and
were 0.14 st and 0.24 s respectively. The lower value for PE1 was further confirmation of
the role of the greater fraction of UHMW material in the melt. By using the shear-rate
dependent viscosity values, n(y), the critical work for the onset of oriented morphology
formation were obtained: PE1 = 13.21 + 1.61 MPa and PE2 = 22.56 + 4.67 MPa. The lower
value for PE1 indicated that less work was required to produce oriented nuclei under shear.
These values correlated well with the larger fraction of UHMW material (the UHMWT) present
in PE1 and, therefore, less work input would be required to obtain oriented morphology.
Therefore, rheology alone was not indicative or conclusive for the prediction of the behaviour

of flow-enhanced nucleation.
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The temperature of shear also had a significant effect upon the formation of oriented
morphology and the overall degree of orientation. Shearing at different temperatures from 130
— 200 °C, and performing post-shear radial SAXS measurements, demonstrated that orientation
decreased with increasing temperature, with no orientation present at T > 150 °C for PE1 and
T > 140 °C for PE2. Thermal relaxation caused the oriented morphology to relax back to the
entangled state before crystallisation could be completed. This was particularly important for
the consideration of the design of future industrial processes as typical processing temperatures
are at least 200 °C. Therefore, a method of cooling the production line to 130 — 140 °C before

applying shear would need to be devised.

Controlling the time of shearing also affected the resulting crystalline morphology. The shear
time was increased in increments of 5-, 10-, 20-, 30- and 40-seconds with the shear rate and
temperature constant (y = 10 s, T = 130 °C). Polarised light images were taken during shear
and post-shear radial SAXS measurements were also performed. It was shown that no
noticeable increase in orientation was seen by shearing for longer, instead elastic instabilities
began to dominate the flow at increasing shear times and ultimately distort or destroy the
oriented morphology. This effect was particularly apparent for PE1 at shear times greater than
20 seconds, suggesting that the oriented nuclei formation had become saturated by this time

and further shearing caused the morphology to be destroyed.

Finally, isothermal crystallisation kinetics measurements were performed by DSC and
analysed using the Avrami equation. The Avrami exponents n were approximately n = 1 for
the sheared samples and n = 2 for the unsheared samples, which indicated fibrillar and
unordered lamellae growth respectively. In all cases, the values of K decreased with increasing
Tc which suggested that slower crystallisation occurred because the nucleation rate was low

due to a low thermodynamic driving force.}4>*
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Chapter 5

Polymer Processing under
Controlled Flow Conditions to
Improve the Barrier and

Mechanical Properties
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5.1 Introduction

A custom built Couette flow cell (Section 2.6) was used to obtain larger oriented film samples
with different degrees of oriented morphology in order to investigate the effect of SIC upon
permeability and mechanical properties respectively. Couette flow can be classified as a drag
flow with no pressure gradient and, if the inner cylinder is rotated with the outer fixed, the flow
can be described as laminar with circular stream lines.™? Thus, samples with a relatively
uniform distribution of orientation were produced because they experienced a constant shear

rate in the Couette shear cell geometry.

Shish-kebabs, the resultant morphology from a melt that has undergone SIC, have been shown
to exhibit improved mechanical properties compared to quiescent melts.>* The final
mechanical properties of a product depend upon the respective morphologies of the amorphous
and crystalline regions, which in turn are dependent upon thermal history and deformation
during processing.®> Hence for the shish-kebab morphology, mechanical properties are greatly

enhanced along the length of the shish, parallel to the flow direction.*

Similarly, the crystalline morphology has a direct correlation to the diffusivity, and hence
permeability, of organic vapours through semicrystalline polymers.® Previous work has shown
that such vapours are essentially insoluble in the crystalline regions which act as impermeable
barriers.”® Furthermore, the barrier properties of semi-crystalline polymers can be influenced
by crystallite size, shape and degree of crystallinity.” Therefore, the shish-kebab morphology
offered a promising path to increasing the mechanical strength and barrier properties of PE-

100 pipe resins.

5.2 Preparation of Oriented PE Samples

Using prior SIPLI and critical work measurements (Section 4.4 — 4.5), a range of shear rates
and times were selected to obtain samples of PE1 with varying degrees of anisotropy (Table
5.1). Shear rates greater than 0.14 s and 0.24 s** for PE1 and PE2 respectively were shown to
be necessary to stretch polymer chains and form an oriented morphology (Section 4.3.1).
Additionally, applying strain & > 400 through shear to the melt was shown to increase the
dominance of elastic flow instabilities (Section 4.5.2). Boundary shear rates for oriented
morphology formation of 4.7 st and 5.6 s were obtained for PE1 and PE2 respectively (Table
4.1); however, it was posited that shearing for longer times at shear rates lower than these
boundary rates (i.e. conditions A & B) could supply enough work to stretch and orient the

chains.
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After isothermal melting at 150 °C for 30 mins to erase thermal history, shear pulses were
applied at 130 °C (the melting point of spherulites and significantly above the crystallisation
temperature of the polymers under quiescent conditions). In addition, shearing at temperatures
greater than 130 °C had been shown previously to result in lower degrees of orientation due to
competing thermal chain relaxation (Section 4.5.1, Figure 4.10a & 4.10b).° Subsequent sample

naming follows the pattern HDPE-shear_rate-shear_time-strain.

Sample Name | Shear Rate (s?) Shear Time (s)  Strain (¢)
A | PE1-1-150-150 150 150
B | PE1-1-300-300 ' 300 300
C | PE1-10-10-100 10 100
D | PE1-10-20-200 20 200
E | PE1-10-30-300 0 30 300
F | PE1-10-40-400 40 400
G | PE1-20-10-200 20 10 200

Table 5.1: Shear rate and shear time conditions, with corresponding strain applied in each case,
selected for measurements in the Couette shear cell. Sample naming follows the pattern
HDPE - shear_rate - shear_time - strain. The grey shading identifies those samples which

exceeded the critical work threshold and formed oriented morphology under shearing.

This range of shear rates and times were selected in order to give a good insight into the flow
behaviour under different conditions and strain values. After shearing, each sample was
removed from the cell and subjected to SAXS measurements, in 10 mm intervals along the
length of the sample (parallel with the flow direction), to ascertain the degree of orientation

using Herman’s Orientation Function, P>. (Figure 5.1).
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Figure 5.1: Degree of orientation, P2, plotted against measurement position of PE1 samples

sheared in duplicate and averaged for the Couette cell for conditions A — G (full sample names
are given in Table 5.1). Error bars are also fitted to conditions A — C but are not visible due to
their magnitude. The dashed black line indicates the critical work above which oriented

morphology can form.

Weak orientation was observed for conditions (Table 5.1) A and B, with shear rates of y =
1 s, with degrees of orientation comparable to condition C. Conversely, condition G showed
a degree of orientation similar to conditions E and F (both with € > 200) which further
confirmed the existence of an upper strain limit (Section 4.5.2).1° The dashed black line (Figure
5.1) indicates the critical work threshold above which oriented morphology could be created
(Section 4.4) . The critical work for conditions A — C was therefore below the threshold and so
no orientation was observed by SAXS.

Conditions C - F gave a good range of strain values and these conditions were selected to shear
samples of PE1 and PE2 for further mechanical and permeation measurements (Figure 5.2).

186



o
)

PE1 | PE2
eC oD OF OF|IC mD ME OF

Pyt b
Pl EEE E TN
¢

o
N

o
o

<
£ 04 @3 3 @ ¢ ¢
§0.3§ # 8 ¢ ' o)
A A 2
0021 ™
m m i m
wfrrgae g ¥t
Sl fiagpaznt
03— — .

0 50 - 100 150
Position/ mm

Figure 5.2: Degree of orientation, P2, plotted against Couette cell sample position for shear
conditions (measured in duplicate and averaged) C, D, E and F for PE1 (circles) and PE2
(squares). Error bars are also fitted to condition C (PE1) and conditions C — F (PE2) but are
not visible due to their magnitude. The dashed black line indicates the critical work above

which oriented morphology can form.

Significant differences in the degrees of orientation were observed between PE1 and PE2 under
shear conditions C - F (Figure 5.2). Even at the longest shear times, the degree of orientation
for PE2 did not greatly exceed the shortest shear time for PE1, further demonstrating the
importance of a HMWT in the blend (Section 3.2, Figure 3.1) for SIC and oriented morphology
formation.!! The dashed black line (Figure 5.2) indicates the critical work threshold (Section
4.4) above which oriented morphology formation occurred. All shear conditions (Table 5.1)
for PE2 were below this threshold and of comparable orientation to the only condition of PE1
that was below the threshold (condition C: y = 10 s, ts= 10 s). Given the similarity in MW
between PE1 and PE2, this was further confirmation of the significance of the UHWMT present
in PE1 for the formation of oriented morphology.®”’
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2D SAXS images showed distinct orientation in the direction of flow with very little lamellae
tilting under all conditions across the sample length for PE1 (Figures 5.3 & 5.4). The intensity
of the two-lobe spot pattern increased with increasing shear time for PE1, but was fairly
consistent in intensity for PE2 (Figure 5.5) which corroborated with the P, data (Figure 5.2).
Sharp drops in the orientation were noted around 60 — 70 mm and 120 - 130 mm, especially at
higher shear rates. This was likely due to the construction of the stator consisting of four equal
segments, into which small amounts of molten polymer could leak between the joints and
stagnate. Thermal transfer through the polymer within these regions would have been more
efficient due to the very small gap (and hence very thin amounts of PE material) between stator
segments and so thermal relaxation was likely to be especially prevalent, hence a reduction in

the observed orientation.

