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Abstract

As 1D materials with high intrinsic strength and stiffness, nanotubes are promising building
blocks for the next generation of fibres in structural composites. This thesis explores wet
spinning techniques for assembling macroscale fibres from nanotubes. Carbon nanotubes
(CNTs) are an obvious target material to compete with commercial carbon fibres, based on
their excellent intrinsic mechanical properties and low density, alongside high electrical
conductivity for multifunctional applications. However, studying CNT materials is challenging
due to their intrinsically high optical absorbance and low X-ray scattering cross-section, as
well as the dispersity of typical feedstocks in both size and helicity. Imogolite nanotubes (INTs)
are an inorganic analogue that offers an opportunity to observe the assembly of nanotubes
into fibres using both polarised optical microscopy (POM) and X-ray scattering (XRS). In
contrast to CNTs, INTs are optically transparent and can be synthesised at low temperature

to provide feedstocks that are uniform in structure and diameter.

In this work, the first known pure INT fibres have been produced and used to understand the
nanotube wet spinning process. In situ POM demonstrated that in cylindrical spinnerets the
spinning dope undergoes plug flow with inhomogeneous alignment due to the shear thinning
nature of the solutions. The use of a tapered spinneret enables good alignment of the spinning
dope, due to the induced extensional flow. Using this information, CNT fibres were spun from
reduced CNT solutions and the wet spinning process was refined using a combination of in
situ observation and statistical experimental design. The dissolution of negatively-charged
CNTs (nanotubides) was examined both from a theoretical perspective and experimentally to
identify the key conditions required to obtain homogeneous spinning dopes. The optimal
dissolution depended upon both degree of charging and effective stirring. The optimised CNT
dope was then wet spun using a variety of coagulating systems to identify the accessible

process window and optimum parameters for spinning from these reactive charged solutions.

Further improvement of the CNT fibre properties is predicted to arise through the use of
higher aspect ratio CNT feedstocks. However, challenges still remain in the liquid phase
processing of longer CNTs. In order to create CNT fibres competitive with commercial CFs,
future research should focus on how to process these longer feedstocks following the

guidance in this thesis.
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1 Introduction

1.1 Motivations

Carbon fibre (CF) is a strategic resource due to its excellent specific strength and specific
modulus, which makes CF reinforced polymers the material of choice for high performance
aerospace applications. However, the production of CF is largely localised to the USA, Japan
and China which together represent 60% of global production capacity.[¥l Production in other
countries is dominated by just one or two plants, leading to a vulnerable production
landscape for such a strategic material. Meanwhile, there are some limitations to the wider
application of CFs. Carbon fibre reinforced composites have a high environmental cost with
an embodied energy of approximately 750 MJ kg of composite!? compared to just 25 MJ kg*
for steel®® and the susceptibility of CFs to brittle failure at ~2% strain can lead to catastrophic
failure after the accumulation of undetected damage. Addressing these two drawbacks of
current CFs may enable a new material to supersede existing commercial fibres, creating an
opportunity to develop and secure a new supply of composite materials whilst bringing

environmental and engineering benefits.

Carbon nanotubes (CNTs) are highly appealing materials from which to develop the next
generation of structural fibres. Individual, pristine CNTs have extraordinary intrinsic
mechanical properties with tensile strength and modulus of ~50 GPa and ~1TPa
respectively.[*! They also have intriguing electronic properties giving them revolutionary
potential in electronics and energy storage.! As fully graphitic starting materials which are
typically produced from growth processes below 1000 °C, CNT fibres do not require the high
temperature carbonisation processes which makes PAN-derived CFs so costly. In addition, a
route to the zero-CO; production of CNT materials as a by-product of the reformation of
natural gas has been proposed.l®! Although the current performance of macroscopic CNT
fibres falls well short of the intrinsic properties of the individual nanotubes, fibres have been
produced with specific strengths greater than commercial CFs (4.1 vs ~3.5 N tex!) whilst
having failure strains of 3-4%.7) These highly promising results come along with some
development risks; scale-up of the floating-catalyst CVD process which produces the highest
specific strength fibres may prove challenging, whilst the superacid-based processing route

used to spin or densify CNT fibres leads to residual acid in the fibre which may be detrimental
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to the matrix when incorporated into a composite material. As an alternative to superacids,
CNTs can be charged with alkali metals and then dissolved in polar aprotic solvents as
negatively charged polyelectrolytes (“nanotubides”) for liquid phase processing. These CNT
solutions can form liquid crystalline phases conducive to fibre spinning and the charged CNTs
are highly reactive, raising an opportunity to functionalise or cross-link during the spinning
process, which may potentially be used to modulate the fibre properties. The dissolution and
functionalisation of negatively charged CNTs has been thoroughly demonstrated,® ° and one
publication reports spinning fibres from this system,!’% but the process has not been
systematically investigated as a method of producing a next generation competitor to carbon

fibres.

The optimisation of CNT spinning processes is greatly hindered by a range of characterisation
challenges particular to CNTs, particularly due their varied helicity and diameter and their high
optical absorbance. In comparison, other (lesser known) nanotubes can be much more
conveniently characterised. Imogolite nanotubes are aluminosilicate/aluminogermanate
nanotubes which can be synthesised with consistent diameters and readily characterised with
both optical and X-ray techniques.[*" Although spinning pure fibres from imogolite nanotubes
has not previously been demonstrated, they are an appealing, experimentally convenient

analogue material for CNTs and may also create useful fibres in their own right.

1.2 Aims, objectives and structure

This project aims to explore spinning nanotube fibres via a scalable wet spinning process. The
key aims of this project are to:

e develop a wet spinning approach for imogolite nanotubes and use this analogue
system to investigate the liquid phase processing of nanotubes and assembly into
fibres,

e identify the processing window for spinning CNT fibres from negatively charged
polyelectrolyte solutions and develop an understanding of the key process and
structural parameters which affect the properties of nanomaterial fibres,

e suggest a development pathway for a nanomaterial competitor to carbon fibres.
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This thesis contains 9 chapters, which are organised as follows. Chapter 1 provides an
overview of the motivations, aims and objectives of the thesis and describes the structure.
Chapter 2 provides a background to the fields of technical fibres and nanotubes and reviews
the current literature of nanomaterial fibres. Chapter 3 describes the materials and methods
used this work including brief explanations of the application of characterisation techniques
to nanomaterials. Chapter 4 details the development of a wet spinning process for imogolite
nanotubes and investigates the properties of these new fibres. In Chapter 5, the imogolite
nanotube spinning process is further refined and in situ observations of the spinning process
are used to inform the wet spinning of nanomaterial fibres. Chapter 6 investigates the effect
of a variety of cross-linking and post-processing techniques on imogolite nanotube fibres. In
Chapter 7, the dissolution of negatively charged CNTs is investigated from a theoretical and
experimental perspective to identify the key process parameters for creating suitable
spinning dopes, whilst in Chapter 8 these spinning dopes are used to produce CNT fibres. The
process window is determined and the key parameters for stable spinning are identified. The
links between the processing and properties of CNT fibres are then analysed to determine a
set of ideal spinning conditions for this material system. The work in this thesis is then
summarised in Chapter 9, with a concluding perspective on a development pathway for CNT
fibres and suggestions for further investigations. Finally, there is an appendix to the thesis,
containing supplementary information including descriptions, diagrams and code for key

experimental equipment and analysis processes.
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2 Literature review

2.1 Technical fibres

Fibre materials have long been used for their inherent processability. Whilst fibrous materials
can be strong and stiff in tension, their fineness enables them to be bent, curved and woven
into useful structures. Natural fibres, such as wool and hemp, have been used throughout
history but a desire for greater durability alongside commercial competitivity led to the
development of Nylon and glass fibres in the 1930s. Initially these fibres were used in textiles
(and in the case of glass fibres as insulation materials), however the requirement for
lightweight materials for aircraft in World War Il led to the development of composites with

stiff, strong glass fibres embedded in a matrix of the newly-developed polymer resins.

Whilst there are many factors affecting the properties of composites,!*? 131 this review section
will focus on the technical fibres which may be used as reinforcements. Firstly, an overview
of the properties of key commercial fibres is given, followed by a more detailed description
of the process used to produce each fibre and some of the steps taken to develop them into

mature technologies.

The landscape of commercial fibres can be explored on Ashby plots of strength and elastic
modulus or specific strength and specific modulus (Figure 2.1). For any component which has
a realistic constraint on its size, it is advantageous to use materials with good areal-basis
properties. Yet for applications in sectors such as transportation, high specific (or mass-basis)
properties are essential to create lightweight structures which can yield fuel savings and other

benefits.

Of the commercial technical fibres, carbon fibres have the best areal properties with tensile
strength up to 6 GPa and modulus up to 550 GPa. Polymer and glass fibres have similar tensile
strengths and elastic moduli (2-4 GPa and 70-140 GPa respectively), except for Zylon® fibres
made from poly(p-phenylene-2,6-benzobisoxazole) (PBO) which have exceptionally high
strength and modulus (5.8 GPa and 270 GPa respectively). Meanwhile, polymer and carbon
fibres have similarly high specific strengths of 2-4 N tex. Whilst the Zylon® PBO fibres still
have the highest specific strength of the polymer fibres, ultrahigh molecular weight

poly(ethylene) (UHMWPE) fibres such as Spectra® and Dyneema® perform well in this
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category due to their comparably low density (0.97 g cm™3). Carbon fibres have the highest
specific modulus of all the technical fibres at ~300 N tex*. Glass fibres have poorer specific
properties than the other technical fibres due to their higher density (2.5-2.6 g cm) and are

therefore less desirable when light weighting is essential.
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Figure 2.1 Ashby plots for commercial technical fibres. Sourced from manufacturer data sheets
(appendix section A1, p.187).

In selecting a technical fibre for a commercial application, there is strong competition
between performance and cost (Table 1). Whilst glass fibres have poorer properties than the
high performance polymers and carbon fibre, they are significantly cheaper at ~£1-2.5 kg
compared to £20-25 kg for general purpose carbon fibres and ~£20 kg! for lower grade
polyaramid fibres.[' Some of the highest performance materials are almost prohibitively
expensive, particularly PBO fibres which would therefore only be selected for the highest
performance applications. Carbon fibres represent a good balance of cost against
performance, which explains their selection for aerospace and high-performance automotive

applications, as well as their importance as a strategic resource in the global market.
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2.1.1 Glass fibres

Glass fibres are primarily comprised of silica plus some additional oxides, such as alumina,
boron trioxide, sodium oxide and others, with the variety of compositions designated by
letters.[?% These compositions have differing properties but the most widely used in
composite materials are E-glass and S-glass fibres due to their high strengths and economies
of scale, although when specific chemical resistance is required other compositions may be
selected. Glass fibres are typically produced by gravity-fed melt spinning (Figure 2.2). The
oxides are weighed, mixed and loaded into a furnace in which they are molten. The pressure
of the head of molten glass forces the liquid through a spinneret comprised of several Pt/Rh
alloy nozzles known as bushings. The rate of fibre manufacture by mass is controlled by the
flow rate of the liquid glass and hence depends upon the dimensions of the bushings, the
viscosity of the glass and the head pressure. As such, care must be taken to control the
temperature of the glass and machine loading to maintain consistent spinning. After initial
extrusion, the fibres are drawn to their final diameter using a winding drum with a typical
speed of 2500 m minL.[**I The fibres are cooled with water and sprayed with a coating (sizing)
which is used to improve their handleability and compatibility with composite matrices.
Finally, the individual filaments are twisted to form a yarn or strand which is later woven into

the desired structure for the composite material.
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Figure 2.2. Schematic of glass fibre production line. Reprinted from reference ['9 with permission

from Elsevier.
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The tensile strength of pristine single filaments can be as high as ~3-5 GPa,?%l however the
strength is highly flaw sensitive and strengths of typical yarns are 20-30% lower (~2-4 GPa)
due to the introduction of surface defects during strand forming.[?!] As surface flaws have
such a large impact on the tensile strengths, careful application of sizing is crucial to obtaining
high tensile strengths of glass fibre strands. Robust but lubricious coatings reduce damage
during downstream processing and are commonly applied by a roller as a two-component
mixture of an organosilane coupling agent and polymer film former.[22) Whilst the tensile
strength of glass fibres is strongly dependent upon the fibre surface, the elastic modulus is
more strongly affected by the bulk material and depends principally upon the composition of

the glass with typical values between 70 and 90 GPa.l**l

Whilst initially used in automotive and aeronautical applications, glass fibres are now widely
used in composites where an economical, light-weight, electrically-insulating and
thermally-stable material is required. Some key examples are sporting equipment, electrical

circuit boards and chemical processing equipment.

2.1.2 Carbon fibres

First commercialised in the early 1960s, carbon fibre reinforced polymer composites have
become ubiquitous in high performance applications. The principal method of producing CFs
is from a polymer precursor which is then heated and carbonised in an inert environment at
temperatures up to 3000 °C. Early CFs were produced using Rayon or viscose precursors, but
were superseded by poly(acrylonitrile) (PAN) with its improved yields and lower production
costs.?3! In the spinning of PAN-derived CFs, firstly acrylonitrile is polymerised as a random
copolymer to a molecular weight of approximately 70-200 kDa where the comonomers are
selected to assist the spinning and downstream heat treatment steps.?*! The composition,
homogeneity and molecular-weight of the precursor polymer has a significant impact on the
spinning and heat treatment process and, therefore, the final fibre structure and properties.
Some guiding principles are available in the literature: a bulky acrylic comonomer should be
used to improve the drawability of the PAN and an acidic comonomer should be used to aid
stabilisation and carbonisation.[? However, a complete model to link the polymer and fibre
properties is not available and significant information on optimised CFs is protected as trade

secrets by commercial producers.
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After polymerisation, PAN fibres are typically prepared by wet spinning. The polymer is
dissolved in a polar aprotic solvent such as dimethyl acetamide (DMAc), dimethyl formamide
(DMF) or dimethyl sulfoxide (DMSO) or an aqueous solution of sodium thiocyanate
(~*50% NaSCN) and then injected into a coagulation bath typically containing a mixture of the
solvent and water. For the PAN loadings found in typical spinning dopes (~20 wt%), solid will
precipitate at a water content of less than 10% when using aprotic solvents, whilst solutions
in aqueous NaSCN precipitate at a bath solvent:water ratio of ~3:4.12°I The rate of coagulation
in a typical precipitation bath therefore depends not simply on the coagulation bath
concentration, but also on the choice of solvent used to initially dissolve the PAN, further

complicating the wet spinning process.

The microstructure and morphology of the PAN precursor fibres depends critically upon the
coagulation bath concentration and temperature, as summarised in Table 2, with drastic
changes in cross-sectional shape and presence of voids. At higher temperatures, diffusion of
solvent and non-solvent occurs more rapidly.?3! In the case of PAN fibres spun from organic
aprotic solvents into a mixed organic-water coagulation bath, the in-diffusion of water
appears to dominate and therefore at higher temperatures with greater diffusion the
proto-fibres are swollen by the coagulant fluid. The water/solvent coagulant fluid then phase
separates within the fibre, leading to a fibre with a large circular cross-section but large
internal macropores.l?® 271 At lower temperatures less in-diffusion of the coagulant occurs,
leading to more dense fibres with fewer pores.?8 2°1 The concentration of the coagulation
bath (usually given as the percentage of solvent in the solvent-water mixture) impacts the
rate of coagulation of the skin of the proto-fibre. A lower solvent content leads to the rapid
formation of a rigid skin on the surface of the proto-fibre. Upon drying, densification and
shrinkage of the fibre leads to a collapse of the rigid skin into a ‘kidney bean’ shape. The most
dense and uniformly circular PAN fibres appear to be produced with a chilled coagulation bath
(~20°C) and a high solvent content, with the low temperature preventing excess diffusion of
coagulant into the fibre (lowering porosity) and the high solvent content in the coagulation
bath preventing the formation of a rigid skin (circular cross-section).3% However rapid skin
coagulation can be useful to ‘lock-in’ the shape of fibres from novel spinnerets such as Y- and

X-shapes, and therefore more active coagulants may be chosen.B!
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Table 2. Summary of effects of coagulation bath solvent content and temperature on wet spun PAN

fibre morphology.

Coagulation bath temperature
High (= 70 °C) Medium (40-60 °C) Low (20 °C)
Hieh (> 70% Circular shape, | Circular shape, Circular shape,

s & igh (2 70%) porous(3? some voidsi?®31321 | densel30
S o

)
€ S Elliptical shape, | Circular shape!32
S 8 | Medium (v65%) | -1 aP P
& & porous
& 3
© 5 Circular shape, | Mostly circular, Kidney shape,
3 & | Low(<60%)
o > porous[26'28] porousm' 28, 31, 32] densel26-28,30,31]

Once a dense and uniform PAN precursor fibre has been spun, it is then stabilised and
carbonised in a series of heat treatment steps. The initial stabilisation occurs at temperatures
from 200-300 °C in an air atmosphere. During stabilisation adjacent nitrile groups on the
polymer chains cyclise to form rings and the polymer backbone dehydrogenates to form an
aromatic structure, whilst oxygen reacts to form hydroxyl, carboxyl and ketone groups on the
rings.[?433! |t is important to maintain tension in the fibre during the stabilisation step to
prevent shrinkage of the precursor fibre and aid the formation of an aligned series of
hexagonal rings which can be more effectively carbonised.* Carbonisation is then conducted
in an inert atmosphere at temperatures of around 1300 °C. During carbonisation, the
heteroatoms are evolved from the polymer fibre as a variety of species including hydrogen
cyanide, ammonia, water and carbon dioxide.?®! After carbonisation, the fibre obtains a
turbostratic structure of graphitic planes. Whilst the graphitic planes have a preferred
orientation, with their c-axes perpendicular to the fibre axis, there is no registration between
the hexagonal lattices on adjacent planes (Figure 2.3). An optional graphitisation step under
tension in an inert atmosphere at temperatures up to 3000 °C is used to anneal the
turbostratic carbon to a more graphitic structure with a closer inter-layer spacing, larger
crystallite size and greater molecular order.33! The microstructure of the graphitised fibres

leads to a higher elastic modulus, but lower tensile strength compared to non-graphitised

fibres.[3¢!
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Figure 2.3. Schematic of PAN-derived carbon fibre with a turbostratic, partially graphitised structure.

Reprinted from reference 371 with permission from Springer.

An alternative method for producing CFs is to use pitch, a high molecular weight fraction of
petroleum feedstocks, as a precursor. In particular, mesophase pitches, which form a liquid
crystalline phase when molten, are used to produce high modulus CFs. These high molecular
weight pitches are typically melt spun with the assistance of a solvent to form a precursor
fibre which is relatively weak and difficult to draw but has excellent ability to reorganise to a
graphitic structure in ongoing processing.38! Achieving stable spinning of pitch precursors is
notoriously challenging®® and many reports are published of researchers adjusting
temperature, extrusion rate, winding speed and pitch composition to improve the
spinnability.[*43! Compared to PAN-derived fibres, mesophase pitch-derived CFs carbonise
and graphitise more easily®3 and have highly aligned structures with typically a distinctive
radial pattern. The resulting fibres are denoted ultrahigh modulus CFs with an elastic modulus

often greater than 500 GPa but lower tensile strengths of ~2 GPa.l*¢!

Whilst having specific strength and modulus which is competitive with all other materials, a
critical limitation of carbon fibre (CF) reinforced materials is their high cost and embodied
energy, which is dominated by the CFs themselves. Almost 50% of the embodied energy of
CFs is attributed to the high temperature stabilisation and carbonisation processes,“”! and so
reducing the need for carbonisation is appealing to reduce the environmental cost of
producing CFs. Using more easily graphitised, or already graphitic, materials to form fibres
will reduce the costs of carbonisation potentially making cheaper and more environmentally

friendly carbon fibres.
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2.1.3 Polymer fibres

Polymers are high molecular weight molecules comprised of repeating sub-units. The most
common polymers are linear polymers where the monomers are linked end-to-end to form a
long chain. The ideal form of a linear polymer fibre is one where the polymer chains are fully
extended and well oriented along the fibre axis so that tensile load is applied in the direction
of the covalent bonds of the polymer chains, whilst inter-molecular interactions transfer
stress between the chains and through the fibre. In the context of high-performance technical
fibres there are two competing methods for creating a dense structure of highly aligned
polymer chains. Highly concentrated solutions of rigid backbone polymers (such as Kevlar®)
can be processed in an aligned liquid crystalline phase, or low concentration solutions of
flexible chain polymers (such as polyethylene) can be spun with extremely high draw ratios
to induce alignment. This section will briefly review these methods in turn to provide

background context to the development of these technical fibres.

A variety of different rigid rod polymers have been developed and used to spin fibres, and the
breadth of possible structures are illustrated in textbooks on liquid crystalline polymers.[#8l In
general rigid rod polymers have aromatic backbones with limited rotational freedom and
bonding configurations which produce a long, straight fully-extended chain. Poly(p-phenylene
terephthalamide) (PPTA) and PBO, two of the most widely used polymers for high
performance fibres, have exemplar structures for rigid rod polymers (Figure 2.4). The
polymers are initially synthesised by condensation polymerisation from aromatic monomers
in acidic solvents which are used to help solvate the polymer chains, catalyse the reaction and
aid dehydration.[*®! The solubility of the rigid rod polymers is typically low and requires
solvents with a strong enthalpic interaction, in particular sulfonic or phosphoric acids which

can protonate the polymer backbone.?®°
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Figure 2.4. Molecular structure of liquid crystalline polymers (a) PBO and (b) PPTA.
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The rigid rod polymers can be spun into fibres by either wet spinning or dry-jet wet spinning
arrangements. In dry-jet wet spinning, the spin dope is first extruded from the spinneret into
a short air gap before entering the coagulation bath. A key benefit of the dry-jet process is
that a higher solution temperature can be used (typically 70-90 °C) which enables spinning
from higher polymer concentration spin dopes and therefore higher throughput
production.[*8! Additionally, it provides a region in the spinning line for drawing the fibre
before it coagulates, which aligns the polymer chains in an extensional flow field
(Figure 2.5).5% As for wet spinning processes, in the coagulation bath diffusion of non-solvent
and solvent in and out of the fibre occurs whilst the fibre densifies, and the fibre is then
removed from the coagulation bath for further washing and drying stages followed by
optional hot drawing to increase alignment and crystallinity. Significant knowledge of the
optimum fibre spinning process is maintained as trade secrets, but various research suggests
that the draw ratio in the air gap, coagulation temperature and drying conditions play a role
in determining the fibre properties.’1>31 The properties of rigid rod polymers vary quite
considerably across the different polymers, with PBO fibres being considerably stiffer and
stronger than those made from PPTA. However, there are various drawbacks to some of these
fibres. In particular, PBO has poor resistance to UV and visible light and a low axial
compressive strength which limits its applications to composites,* whilst the performance
of para-aramid fibres reduces considerably at temperatures above 190 °C.[>*! Development
of a new liquid crystalline polymer named M5 was designed to create strong hydrogen bonds
between adjacent chains and improve compressive properties.[>?! Despite promising initial

results, this fibre is yet to be commercialised.
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Figure 2.5. Schematic of dry-jet wet spinning process for rigid rod polymer fibres. Reproduced from
reference 51 with permission from Elsevier. Note that the diagram has been modified to emphasise

the reorientation of the liquid crystalline domains within the taper of the spinneret.

Polyethylene is a highly appealing polymer for producing high specific strength fibres. It has a
low density, sterically small side groups (hydrogen atoms) which do not inhibit chain packing
and the lowest energy bond conformation is the trans state which means it crystallises in an
extended chain form. However, typical crystallisation of polyethylene occurs relatively locally,
forming crystalline regions of folded polymer chains with chain entanglements segregating to
regions between the crystals. The low modulus non-crystalline regions largely dictate the

properties of the resulting fibre.

In order to reduce the number of chain entanglements, enable greater tensile draw and hence
increase the crystallinity of the fibres, so-called gel-spinning was developed. Instead of

spinning from a melt, the polymer is first dissolved at a low concentration (~2-10 wt%)>7: 8l
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at high temperature and spun through a spinneret into a cooling chamber where it forms a
gel fibre which is dried and collected on a bobbin.>® The polymer initially crystallises from
the gel into a ‘shish kebab’ structure which is commonly seen in stirred solutions of
polyethylene where lamellae of folded chains nucleate from the side of fibrous regions of
aligned, extended chains (Figure 2.6a).1>°! The as-spun fibre is then hot drawn to 30-100 times
its original length, which is enabled by the low entanglement density. During the hot drawing,
the lamellae of the shish kebabs unfold, yielding a highly oriented and crystalline fibrillar
structure (Figure 2.6b).[%% The resulting fibres have excellent specific properties with specific
strength and modulus of up to 3.7 and 120 N tex respectively, but have a low maximum

continuous operating temperature of just 70 °C.[6%
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Figure 2.6. (a) Schematic of the shish kebab morphology of polyethylene crystallised from stirred low
concentration solutions. Adapted from reference 59 with permission from Springer Nature.
(b) Schematic of microstructural changes to gel-spun polyethylene fibres during hot drawing.

Reproduced from reference 6% with permission from Elsevier.

2.2 Nanotubular materials

2.2.1 Carbon nanotubes

Carbon nanotubes (CNTSs) are a quasi-one-dimensional allotrope of carbon with the structure
of a graphene sheet wrapped into a cylinder. The angle of the wrapping and the length of the
tube circumference can be described by a vector on the graphitic plane. Specific high
symmetry forms are known as armchair and zig-zag CNTs based on the orientation of the
bonds around the tube circumference, whilst other helicities are simply known as chiral
(Figure 2.7a). The helicity of CNTs significantly affects their electronic density-of-states
resulting in CNTs of both metallic and semi-conducting character (Figure 2.7b). Armchair CNTs
are always metallic, whilst zig-zag and chiral CNTs may be either metallic or semi-conducting

depending upon their wrapping vector (Figure 2.7¢).152 CNTs are typically synthesised in a
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complex mixture of different helicities, diameters and lengths. Additionally, they may be

formed as a mixture of single-, double- and multi-walled nanotubes (SW-CNTs, DW-CNTs,

MW-CNTs). SW-CNTs have typical diameters of 1-2 nm[®3 whilst MW-CNTs can have

diameters as large as 200 nm(®¥ and are comprised of multiple concentric CNTs with a wall

spacing of approximately 0.34 nm, similar to the interlayer spacing of graphite.[®°]

(b)

Semi-conducting

Metallic

Figure 2.7. (a) Schematic of armchair, zigzag and chiral CNTs. Adapted with permission from

reference 181, (b) Schematic density of states for semi-conducting and metallic CNTs. Reprinted from

reference 671 with permission from The Royal Society of Chemistry. (c) lllustration of wrapping vectors

of CNTs on a graphene sheet with indication of metallic or semi-conducting helicities. Reprinted from

reference 62 with permission from AIP Publishing.
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The synthesis of CNTs is conducted in two principal methods; chemical vapour deposition
(CVD) and arc-discharge or laser ablation.!®8 Whilst arc-discharge and laser ablation can
synthesise long CNTs with low number of defects, these synthesis methods are poorly scalable
and produce significant carbonaceous impurities®® and so most commercial CNTs are
produced by CVD.!®8 |n CVD processes, a gaseous carbon source (usually a hydrocarbon or
carbon monoxide) is introduced to metal catalyst nanoparticles at moderate temperature
(600-1200 °C). The carbon source decomposes on the catalyst surface with the carbon
dissolving into the catalyst. Once the solubility limit is reached, the carbon precipitates out
on the catalyst surface, steadily growing as a cylindrical tube.” The diameter of the CNT is
broadly controlled by the size of the catalyst nanoparticle, with smaller nanoparticles tending
to produce small diameter single-walled CNTs and larger catalyst nanoparticles producing
multi-walled CNTs. Helicity control of CNTs is more challenging but research using carefully
designed crystalline catalysts has shown that the synthesis of single-helicity feedstocks may
be possible in the future.l’73 Conventional CVD is typically performed with catalyst particles
supported on a solid substrate or on ceramic beads within a fluidised bed. An alternative CVD
process involves the in situ formation of the catalyst nanoparticles within the synthesis
furnace by introducing a gaseous iron source such as ferrocene alongside the carbon source

and hydrogen, in a process known as floating catalyst CVD (FC-CVD).