0Omm 40 mm 80 mm 120 mm 160 nm

TR U N U N

Flow

Figure 5.3: 2D SAXS patterns taken from an oriented Couette sample of PE1 at 10 mm
intervals — the ‘map’ above the images denotes the approximate locations of each measurement
interval. y =10 s, ts= 10 s and T = 130 °C (Table 5.1, condition C). The numbers in the top
right-hand corner of image denote the position in mm at which each image was acquired with
the black arrow indicating the direction of flow. A scale bar is shown in image 0. No images
were acquired at the stator segment joints.
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Figure 5.4: 2D SAXS patterns (120 seconds acquisition) taken from selected locations along

a Couette-sheared sample of PE1 for conditions D - F at 130 °C.

PE2 0 mm 30 mm 70 mm 110 mm 150 mm

Figure 5.5: 2D SAXS patterns (120 seconds acquisition) taken from selected locations along

a Couette-sheared sample of PE2 for conditions C — F at 130 °C.
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5.3 Permeation Testing

A key research objective of this work was to investigate whether the shish-kebab morphology,
induced by SIC, displayed decreased permeability, and hence improved barrier properties to
hydrocarbons, for use in PE-100 pipes. Such properties can be influenced by degree of chain
branching, molecular structure, cross-linking and the degree of crystallinity.!? Previous
research has shown that higher crystallinities displayed reduced permeation to gases because

high levels of crystalline chain packing reduce the free volume for gases to permeate.*?

5.3.1 Sealing Tests

In order to ensure adequate sealing of the test cell, and confirm that any weight loss occurred

through the sample and not as a result of leaking through the sealing lid, a washer was needed
between the base and sample. A comparison of copper and rubber washers was performed by
using a 3 mm thick aluminium disk as a sample and 5 mL of xylene. Conditions C — H had
either silicone grease or PTFE tape applied to the lid screw thread (see Figure 2.31, Section
2.11 for reference). Samples were weighed at regular intervals for 14 days (Table 5.2 and
Figure 5.6).

Sealing method

A | Copper washer

B | Rubber washer

C | Silicone grease only, no washer

D | PTFE tape only, no washer

E | Polished copper washer, silicone grease
F | Polished copper washer, PTFE tape

G | Rubber washer, silicone grease

H | Copper foil washer, silicone grease

Table 5.2: Methods of sealing the permeation cells tested during the initial cell sealing trials.
Conditions C — H had either silicone grease or PTFE tape applied to the lid screw thread.
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Figure 5.6: Mass lost over 14 days from sealing methods A-H to test the effectiveness of
sealing of the permeation cells. All samples were measured in duplicate and a 95 % confidence

interval is fitted to each sample.

By comparing each sealing method, the most effective was identified. Copper washers were
investigated because they are used for certain high vacuum applications. Upon annealing, the
soft nature of the metal allows for a perfectly tight seal as the two components are screwed
together. The circumferential thickness of the original washers (condition A, as purchased)
ranged between 1.40 - 1.42 mm. This discrepancy in size was most likely sufficient for vapour
transmission and loss. The polished washers had a consistent circumferential thickness of 1.40
mm (conditions E and F). Concurrently, copper film of 0.1 mm thickness was obtained and
punched to create washers. Another variable to consider was the sealing of the thread bearing

— either silicone grease or PTFE tape was used.

By removing the first 4 days of measurements, the permeation at a steady state was reached
(Figure 5.6). The highest rates of vapor transmission were observed for conditions C - D.
Whilst the rubber washer (G) and the copper foil (H) gave similar permeation results, the latter
showed slightly less permeation, and so it was decided to pursue copper foil owing to ease of
fabrication and time available. In all cases, sealing with silicone grease and not PTFE tape
proved most beneficial. This could be due to problems arising during the sealing of the test

cells — the PTFE tape was harder to apply to the screw thread and was prone to tearing.

Three samples per set of shear conditions were tested alongside unoriented specimens and

averaged over a period of 130 days (Figure 5.7 and Table 5.3).
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Figure 5.7: Average permeability (measured in duplicate) of PE1 and PE2 samples sheared at
y =10 st for times of 0's, 10's, 20 s, 30 s and 40 s. PE1-30 exhibited the highest orientation
upon shearing (Figure 5.2).

gecmm2?dayt| Os 10s 20s 30s 40s

PE1 241 274 3.01 3.85 3.37

PE2 279 270 233 223 1.39

Table 5.3: Average permeability coefficients of PE1 and PE2 samples sheared at y = 10 s for
timesof0s,10s,20s,30sand 40s.

There was a noticeable change in permeability by shearing for different times. Unsheared PE1
and PE2 displayed similar values with the former showing slightly lower permeability. The
crystallinities as measured by DSC (Section 3.3.1) were similar, although PE1 did display
slightly greater crystallinity than PE2 (61.4 % and 57.1 % respectively). Therefore, the
increased crystallinity resulted in lower permeability as the permeable, amorphous free volume

available for a permeant molecule to diffuse through was reduced.5315

5.3.2 Permeability of Sheared PE1

Samples of PE1 were sheared at times of 10 — 40 seconds at a shear rate of ¥ = 10 s*at 130 °C

with three samples measured and averaged per shear time (Figure 5.8).
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Figure 5.8: Average permeability (measured in duplicate) of PE1 samples sheared at y = 10
s for times of 10's, 20 s, 30 s and 40 s. The numbers denote the time of shearing.

The overall trend showed that increasing the shear time caused a corresponding increase in the
permeability, with the highest rate after shearing for 30 seconds. It was postulated that
increasing the shear time would lead to an increased concentration of shish-kebab morphology
and, hence, a decrease in the permeability because of the greater crystalline volume fraction.®
However, this was not observed for PE1 due to the direction of the shish compared to the
solvent flux (Figure 5.9). Further information regarding the orientation of shish-kebabs during
shearing can be found within Section 1.4.4, Figure 1.17 and Section 3.5, Figure 3.25.

Permeation Cell
Figure 5.9: The directions of oriented morphology (represented by shish-kebabs) orientation
and solvent flux (right) during a permeability test using a permeation cell (left — the solvent

reservoir is not shown).
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The oriented morphology was formed in the direction of shearing (as confirmed by SAXS,
Figures 5.3 — 5.5), however, measurements were performed such that this orientation direction
lay perpendicular to the solvent flux. Therefore, minimal permeability resistance was likely to
have been supplied by the inter-locking kebabs, and the permeant vapour could penetrate
through the voids between adjacent kebabs, thus giving rise to the observed increase in
permeability. As the orientation increased, more oriented morphology was created and hence

greater permeability was observed.

Considering the degree of orientation as measured by SAXS (Figure 5.2) for each of the
conditions tested, the peak orientations increased with longer shear times. Prior investigations
into the effect of shearing time upon orientation (Section 4.5.2) also revealed that increasing
the shear time of PE1 caused an increase in elastic flow instabilities, which increased in
dominance and distorted the oriented structures (Section 4.2, the discussion preceding Figure
4.4) Y9 However, the 2D SAXS images showed minimal tilting of the lamellae which suggested
that the flow was relatively homogeneous.'® Therefore, elastic instabilities were unlikely to
contribute further to the increased permeability. The HMWT present in the MWD of PE1
(Figure 3.1, Section 3.2) would cause an increased number of entanglements (and hence an
increased amount of amorphous material) which could have prevented close chain packing into
crystalline regions under these conditions and thus may have also been a contributary factor to
the increased permeability.!” If the permeant molecular size is small enough, these

entanglements are weak barriers to permeation.8
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5.3.3 Permeability of Sheared PE2

As for PE1, samples of PE2 were sheared at times of 10 — 40 seconds at a shear rate of y = 10

s'tat 130 °C with three samples measured and averaged per shear time (Figure 5.10).
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Figure 5.10: Average permeability (measured in duplicate) of PE2 samples sheared at y = 10

s’ for times of 10's, 20 s, 30 s and 40 s. The numbers denote the time of shearing.

Conversely to PE1, the overall trend showed a decrease in permeability with increasing shear

time, with a shear time of 40 s displaying the lowest permeability overall.

The degree of orientation as measured by SAXS (Figure 5.2) showed that peak orientation was
much lower overall than PE1, however the distribution was more homogeneous as evidenced
by the much flatter degree of orientation curves and lack of sharp drops around the stator
joining lines (as seen for PE1, Figure 5.2). Furthermore, previous measurements to investigate
the effect of shear time upon orientation (Section 4.5.2) showed that elastic instabilities did not
dominate the flow behaviour of PE2 to the same extent as PE1. Thus, the flow was more
homogeneous and the oriented morphology likely was not disturbed. The increased
concentration of oriented morphology caused by shearing would result in a decrease in the
amorphous volume fraction and hence a corresponding decrease in permeability. Therefore,
these results demonstrated that increasing the orientation through longer shear times did result
in a corresponding decrease in permeability. This was because of the increased sample

crystallinity and increased tortuosity of the permeant diffusion path.>1°
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5.3.4 Deqgree of Crystallinity and Permeability

In order to ascertain whether an increased crystallinity caused by shearing accounted for the
observed permeability behaviour, DSC measurements were performed (60 — 180 °C at 10 °C
min) on each sample after permeability testing had concluded to ascertain the degree of

crystallinity (averaged in triplicate, Figure 5.11).
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Figure 5.11: Average degree of crystallinity (Xc) as measured by DSC for samples after

permeability testing had concluded. All samples were measured in triplicate and averaged. The
numbers denote the time of shearing and the error bars display a 95 % confidence interval.

Given the very slight differences in crystallinity, and significant overlap between the errors,
observed by DSC across the samples, this indicated that neither the shear time nor the HPDE
grade had a significant impact upon the total degree of crystallinity. Thus, total crystallinity
was not the dominating factor in resisting permeation. However, these two factors did have a
clear effect upon the morphology (Figure 5.2) which did show evidence as the dominating

factor for resisting permeation (Figures 5.8 and 5.10).