In the context of this project, the length and purity are the most important CNT parameters.
Long CNTs with low residual catalyst and amorphous carbon content are desired to achieve
good fibre properties. Whilst the CNT length is dictated by the synthesis conditions, various
techniques for purifying CNT feedstocks have been demonstrated to reduce the content of
metallicand amorphous carbon impurities. Acidic treatments can be used to dissolve exposed
metal catalysts. However, after CNT synthesis most of the catalyst particles are covered in a
graphitic layer which must first be etched away. A common treatment is, therefore, to use a
combination of nitric and sulfuric acid. A disadvantage of this treatment is that the oxidising
conditions can damage the CNT framework and functionalise the outer surface with carboxyl
groups.’4 751 Amorphous carbon impurities can be removed via controlled heat treatments in
air below the CNT combustion temperaturel”®! whilst functional groups on the CNT walls can
be removed by higher temperature thermolysis in an inert atmosphere. The CNTs used in this

project (OCSiAl Tuball and Meijo eDIPS) are produced by modified CVD processes, followed
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by acid purification treatment to remove catalyst impurities (characterisation in section 7.4.1,
p.132) and so to remove any possible surface groups, adsorbed moisture and entrapped gas

the as-received CNTs were heated at 500 °C for 10 hours in ultrahigh vacuum before use.

2.2.2 Imogolite nanotubes

Imogolite nanotubes (INTs) are clay minerals formed of aluminosilicate or aluminogermanate
sheets wrapped into tubes.l”’l The walls of imogolite nanotubes are comprised of an outer
gibbsite Al(OH)s sheet which is decorated on the interior by O3SiOH or O3GeOH tetrahedra
(Figure 2.8). In contrast to many other nanotubular materials, imogolite nanotubes
preferentially form with certain diameters which minimise the strain energy between the
inner and outer section of the walls thus leading to feedstocks with consistent structure and
diameter.1. 78 79 Additional stabilisation of certain helicities also occurs in the case of

double-walled INTs due to the formation of hydrogen bonds between the walls. 78l

-----------------

3 nm
3.2 nm
1.5 nm

1 nm

Figure 2.8. Atomic structures of various INTs. (a) Single-walled Si-INT, (b) single-walled Ge-INT, (c)
double-walled Ge-INT. (Blue) aluminium, (red) oxygen, (white) hydrogen, (yellow) silicon, (orange)

germanium. Reprinted from reference ['1 under the CC BY 4.0 license.

INTs can be readily synthesised in a low temperature (<140 °C) aqueous sol-gel process using
reactive metal precursors such as AlClz, Al(ClO4); or AI(NO3)s; alongside Ge(OEt)s, Ge(OH)4 or
Ge(OCHs)4 or its Si equivalents.® The number of walls and diameter of the INTs produced in
a synthesis can be controlled by changing the concentration of the initial starting reagents
and the degree of Si/Ge substitution.[8184 |n the context of fibre spinning, a significant
improvement in INT synthesis was made in 2013, when a synthesis process for INTs with
lengths of up to 1 pm was developed.[®! The key step of this synthesis appears to be the
steady decomposition of urea which generates hydroxyl ions in situ throughout the synthesis.

As a high aspect ratio nanotube is expected to be favourable for fibre spinning, the INTs used
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in this project were synthesised by collaborator, Erwan Paineau, following the latter method

to create long double-walled Ge-INTs.

In contrast to CNTs, INTs are electrically insulating, optically transparent and hydrophilic due
to their hydroxylated surface and in this way act as an interesting complementary feedstock
for nanotube fibres. INTs materials are expected to be significantly easier to characterise than
CNT materials due to their uniform diameter and the higher X-ray scattering cross-sections
(particularly in the case of Ge INTs) which greatly increases the intensity of X-ray scattering
features. The optical transparency of INTs also enables the use polarised optical techniques
(section 3.3.1, p.58) making them useful as an analogue material to explore nanotube
assembly. However, the double-walled Ge INTs used in this project are also notably straighter
than typical single-walled CNTs with a longer persistence length (Figure 2.9) which may
influence the properties and assembly of the corresponding nanotube fibres and so some care

is required when comparing the two materials systems.

Figure 2.9. TEM images of (a) double-walled Ge-INTs synthesised during this project and (b) OCSIAl

Tuball CNTs, reproduced from reference (8! under the CC BY 4.0 license. Scale bars 2 um.

2.3 Nanotube fibres

Motivated by the excellent intrinsic properties of CNTs, significant research has been
conducted in producing CNT fibres. A recent perspective article!®’] has compared the R&D
progress in CNT fibre spinning to commercial high performance fibres, identifying some
parallels in the improvement in performance over time. In contrast to previously developed
fibre spinning processes, the scatter in reported performance of CNT fibres has been great,

which may be related to the fact that CNT fibre spinning development has largely been
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centred in academic research laboratories with comparably less industrial R&D. However, a
number of companies are now either collaborating with research groups or spinning-out the
development of CNT fibres and non-wovens, such as Teijin Aramid, Nanocomp Technologies,

DexMat and Tortech.

Identifying the key parameters affecting CNT properties is challenging due to the large
number of fibre spinning parameters and their interactions, alongside the variety of sources
and research groups investigating the process. Unpicking the relative influence of various
factors on the properties of CNT fibres has been aided by the recent publication of a
meta-analysis of the CNT fibre field,!®8 but it is still difficult to derive precise conclusions from
the literature data. In this section of the literature review, the key published methods of
producing CNT fibres will be briefly described and compared and suggestions for how to

produce an ideal CNT fibre are made.

2.3.1 Wet spinning CNT fibres

Wet spinning is a principal method for producing CNT fibres, bearing many similarities to the
wet spinning of rigid rod polymer fibres. CNTs are dissolved in a suitable solvent and injected
into a coagulation bath where a solid fibre condenses and is then collected on a take-up
wheel. Similarly to the rigid rod polymers, CNTs are challenging to dissolve, have a high
persistence length and solutions form liquid crystals which can be used to orient the CNTs

within the fibre.

2.3.1.1 Dissolution

CNTs readily form bundles of tens to hundreds of nanotubes which are strongly bonded by
long-range van der Waals forces. These bundles inhibit solution processing and can present
as large agglomerates of undissolved material. There are two main approaches to the

debundling and subsequent dissolution of CNTs: surfactant stabilisation and CNT charging.

Surfactants can be used to increase the compatibility between CNTs and a solvent, enabling
dissolution of individualised species but typically requiring some energy input to initially
disaggregate the CNT bundles. The primary surfactants used in the literature include sodium
deoxycholate, sodium dodecylbenzenesulfonate and single-stranded DNA.[#! Ultrasonication

can be used followed by centrifugation to separate individualised CNTs from larger and
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denser bundles. However, the sonication process has been shown to damage the framework
of CNTs and shorten their length.[®® The degree of individualisation is often limited and can
be improved only by prolonged or more intense sonication, resulting in an energetically costly

and difficult to scale process step which also inevitably leads to degradation of the CNTSs.

Electrostatic charging processes are of particular interest for CNT dissolution because they
can lead to the spontaneous thermodynamic individualisation of CNTs without additional
energy input for disaggregation. The addition of charge to CNTs leads to repulsive Coulombic
interactions which overcome the strong van der Waals forces holding the nanotubes in a
bundle. There are two principal systems used to charge and dissolve CNTs. Superacid mixtures
of chlorosulfonic acid and sulfuric acid protonate CNT side-walls leading to a dispersion of
positively charged CNTs. This method is reported to dissolve CNTs without the oxidative
damage seen with mixtures of sulfuric and nitric acid,®> %2 and can form nematic liquid
crystalline phases with high orientational order.[?3%° Dispersions can be produced at high CNT
concentrations, up to 6 wt%,1 although dispersions at high concentrations have a gel-like
appearance. However, there are some significant manufacturing difficulties with using
superacids. They are strongly dehydrating, can react with atmospheric moisture and are
incompatible with many materials used in plant equipment. Additionally, there is evidence
that superacid is retained within macroscopic assemblies even after washing, which may limit

applications.

CNTs can also form true solutions as polyelectrolyte anions in organic solvents. The CNTs are
reductively charged by transferring an electron from an alkali metal (typically Na or K) onto
the nanotube, forming a soluble ‘nanotubide salt” of CNT anions and metal cations. This
reduction can be conducted in an electride solution of ammonia or in a polar aprotic solvent
(THF, DMACc, DMSO) with the aid of a charge transfer agent such as naphthalene. The resulting
dispersions are thermodynamically stable and occur with gentle stirring over the course of 1-
3 days, depending on CNT length. However, these dispersions are extremely air and moisture
sensitive and discharge rapidly if exposed to oxygen or protic reagents.l”’! Similarly to
superacid dispersions, liquid crystalline phases of nanotubide solutions have been
observed.[1% 93 91 |t js proposed that the maximum concentration of dissolved CNTSs is limited
by a ‘salting-out’ effect as concentration of the alkali metal counter ions increases, leading to

condensation of counter ions on the CNT surface and a screening of the electrostatic forces.!
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Crown ether can be added to the dispersion to coordinate the metal ions and prevent their
condensation onto the nanotube polyelectrolytes. This approach has been reported to

achieve concentrations as high as 52 mg mL? (~4.7 wt%).[1]

The reductive approach to dispersion can also be used to functionalise the CNT side-walls.
The highly reactive polyanions can undergo reactions with a variety of reagents, particularly
organo-halides and diazonium salts.[®! Reagents with two reactive sites such as diiodobenzene
can react at both ends to form covalent cross-links between CNTs and have previously been
used to form robust CNTs aerogels.[100 1011 The degree of functionalisation can be tuned by
the amount of charge available in the system and the reagent used in the reaction. Notably,

iodo-alkanes achieve a higher functionalisation yield than bromo- and chloro-alkanes.[®!

Despite being long, rigid units in solution, the influence of attractive and repulsive forces
between CNTs in solutions means that the (athermal) Onsager model of liquid-crystalline
phase transitions does not accurately predict CNT solutions. The Onsager model has been
developed further by Green et al.l%% to include the effects of length-dispersity and a
phenomenological square-well potential to describe attractive van der Waals forces in the
nematic phase. Care should be taken when interpreting this model, as it is not clear how well
justified the square-well potential is. However, the key results show that the nematic cloud
point (the rod volume fraction for a fully nematic liquid crystal) is greatly increased by
length-dispersity and that increasing the depth of the attractive potential well decreases the
isotropic cloud point but increases the nematic cloud point. This trend can be interpreted as
the nematic phase becoming more dense but representing a smaller fraction of the fluid in
poorer solvents, and suggests that a fully nematic solution is only feasible with good solvents
(no potential well) and high volume fraction (greater than 10%). In practice, experimental
data typically shows the emergence of a liquid crystalline phase at volume fractions of
0.01-0.3%[°3 94 98,103 for polyelectrolyte solutions depending upon the aspect ratio of the CNT

feedstocks.
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2.3.1.2 Fibre spinning

Once a liquid crystalline solution of well-dissolved CNTs is obtained, fibres can be spun by
injection into a suitable coagulant and collection on a take-up wheel. Only one publication is
available showing spinning of pure CNT fibres from reduced CNT polyelectrolytes,*% with
modest performance (strength ~120 MPa, modulus ~15 GPa) and so the description here is

based primarily on superacid spun fibres.