5.4 Mechanical Testing

The semicrystalline morphology of PE, particularly the degree of crystallinity,?>?! can explain
many of the observed physical and mechanical properties: crystalline fractions impart rigidity

and amorphous fractions impart toughness (Section 1.4.1, Figure 1.12).22 The mechanical
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response of PE samples subjected to mechanical testing involves the rearrangement of
molecules or distortion of the morphology after a load is applied, such as tension.'” Typically,
PE deforms via a mechanism of yielding, necking and strain hardening before sample failure,
all of which can be observed in a typical stress-strain curve (Figure 2.32, Section
2.12.1.2).172324 It should be noted that no universal shape for the stress-strain curve of PE
exists.!” Within the low strain region, properties such as yield stress and Young’s Modulus are
obtained, with morphological features controlling this behaviour; at high strain the ultimate
tensile strength and elongation at break are obtained, with molecular characteristics controlling
this behaviour.’” When a tension load is applied to a sample, homogeneous deformation
initially occurs until one cross-sectional slice yields independently. The onset of this
heterogeneous deformation marks the yield point.}” Further deformation causes the newly
formed neck to grow until it encompasses the entire sample. Subsequent deformation is
homogeneous and strain hardening occurs until the sample breaks.*”?> On a morphological
level, the onset of plastic deformation corresponds to deformation of the crystallites —
reorientation of chain-folded lamellae towards the tensile deformation direction and
fragmentation of the largest crystallites.?32

Oriented morphologies and shish-kebabs have been shown to improve the mechanical
performance, such as stiffness, of polymer products due to load transfer by the oriented
fibres.>2” High modulus and tensile strength are known for highly oriented fibrillated polymer
chains due to the covalent bonding along the chain length.?® Perpendicular to this chain
direction, however, the moduli are typically two orders of magnitude lower.?® When a tensile
stress is applied to a semi-crystalline polymer, two modes of deformation act: lamellae slip and
chain slip.?62® The enhancement of modulus seen with the shish-kebab morphology arises due
to the shish fibre and inter-locking nature of the kebabs caused by the close proximity of
neighbouring chains during growth.?23° Additionally, the intermeshing of shish-kebab
structures has the effect of increasing lateral cohesion in the mechanical response, in
comparison to fibrillated structures mentioned previously.?®2° Furthermore, an increased

fraction of HMW material has been shown to further enhance the mechanical response.?®3!

Samples of PE1 were sheared using the Couette cell at 7 = 10 s, 130 °C and ts= 10 — 40 s in
10 second increments. After cutting tensile testing bars with gauge length dimensions 7 mm x
25 mm (Figure 5.12), the samples were outsourced for tensile testing at Aliaxis R&D
(Vernouillet, France) in accordance with 1ISO Standard 527.%2 Five samples were tested per

shear condition with the exception of PE1 where only three specimens were tested. All samples
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were tested at 20 mm min in the direction of flow/orientation. Slower draw rates give rise to
decreased elastic moduli, lower yield stresses, higher yield elongations, broader yield peaks in

the force versus elongation curve, and a less well-defined neck as observed visually.’

Gauge Length

Figure 5.12: Schematic of the ‘dog-bone’ samples used for tensile testing with dimensions of

7 mm X 25 mm manufactured to a thickness of 0.5 mm.

5.4.1 Young’s Moduli

The Young’s modulus, E, or elastic modulus, can be determined from the initial slope of the

stress-strain curve (Figure 2.32, Section 2.12.1.2). This deformation prior to yield is
homogeneous and largely recoverable if the stress is removed.!’ Thus the Young’s modulus is
a measure of stiffness of a sample — larger moduli correspond to stiffer samples.” A strong
dependence of Young’s modulus and molecular orientation has been found for HDPE
elongated to various draw ratios.}”3 The Young’s modulus was obtained for each shear
condition from the stress-strain curves of PE1 (Figure 5.13 and Table 5.4) and PE2 (Figure
5.14 and Table 5.4).
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Figure 5.14: Young’s moduli in tension obtained from stress-strain curves at different shear
times for PE2. All measurements were performed at 20 mm min* on 5 specimens and averaged.
The numbers denote the time of shearing. The numbers in each sample title denote the time of

shearing.
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PE1 PE1-10 PE1-20 PE1-30 PE1-40

Young’s Modulus
(MPa)
Error 60 198 97 148 291

306 626 816 938 896

PE2 PE2-10 PE2-20 PE2-30 PEZ2-40

Young’s Modulus
(MPa)
Error 87 183 78 112 185

611 690 661 675 1052

Table 5.4: Young’s Moduli in tension at different shear times for PEl and PE2. All
measurements were performed at 20 mm mint on 5 specimens with the exception of PE1 where

only 3 specimens were measured. The numbers in each sample title denote the time of shearing.

Unoriented bulk PE typically displays a value of 1000 MPa, which was not fully consistent
with this work.?34 It was noted that many of the isotropic samples had surface defects or
bubbles (especially for PE2, but PE1 also) arising due to the processing which may have had
an impact. However, as all failure strains were >100 %, this could not have been the case as E
was measured prior to yielding. Therefore, this suggested that low crystallinity within the

samples contributed to the observed literature discrepancies.

For the oriented PE1 samples, the Young’s modulus increased between 0 — 30 seconds shear
time before plateauing at 40 seconds (Figure 5.13 and Table 5.4) — there was a large degree of
uncertainty for this final measurement, however, and the general trend was one of increasing
with longer shear times. All sheared values were greater than the isotropic sample, suggesting
that shearing and subsequent crystalline orientation had increased the Young’s Modulus. For
PE2, shear times between 0 — 30 seconds displayed a plateau before increasing significantly at
a shear time of 40 seconds (Figure 5.14 and Table 5.4). All values were greater than the
isotropic PE2 sample, but only weakly oriented (Figure 5.2) which could explain the close
nature of these values. A greater orientation or concentration of shish-kebabs generally causes
an increase in the Young’s Modulus as an increased amount of the material in the melt can
intermesh and act as a load-bearing feature.”* Shish-kebabs formed from dilute solutions,
with mutually parallel fibre axes, at crystallisation temperatures greater than 124 °C exhibit

Young’s moduli E > 140 GPa. From the melt, however, chain entanglements reduce the
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network mobility and thus the values obtained will be lower.?53 As was evident from the
results for PE1, increasing shear time caused increased anisotropy (Figure 5.2) and an increase
in the Young’s modulus. The effects of shearing for longer times were less apparent for PE2
which was reflected in the fairly consistent values for the Young’s Moduli. The degree of
orientation as measured by SAXS for PE2 across all shear times (Figure 5.2) was of similar
magnitude to PE1-10 (the number denotes the time of shearing in seconds), hence the similarity
in Young’s Moduli values observed across these samples when compared with PE1-10 (Table

5.3).

Calculated values, from theory and simulation, have predicted a maximum value for the
Young’s Modulus of fully extended PE chains to be greater than 300 GPa.®” Experimentally,
the highest values achieved in the literature thus far are 230 — 264 GPa.!"*® Compared to
isotropic samples, the values for the Young’s Modulus were significantly higher. Smaller
amounts of deformation under tension are required at low strains to stretch the random coil in
isotropic samples, which is largely facilitated by bond rotations.!’” The chains in anisotropic PE
samples, however, are already stretched and, therefore, larger amounts of deformation under
tension are required to stretch these chains further, typically due to bond elongation and an
increase in the C-C-C dihedral angle.}” Generally, high molecular orientation is necessary for
a high Young’s modulus, with an increased fraction of oriented crystalline material
contributing to higher moduli.t’3®

5.4.2 Stress at Yield and Maximum Strain at Break

Yielding occurs in samples when deformation changes from homogeneous to hetergeneous,
after which point the deformation is no longer elastic and the strain is irrecoverable.!” An
increased yield stress has been observed for polymers with increasing degrees of
crystallinity.20:263639-42 yielding has been attributted to the crystalline fraction in the sample
because, at ambient temperature, the amorphous fraction is rubbery in nature and so does not
contribute to the yield stress.?%:2636:3%-42 Thys the stress at yield is the force at which a sample
yields divided by its cross-sectional area.l’” For isotropic samples, this values correlates
strongly with the degree of crystallinity; greater degrees of crystallinity contribute to a greater
yield stress — however, at crystallinites over 80 % samples tend to be brittle.!” From a practical
perspective, the yield stress determines the maximum applicable load a sample could withstand
during service. The maximum strain at break refers to the strain within the sample at the point
of sample failure under tension, expressed as a percentage elongation with respect to the
original length.” The molecular characteristics that develop high degrees of crystallinity are
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similar to those that facilitate large strains at break.!’” Features that hinder the slippage of chains
past one another during crystallisation, such as branching and entanglements, also reduce the
strain at break.!” Thus, the intermeshed nature of shish-kebabs will also hinder chain slippage
and should reduce the strain at break.?®-3° Comparing oriented and isotropic samples, those
with greater initial orientaion should display lower strains at break.'’” However, the maximum
strain at break is inversely proportional to orientation, with ultra-oriented fibres exhibiting

values approaching 10 %.%

For PEL, increasing the shear time beyond PE1-20 resulted in an increase in the stress at yield
and a corresponding linear decrease in the maximum strain at break (Figure 5.15 and Table
5.5). The observed consistency in stress at yield values for 10 seconds of shear (PE1-10) and
20 seconds of shear (PE1-20) samples suggested that the concentrations of oriented
morphology in the anisotropic samples were insufficient to impact the stress at yield. Given
that an increased shear time corresponded with an increase in anisotropy, the greater
concentration of oriented morphology would have intermeshed more significantly and thus

restricted the mobility of the network under deformation thus resulting in lower strains at
break.l7,19,26,28730
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Figure 5.15: Stress at yield (orange bars) and maximum strain at break (black squares) in
tension at 20 mm min for different shearing times of PE1. The numbers in each sample title

denote the time of shearing.
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PE1 PE1-10 PE1-20 PE1-30 PE1-40
Max strain at

294 168 146 59 29
break (%)
Error 40 110 103 14 22
Stress at yield

22 23 21 28 36
(MPa)
Error 1.0 1.7 2.5 2.2 6.2

Table 5.5: The maximum strain at break and stress at yield in tension at different shear times
for PE1. The numbers refer to the shearing time (y = 10 s, T = 130 °C). The numbers in each
sample title denote the time of shearing.

For PE2, negligible increases were seen for the stress at yield with increasing shear time (Figure
5.16 and Table 5.6), most likely due to the minimal orientation in this material. The value for
PE2-40 was comparable to that for PE1-10 as both samples had similar degrees of orientation
(Figure 5.2). The effect of a lack of orientation was clear as the 10 — 30 s (PE2-10, PE2-20,
PE2-30) shear time samples displayed similar degrees of orientation and stress at yield to
isotropic PE2. The strain at break values, therefore, were also generally consistent with the
isotropic sample. The large value for the strain at break for PE2-40 was most likely due to
deformation occurring in a region outside the gauge length (Figure 5.12) - an assumption in
calculating the maximum strain at break is that all deformation occurs within the gauge
length.Y
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Figure 5.16: Stress at yield (green bars) and maximum strain at break (black squares) in tension

at 20 mm min* for different shearing times of PE2. The numbers in each sample title denote

the time of shearing.

PE2 PE2-10 PE2-20 PE2-30 PE2-40

Max strain at

94 113 167 117 295
break (%0)
Error 52 52 84 55 124
Stress at yield

17 17 19 19 24
(MPa)
Error 3.3 1.9 2.1 2.4 3.5

Table 5.6: The maximum strain at break and stress at yield in tension at different shear times

for PE2. The numbers refer to the shearing time (y = 10 s%, T = 130 °C). The numbers in each

sample title denote the time of shearing.

Both isotropic samples displayed stress at yield behaviour that was consistent with literature.®*

In both cases, however, shearing and orientation did increase the stress at yield and Young’s

Moduli compared to the isotropic samples.®
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5.5 Comparison of Orientation, Young’s Modulus and

Permeability
A comparative plot of shear-induced orientation (through Couette shear and measured by

SAXS), Young’s Modulus and permeability for PE1 and PE2 highlights the importance of the
critical work (black dashed line in Figure 5.17) for the formation of orientated morphology and
the subsequent effect upon mechanical and permeability properties (Figure 5.17 and Table 5.7).
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Figure 5.17: A comparative plot of shear-induced orientation (through Couette shear and
measured by SAXS), Young’s Modulus (left y-axis) and permeability (right y-axis) for PE1
(filled symbols) and PE2 (open symbols). Symbols for Young’s Modulus are denoted by circles
and those for permeability by squares. The colours correspond to the increasing amounts of
shear time, and hence orientation, imparted to each sample during shearing: 10 seconds = black;
20 seconds = red; 30 seconds = blue; 40 seconds = purple. The sample naming given by the
key follows the pattern [1] or [2]-[time of shearing]-[YM] or [P], where 1 or 2 refers to the
PE material, the following numbers refer to the time of shearing and YM or P refer to Young'’s
Modulus or Permeability respectively (Table 5.7). The black dashed line highlights the critical
work above which oriented morphology is formed and impacts upon the mechanical properties

and permeation behaviour.
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Shear Young’s Shear Young’s
Name HDPE Time Modulusor Name HDPE Time Modulus or

(s) Permeability (s) Permeability
1-10-YM  PEl 10 YM 2-10-YM PE2 10 YM
1-20-YM  PEl 20 YM 2-20-YM PE2 20 YM
1-30-YM  PE1 30 YM 2-30-YM  PE2 30 YM
1-40-YM  PE1 40 YM 2-40-YM  PE2 40 YM

1-10-P PE1 10 P 2-10-P PE2 10 P
1-20-P PE1 20 P 2-20-P PE2 20 P
1-30-P PE1 30 P 2-30-P PE2 30 P
1-40-P PE1 40 P 2-40-P PE2 40 P

Table 5.7: A guide to the naming of the samples given in Figure 5.17 indicating the HDPE

grade, shear time and measure of either the Young’s Modulus (Y) or Permeability (P).

As the orientation increased for PE1 (filled symbols, Figure 5.17), both the Young’s modulus
and permeability also increased up to 30 seconds of shear (1-30-YM and 1-30-P) but with a
decrease at a shear time of 40 seconds (1-40-YM and 1-40-P). None of the PE2 samples (2-10-
YM/P) displayed an orientation greater than the critical work and thus the impact of orientation
upon physical properties was not observed as clearly. The sample sheared for 40 seconds
displayed the greatest orientation and, correspondingly, the largest Young’s modulus (2-40-
YM) and lowest permeability (2-40-P), which indicated that oriented morphology in this
sample was beginning to impact upon the properties, but not at significant levels above the

critical work.

Considering the MWDs of PE1 and PE2 (Figure 3.1), PE1 had a larger fraction of UHMW
material and consistently showed greater degrees of orientation than PE2 because of this
UHMWT (Figures 4.7, 4.11 & 5.2). Therefore, a lower critical work was required to produce
oriented morphology upon shearing under the same conditions as PE2 (Section 4.4). Only the
10 second sample for PE1 received insufficient work for oriented morphology formation,
however all samples of PE2 received insufficient work.

Oriented morphology has been shown to increase the Young’s modulus, therefore the 40
second sample for PE1 (1-40-Y M) should have displayed the greatest modulus. However, the
orientation of this sample was lower than the preceding (30 seconds shear) and so the Young’s
modulus (1-30-Y M) and permeability (1-30-P) decreased accordingly. Elastic flow instabilities
(Section 4.2) have been observed for PE1 at shear times greater than 30 seconds (Section 4.5.2),
therefore these same flow instabilities could have arisen during Couette shearing of PE1 at 40
seconds of shear. However, only minimal titling of the 2D SAXS patterns was observed (Figure

5.4) which suggested that elastic instabilities were not a significant issue. High viscosity and
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high shear strain, supplied through the action of shearing in Couette flow, can cause viscous
shear (or frictional) heating, whereby the low thermal conductivity of PE causes a viscous
dissipation of heat and a rise in temperature of the melt.}’#> Indeed, shear heating is the
principal method of melting HDPE within a single-screw extruder.*® As viscosity decreases
with increasing temperature, a subsequent reduction in shear strain occurs, and hence the work
supplied to the melt is reduced which causes a lower than expected degree of orientation.*”4
This increase in heat could also have caused partial thermal relaxation of oriented morphology.
The UHMWT present in the MWD of PE1 (Figure 3.1, Section 3.2) would cause an increased
number of entanglements (and hence an increased amount of amorphous material) which could
have prevented close chain packing into crystalline regions under these conditions and thus
may have also been a contributary factor to the reduced Young’s modulus and increased

permeability.t’

The oriented morphology was formed in the direction of shearing (as confirmed by SAXS,
Figures 5.3 — 5.5), however, measurements were performed such that this orientation direction
lay perpendicular to the solvent flux (Section 5.3.2, Figure 5.9). Therefore, as the concentration

of oriented morphology increased, the permeability also increased.

5.6 Conclusions

By using a Couette cell that could be disassembled, it was possible to prepare large area
samples processed at homogeneous shear conditions and recover them from the cell for further
structural analysis and mechanical testing. The samples were sheared at different shear times,
with shear rate and shear temperature constant, to achieve varying degrees of orientation.
SAXS measurements showed that the orientation within each condition was relatively
homogeneous, however the effects of shear time were more evident for PE1 than PE2 due to
the HMWT in the MWD of the former.!! From these samples, specimens were cut for further
permeation and mechanical testing measurements. Previous research has shown that the shish-
kebab morphology, arising from shearing and present in these samples, can improve the tensile
deformation properties because of the stretched shish fibrils and intermeshed nature of the
kebab lamellae overgrowths.!#* The crystalline regions in semicrystalline polymers are
impermeable to permeant gases and, therefore, the shish-kebab morphology was investigated

as a means to increase the barrier properties of HDPE for use in PE-100 plastic pipes.8121444

The degrees of orientation as measured by SAXS showed a clear increase in orientation with

increasing time of shear for PE1, whereas this was less evident for PE2 — even at the longest
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shear times, the degree of orientation was comparable to just 10 seconds for PE1. This was
attributed to the increased fraction of HMW chains present in the MWD of PE1; a greater
fraction of UHMW material in the MWD has been shown to facilitate orientation at lower shear
rates or strains due to the longer relaxation times of these chains.!'Three samples per shear
condition were measured in permeation cells that had been fabricated previously by utilising a
method similar to the time-lag method. Samples of isotropic PE1 and PE2 were also tested for
comparison. Anisotropic PE1 samples showed evidence of increasing permeability with
increasing shear rate which was attributed to the direction of polymer chain orientation and
permeant flux during the measurement — orientation was perpendicular to the flux. As the
number of shish-kebabs increased with shear time, the number of voids between kebab lamellae
overgrowths also increased thus facilitating a higher permeability. A greater number of
entanglements preventing close chain packing into crystalline domains may also have
contributed.® Conversely, PE2 displayed decreasing permeability for an increase in the shear
time which indicated that the increased concentrations of oriented crystalline morphology did
reduce the permeability. DSC measurements concluded that the oriented morphology, and not
the total crystallinity, was the dominating factor in determining permeation resistance.

Tensile testing measurements were outsourced to Aliaxis R&D, with the Young’s modulus,
stress at yield and maximum strain at break reported. The Young’s moduli for PE1 increased
as shear time increased which confirmed that the oriented morphology did enhance the
mechanical properties. This did not correlate with the permeation results obtained for this
material (as highlighted previously) — increasing Young’s modulus with increasing
permeability. This was attributed to a relaxation of the oriented morphology via shear heating
and an increased concentration of voids between lamellae kebabs. This same effect was not
observed for PE2 which was because of the generally lower degrees of orientation across all
shear conditions which were below the critical work for oriented morphology formation.
However, the permeability results for PE2 did correlate well with the Young’s modulus as
predicted — increasing orientation (albeit minor) led to decreasing permeability. The stress at
yield values across all samples for both materials were greater than the corresponding isotropic
samples. The maximum strain at break values decreased linearly for oriented PE1 with the
lowest values observed at the highest shear times which was consistent with trends as reported
in the literature. As the orientation in the PE2 samples was lower and of comparable magnitude,

the strain at break values showed consistency across shear times up to 30 seconds. A much
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greater value was noted at 40 seconds shear time which was likely as a result of sample failure

outside of the gauge length.