Initially wet spinning of CNT fibres was conducted from fuming sulfuric acid solutions into
water or diluted sulfuric acid coagulants, which produced dense circular fibres whereas using
a diethyl ether coagulant bath resulted in a collapsed dog-bone, which may be reminiscent of
kidney shaped PAN fibres.[1% |n the development of the acid spinning process a transition
was made to using chlorosulfonic acid due to its improved solvent characteristics, which then
presented a limit on the possible coagulants due to excessive reactivity between the acid and
coagulant. Recent work has settled on using chlorosulfonic acid as the solvent and acetone as

the coagulant.[96: 105, 106]

It is reported that the ideal solution spinning conditions are dependent upon the CNTs used,
with lower dope concentrations required for CNT feedstocks with higher aspect ratios whilst
a high spin draw ratio is preferred for most CNT types.['% Comparing the best processing
conditions for each CNT batch, a clear trend has emerged over time that higher CNT aspect
ratio leads to better performance.®®! However, higher aspect ratios make the processing from
dissolution to mixing and then spinning more challenging due to the higher viscosity and
strongly shear thinning character of the solutions. Steady development of this superacid wet
spinning process has seen impressive improvements in tensile strength over time from
120 MPa in 200411%4 to 1 GPa in 201319l and 4.2 GPa in 20211 which is primarily
associated with increased length of the nanotube feedstock. However, despite these reported
improvements, little information is available on how to predict the best spinning parameters
and potential directions for further improving their properties beyond using even longer CNT
feedstocks. In general, superacid solution spinning yields dense (1.5-1.9 g cm3)[105 1061 highly

packed CNT fibres with high degrees of alignment.[°® 108]

Scale-up of this wet spinning process is expected to be straightforward as it follows a similar

line to the wet spinning of rigid rod polymers. Greater production throughput is likely to be
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targeted by increasing the mass loading of the spinning dopes and spinning in parallel through
multi-filament spinnerets. A key benefit is that the fibre spinning and CNT synthesis processes
are decoupled, enabling separate optimisation and scale-up of each process. Challenges in
scale-up are possible as increases in both the CNT length and mass loading are desired which
may come with a performance penalty to the produced fibre. Nonetheless, the inherent
flexibility of the solution spinning approach reduces some of the scale-up risks to CNT fibre

spinning making it an attractive prospect for industrial development.

2.3.2 Dry spinning CNT fibres

In dry spinning, CNT fibres are formed from CNT material via drawing and twisting processes
similar to those used to form staple fibre yarns such as wool and cotton. Two principal
methods of dry spinning have emerged in the literature; direct spinning from a FC-CVD reactor
in a continuous CNT synthesis and spinning process, and array spinning from a pre-grown

forest of CNTs on a catalyst support.[1%°!

Direct spinning of CNT fibres relies upon careful set up of the spinning furnace, with initial
manual collection of the fibre from the networked cloud using a long cold metal rod followed
by collection onto the winding drum. As collected, the fibres have a relatively high degree of
CNT alignment but a low density, and so to increase the packing fraction of CNTs and aid
processibility, the fibre is sprayed with a mist of acetone to induce densification by capillary
wetting.['1% A large number of variables can influence the produced CNT fibres from the
furnace temperature (and temperature gradient) to the choice of carbon source, carrier gas,
iron source and even the dimensions and materials of the furnace.[!1% 112 Sylphur (typically
in the form of thiophene) is an important addition to the gas mix to enable direct spinning of
CNT fibres and appears to have a number of effects on the gas phase reactions and nucleation
processes which occur in the reactor. In particular, it can influence the coarsening of
generated iron nanoparticles but also poison their catalytic activity resulting in changes to the

diameter, number of walls and rate of CNT synthesis.[113]

Even after solvent densification, as-spun FC-CVD CNT fibres have a relatively low density
(0.5-1 g cm3)111, 114-116] corresponding to a packing fraction of perhaps 25-50% (depending
upon the chosen value for fully packed density) and a relatively high degree of CNT

alignment.[11%. 117, 1181 Attempts to improve the (area-basis) tensile strength have centred
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around densification techniques using rollers,[18 1191 drawing dies!12% 121l gand twisting12% 123!
leading to reported strengths near to or greater than 4 GPa.[!18 124 Alternatively, soaking and
wet stretching in chlorosulfonic acid has been demonstrated as an effective way to densify
and increase alignment in direct-spun CNT fibres resulting in tensile strengths of 3-5 GPa.[”- 12>
1271 One publication reports strengths of 9.6 GPa after mechanical densification by rolling(!
however, this result is slightly doubtful due to a lack of reproducibility and may be influenced

by a poor measurement of cross-sectional area of the thin film.

As the parameter space of CNT direct spinning is so large, identifying possible directions to
further improve fibre properties is challenging. A recent report has shown extremely high
specific strengths (3.1 N tex?) in direct-spun fibres by increasing CNT length through a longer
reaction zone and improving orientation by adjusting the winding rate!*?8 and it is expected
that future work may seek to investigate these parameters further. Recent research efforts
are also being directed towards modelling the catalyst nucleation and CNT agglomeration
processes to better understand the parameters which affect fibre microstructure!?%1311 gnd
it is hoped that these investigations will better inform researchers on how to navigate the

wide parameter space to improve fibre properties.

A disadvantage of the direct-spinning process is the relatively low throughput of the furnace,
with a laboratory scale furnace producing approximately 0.12 g of CNT fibre per hour. Some
industrial scale-up has demonstrated throughput increase of a factor of 100, but this rate is
still many orders of magnitude short of the ton-level quantities which would be anticipated
for a commercially mature CNT fibre. Models for the scale-up of this technique have been
developed and suggest that a single industrial reactor tube may be able to produce up to
20 kg of fibre per day, however this estimate assumes effective scaling of the process from a
reaction tube of 6.5 cm diameter to one of 1.95 m diameter with corresponding increases in
gas flow rates and tube length,132 and these assumptions may prove to be highly optimistic.
Equipping a production line with multiple furnaces and spinning lines in parallel is likely to
result in high capital and running costs which may prove to be a barrier to widespread

commercial exploitation of this process.
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2.3.3 Structure-property relationships in CNT fibres

Structure-property relationships for CNT fibres have been explored both in individual
studies(®! and in wide reviews of the CNT fibre literature.[8 Across the literature, the best
tensile performance has been identified in aligned CNT materials (i.e. those spun into fibres
with preferred orientation) rather than unaligned materials such as buckypaper films.[88 As
such this review section will focus on the aligned materials which are typically produced by

the methods described in sections 2.3.1 and 2.3.2 above.

The tensile properties of CNT assemblies are driven primarily by the shear interactions
between the CNTs and bundles, rather than the strong covalent bonds within each nanotube.
The shear interactions are derived from van der Waals forces and are expected to be
proportional to the overlap between adjacent CNTs. Following this model, the greatest load
transfer capability is expected for long CNTs which can bend and deform to form contacts and
increase the overlap area. A strong linear relationship between CNT length and fibre strength
has been predicted in micro-mechanical models!*33 134 and observed experimentally.®®! The
effective overlap area between adjacent CNTs may be increased by deformation of the
circular shape of the CNT wall. This deformation has been proposed to occur by the
polygonization and self-collapse of large diameter CNTs due to van der Waals
interactions!’3> 1361 and has been predicted to result in extremely stiff and strong CNT
structures.!37. 1381 On the basis of this model, SW-CNTs and DW-CNTs are expected to yield
fibres with better tensile properties than MW-CNTs on both an areal and mass basis. The
interior walls of MW-CNTSs do not aid inter-nanotube interactions whilst increasing the mass
of the structure and its area. This prediction is generally reflected in the CNT fibre literature,
where the best MW-CNT fibres reach tensile strengths and tenacities of 3.2 GPa and
3.1 N tex 139 compared to 4.2 GPa and 4.1 N tex* for few-walled CNT fibres, and there is a
statistically significant difference between the two groups across the whole literature base. (88!
However, there is a large degree of overlap in the reported properties for MW-CNT and
SW-CNT fibres and it is clear that other structural factors such as CNT length, fibre packing

density and CNT alignment may have a crucial role.

Wet-spun and direct-spun CNT fibres represent two different approaches to achieving good

mechanical properties. The degree of microstructural alignment is similar between the two
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techniques, but they differ significantly in density and CNT length. Wet-spun CNT fibres have
a high density (approaching fully packed) but shorter CNT length, resulting in a fibre with
excellent areal-basis strength (4.2 GPa) but more modest specific strength (2.1 N tex1).[1%¢] |n
contrast, as-spun direct-spun CNT fibres have a lower packing fraction but longer CNT length
and the fibres have very impressive specific strength (3.1 N tex?) but a slightly lower tensile
strength (3.5 GPa).['28 As described previously (section 2.3.2, p.41), the densification of
direct-spun CNT fibres has yielded large increases in the tensile strength and as of now these

fibres have the best reported properties in the literature.

Across the entire CNT fibre literature, tensile strength is correlated to the fibre density
(Figure 2.10a), but the dependency is approximately linear, implying that the increase in
strength is mostly due to a reduction of cross-sectional area rather than improved efficiency
of the CNT network. Correspondingly, the specific strength is only weakly correlated with
density across the literature of aligned CNT structures, suggesting that fibre density and
packing fraction has a lesser role on the specific strength than other parameters such as CNT
length (Figure 2.10b).1%8 However, when separating the data sets into wet spun and
direct-spun materials and making independent analyses, a more apparent correlation
emerges. Higher specific strengths tend to be reported at higher densities, and this
relationship is particularly strong when examining the better performing fibres which are
likely to have a less defect dependent failure which better reflects the strength of the CNT
network (Figure 2.11a). Examining just the direct-spun, few-walled CNTs shows this trend
more strongly, and within individual studies there are several examples of a clear relationship
between specific strength and density, which is particularly prominent after post-processing
in chlorosulfonic acid.[7-126:127.1401 On this basis it can be judged that a high density is not
sufficient to create a CNT fibre with a high specific strength but does tend to improve fibre
properties. Consistently, the highest specific strength fibres are produced using the
direct-spinning method, likely due to the higher aspect ratio of the CNTs in these fibres which
leads to greater load bearing for a given mass of CNTs. As predicted in models,[133!
densification of direct-spun CNT fibres leads to an improved specific strength, implying that
the denser microstructure can carry more load. In order to achieve CNT fibres with the highest
tensile strength and specific strength, dense fibres are needed, nearing full packing, using the

longest possible CNTSs.
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Figure 2.10. Log-log plots of (a) tensile strength and (b) specific strength against bulk density for CNT
fibres across the literature. (Blue diamonds) aligned FW-CNT materials, (red triangles) aligned
MW-CNT fibres, (green circles) unaligned FW-CNT materials, (blue F) individual FW-CNTs and small
bundles thereof. Adapted from reference 881 under the CC-BY license.
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Figure 2.11. (a) Specific strength as a function of bulk density for (green) direct-spun and (red)
superacid wet-spun CNT fibres. Data extracted from reference 188, (b) Specific strength as a function
of bulk density for direct-spun few-walled CNT fibres from individual studies: (brown)!"'4, (green)*41],
(yellow)"71 (black)'42, (red)l'43], (orange)''9, (blue)!'44, (purple)i'8l, (pink)l, (teal)l'40], (cyan)!'26],
(burgundy)l'?”1, Ellipses are guides to the eye.

The effect of CNT alignment on fibre properties is more difficult to assess from the literature
due to characterisation challenges. Polarised Raman spectroscopy can be used to obtain an
anisotropy index which correlates with alignment, but this technique is not widely used and

only samples the surface of the fibres, which is in general not representative of the bulk
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microstructure. Meanwhile, X-ray diffraction can be used to determine the orientation of
CNTs throughout the bulk of a fibre but the dispersity of CNT diameter and helicity in typical
samples weakens the intensity of the diffracted signal, essentially necessitating synchrotron
sources for studying individual CNT fibres (section 3.3.3, p.64). Due to these challenges, there
is an understandable lack of consistent reporting of alignment across the literature and an
analysis of the available results indicates that there is no clear correlation between strength

and CNT alignment.[88!

From a theoretical perspective, there are competing theories on how alignment may affect
the properties of CNT fibres. Based on the theory of both composites and linear polymers, it
should be advantageous to have a perfectly aligned microstructure so that tensile load is
applied directly along the stiff covalent backbone of the CNTs. In a fully packed structure with
sufficient overlap between CNTs to transfer load through the shear stress, this argument
should apply and a fully aligned structure is expected to be stiffer and stronger. The
performance of this ideal model has been demonstrated in individual stress-relieved CNT
bundles which have strengths of up to 43 GPa.l'*’! However, shear stress transfer between
fibrillar bundles of CNTs is the limiting factor for fibre strength in most CNT yarns, as the
degree of packing between bundles is evidently poorer than within each bundle (Figure 2.12).
In these structures, it is expected that interweaving and branching of nanotubes between
bundles plays an important role in transferring stress and preventing fibrillar failure. In this
sense, a degree of misalignment in the overall structure is likely to be beneficial to fibre
properties, as has been illustrated in finite element models which show improved stress
transfer across the cross-section of a fibre due to misalignment.'#® From this argument,
off-axis CNTs and bundles may improve the strength of fibres in the regime where shear slip
dictates fibre properties. However, some forms of misalighment are likely to be purely
detrimental to fibre properties. Excessive waviness of CNTs and bundles is expected to reduce
the contact area between CNTs and bundles, resulting in lower strength,™#7 whilst also having
little beneficial effect in terms of stress transfer. Distinguishing these separate ‘types’ of
misalignment is challenging and the conflation of these effects is expected to cloud the
determination of fibre property-alignment relationships, making it difficult to identify an ideal

degree of alignment in a CNT fibre.
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Figure 2.12. (a) SEM of solvent-densified direct-spun CNT fibre showing CNT bundles aligned along
the fibre axis and (b) TEM of a CNT bundle showing highly aligned and densely packed CNTs.

Reprinted from reference [146 with permission from Elsevier.

Whilst structure-property relationships are still difficult to precisely identify in CNT fibres
some key guiding messages emerge from the extant literature. Firstly, further improvements
to specific strength are likely to only be possible with the application of longer CNTs, likely
requiring further research in CNT synthesis methods to produce suitable material in quantity.
Secondly, increasing fibre density greatly improves tensile strength on an areal basis. The
relationship between density and specific strength is more complex, but recent work
densifying direct-spun fibres suggests that exceptional specific strength (>4 N tex) may only
be possible in CNT fibres which are both dense and contain long CNTs. Finally, increasing
alignment within CNT fibres is generally desired on the basis of typical models but there is an
indication that some degree of misalignment is beneficial to aid stress transfer and improve
fibre properties. On this basis, densified direct-spun CNT fibres appear to be in the best
position to achieve the highest performance, as the technique can create a reasonably aligned
‘precursor fibre’ from high aspect ratio CNTs which can later be post-processed into a more
ideal, dense structure. However, there are challenges extending direct-spinning to industrial
scale, particularly if additional post-processing is required, and so wet-spinning is still an
attractive technique for the production of CNT fibres. The process of nanotube assembly in
wet spinning and the effect of various spinning parameters is still not fully understood. The
application of imogolite nanotubes as an analogue material will enable more detailed
observation of the processes occurring during wet spinning, whilst an exploratory approach
to using reductively charged CNT solutions in wet spinning may identify a competitive process

for the superacid spinning (or post-processing) of CNT fibres.
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3 Materials and methods

This chapter introduces the primary materials, experimental methods and characterisation
techniques used throughout this work. In general, | performed the methods presented in this
work except where specified. This project was supported by collaboration with Erwan Paineau
and Pascale Launois at Université Paris-Saclay, who synthesised the INTs, provided some X-ray
scattering analysis programs and collected some X-ray scattering patterns during periods
when international travel was not possible. The cross-linking studies were supported by
undergraduate students, Jian Bi and Jiawei Zhang, during the course of their studies at

Imperial College London.

3.1 Materials

3.1.1 Imogolite nanotubes

The INTs used in this project were synthesised by collaborator Erwan Paineau, following a
method previously developed to produce long, double-walled Ge-INTs.18!
Tetraethoxygermane (Sigma-Aldrich), aluminium perchlorate nonahydrate (Alfa Aesar) and
urea (Sigma-Aldrich) were mixed in a PTFE beaker with a molar ratio of [Ge]:[Al]:[urea] = 1:2:2.
The beaker was then placed into a PTFE-lined acid digestion bomb and treated in an autoclave
at 140 °C for a variable incubation time between 5 and 40 days to enable growth of the INTSs.
In Chapters 5 and 6, an incubation time of 40 days was used. The INT solutions were then
dialysed against ultrapure water using a membrane (Spectra/Por, 10 kDa cutoff) until the bath
conductivity reduced below 0.5 mS m™. The mass concentration of the as-synthesised INT
solutions was determined by heating a 2 mL aliquot in an oven at 90 °C until full dryness was
achieved. Solutions of other concentrations were obtained by serial dilution of the stock

solution.

3.1.2 Carbon nanotubes

In this project, multiple sources of CNTs were used. Tuball single wall CNTs (product code
01RWO03.N1, batch numbers 398 and 788) were obtained from OCSiAl. Meijo eDIPS EC1.5
CNTs (batch number 8901404) were obtained from Meijo Nano Carbon Co. and Meijo eDIPS
EC-DX CNTs (lot number 5R81D08C) were obtained from New Metals & Chemicals

Corporation. Before use, all CNT samples were vacuum degassed. The CNTs were loaded into
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a glass vial and placed into a quartz tube (one end sealed, one with metal joint) in a tube
furnace (Lenton PSC 12-450-H) which was connected to a turbomolecular pump (Edwards
EXT75DX). Once an ultra-high vacuum (<107 mbar) was obtained, the temperature was slowly
ramped up to 500 °C and then held for ten hours, followed by a slow cooling to room
temperature. The evacuated quartz tube was transferred into a glovebox where the CNT

samples were then stored.

3.2 Experimental methods

3.2.1 CNT dissolution

CNTs were dissolved as reduced polyelectrolytes in aprotic solvents by treating with sodium

naphthalenide using a method adapted from the literature.[8!

Anhydrous N,N-dimethylacetamide (DMAc, Sigma-Aldrich, 99.8%) was transferred into a
glovebox and dried twice over activated 4 A molecular sieves. Naphthalene (Sigma-Aldrich,
99%) was dried over phosphorous pentoxide under vacuum overnight and transferred into a
glovebox. Sodium metal (Sigma-Aldrich, 99.95%) was received as an ingot in a sealed glass vial
which was transferred into a glovebox before opening. All glassware used in preparation was
thoroughly dried before transferring into the glovebox either by baking overnight at 150 °C or

flame drying with a blowtorch.

A preparation is described here with typical quantities and equipment for producing
approximately 25 mL of a 5 mgent mL? solution. It should be noted that scale-up of the

guantities may affect the dissolution by impacting the physical agitation during stirring.

A solution of sodium naphthalenide in DMAc was prepared by first adding sodium metal
(35.2 mg) and naphthalene (196 mg) to a 25 mL glass reagent bottle with a 24 mm glass
encapsulated magnetic stir bar. DMAc (17.6 mL) was pipetted on top and the solution was
stirred overnight to produce a dark green solution of sodium naphthalenide at a

concentration of 2 mgna mL ™.

CNTs (102 mg) were added to a 50 mL glass reagent bottle with a 24 mm glass encapsulated
magnetic stir bar. The pre-prepared sodium naphthalenide solution (12 mL) was pipetted on

top, with the quantity chosen to determine the final charging ratio of the CNT polyelectrolyte
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(here NaCsg). The CNTs were left to rest for 10-15 minutes, until swollen into a gel. DMAc
(8 mL) was then pipetted on top and the mixture stirred at 600 rpm for 24 hours to produce
a CNT solution at a mass loading of 5 mgent mL2. Lower mass loadings can be prepared by
adding a greater volume of solvent to the charged CNT gel, or more preferably by serially

diluting the more concentrated CNT solution with stirring.

The CNT solution was finally filtered through a 26 um aperture stainless steel mesh (#500
mesh, 316L stainless steel, Mesh Direct) supported in a 13 mm diameter polypropylene

syringe filter holder (Swinnex, Millipore) and collected in a clean glass vial.

3.2.2 Wet spinning nanotube fibres

3.2.2.1 Experimental equipment

The wet spinning equipment was developed during the course of this work and consists of a
syringe pump (100 Legacy, KD Scientific, US) and two stepper motors (QSH4218-35-10-027,
Trinamic) controlled via IC drivers (TMC2130, Trinamic) and a microcontroller (Arduino Uno).
A wiring schematic for the stepper motors and the Arduino code is available in the appendix
(sections A3 and A4, p.192). In a typical experiment, the extrusion rate of the syringe pump
was set between 1 and 10 mL hr! and the spinning dope was injected into a coagulation bath
and then collected on a motorised PTFE take-up wheel (100 mm diameter). The speed of the
take-up wheel was set to determine the draw ratio in the fibre spinning, defined as the
take-up velocity divided by the mean injection velocity. Depending on the processing
conditions selected, the fibre filament was then either collected from the take-up wheel or
passed onto a collection spool. The ‘squirrel cage’ collection spools are comprised of five
bamboo rods regularly spaced around a circle with a rod centre separation of 42 mm
(Figure 3.2). An optional washing bath was included in the spinning line with static PTFE guide

rods.
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Figure 3.1. Photograph of wet spinning equipment with syringe pump, needle and glass capillary,
coagulation bath, PTFE take-up wheel, washing bath and blue collection spool. Also shown are the

digital microscope and lightbox used for in situ microscopy.

Figure 3.2. Photograph of collection spools used for in-line washed INT fibres and CNT fibres.

3.2.2.2 Preparing tapered glass spinnerets

Tapered glass spinnerets were prepared by necking soda glass capillary tubing
(Samco G119/02) in a fine blowtorch flame. The tubing was rotated by hand in the flame until
softened and then removed from the flame and pulled to form a neck. The necked section
was carefully snapped off and the two ends were gently ground flat on P1000 silicon carbide
abrasive paper. The tips are then gently flame polished in the blow torch flame to produce a

tapered spinneret.

Spinnerets used for spinning CNT polyelectrolyte solutions were silanised to reduce the
adhesion of CNTs to the surface, aiding both the spinning process and cleaning. A solution of
2 vol% dichlorodimethylsilane (Sigma-Aldrich, 98.5%) in toluene was prepared and flushed
through a spinneret. The spinneret was then washed in pure toluene and baked in an oven at
150 °C overnight. Successful silanisation was confirmed by treating a glass microscope slide
and observing an increase in water contact angle. The dimensions of the fabricated spinnerets

were characterised using optical microscopy.
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3.2.2.3 INT fibre spinning

In brief, INT fibres were spun by injecting aqueous INT solutions through a needle into a
coagulation bath where they were then collected on the PTFE take-up wheel (100 mm
diameter) with a determined draw ratio. Unless otherwise stated, the coagulation bath used
was 300 g L't aqueous CaCl, prepared from calcium chloride dihydrate (Sigma-Aldrich) where,
to account for the water of crystallisation, the mass loading of CaCl,2H,0 used was 397 g L.
The salt was weighed into a beaker and dissolved in a minimum quantity of deionised water.
The solution was then transferred into a volumetric flask and made up to the desired volume

to achieve the required concentration.

In Chapter 4, the INT solutions (feedstock incubation time 5-40days, mass loading
9 mgint mL?) were injected along a 21 g stainless steel cannula (180 mm long) at a flow rate
of 5 mL hr'linto a CaCl, coagulation bath (8 cm long). The gel fibres were collected on a PTFE
take-up wheel (100 mm diameter) at a draw ratio of 5 (rotation speed 6.4 RPM and surface
linear velocity of 33.5 mm s2). Then, 15 cm lengths of the gel fibre were removed from the
take-up wheel and washed by dipping in a beaker of deionised water for 3 x 2 s. A small tag
of aluminium foil (~20 mg) was attached to the washed fibres by the surface tension of the

liquid and they were hung vertically from a rod to dry at ambient conditions.

In section 5.2, the INT solutions (feedstock incubation time 40 days, mass loading
11 mgint mL1) were injected through a tapered glass nozzle (orifice diameter 461 um, taper
semi-angle 8°) at a flow rate of 5 mL hr! into a CaCl, coagulation bath approximately 8 cm in
length. As before, the fibres were collected on a PTFE take-up wheel (100 mm diameter) at
draw ratios varying between 1 and 5 and sections were removed from the wheel and then
washed by dipping in deionised water (3 x 2 s) and hung to dry with a tag of aluminium foil

(~20 mg) in ambient conditions.

In section 5.3, the INT fibres were initially spun as per section 5.2 with a draw ratio of 2 or 4.
After initial take-up, the gel fibres were guided by static PTFE rods through an in-line washing
bath of deionised water for varying washing lengths between 15 and 40 cm. The washed
fibres were collected a ‘squirrel cage’ collection spool (Figure 3.2) with no additional draw
The washed fibres were left to dry on the spool at ambient conditions so that they dried at

constant strain.
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3.2.24 CNT fibre spinning

CNT fibres were spun by transferring the spinning dope into a 1 mL polypropylene syringe
(Normject™, Henke Sass Wolf) within a glovebox. A spinneret was then fitted using a blunt,
luer-slip cannula with a small section of silicone tubing to attach the tapered glass tip. The
spinneret was inserted through a pre-punctured septum (Suba-Seal) into a nitrogen filled vial
and the assembly was removed from the glovebox and rapidly transferred to the spinning
equipment to prevent air ingress and charge quenching. The spinneret was removed from the
nitrogen filled vial and placed into the coagulant bath. The coagulant was not observed to
travel up the spinneret and a buffer of nitrogen gas was present between the spinning dope
in the syringe bubble and the coagulant fluid. Nonetheless, in order to prevent charge
guenching spinning was started within one minute of removing the assembly from the

glovebox and was conducted over a maximum of 15 minutes.

The spinning dope was injected into the coagulation bath and the gel fibre was gently guided
to the surface of a submerged PTFE rod to define the length of passage in the coagulation
bath and then out of the bath onto the PTFE take-up wheel (100 mm diameter) at a chosen
draw ratio. The fibre was then transferred directly onto a squirrel cage collection spool
(Figure 3.2) with no additional draw, where it was left to dry and densify in ambient conditions
(Figure 3.3). A large variety of process parameters were varied during the spinning
experiments and in a single spinning run fibres would be collected with several different
processing conditions, typically varying the volumetric flow rate, draw ratio or coagulation

bath length.

In section 8.6, fibres were spun from 1 mgent mL™? NaCs spinning dopes through a silanised
tapered spinneret with orifice diameter of 346 um (area 0.0938 mm?) and taper semi-angle
~9° (Figure 3.4) and taken-up with a spin draw ratio of 1.2. The extrusion velocity was adjusted
by varying the injection rate from 3 to 13 mL hr! and the coagulation time was adjusted by
varying the length of the coagulation bath by moving the position of the spinneret tip relative

to the guide rod.
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Figure 3.3. Photographs of CNT fibres on collection spool (a) immediately after collection and (b) after

drying in ambient conditions for 5 minutes.

(a) (b)

Figure 3.4. Micrographs of tapered glass spinneret used to spin CNT fibres in section 8.6 imaged

(a) side-on and (b) end-on. Scale bars 500 pm.

3.2.3 Cross-linking INT fibres

3.2.3.1 lonic cross-linking

lonic cross-linking was conducted by washing CaCl,-coagulated INT gel fibres in an aqueous
solution of sodium succinate (>98%, Sigma-Aldrich). The gel fibres were prepared as per those
used in section 5.2, by injecting INT solutions through a tapered glass spinneret with orifice
diameter of 461 um at 5 ml hr! followed by take-up at draw ratios varying between 1 and 5.
Sections of the gel fibre were immediately cut from the take-up wheel and then held with
tweezers and dipped into a beaker of 0.1 M sodium succinate (2 x 15 s) and then hung to dry

at ambient conditions with a small tag of aluminium foil (~20 mg).
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3.2.3.2 Dehydration reactions

This method was conducted by Jiawei Zhang during his BSc Chemistry course at Imperial

College London.