Overall, oriented morphology with possible shish-kebab formation has been shown to have an
impact upon the barrier properties and mechanical deformation behaviour. It was evident, that
the samples with the greatest orientation displayed the greatest improvements in tensile
deformation behaviour, but suffered from increased permeability. At these highest shear times,
the entangled shish-kebab network was capable of resisting deformation up to higher strains
but likely suffered from an increased void concentration and hence weaker barrier properties.
PE2 was unable to be oriented to the same degrees as PE1 owing to the decreased fraction of
UHMW material in the blend, however, it did show increased barrier properties with increasing
shear time. The weaker orientation was clearly reflected in the mechanical behaviour. It was
clear that further optimisation of the shear rate, time and temperature would be necessary to

achieve the optimum balance of mechanical strength and barrier properties.
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Chapter 6

Fabricating Single-Polymer
Composites to Improve the
Barrier and Mechanical

Properties
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6.1 Introduction

The advantages of polymer materials are often a result of their low cost, low weight, easy
processability and physical properties.> However, in order to tailor the material properties to
specific applications, techniques such as melt blending are employed to improve properties
such as stiffness, toughness and chemical and thermal resistance.® The microstructure of such
blends has been shown to link directly to the mechanical and physical properties.* Processing
methods have a direct impact upon the dispersion of the immiscible blend and previous work
has shown that well-dispersed particles displayed improved matrix impact strength,® sheet-like
dispersions improved barrier properties® and fibrillar morphologies increased the unidirectional
strength.®

Further improved mechanical properties have been obtained using carbon-fibre or glass-fibre
polymer composites.! However, such composites are associated with high manufacturing costs,
complex production methods and challenging end-of-life recycling - not only to separate the
fibre and matrix from carbon- and glass-fibre composites, but they are also reported to be quite
abrasive to recycling equipment.! This has led to the development of SPCs where both the fibre
and matrix are thermoplastic in nature and made from similar polymer, therefore, end-of-life
recycling may be easier compared to carbon- or glass-fibre composites as the fibres and matrix

are both thermoplastic.>"®

In particular, HDPE-UHMWPE SPCs have seen considerable interest.®% The high strength
and modulus of extended chain PE fibres are attributed to their HMW, crystallinity and degree
of orientation.® UHMWPE fibres possess an impressive list of beneficial properties: high
impact resistance, high cut and abrasion tolerance, excellent chemical resistance, low dielectric
constant, good UV resistance, low moisture absorption, excellent vibration damping capability,
low coefficient of friction and self-lubricating properties.® Therefore, SPCs could offer another
solution to increase mechanical strength and permeability resistance of PE-100 pipes. Such
composites have been shown to exhibit mechanical strengths between that of glass-reinforced
polyester and epoxy resins.’? Designing and manufacturing a new extrusion head can be
extremely expensive, whereas a more simple tape-wrapping procedure could be incorporated

into the existing manufacturing architecture, saving development time and money.

With regard to permeation, previous research has shown that the crystalline regions are
impermeable to the vapour of small organic molecules.!®* Addition of highly-crystalline

UHMWPE oriented tapes should significantly improve the permeation resistance of PE-100
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pipes and should also improve the mechanical properties.*** A strong and stable interface,
created by inter-diffusion of molecular chains into the corresponding layers, between the matrix
and fibre interlayer allows for load transfer from the weaker matrix to the stronger fibre under
mechanical deformation resulting in increased mechanical strength.'®!” Processing conditions
have a great impact upon the efficiency of the fusion bonding between the matrix and fibre
interlayer: high temperatures, such that the interfacial temperature is greater than the melting
temperature, and high contact pressures induce efficient bonding.!® Under these conditions,
polymer chains can inter-diffuse across the interface in three stages: 1) polymer surfaces
rearrange and approach each other; 2) the two surfaces begin to approach and wet; 3)
completion of wetting, making good contact, and chain inter-diffusion marked by the
disappearance of the interface boundaries.'® The potential barriers at the interfaces are removed

as the polymer chains are free to move from one surface to another.®

Three UHMWPE tapes were selected for use as barrier layers in SPCs, with PE1 and PE2
acting as the matrix. In order to fabricate SPCs, it was necessary to find the temperature
window in which the matrix (HDPE) would melt and the fibre (UHMWPE) would remain
oriented. At high temperatures, polymer chains relax to the coiled state and lose any
anisotropy.'8 After construction of mono-layer and crossed bi-layer SPCs, they were subjected
to permeation measurements and mechanical testing with comparison to aluminium foil

composites currently used.

6.2 Single-Polymer Composite Fabrication
Fabrication of SPCs can be challenging. Despite the beneficial properties of UHMWPE fibres,

a major limitation is the difficulty in bonding to other substrates and forming a stable interface
due to the chemical inertness and lack of functional groups of the fibre.®161 Several methods
have been developed over the years in order to overcome this difficulty, often by pre-treatment
of the fibres:® increasing the surface roughness by chemical etching, plasma or corona
treatments (with O, or CO2);?° introducing surface functional groups through chain scission
and substitution.>?* Whilst these approaches have been observed to significantly increase
bonding, the cost is a degradation of the physical properties.®

An alternative approach regards the exploitation of the thermoplastic nature of PE. Through
careful application of heat and pressure, surface melting and recrystallisation can be used to
melt the fibre surface and fuse with an HDPE matrix.>*® This method of melt pressing has been
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used extensively in the literature to fabricate SPCs because the fibre orientation can be carefully

controlled.12%%

Orienting polymer chains (for example, by mechanical drawing) causes a small difference
between the melting temperatures, Tm, of stretched and unstretched polymers.t®?® This is
caused by orientation of the polymer chains resulting in a corresponding reduction in entropy
and, given that the 4H of melting is the same regardless of orientation and T,,, = AH/AS, the
melting temperature increases as A4S decreases.?’” Stretched chains form more
thermodynamically stable crystals and, therefore, exhibit a higher melting point than
conventional melts.'? Folded lamellae essentially melt into an entangled coil, so 4S is larger
than that for unentangled oriented chains which melt into a rotator phase. This needs to be
exploited in order to melt the surrounding HDPE matrix, but not the fibres themselves.!2?
Pressure needs also to be applied in order to cause wetting of the fibres and matrix and good
adhesion between the two.?® Thus, two compression moulding fabrication methods were

investigated: melt pressing and VCM.

6.2.1 Melt Pressing

From DSC measurements (Section 3.3.2), the fabrication temperature window was established

to be 136 - 144 °C and a temperature of 140 °C chosen as the fabrication temperature. In order
to find the optimum pressing force, three different forces (6 MPa, 16 MPa, 32 MPa) were
applied at times of 30 seconds and 60 seconds (for each pressing force), for both PE1 and PE2.
Sections of pre-cut TA23 UHMWPE tape were sandwiched between two HDPE layers (0.55
mm thick), heated to 140 °C and pressed. As soon as the required time for pressing had elapsed,
the plates were removed from the press and submerged in cold water to complete

crystallisation.

For the lowest pressing force and shortest times, these conditions were insufficient for
homogeneous surface melting and bonding and most samples delaminated with relative ease.
Studies investigating the sintering of UHMWPE have found that processing temperature, and
not heat soak time or pressing force, were the most significant factor in achieving homogeneous
melting.?® However, this application was strictly limited by an upper temperature limit above
which the highly oriented fibres in the UHMWPE tape would relax to the entangled state and

permanently lose all orientation.8

For the remaining samples, no delamination occurred, however significant fibre splaying was

evident (Figure 6.1, left). TA23 was a mechanically drawn UHMWPE tape with a very high
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crystallinity and degree of orientation in the fibre direction. However, the mechanical strength
was considerably weaker in the direction transverse to the fibre orientation. Therefore, due to
the viscous nature of the HDPE, and the weak transverse orientation strength,?”?° the HDPE
matrix had pushed through the UHMWPE fibres upon application of pressure splaying them
apart (Figure 6.1, left).

Figure 6.1: Single-polymer composites fabricated with PE1 matrix and TA23 UHMWPE inter-

layer, using melt pressing (left) and vacuum compression moulding (right).

Whilst these samples would likely show an increase in tensile strength owing to the UHMWPE
fibre reinforcement, the permeation resistance would be similar to that of HDPE, owing to the
large gaps between fibres. It was observed in the literature, however, that the majority of
compression moulding was performed using a mould that confined the SPC to a shape of set
dimensions and/or used woven fabric inter-layers which prevented the fibres from displacing
to a large extent.1?>-31 The lack of constraint and weak transverse strength of the fibres was
the cause of fibre splaying. Therefore, a more suitable fabrication method was needed to

constrain the fibres.

6.2.2 Vacuum Compression Moulding

A novel apparatus has been introduced by MeltPrep, whereby vacuum compression moulding
is used to produce defect-free samples from powder or pellet starting materials (Section 2.10).
This was used to create SPCs that did not show evidence of fibre splaying (Figure 6.1, right).

Two 10 mm x 40 mm bars of HDPE (0.55 mm thick) were prepared initially (195 °C, 5 minutes)
before the SPC was fabricated (140 °C, 10 minutes) by inserting a pre-cut TA23 layer in
between. Samples prepared in this way showed no fibre splaying and bi-layered composites,
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with the second fibre interlayer oriented 90° to the first, could be produced with relative ease.
However, an additional interlayer of HDPE was needed in order to ensure bonding of the two
TA23 layers and prevent delamination. Using this method, 25 mm SPC disks for permeation
testing and 10 x 40mm SPC bars for tensile testing were produced using each of the three
UHMWPE tapes.

6.3 Permeation Measurements

A key requirement of this work was to understand the permeation resistance of HDPE and
HDPE-UHMWPE SPCs and to investigate whether this technology was a viable option for
improving the barrier properties of PE-100 pipes compared to FIC. Further details regarding

permeation theory of polymers are given in Section 2.11.

For each matrix HDPE (PE1 and PE2), each of the three tapes was used in two configurations:
mono-layer (classified 0°) and bi-layer (classified 0°/90°). For the bi-layer samples, the
orientation of the second tape layer was 90° perpendicular to the first layer (Figure 6.2).
Therefore, 6 samples per matrix HDPE were fabricated to give 12 samples in total (Table 6.2a)

with all SPC samples tested in duplicate (24 samples total).

“ CTTTPTTTATT AT O T O vy o°

UHMWPE [T P

Figure 6.2: A schematic showing the mono-layer (0°) construction (left) and the bi-layer
(0°/90°) construction (right) of SPC samples, with the latter having UHMWPE tape

orientations crossed at 90°. The dashed lines are included to show the orientation of the
UHMWPE tape layers. Both sample configurations were fabricated to the same thickness of
1.5 mm, hence different thicknesses of HDPE layers were required, by taking into account the
thickness of each UHMWPE tape.
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a | HDPE UHMWPE Configuration b HDPE
1-A PE1 TA23 0° PE1l PE1
1-B PE1 TA23 0°/90° PE2 PE2
1-C PE1 XF23 0° 500k Mw = 500 kDa
1-D PE1 XF23 0°/90° SM Mw =5 MDa
1-E PE1 S1 0° 1-X | PE1-Aluminium foil (mono-layer)
1-F PE1 S1 0°/90° 1-Z PE1-Aluminium foil (bi-layer)
2-A | PE2 TA23 0° 2-X | PE2-Aluminium foil (mono-layer)
2-B PE2 TA23 0°/90° 2-Z PE2-Aluminium foil (bi-layer)
2-C PE2 XF23 0°
2-D PE2 XF23 0°/90°
2-E PE2 S1 0°
2-F PE2 S1 0°/90°

Table 6.2: a) SPC samples fabricated for permeation testing displaying the matrix HDPE,
UHMWRPE tape inter-layer and tape layering configuration; b) Additional samples fabricated
consisting of HDPE of different molecular weights (top) and aluminium foil inter-layers in

mono-layer and bi-layer constructions (bottom).

For comparison purposes, samples of 100 % PE1 and PE2 were also included, as well as PE
grades with My, = 500 kDa and My = 5 MDa respectively (Table 6.2b). A test cell with an
aluminium disk instead of a polymer sample was also measured to monitor vapour loss through
the lid screw thread/sealing ring to allow for correction of the data. As a control, aluminium
foil, as currently used in the pipe manufacturing process, was obtained and used to make further
SPC samples: mono-layer and bi-layer for each HDPE giving four samples in total (Table
6.2b). All samples were manufactured to a thickness of 1.5 mm and all measurements were
performed in duplicate with mass measurements taken at regular intervals for 250 — 330 days.
By normalising with respect to sample thickness, information regarding the vapour
transmission per unit area, and hence the permeability, was obtained from the mass lost per day
(Figure 6.3 — 6.4; Figure 6.6; Figures 6.8 — 6.9).
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Figure 6.3: Permeability for all samples weighed at regular intervals for 250 — 330 days and
normalising for variations in sample thickness. The different colours highlight each different
grouping used during the measurements: HDPE (blue); PE1 (red); PE2 (green); aluminium foil

(purple). Table 6.2 provides further details regarding the sample construction.

The 5 MDa PE sample showed the highest permeability which was likely due to the fabrication.
The viscosity of this material was very high and, therefore, the material flow was much slower
than standard HDPE. Using MeltPrep™, any air can be removed from a sample through a
combination of heat and pressure. However, the pressure exerted on a sample using the 25 mm
disk tool was 1.7 bar which was likely to be insufficient to remove all air in this very viscous
sample. With poor material flow, there was also the possibility of holes forming thus allowing
for greater permeation. Therefore, this sample was likely to be full of small holes through

which the vapour escaped, thus increasing the permeation rate.

Conversely 1-B and 1-F showed the lowest permeability which suggested that these SPCs were
strong candidates for further permeation trials. Nevertheless, considering the similarity in
behaviour of PE1 and PE2, it was initially unclear why these two samples should significantly
outperform (with a reduced permeability) the PE2 counterparts 2-B and 2-F. SAXS
measurements would suggest elliptical voids were present (Figure 3.27), yet these should
increase the permeability. PE2 did display increased permeability compared to PE1, which

could partly account for the discrepancy between samples. Additionally, the similarity of the
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permeability rates between samples 2-B, 2-C, 2-D and 2-E indicated that sample preparation

issues, such as a poor fibre matrix interface, could have also led to an increased permeability.

In the following sections, the samples have been grouped into 4 sets for a more detailed
analysis: HDPE, PE1 SPCs, PE2 SPCs and aluminium foil SPCs. For the PE1 matrix group
and aluminium foil group all bi-layer (0°/90°) samples showed decreased permeation compared
to the corresponding mono-layer (0°) which was consistent with a greater concentration of
crystalline domains and/or the formation of a more tortuous path for the permeant causing a
reduction in permeability.'>? This effect was less pronounced for the PE2 matrix group. For
reasons to be discussed in Section 6.3.4, a comparative study of the SPCs against aluminium
foil could not be made. However, this data was still useful in displaying the effect of additional
foil inter-layers on the permeability. All of the UHMWPE tapes used in this study were

commercial tapes with no similar studies performed using them in the literature.

6.3.1 HDPE Group
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Figure 6.4: Permeability of PE1, PE2 and PE samples with My, = 500 kDa and My = 5 MDa.

Generally, barrier properties can be improved through increased orientation and/or crystallinity
because of the increased packing efficiency of the chains into crystalline domains — such

domains are insoluble to permeant molecules.**> PE2 displayed a higher permeation than
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PE1. From DSC measurements (Section 3.3.1, Table 3.2), the X. values were 61.4 % and
57.1 % for PE1 and PE2 respectively. The X value for the 500 kDa PE sample was 62.9 %; it
also displayed the lowest permeability of this group, which suggested that a My = of 500 kDa
could provide the optimal matrix barrier performance. However, the Mw =
5 MDa sample displayed the highest permeability and an X; of 46.2 %, which therefore did
support literature findings that lower crystallinity correlates to lower resistance to
permeation.t*3? The lower crystallinity, despite the UHMW, was likely due to a limited chain
mobility caused by a greater amount of chain entanglements preventing suitable chain folding

into crystalline lamellae.®

The ratio between the degree of crystallinity (from DSC, Section 3.3.1, Table 3.2) of PE1 (61.4
%) and PE2 (57.1 %) was 1.08 and the ratio of the permeabilities was 1.25 (Figure 6.4) — the
cube of the crystallinity ratio. Additionally, a power law relation (Figure 6.5) to the one-third
power was established between the permeability (logP) and degree of crystallinity (LogXc) for
each of the HDPE samples with different molecular weights.
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Figure 6.5: A power law relation established between the permeability and degree of

crystallinity of HDPE samples with different molecular weights.

Thus, there was a volume effect to the one-third power; if permeation depends on tortuosity,

then it should also be dependent on the volume.3* Diffusion of the permeant gas occurs in the
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amorphous, continuous phase with an increased amount of crystalline ‘bricks’ increasing the
tortuosity and hence decreasing the permeability.'*3* Hence the total crystallinity was the
dominating factor in this instance. Crystallite size and shape would also have an impact upon
the permeant diffusion and hence overall permeability, with larger, planar crystals acting as a
better barrier (compared to smaller, spherical particles) by increasing the totuosity.®* It could
be argued that an increased crystallinity, and hence larger crystalline regions, could have the

effect of acting as plate-like barriers.

6.3.2 PE1 SPC Group
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Figure 6.6: Permeability of SPC samples with PE1 as the matrix material. Samples A, C and
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E were fabricated with a mono-layer construction and samples B, D and F were constructed

with a bi-layer construction with the orientation crossed at 90°.

This group was fabricated using PE1 (Figure 6.6) as the matrix with UHMWPE inter-layers
constructed as described previously (Table 6.2). In all cases, samples with the 0°/90° bi-layer
construction showed lower permeability than the mono-layer counterparts, confirming that
additional barrier layers clearly improve permeability resistance. By aligning fibrils
perpendicularly to the gas permeation direction, a tortuous path for the permeant molecules
was created (Figure 6.7).! Thus an additional UHMWPE barrier layer should further increase
the tortuous path and bi-layer composites will display lower permeability than the equivalent

mono-layer SPC.
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Figure 6.7: The distance a penetrating molecule must travel (highlighted by the red arrow) is
influenced by the internal film morphology. Those with reinforcing inter-layers create greater

distances and display lower permeability.

Samples 1-B and 1-F, fabricated with UHMWPE tapes TA23 and S1, respectively, displayed
the lowest permeability of all SPC samples, which suggested that the combination of PE1
matrix and these two UHMWRPE inter-layers provided optimal permeability resistance.

6.3.3 PE2 SPC Group
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Figure 6.8: Permeability of SPC samples with PE2 as the matrix material. Samples A, C and
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N
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E were fabricated with a mono-layer construction and samples B, D and F were constructed

with a bi-layer construction with the orientation crossed at 90°.

This group was fabricated using PE2 (Figure 6.8) as the matrix with UHMWPE inter-layers
constructed as described previously (Table 6.2a and 6.2b). The same trends for the PE1 group

were not as clear for the PE2 group as only sample 2-B showed lower permeability compared

223



to its mono-layer counterpart. This could have been due to sample preparation issues such as

a weak interface between the fibres and matrix.