INT fibres were spun as per section 5.3 with a draw ratio of 4 and washing bath length of

40 cm and then collected for thermal treatment.

Fibres treated at 200 °C were placed in a glass petri dish and then heated to 200 °C in a
laboratory oven (Memmert VO400) for two hours, allowed to cool to room temperature and

then collected for testing.

Fibres treated at 400 °C were placed into a glass vial then transferred to a quartz furnace tube
and heated in a furnace (Lenton PSC 12-450-H). In order to control the heating and prevent
overshoot, the furnace was first heated to 250 °C at a rate of 10 °C min'! and held for
15 minutes, then ramped to 350 °C and held for 5 minutes and finally heated to 400 °C at
5 °C min't and held for two hours. The furnace was then allowed to cool to room temperature

and the fibres were collected for testing.

3.2.3.3 Silanisation of INT fibres

This method was conducted by Jiawei Zhang during his BSc Chemistry course at Imperial

College London.

INT fibres were spun as per section 5.3 with a draw ratio of 4 and washing bath length of

40 cm and then collected for silanisation.

Solutions of tetraethoxysilane (TEOS, Sigma-Aldrich, 98%) in ethanol were prepared at 0.001
and 1 M using a volumetric flask. The INT fibres were placed in polystyrene petri dishes and
TEOS solution (7 mL) was carefully poured over the top to submerge the fibres. The fibres

were left to react overnight (16 hours) and then removed and allowed to dry before testing.
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3.2.4 Polymer infusion into INT fibres

This method was conducted by Jian Bi during his MRes Nanomaterials course at Imperial

College London.

INT fibres were spun as per section 5.3 with a draw ratio of 4 and washing bath length of

40 cm and then collected for silanisation.

A 3 wt% solution of poly(vinyl alcohol) (PVOH, Mowiol 56-98, MW~195000, 98.0-98.8 mol%
hydrolysis, Kuraray Co.) was prepared in deionised water. PVOH (3 g) was dispersed in cold
deionised water (100 mL) by vigorous stirring. The mixture was then heated at 70 °C with
moderate stirring for approximately 45 minutes, until the mixture was fully dissolved. The
solution was then cooled to room temperature and kept in a sealed flask for up to 1 week

before use.

INT fibres were attached with double-sided tape to a metal support frame constructed from
a paperclip (Figure 3.5). The fibres were then immersed into a petri dish containing the
polymer solution by first dipping one end of the support frame into the solution and then
slowly submerging longitudinally. After soaking for between 1 and 7 minutes, the fibres were
collected off the support frame using tweezers and carefully removed from the solution. The

fibres were hung to dry in ambient conditions and then collected for testing.

Figure 3.5. Photograph of metal support frame used to immerse INT fibres in polymer solution.
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3.2.5 Molecular dynamics simulations

Molecular dynamics simulations were conducted using NAMD8 with the CHARMM?36 all-
atom forcefield. Carbon atoms within the CNTs were modelled using the CA aromatic carbon
atom type, while sodium ion and dimethylacetamide atom types were assigned from the SOD
and DMA residues respectively. Electrostatic energies were calculated using the Particle Mesh
Ewald method. A switching distance of 10 A was used to start tapering the van der Waals

potentials smoothly to 0 at a cut-off distance of 12 A.

The structure files for a (10,0) CNT with a length of 5 nm (0.8 nm diameter, 480 atoms) were
created using the Nanotube Builder extension in VMD.[!? Atom co-ordinates for
N,N-dimethylacetamide (DMAc) were taken from ligand 5Y9 in the Protein Data Bank[*"
structure 5HCL.[*>Y These structures were then minimised at 0 K and used to construct the
simulations. Two parallel CNTs with a centre-to-centre distance of 13 A (wall separation ~5 A)
were added to a 72x72x70 A simulation box with fractional charges applied evenly to the
carbon atoms of the CNTs to attain the target charging ratio, NaCx. The PACKMOL package!*>?!
was used to add a stoichiometric number of sodium ions followed by 2500 DMAc molecules.
Initialisation was conducted with fixed CNT positions and two cycles of minimisation and
equilibration (4 ps at 300 K). An additional equilibration (20 ps) was then conducted with one
CNT fixed and the other free to move to allow the CNTs to move to their equilibrium

separation.

Steered molecular dynamics was performed with a dummy atom attached to the
centre-of-mass of one of the CNTs with a spring with force constant 50 kcal mol't A2, The
other CNT was kept fixed while the dummy atom was translated at a velocity of 0.5 A ps™.
The simulation was evolved for 25 ps at 300 K and 1 atm pressure, as controlled by a Langevin
piston, with a timestep of 2 fs. The force between the dummy atom and CNT recorded
through the simulations to characterise the attraction/repulsion between the CNTs at varying

charging ratios.

57



3.3 Characterisation techniques

3.3.1 (Polarised) optical microscopy

Optical microscopy is one of the most ubiquitous tools in materials characterisation due to its
simplicity of use, and variety of contrast modes which enable imaging of a variety of samples.
However, the application of optical microscopy to nanomaterials is typically hindered by the
resolution limit of approximately 0.2 um and the small depth of field at high magnifications.
Whilst several methods have been developed to visualise the presence of individual CNTs in
light microscopes such as coating with a thick ice layer,*>3! tagging with fluorophores!*>¥ or
using the CNTs to catalyse surface reactions leaving visible trenches**], these methods
require significant sample preparation and are still unable to visually distinguish two or more
CNTs within the resolution limit. Optical microscopy can be used to gain an impression of the
bulk material on the 10-1000 um scale. Microscopy is primarily used in this work to image
nanotube fibres and solutions, including in situ imaging of the spinning process. Both
reflection and transmission light sources can be used to image the samples, but in this project
transmission imaging was preferred as more intense and uniform illumination was available

on the equipment used.

After calibration with an appropriate graticule, microscope images can be used to determine
the observed diameter of fibres. For non-circular fibres, the observed diameter can vary
considerably depending on the orientation of the fibre in the light path such that a major or
minor axis length is measured, rather than a diameter which is representative of the
cross-sectional area. Assuming that all roll angles are equally likely, for elliptical fibres the
mean diameter determined microscopically is typically a small over-estimate (~1%) of the
representative fibre diameter.[**¢! This error may be greater for thick fibres with little-to-no
twist as elliptical fibres can preferentially lie on their major axis on a microscope slide. Despite
this potential shortcoming, optical microscopy of a transverse view is a recommended
method for determining the filament diameter of carbon fibres in BSISO standard
11567:2018.">7] Other potential methods for diameter determination are more challenging
to implement for nanotube fibres. Gravimetric methods rely upon a precisely known and
consistent fibre density, alongside accurate measurement of small masses (approximately

10 pg for a 10 cm section of fibre produced in this work). Laser diffraction methods require
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specialist equipment and scanning electron microscopy is significantly more time consuming.
Transversely mounting and cutting individual filaments for optical observation is possible with
carbon fibres but is difficult with nanotube fibres due to their tendency to deform by
compression or pull-out. Focused-ion beam milling in an SEM can be used to transversely cut
nanotube filaments['8 but is extremely time-intensive with trial experiments in this work

taking approximately 6 hours to cut a single filament.

Transmission microscopy can also be used to image nanotube solutions. Well individualised
nanotube solutions are expected to be uniformly absorbing across a sample surface. Liquid
samples can be prepared for imaging by dispensing a droplet on a microscope slide and then
covering with a coverslip or by drawing into a capillary which is then placed on a slide or
supported in the light path. Speciality capillaries (from suppliers such as Vitrocom) are
available with rectangular cross-sections, which enable transmission microscopy through a
sample with consistent path length and these capillaries can also be sealed with wax to
prevent air ingress. Preparing and sealing these capillaries within a glovebox enables imaging
of charged CNT solutions under atmospheric conditions over the course of a couple of days,

after which diffusion of oxygen through the capillary wax leads to discharging.

Polarised optical microscopy is used to provide contrast based on the birefringence of
samples in microscopy and is well described in a number of textbooks!*>® 160l and so a brief
explanation is provided here. Two polarisers (named polariser and analyser) are placed in the
light path with orthogonal polarisation directions. In the absence of any sample, light from
the illumination source is polarised in the direction of the polariser and then completely
blocked by the analyser resulting in a dark field. Birefringent materials are characterised by
having an anisotropic optical indicatrix, or equivalently the refractive index depends upon the
direction of polarisation of light with a fast (low refractive index) and slow (high refractive
index) direction. As light enters a birefringent material, the component rays polarised along
the fast and slow directions travel at different velocities leading to the formation of phase (or
path) difference between the two polarisation directions with the optical path difference (or
retardation), Apq, given as,
Apg = (Ny — n2) tsampe (1)

where n; and n; are the refractive indices along the slow and fast directions and tsgmpie is

the sample thickness. When linearly polarised light is passed through a birefringent sample
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with polarisation direction at 45° to the fast and slow axes, the optical path difference changes
the effective polarisation depending on the wavelength of the light. For an optical path
difference (OPD) of an integer number of wavelengths the polarisation is unchanged and for
an OPD of a half wavelength the direction of polarisation is rotated perpendicular to the initial
direction. For intermediary wavelengths the light is elliptically polarised with a component of

polarisation both parallel and perpendicular to the initial direction.

When a birefringent sample is placed between crossed polarisers and illuminated with white
light, wavelengths which are factors of the retardation are therefore blocked by the analyser,
whilst others are transmitted to a lesser or greater degree. The wavelength-dependent
transmission therefore yields characteristic colours depending upon the retardation of the
sample which are commonly reported on a Michel-Levy chart (Figure 3.6). Additional colour
contrast can be provided to low retardation samples by introducing a plate with a known
retardation to the light path between the two polarisers. This approach provides a retardation
offset to the image, making the isotropic field coloured, from which the sample can add or
subtract. In petrology and materials science, full-wave plates are commonly used with a
typical retardation of 540 nm. The colours of images are shifted to magenta for isotropic

regions, and cyan or yellow-orange for small sample retardations.

Nanotubes are inherently optically anisotropic with strongly differing polarizability parallel
and perpendicular the nanotube axis. There is limited experimental data available on the
value of birefringence for individual nanotubes, although first principle models have been
developed for single wall CNTs which predict that the longitudinal polarisability is inversely
proportional to the square of the band gap whilst the transverse refractive index is
proportional to the square of the CNT radius - the longitudinal polarisability is typically a factor
of 10-100 greater.[!6% The highest degree of anisotropy occurs for small diameter metallic
CNTs. Models have been constructed to describe the birefringence of solutions of CNTs, with
the straightforward result that (to the leading term) the birefringence of the solution is
proportional to the volume fraction of the CNTs, the difference in longitudinal and transverse
polarisabilities, and Hermans nematic order parameter which is zero for random distributions
and 1 for perfect alignment.[62l As such, the orientation of nanotube solutions can be
visualised with POM, with regions of a greater birefringence corresponding to a higher degree

of alignment. Direct calculation of an order parameter is not possible without further
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information on the intrinsic birefringence of the nanotubes, but it is possible to make

gualitative comparisons of the degree and direction of alignment using POM.
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Figure 3.6. Michel-Lévy chart with markers for A plates. Reproduced with permission from [163],

The high optical absorbance of CNTs limits the use of optical microscopy and bright light
sources are required to image solutions even with a short light path (~0.2 mm) for solution
mass loadings of 5 mgent mLL. Condensed CNT fibres absorb almost all light in transmission
and the surfaces have poor reflection making polarised techniques virtually impossible. In
contrast, INTs are significantly less absorbing and high contrast polarised imaging is possible
with relatively dim light sources which enables the use of optical microscopy to study the

alignment of nanotubes both in dry fibres and in solutions during spinning.

In situ (polarised) optical microscopy of fibre spinning was conducted using a variable
magnification digital microscope with a polarising filter (Dino-lite premier AM4113ZTL) and a
lightbox with adjustable polariser (Dino-lite BL-ZW1). As the magnification depended upon
the focal distance used, micrograph scales were set using a known reference length in each

image such as the capillary diameter.

Optical microscopy of dried INT and CNT fibres was conducted using a Leica DM2500 optical

microscope equipped with a camera (Basler PowerPack Ace 2.3 MP) in transmission
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illumination with a 100 W halogen lamp and Leica HiPlan objectives. Polarised optical
microscopy was conducted using a transmission polariser and integrated analyser oriented at
0 and 90° to the microscope head respectively. For additional colour contrast, 560 nm
retardation film (Edmund Optics WP560 retarder film) was positioned between the polariser
and condenser lens at 45° to the polariser and analyser directions. Fibre samples were imaged
by placing fibres mounted on card frames onto a microscope slide in the light path. Nanotube
solutions were collected into rectangular borosilicate capillaries (Vitrocom 3520, path length

0.2 mm, width 2 mm) and sealed with wax before imaging.

The cross-sectional area of INT and CNT fibres was determined by measuring the apparent
diameter in transmission optical microscopy. Two or three images were taken of each fibre
tensile specimen and the average diameter over each image was determined using an image)
macro (appendix section A5). The macro workflow first applies a scale depending on the
objective magnification and thresholds the image using the AutoThreshold method. The
thresholding is then manually confirmed and used to create a mask. The diameter of the fibre
at each point in the mask is determined using the Local Thickness method as ‘the diameter of
the largest sphere that fits inside the object and contains the point’.[®4 A selection is then
manually created down the centre of the fibre and the mean of the local thickness values
along the selection is calculated and reported as the fibre diameter for that image. The
specimen diameter is then taken as the average of the diameters from each of the images.
The cross-sectional area is then calculated from the determined specimen diameter assuming
a circular cross-section. For eDIPS CNT fibres, the measured diameter varied along the fibre
length and to reduce the effect of sampling errors, the cross-sectional area used for tensile
analysis was averaged from all the filaments for each spinning condition. For other fibres, the
tensile analysis was conducted using the cross-sectional area measured for each individual

filament.