6.3.4 Aluminium Foil Group
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Figure 6.9: Permeability of SPC samples with aluminium foil inter-layers with a mono-layer
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(X) and bi-layer (Z) construction — the numbers preceding the letters denote the choice of
matrix HDPE (either PE1 — “1” or PE2 — “2”).

The aluminium foil group (Figure 6.9) was intended to be used as a control to assess the
performance of the UHMWRPE barrier layers against the current market product barrier layer.
Unfortunately, the majority of SPC samples displayed similar or much lower permeability than
these foil SPCs, which indicated that the foil results were unreliable — the aluminium foil SPCs
should have shown the lowest permeability owing to the continuous nature of the foil compared
to UHMWPE tapes with potential voids between the fibres (and thus an increased likelihood
of greater permeation).! It was concluded that holes, edge leaking or other leaks contributed
to this observed behaviour. Nonetheless, a very clear reduction (approximately 40 %) in
permeability was observed between the mono-layer and bi-layer samples for both PE1 and
PE2. This suggested that these results could be used to show the relative performance
enhancement of additional barrier layers but were collectively greater than expected due to an
issue with the sealing arrangement. If pinholes had been present in the sample, thus causing

increased permeation, then the effect of an additional inter-layer would not have been observed
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so clearly. As for the SPCs, this reduction in permeability arose from an increased tortuous

path of the permeant molecule (Figure 6.7).

6.4 Mechanical Testing
10 mm x 40 mm bars of each SPC sample condition (Table 6.2a and 6.2b) were fabricated and
subjected to oscillatory DMA measurements (Section 2.12.3) to assess the mechanical

properties of each SPC fabrication (Figure 6.10).
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Figure 6.10: Young’s moduli calculated from oscillatory DMA frequency sweeps (100 — 0.01
rad s1; 1 % strain, 25 °C) of each sample listed in Table 6.2 (a and b). Three specimens were

measured per SPC sample and averaged.

The Young’s modulus, E, can be calculated by using G’ from an oscillatory rheology
measurement and Eq. 2.49 with a Poisson’s ratio value of 0.46 for HDPE.® Thus, for the
majority of the SPC samples, the Young’s modulus was greater for the bi-layer SPCs than the
mono-layer SPCs, which demonstrated that the Young’s modulus increased slightly as fibre
content increased.?® However, the bi-layer samples of PE1-S1 (samples 1-E, 1-F) and PE2-S1
(samples 2-E, 2-F) and PE1-XF23 (samples 1-C, 1-D) showed lower values of the Young’s
modulus. Prior to measurement of these samples, it was noted that some delamination had
occurred which required a brief period of remelting to re-bond the HDPE matrix and

UHMWPE inter-layers. After the measurements, all samples had partially or fully de-laminated
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under the strain. The tensile modulus of the standard TA23 film given by the supplier was 170
GPa.?? No data could be obtained for XF23 or S1.

The mechanical properties of SPCs are primarily related to three factors: stiffness and strength
of the matrix; stiffness and strength of the fibre; the fibre-matrix interface.! The formation of a
strong and stable interface between the matrix and fibre reinforcement is crucial in determining
the eventual performance of SPCs.%” Furthermore, poor interfacial adhesion leads to poor load
transfer between the matrix and fibre and so the benefits of adding fibre reinforcement are not
observed.'® Therefore, as these bi-layer samples had a greater interface content (i.e. between
both UHMWPE fibre layers and HDPE matrix), this delamination resulted in a decrease of
mechanical strength.® The HDPE-only samples displayed values comparable to those in the
literature, however, those of the SPC were much lower than other self-reinforced composites,

likely caused by poor interface adhesion.'”*

However, as was evident from the aluminium foil SPCs, the bi-layer significantly increased
the Young’s moduli compared to the corresponding mono-layer sample. This same
enhancement was not observed to the same degree for any of the other SPCs. Therefore, this
suggested that the foil inter-layers imparted greater torsional strength than any of the
UHMWRPE inter-layers.

6.5 Conclusions

SPCs represent an interesting class of composite material. With both matrix and fibre
reinforcement of similar thermoplastic material they have been shown to display comparable
mechanical properties to typical carbon-fibre and glass-fibre composites.! The use of such
thermoplastic fibres makes end-of-life recycling much easier than traditional fibre-based
composites.! In addition, the increased crystallinity of SPC samples, through the use of highly
oriented and crystalline fibres, could increase barrier properties by creating a more tortuous
path for permeant molecules.® Therefore, this technology was explored as a viable option for
increasing the mechanical strength and barrier properties of PE-100 pipes. Three UHMWPE
inter-layer tapes were selected for mechanical testing and permeability measurements.
Alongside these, PEs of different molecular weights and SPCs with aluminium foil inter-layers

(as currently used in PE-100 pipe manufacture) were fabricated for comparison.

A significant challenge in the manufacture of SPCs is obtaining good adhesion between the

fibre and matrix, as stress transfer from the matrix to the fibre imparts the improved mechanical
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properties.! Several methods have been researched to improve the interface between the fibre
and matrix often involving chemical modification of the respective surfaces.! By orienting the
thermoplastic fibres, a small temperature window emerges in which the matrix material is able
to melt whilst leaving the fibres intact. Melting above this temperature causes a total loss of
orientation as the extended chains relax back to their entangled state.!? The majority of
processes to exploit this phenomenon have depended upon hot pressing - the careful application

of heat and pressure to a layered composite.

Previous DSC measurements led to a fabrication temperature selection of 140 °C. Attempts to
hot press samples of PE1 and TA23 at several pressing forces and times displayed either
delamination or significant fibre splaying, both of which would have displayed poor
mechanical and barrier properties respectively. By utilising the VCM apparatus, defect-free
SPC samples were consistently produced. However, some samples did still delaminate after
mechanical testing suggesting that more work would be required to fully optimise the
conditions and process. Thus, VCM was shown to be an effective method of SPC fabrication
for further measurements. Whilst this method proved very effective on the laboratory scale, it
was anticipated that achieving the same levels of control on an extrusion line would prove

challenging due to the narrow temperature window.

Novel permeation testing cells were fabricated and samples of each SPC construction
underwent permeation testing by measuring the mass lost per day and normalising with respect
to the sample thickness. PEL1 displayed slightly lower permeability than PE2 and the optimum
barrier properties for HDPE-only samples appeared to occur at Mw = 500 kDa with the
UHMWPE sample (Mw = 5 MDa) displaying the highest permeability. The decreased
permeability was attributed to the increased crystallinity (as measured by DSC) in the samples
500k < PE1 < PE2 <5M (62.9 % < 61.4 % < 57.1 % < 46.2 %). A power law relation between
the resulting permeability and degree of crystallinity was established to the one-third power,
which indicated that the total crystallinity was the dominant factor in this instance.

The majority of bi-layer samples (with 90° cross-ply UHMWPE tape orientation) displayed
lower permeability than the corresponding mono-layer samples due to the increased tortuous
path for the permeant molecules caused by the addition of highly crystalline layers. The
samples with the lowest permeability were PE1-TA23 0°/90° (1-B) and PE1-S1 0°/90° (1-F).
Comparison with PE1 and PE2 showed that the HDPE-only samples displayed greater
permeability as was expected because of the lack of barrier layers. The aluminium foil samples
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showed a very clear reduction in permeability between the mono-layer and bi-layer samples,
however the data were deemed unreliable and were not used for a comparison with SPC

samples. Further optimisation of the sealing process would be required.

Young’s moduli were obtained for each sample from DMA measurements. They revealed that
the addition of UHMWPE inter-layers had little influence upon the torsional stiffness compared
to the nascent PE1 and PE2 matrices. The aluminium foil bi-layer samples showed much
improved mechanical properties compared to the corresponding mono-layer samples which
suggested that the aluminium foil displayed greater torsional stiffness compared to the
UHMWPE tapes. It was also noted that several polymer SPC samples had delaminated as a
result of the measurement. The formation of a strong and stable interface between the matrix
and fibre reinforcement was crucial for imparting load transfer from the former to the latter.’
Therefore, the weak interface in the polymer SPCs limited the mechanical improvements and

further processing and fabrication optimisation would be necessary.

In terms of pipe manufacture, SPC technology was an attractive, lower-cost option than
pursuing FIC through novel die-head design by substituting the wrapping of the pipe with the
current aluminium foil for one of the UHMWRPE tapes selected. However, the fragile nature of
UHMWPE tapes (such as TA23) transverse to the orientation direction would have likely
resulted in frequent tears and defects in the final product. Additionally, the precise control of
temperature and pressure required for good matrix and fibre adhesion (and hence the

improvement in mechanical and barrier properties) would be difficult to achieve.
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7.1 Conclusions

The aim of this thesis was to find alternative solutions for improving permeability and
mechanical properties of HDPE resins of PE-100 grade used for transporting potable water, in
order to meet growing requirements for polymer recycling to be more sustainable. In particular,
two new routes were explored for replacing the aluminium foil permeation barrier, currently
used in PE-100 pipes, by a PE barrier compatible with the bulk HDPE material of the pipes.
One of the routes was based on the production of multiple structural morphologies within the
pipes using FIC properties of the bulk HDPE material and the other was based on an
incorporation of UHMWPE tapes during the pipe manufacturing process producing an SPC

pipe.

FIC has been shown through extensive prior literature to induce an oriented crystalline
morphology which also increases the mechanical properties in the orientation direction.*®
SPCs are an interesting class of fibre-reinforced materials in that both the fibre and matrix are
of the same material.® As with traditional fibre-reinforced composites, the mechanical
properties are improved by the addition of the fibre reinforcement.®” Both technologies had an
effect upon the crystallisation behaviour, mechanical properties and permeation barrier

properties of two HDPE resins to some extent and showed potential for further application.

Two HDPE resins, currently used in the manufacture of PE-100 pipes, were supplied by Aliaxis
R&D (designated as PE1 and PE2) and key molecular characteristics were determined by GPC
and DSC measurements. PE1 was observed by GPC to possess a greater fraction of UHMW
material in the blend (a HMWT) compared to PE2. Crucially, this HMWT was responsible for
the consistently greater degree of orientation for PE1 compared to PE2. DSC measurements
were performed to obtain the melting and crystallisation temperatures and the degree of
crystallinity of PE1 and PE2, with melting points between 129 - 132 °C and degree of
crystallinity values consistent with literature values for HDPE.2 ' PE2 displayed a lower
degree of crystallinity than PE1 upon crystallisation. This was attributed to the hexene co-
monomer branches,*? incorporated to achieve the desired MWD, contributing to the lower
crystallinity by preventing close chain packing.® The peak crystallisation and melting
temperatures, along with the respective onsets, were subsequently used to establish

temperature-shear protocols for polymer processing.

In addition, three UHMWPE tapes were obtained from Teijin for the fabrication of SPCs using
PE1 and PE2 as the polymer matrices. All tapes showed high degrees of orientation by SAXS

232



and crystallinity by DSC, caused by the drawing process during manufacture. Multiple melting
peaks were evident during DSC measurements for TA23 and XF23, particularly with the
former, which arose from a combination of the high orientation of the molecular chains, lack
of fibre constraint and crystal melting and transitions.31°> By constraining TA23, a single main
peak was observed at 146 °C with a small shoulder at 152 °C. Therefore, the multiple melting
peaks were an artefact only observable for unconstrained, highly oriented UHMWPE fibres,

and consistent with the literature.1®1

Through parallel-plate shearing experiments and rheological measurements, key flow
parameters governing the molecular stretching and orientation of the polymer chains were
determined, namely the critical work and shear-rate dependent viscosity.'® PE1 consistently
showed greater degrees of orientation after smaller amounts of work through shear had been
applied, as noted by the earlier onset of a Maltese cross under polarised light imaging after
shorter times of shearing.’®® The critical work values correlated well with the HMWT
observed for PE1 in the MWD. The longest chains in a melt enhance the flow-induced
nucleation and, therefore, less work was required for PE1 to produce an oriented

morphology.*81°

Investigations were also conducted into the optimisation of shear parameters, namely shear
time and shear temperature at a constant shear rate. As the shear time increased from 10 seconds
to 40 seconds (in 10 second increments), elastic flow instabilities emerged and grew in intensity
to ultimately dominate the flow behaviour and destroy/distort the oriented crystalline structures
formed, as observed by significant tilting in the 2D SAXS patterns and increasing stress
birefringence in the PLIs.® This was most apparent for PE1 which was attributed to the
saturation of the melt with oriented nuclei which further shearing distorted. For PE2, elastic
instabilities only appeared significantly at the longest shear times and the increasing orientation
with increasing shear time was most apparent. For both materials, increasing the shear time
caused an increase in the resulting orientation until an elastic instability limit. After shearing
at temperatures greater than 150 °C (exceeding the equilibrium melting temperature of PE?)
thermal relaxation of the oriented polymer chains outpaced the crystallisation process and no
orientation was observed by SAXS. Thus, it was demonstrated that careful control of shear
parameters was necessary to produce highly oriented samples free from elastic flow
instabilities. Finally, the crystallisation kinetics of sheared and unsheared samples of PE1 and
PE2 were investigated by DSC measurements and fitting with the Avrami model confirmed

fibrillar crystal growth for the sheared samples.?!2?
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To investigate the permeation barrier and mechanical properties, larger film samples with an
oriented morphology were fabricated. A novel high temperature Couette cell was developed
and extensively upgraded to allow for shearing of larger polymer film samples — no such device
was known to exist commercially. The cell was constructed with an inner rotor and outer stator
consisting of four quadrants which could be removed to release the sample for further
measurements. SAXS measurements confirmed a predominantly homogeneous distribution of
orientation throughout the samples. By changing the shear time, different amounts of strain
could be supplied to the polymer melt and hence samples with different degrees of orientation
were obtained. From these films, specimens were cut for tensile testing (at Aliaxis R&D) and
permeability testing. The degrees of orientation were consistently greater for PE1 than PE2 due

to the HMWT present in the former, for reasons as discussed previously.!®

Tensile testing revealed that increased orientation correlated with an increased Young’s
Modulus. For PE2, where the difference in orientation between successive shear times was less
pronounced, minimal improvement over the comparative isotropic specimen was observed. In
general, all mechanical properties of sheared PE2 samples showed little improvement due to
the low orientation. PE1, on the other hand, showed an increasing stress at yield and decreasing
strain at break which was consistent with greater amounts of oriented crystalline morphology.?®
Permeation testing revealed that the permeability increased for PE1 samples with increasing
shear time, whereas PE2 showed a decreasing permeability with increasing shear time. This
was attributed to the direction of the chain orientation in measured samples lying perpendicular
to the permeant flux in the permeation test cells. At longer shear times, the orientation for PE1
correspondingly increased along with the number of voids between lamellae kebabs. Shear
heating through the action of shearing by the Couette cell could also have caused slight thermal
relaxation of the oriented morphology,® hence the lower Young’s Modulus and permeability
values for PEL sheared for 40 seconds. Additionally, an increased probability of elastic
instabilities distorting the crystalline morphology, and a greater concentration of chain
entanglements, could also have contributed by acting as less effective barriers to diffusing
permeant molecules. By plotting the relationship between the degree of orientation, Young’s
modulus and permeability for each of the sheared samples, the impact of the critical work for
oriented morphology formation on physical properties was apparent, especially for PE1

samples above the critical work.

There were crucial differences between oriented and unoriented materials with respect to the

permeability behaviour. The four different HPDE grades, covering more than an order of
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magnitude in molecular weight and 17 % crystallinity degree variation, indicated that the total
crystallinity, and hence the volume of dispersed crystalline regions, was the dominating factor
in determining permeability. A one-third power-law relationship was observed between the
degree of crystallinity and permeability which essentially confirmed that the diffusion of
organic molecules in the amorphous (continuous) phase of PE was greater than that in
crystalline PE. For sheared samples, however, measurement of the degree of crystallinity by
DSC for each sample after the conclusion of permeation measurements revealed that the total
crystallinity or specific HDPE grade was not the dominating factor in determining the

permeability — it was the formation of oriented morphology.

SPCs of mono-layer and bi-layer construction (with the tape orientation between layers crossed
90°) were constructed using three UHMWPE tapes (TA23, XF23 and S1) and two HDPE
matrices (PE1 and PE2). Composites with aluminium foil inter-layers (as currently used in pipe
manufacture) were also prepared to act as control specimens. Samples for mechanical testing
were subjected to DMA via an oscillatory frequency sweep. However, results showed that none
of the UHMWRPE tapes offered significant improvements in the axial strength of PE1 and PE2
(without reinforcement) compared to the aluminium foil composites. Permeation testing
revealed decreased permeability (and therefore improved barrier properties) for SPCs
compared to the non-composite homopolymer samples. For PE1, the majority of bi-layer
samples displayed significantly decreased permeability compared to the mono-layer
counterparts, likely due to the increased tortuous path of the permeant molecules. This effect
was not as pronounced for PE2. Regardless, several SPCs displayed similar or decreased
permeability to the aluminium foil samples, most likely from issues arising from the method
of sealing, and thus a direct comparison could not be achieved. Nevertheless, the foil-
composites demonstrated that an additional layer of aluminium foil (to fabricate bi-layer
samples) decreased the permeability by approximately 40 %, compared to the mono-layer

samples, also likely due to the increased tortuous path of the permeant molecules.

Importantly, both technologies showed potential for improving the barrier and mechanical
properties of PE-100 plastic pipes as it has been shown that orientation does indeed have an
effect upon both properties. Increasing orientation, up to the elastic instability limit, has been
shown to increase barrier properties and mechanical strength, but this was not consistent
between the two resins supplied. SPC formation initially appeared as the more favourable
option for pipe-wrapping extrusion trials as the current aluminium foil could easily be replaced

with the necessary UHMWPE tape. However, the practical difficulties in temperature control,
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formation of a strong fibre-matrix interface and often delicate handling required (especially in
directions transverse to the fibre orientation) would likely have been more difficult to
incorporate and control within the existing manufacturing architecture. Additionally, raw
material and production costs would be considerably increased. Consequently, SIC was

preferred by the industrial collaborators as the approach to pursue further.

7.2 Future Work

Two representative HDPE resins of PE-100 grade used for polymer pipe manufacturing were
selected/provided for study in this work. The results obtained have clearly demonstrated that
two polymers of the same grade, supposedly designed to produce products with similar
physical properties, in fact, result in materials with strikingly different performance because of
small differences in their HMW fractions. In this respect, further research should consider
expanding the scope of HDPE resins under investigation, with particular focus upon the MWD
in the polymer blends. For example, a blend which included the UHMWT of PE1 and the larger
amount of HMW material in the second bimodal peak of PE2 would have good FIC
characteristics (as per PE1) and a greater resistance to the onset of elastic flow instabilities (as
per PE2). The LMW regions in each case would offer good processability. Optimisation of the
MWD through custom reactor conditions could also be explored. The disassembling coaxial
(Couette) shear cell developed in this work for polymer processing at the melting point
provided a unique opportunity to establish structure-property relationships for large polymeric
articles processed at precisely-controlled shear flow conditions such as shear rate, time and
temperature. Relatively large areas of homogeneously-processed polymer films would enable
further experiments on different approaches for permeation and mechanical tests. For
permeation testing, further studies should be undertaken to optimise the method of sealing the
cells. Moreover, manufactured pipe specimens should be tested by submersion in xylene to
further validate the potentially improved barrier properties. As SCG is the primary mechanism
of pipe failure, these tests should also be conducted in combination with the other mechanical
tests including stress performed at yield, maximum strain at break and Young’s Moduli
measurements. Crucially, however, both of these next steps would depend upon scale-up to a
laboratory extrusion line and a new die head design with a variable temperature gradient across

the head, which in itself would be a significant undertaking to optimise the flow conditions.
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