3.3.2 Electron microscopy

Electron microscopy is preferred to optical microscopy for visualising nanomaterials due to
the significantly improved resolution and depth of field. In electron microscopy, an electron
beam is used as the illumination source. When the incident electron beam interacts with the

sample both electrons and X-rays are emitted at a variety of energies. Depending on the
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information and type of contrast desired, different signals are selected for detection and
analysis. Secondary electron emission is highly dependent upon surface topography, whilst
backscattered electron emission is primarily dependent upon the atomic number of the
atoms within the sample, giving compositional contrast.!'®] The energy of emitted X-rays is
characteristic of the elements within a sample. Measuring the number and energy of the
X-rays, in a method known as energy-dispersive X-ray spectroscopy (EDS), enables

measurement of the elemental composition of a sample.

In a scanning electron microscope (SEM), a tightly focussed electron beam is rastered across
a sample and the signal intensity at each point is used to construct an image. Both secondary
electron and backscattered electron detectors can be used to obtain topographic and
compositional contrast. The resolution is dependent upon a number of factors including the
electron spot size, the beam brightness and the accelerating voltage used in the electron gun
but in optimal cases can be as low as 1-2 nm.[*%] |n practice, this means that SEMs can image
the structure of CNT materials at the bundle-level but cannot distinguish individual CNTs. The
imaging of non-conductive samples in SEM is limited by the build-up of charge on the material
surface which distorts the electron beam. To avoid the build-up of charge conductive coatings
may be applied to non-conductive samples. Sputtered gold is commonly chosen as a coating
material as it has a high conductivity and also a high secondary electron coefficient, which
boosts signal for topographic imaging. However, pure gold often forms discontinuous islands
and so for high resolution imaging chromium coatings are preferred, but require immediate
imaging and high quality vacuum to prevent oxidation.[!®”] Applied coatings mask the
nanoscale features and so limit the effective resolution at which a non-conductive sample can
be imaged. Therefore, in the context of this project, SEM will be more useful for

characterisation of CNT fibres than INT fibres.

In transmission electron microscopy (TEM), a thin specimen is illuminated with an electron
beam and the transmitted electrons are detected. Various imaging modes are possible but in
the most common modes, bright field and dark field TEM, contrast is provided by the
absorption and scattering of electrons which generally increases with the atomic number of
the atoms and the material thickness. Individual CNTs and INTs can be imaged using this

technique to determine their diameter, length and number of walls.[8% 168,161
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Figure 3.7. Secondary electron SEM images of various coating materials sputtered onto glass
substrates with a coating thickness of 2 nm. Image widths are 140 nm. Reproduced from

reference [167],

SEM images in this project were captured using microscopes and coating techniques
appropriate for the samples and desired resolution. Fibre samples were fixed to aluminium
stubs using conductive carbon tape. Low resolution SEM imaging was carried out using a
JEOL 6010LA SEM using a gold sputtered coating for INT fibres using an Everhart-Thornley
secondary electron detector at a working distance of approximately 14 mm. Higher resolution
imaging was carried out with a Zeiss Auriga CrossBeam SEM equipped with a field emission
gun with a 5 nm chromium coating for INT fibres using an in-lens detector at a working
distance of approximately 5 mm. SEM images were generally collected at an accelerating
voltage of 5 kV to obtain topographical contrast, whilst an accelerating voltage of 20 kV was
used for EDS. SEM images of fibre cross-sections were prepared by milling the fibres with a
30 kV Ga* beam at a beam current of 30 nA. TEM images of INTs were collected by
collaborator, Erwan Paineau, using a JEOL 1400 TEM operating at 80 kV. Highly dilute
solutions of INTs in ethanol (1 mg L'') were drop cast onto carbon-coated copper TEM grids

before imaging.

3.3.3 X-ray scattering

X-ray scattering (XRS) and diffraction techniques are widely used in materials science to probe
the structure of materials from length scales of a few angstroms up to 1 um depending upon
the experimental configuration.[*’ X-ray diffraction patterns are formed when a collimated
beam of monochromatic X-rays is shone on a sample by the scattering of X-rays from

electrons around individual atoms and the interference of these scattered rays.l'’!l In highly

64



crystalline materials, sharp peaks in X-ray intensity are observed at the diffraction angles
which lead to constructive interference of the scattered X-rays. Almost no intensity is seen at
other angles due to destructive interference. The diffraction angles of these peaks are known
as Bragg angles and are given by Bragg’s Law,

nA = 2d sin(6) (2)
where A is the X-ray wavelength, d is the inter-planar spacing of the crystal lattice, 26 is the

scattering angle and n is an integer (Figure 3.8).[272

(1)

(2) 9/

Figure 3.8. lllustration of Bragg’s Law for a crystalline material. Constructive interference occurs when
the path difference between scattered rays (1) and (2), 2d sin(8), is an integer number of

wavelengths.

The image formed in an X-ray diffraction pattern is in reciprocal space, representing the
Fourier transform of the electron distribution of the sample. The scattering vector (7 is given

by difference between the wavevectors of the incident E and outgoing kT, X-rays (Figure 3.9).
Whilst a nanotube behaves as a crystal along its axis, producing Bragg reflections
corresponding to the axial period of the atomic structure, the small lateral dimensions mean
no Bragg reflections are observed in the transverse directions. The X-ray scattering pattern in
the equatorial plane instead arises from the shape of the electron density of a nanotube (the
form factor). The form factor can be approximated for a nanotube with given diameter and
wall thickness by assuming that the electron density is uniform within the nanotube walls.

The calculation of scattering patterns from the form factor is carefully derived in
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reference 171 and demonstrated for imogolite nanotubes in reference 1731, An alternative
approach is to calculate the pattern directly from a proposed atomic structure.l'’4l The
scattering pattern of an imogolite nanotube located in the plane perpendicular to the incident
X-ray beam is therefore comprised of the scattering due to the nanotube form factor

modulated by the axial periodicity (Figure 3.10a,b).

Figure 3.9. lllustration of the definition of scattering vector 6

The scattering pattern of a physical INT fibre resembles the calculated patterns for individual
INTs and assemblies of perfectly aligned INTs with some distortions due to the experimental
arrangement and angular spread of the scattering peaks due to imperfect alignment within
the fibre (Figure 3.10c). The peak positions of the equatorial features of the XRS pattern of an
INT fibre corresponds closely to that predicted from the form factor of an individual INT,
although the presence of some experimental background reduces the sharpness of some of
the oscillations, and the peak at 2.6 nm™ is flattened (Figure 3.10d). The projection of XRS
patterns onto a planar detector combined with possible tilt of the fibre axis out of the plane
perpendicular to the incident beam distorts the appearance of the diffraction pattern, with
the straight layer lines in reciprocal space appearing as curves on the diffraction pattern,
whilst information along the meridional direction (parallel to the fibre axis) is missing.[175 1761
However, the equatorial line is broadly unchanged and may reasonably be used to
characterise the orientation of nanotubes within a fibre diffraction pattern without additional

computation.
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Figure 3.10. (a) Simulated diffraction pattern for an assembly of vertically oriented single walled
imogolite nanotubes using the homogeneous approximation. Reproduced from reference ['73. (b)
Calculated diffraction pattern for vertically oriented SiCHs single walled imogolite nanotubes. Adapted
from reference ['74l. (c) Experimental XRS pattern of an INT fibre. (d) Radially integrated XRS intensity
as a function of scattering modulus for (red) experimental XRS pattern of an INT fibre, (black)
simulated XRS pattern for double-walled Ge-INT and (blue) simulated XRS pattern for double-walled
Ge-INT with addition of constant background of 1% of peak intensity. Simulation functions taken from

reference 1771,

For assemblies of non-parallel nanotubes, the diffraction spots are curved into arcs and the
width of the arc can be used to characterise the degree of alighment of the nanotubes. A
typical approach is to take the azimuthal scan of the most intense equatorial diffraction peak
and which is then normalised and equated to the orientation distribution of the nanotube
walls (Figure 3.11).[178 However, the azimuthal scan of the equatorial peak does not have a
true one-to-one relationship with the polar angle between the fibre and nanotube axes and

greater care should be taken to convert the reciprocal space azimuthal scan of intensity to a
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direct space orientation distribution function. An empirically determined transformation for

intensity scans with Lorentzian lineshape is described in the appendix (section A6, p.197).
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Figure 3.11. Wide angle X-ray scattering (WAXS) and small angle X-ray scattering (SAXS) patterns
for CNT fibres alongside azimuthal scans of the equatorial diffraction peaks. Reprinted from reference

[78] with permission from Elsevier.

XRS experiments in this work were carried out on a rotating anode (RU H3R, Rigaku
Corporation) using Cu Ka radiation (wavelength 0.154 nm) delivered by a multilayer W/Si
optics. Sections of single fibre filaments were mounted on cardboard struts and placed in the
beam path. Some samples were imaged in a lab atmosphere (for which a background due to
scattering from air was subtracted), and others were imaged using a vacuum chamber
equipped with a collimator, with entrance and exit windows made of 500 um thick Mylar
films. The fiber was kept perpendicular to the incident X-ray beam. Two-dimensional patterns
were recorded on a MAR345 detector (marXperts GmbH) with 150 um pixel size and
sample-detector distance of 300 mm. Extraction of the scattered intensity as a function of the
scattering modulus, Q, or azimuthal angle, t, was performed with software developed by my
collaborators Pascale Launois and Erwan Paineau. Further calculation of the orientation
parameter from the diffraction pattern was performed from the most intense equatorial peak

which has a scattering modulus of 2.6 nm.
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3.3.4 Raman spectroscopy

Raman spectroscopy examines the vibrational states of a molecule through the inelastic
scattering of light. A monochromatic laser is used to excite electrons in a sample to a higher
energy state from which they subsequently relax, emitting a photon. The material may relax
into the same original vibrational state (Rayleigh scattering) or into a higher or lower
vibrational state (Stokes’ or anti-Stokes’ scattering) and the difference between the energies
of the incident and scattered photons is measured and used to determine the vibrational
energy levels in the material (Figure 3.12). When the laser excitation energy matches the band
gap or another van Hove singularity gap of a nanotube, the greater density-of-states leads to
a significantly increased probability of transitions and a Raman signal approximately a factor
of 103 higher.l'7? By varying the laser excitation, different groups of CNTs can be probed in
this resonance condition and this technique has been used to selectively characterise metallic

and semi-conducting CNTs at excitation wavelengths of 532 and 785 nm, respectively.!*8%
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Figure 3.12. lllustration of the (red) excitation and (blue) relaxation steps of the scattering processes

in non-resonant Raman spectroscopy.

The Raman spectra of CNTs are comprised of a few key vibrational bands (Figure 3.13a). The
G-band is located at a Raman shift of approximately 1580 cm™ and is associated with bond
stretching within the graphitic plane. In CNTs, the G-band is split into two sub-bands
corresponding to axial and transverse stretches. The D-band, located around 1350 cm, is
associated with defects within the CNTs and is commonly reported as an intensity ratio to the
maximum intensity of the G-band (Ip/lg). Io/lc is known to be dependent upon the laser
excitation energy (E;) used to collect the Raman spectrum and varies as EL_4 with lower Ip/lg

for higher excitation energy.[!81 |t is therefore important to compare Ip/lg values which are
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collected with the same excitation energy. Ip/lc does not vary linearly with defect density. For
CNTs with a low defect level an increased Ip/lg indicates increased defect density, but there is
ambiguity for highly defective graphitic structures with Ip/lg greater than 1 and care should
be taken in these cases (Figure 3.13b). The radial breathing mode (RBM) appears at a Raman
shift of 100-500 cm™ and corresponds to coherent radial deformation of the nanotube. The
Raman shift of the RBM (wgpy,) is dependent upon the CNT diameter (dqyt) as

248 cm™1!

WrpM = Ao (3)

for individual CNTs on a SiO» substrate and this information can be used in combination with

various laser excitation energies to assign the helicity of CNTs in a sample.[182]
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Figure 3.13. (a) Representative Raman spectrum for single-walled CNTs, with key features indicated.
Reprinted from reference '8 with permission from John Wiley & Sons. (b) D/G intensity ratio (Io/lc) as
a function of average inter-defect distance (L) for Art ion-bombarded graphene samples collected
with varying laser excitation energy. Adapted from reference '8 with permission from The American

Chemical Society.

Raman spectroscopy was conducted using a Renishaw inVia micro-Raman spectrometer via a
50x magnification lens using a 50 mW 532 nm laser at a laser power of 10% and exposure
time of 2s. For each sample, 100 Raman spectra were collected in a 10x10 grid over a
20x20 um square by rastering the excitation laser spot. The Ip/lc was calculated for each
spectrum using a MATLAB analysis script by first subtracting a linear background from the
dataset and then identifying I as the maximum intensity between 1550 and 1650 cm™. In
some cases, the G-peak overlapped with the D-peak and so to determine Ip, a linear
background was subtracted from between 1280 and 1400 cm™ and Ip was identified as the
maximum intensity remaining within that window. For each sample, the calculated Ip/lg

values are reported as a histogram.
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3.3.5 Single filament tensile testing

Single filament tensile tests are widely used to characterise the performance of fibres for use
in structural composites. In a typical tensile test, a filament is mounted in a universal testing
machine and stretched at a constant cross-head speed whilst the tensile load is measured.
The engineering stress (o) and engineering strain (€) in the material are calculated during the
experiment from the tensile load (F), extension of the fibre (AL) and the initial fibre

cross-sectional area (Afg) and length (L) as,

F

o= m (4)
AL

€= Z (5)

Compliance in the tensile load train can lead to an over-estimate for the strain if the
cross-head displacement is simply used as the extension of the fibre. This issue can be avoided
by making a direct measurement of sample strain using an extensometer or digital image
correlation, but these methods can be difficult to implement on a single filament. The
machine compliance in the equipment used in this project is dominated by the load cell and
can be corrected by calculating the load cell extension for the measured tensile force and
subtracting this machine extension from the cross-head displacement to obtain the sample
extension. This correction is applied within the software of the tensile testing stage used in
this work, with the correction factors being provided by the manufacturer for each load cell.
Various other methods exist to correct for machine compliance using multiple identical
samples of differing gauge lengths or a sample of a material with a known elastic

modulus.[185 186]

A typical stress-strain curve for a CNT fibre is schematically represented in Figure 3.14 with
definitions of the key mechanical properties: elastic modulus, tensile strength and strain at
failure. The elastic modulus is defined here as the gradient of the initial linear section of the
stress-strain curve (in this work typically taken between 0.1 and 0.2% strain). In the context
of lightweight materials, it is often useful to compare the specific strength and specific
modulus of fibres (the strength or modulus divided by the material density) and, in this
project, these properties are determined by dividing the load (in Newtons) by the linear

density of nanotubes in the fibre (in tex or gent/int km™) calculated from the spinning
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conditions, which obtains specific stress in the non-SI but industrially standard units of N tex.
The measuring of specific strength in N tex?! is popular industrially due to the greater
convenience of measuring the linear density, as compared to the cross-sectional area, of

yarns and tows.
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v

Strain, ¢ &

Figure 3.14. Typical stress-strain curve for CNT fibres with indicated of definitions elastic modulus

(E), tensile strength (o7) and strain at failure (e).

Single filament tensile tests were conducted following BS ISO 11566:1996. Single filament
specimens were gently mounted on cardstock frames with a gauge length of 15 mm using
double sided tape (Figure 3.15) and the ends were fixed using epoxy adhesive (Araldite Rapid,
Huntsman Advanced Materials) which was left to cure overnight. Tests were conducted using
a tensile testing stage (TST350, Linkam Scientific) equipped with a 2 N load cell at a crosshead
speed of 1 mm min! (effective strain rate 0.0011 s'!). Machine compliance was corrected for
in the software using a manufacturer provided correction factor. A testing system compliance
of 127 um N! was applied for the 2 N load cell used in these tests. Testing at controlled
humidity was conducted using a humidity controller (RH95, Linkam Scientific) integrated with
the tensile testing stage. Samples were mounted in the testing stage and then allowed to

equilibrate for 20 minutes at the target humidity before testing.

(@)

Figure 3.15. Photographs of (a) CNT fibre mounted on cardstock tensile frame before application of
epoxy adhesive on the dashed circles and fibre sample mounted in tensile tester (b) before and (c)

after cutting the card frame.
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3.3.6 Capillary rheometry

Shear rheometry of nanotube solutions is typically conducted using rotational rheometers
with a cone-plate, parallel plate or couette configuration depending upon the viscosity of the
solution.!'®] The key benefits of a rotational rheometer with a cone-plate arrangement are a
constant shear rate throughout the sample, good temperature control and the opportunity
to conduct small amplitude oscillatory measurements to determine viscoelastic properties.
However, it is challenging to test air-sensitive samples in a rotational rheometer as custom
inert gas enclosures are required. In comparison, capillary rheometry can successfully be
conducted with air-sensitive samples provided that the material feedstock is suitably sealed
and that no reactions occur within the capillary, although the technique becomes effectively
destructive if conducted in a room atmosphere.

The theory for capillary rheometry is well described in the existing literature.[18 181 A prief
overview of the key equations used in this thesis are given below. For fluid flow in a cylindrical

pipe, the wall shear stress, 7,,, is simply given by

_APR,
tw =L,

(6)

where AP is the capillary pressure drop, R is the capillary radius and L. is the capillary length.
In general, the shear rate at the wall is not simply determined by the pressure drop and
capillary dimensions and depends upon the rheology of the fluid. The apparent wall shear

rate, ¥4 w, (i.e. that of a Newtonian fluid) is given by

_ 40

TR}

Yaw (7)

where Q is the volumetric flow rate of the fluid. The true wall shear rate for non-Newtonian

fluids can be determined by following the Rabinowitch correction. The true wall shear rate,

Yw, is given by

. 3+ b\ .
)
where b is determined from a plot of log ¥, ,,, vs log 7, as
_ d(log Yau ) o)
d(logt,,)
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Capillary rheometry was conducted by injecting nanotube solutions down cylindrical
capillaries and measuring the pressure drop for a variety of flow rates. A syringe pump (100
Legacy, KD Scientific) was used to control the flow rate and the capillary was selected
depending upon the viscosity of the fluid under test. A 21 g stainless steel needle (514 um ID,
180 mm length) (BD Microlance, Becton Dickinson) and PEEK HPLC tubing (178 um ID,
500 mm length) (Trajan Scientific) were used for CNT and INT solutions respectively. The
capillaries were attached to the syringe barrel and a pressure sensor (ABPDANT0O30PGOD3,
Honeywell) using barbed polypropylene luer adapters (Colder Products Company) and short

lengths of silicone tubing (1/16” ID).

Figure 3.16. Photograph of capillary rheometry equipment with 50 cm length of PEEK tubing.

3.3.7 Thermogravimetric analysis

In thermogravimetric analysis (TGA), the mass of a sample is measured through a heating
process (typically a linear ramp) in a controlled atmosphere. TGA has been used to assess the
thermal stability of CNTs, their inorganic content and the mass of surface functional groups
which can be thermolyzed from the CNTs. CNTs are more resistant to combustion than
fullerenes, graphite and amorphous carbon, enabling some identification of the content of
carbon samples.[*®® |n a typical TGA experiment under an air atmosphere, amorphous
carbons are combusted at 200-400 °C followed by the sublimation of fullerenes at 400-600 °C
and then combustion of graphite and CNTs above 600 °C, with the remaining mass comprised
of metal catalysts and their oxidation products.[*®!l The oxidation and combustion processes
typically occur over a wide range of temperatures and there is some considerable overlap
between the combustion temperatures of graphite and CNTs which can hinder identification
and hence TGA is only semi-quantitative for the determination of carbon allotropes. The
remnant mass after combustion is more quantitative and with knowledge of the metal
catalyst used in synthesis (typically Fe) and the corresponding oxidation product (Fe;0s3), the

initial mass fraction of catalyst in a CNT sample can be determined.
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TGA was conducted with a Mettler Toledo TGA/DSC under either air or nitrogen gas flow of
50 mL min™. In a typical temperature profile, the samples were heated to 100 °C at which
they were held for 20 minutes and then heated with a constant temperature ramp of
10 °C min! to 800 or 900 °C. Blank runs were conducted with alumina crucibles to obtain
baselines to correct for the buoyancy effect. Samples (1-3 mg) were then loaded into the
alumina crucibles and the heating profile was repeated and the baseline was subtracted from

the experimental runs.

3.3.8 Electrical conductivity

Electrical conductivity of CNT fibres was measured using a Keithley 3706A system switch
multimeter with a home-designed four point probe measurement jig (1 cm sense electrode
separation). The resistance was measured three times for each sample using the in-built
constant current source method on the multimeter. The specific electrical conductivity was
then determined by dividing the electrode separation distance by the product of the mean
resistance and linear density of each sample whilst the (areal basis) electrical conductivity was
determined by dividing the electrode separation distance by the product of the resistance

and cross-sectional area of each sample.
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4 Exploring the spinning and properties of imogolite
nanotube fibres

Parts of this chapter, including figures and text, are adapted from reference (%2 previously
published in ACS Applied Materials & Interfaces under the CC BY 4.0 license. Where relevant,

the research contributions of co-authors are indicated in the text.

Imogolite nanotubes (INTs) can serve as an excellent analogue for CNTs as they have a similar
morphology and aspect ratio but are considerably more convenient experimentally. In
contrast to CNTs, INTs are simple to dissolve and they disperse spontaneously in deionized
water™ but similarly to CNT polyelectrolyte solutions, they form liquid crystalline
mesophases which may be used to spin aligned fibres.%1771 As described previously
(sections 2.2.2, 3.3.1 and 3.3.3), INT fibres may be characterised using a variety of methods
which are challenging to apply to CNTs, particularly POM and XRS techniques. As such,
spinning INT fibres may provide an opportunity to study the assembly of nanotubes into fibres

more generally, gaining insights which can be applied to other materials systems.

In addition to acting as an analogue for CNTs, INT fibres may also find applications in their
own right, as their uniform diameter can be used for molecular filtration, catalysis and
molecular transport and release.[*] INTs have several properties complementary to CNTs;
they are electrically insulating, stable to oxidation, hydrophilic, and rather notably either
transparent or white depending on the scattering of light within their macroscale structure.
These properties may enable possible applications as insulating separators in electrical
devices, and may offer benefits in some composite applications where improved surface

interaction with the matrix is advantageous.

Although INTs have previously been incorporated in polymer fibres as nanoscale
reinforcements,!1®3 there are no reports of spinning pure, binder-free fibres from these
nanotubes. In this chapter, the development of an INT fibre spinning process is described

alongside an initial characterisation of these new fibres.
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4.1 Synthesis of aluminogermanate INTs

Synthesis and characterisation of the INT feedstocks used in this work was conducted by
collaborator Erwan Paineau. In brief, the INTs were synthesised by a sol-gel process in which
an aqueous solution of aluminium perchlorate, tetraethoxygermane and urea are mixed in a
digestion bomb and hydrothermally treated at 140 °C. The INTs were then separated from
any remaining reactants or by-products by dialysis against ultrapure water. This synthesis
method has been shown to consistently produce double-walled INTs with an outer diameter
of 4.34 nm and inner diameter of 1.54 nm with wall thickness and separation of 0.6 nm and

0.2 nm respectively.[®]

The incubation time of the INT synthesis was varied from 5 to 40 days in order to create INT
feedstocks (named INT-5d, INT-12d etc.) with different length distributions. The length
distribution of each INT feedstock was determined by measuring the length of at least 200

nanotubes over several TEM images (Figure 4.1).
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Figure 4.1. Length number distributions of synthesised INT feedstocks alongside representative TEM

images. Scale bars 200 nm.
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INT-5d is dominated by short nanotubes with lengths less than 100 nm. After further
incubation, these short nanotubes are consumed to produce a bimodal distribution with
average lengths centred at 150 and 600 nm. Beyond 20 days of incubation, little further
change to the distribution was observed. The growth of INTs is theorised to occur via an
oriented attachment mechanism.[*** 193] This growth mechanism is expected to occur slowly
at larger nanotube lengths due to the L* dependency of tip-tip collision frequency,!*®®
explaining the lack of meaningful growth after 20 days of incubation. Fourier transform
infrared spectra were collected and found to be consistent across the INT feedstocks

(Figure A1).

4.2 Spinning INT fibres

INTs spontaneously form colloidal solutions in deionised water because of the development
of a weak positive charge on the outer walls (with a corresponding negative charge on the
inner walls).1%7:198] Following Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the
electrostatic repulsions between the INTs stabilises the colloidal solution. However, these
solutions are expected to become unstable at higher pH (where the outer walls reach their
isoelectronic point) or in the presence of counterions which screen the electrostatic

repulsions between INTSs, leading to their aggregation as a gel.

INT fibres have been produced using a solution spinning technique in which an aqueous
solution of INTs (typically 9-13 mg mL?) is injected into a coagulation bath via a needle or
designed nozzle. The gelled proto-fibres are then collected on a take-up wheel, washed and

dried to form pure, binder-free imogolite nanotube fibres.

4.2.1 Initial coagulation and washing trials

Coagulation of INTs into a gel-like proto-fibre can be induced by destabilising the colloidal
suspension of the spinning dope. The electrostatic repulsion between the positively charged
outer walls of the INTs can be screened using high ionic strength solutions. In the first case,
highly concentrated aqueous solutions of calcium chloride (300 g L) were used, however,
other salts are also able to screen the repulsions and gel the INT fibres. Gel fibres coagulated
in calcium chloride cannot not fully dry under ambient conditions when removed from the

coagulation bath due to the presence of hygroscopic salt, which absorbs moisture from the
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air at typical room humidity levels. If these wet fibres are dried at elevated temperature, they
become brittle and challenging to handle, possibly due to the formation of brittle salt
crystallites within the fibres. To enable drying and densification of these fibres, excess salt in
the gel fibre can be removed by washing in deionised water. When dipping INT fibres in and
out of a washing bath, swirling regions can be seen with a higher refractive index around the
fibre, indicating where salt has diffused from the fibre into the washing bath. When removed
from the bath, the washed fibres could then dry fully into a translucent-white, robust and

handleable fibre.

Prolonged washing with water leads to solubilisation of the fibre, initially seen as swelling;
after washing for between 30 s and 1 minute, the gel fibre became too fragile to handle and
remove from the washing bath. In order to wash the fibres whilst preventing weakening due
to solubilisation, a washing strategy was developed in which the INT fibres were dipped into
a beaker of deionised water (3 x 2 s) and then hung to dry in ambient conditions with a small

tag of aluminium foil (~20 mg) attached to the end.

The collected dry fibres had an average diameter of ~20 um, textured surfaces and irregular
cross-sections typical of nanomaterial fibres (Figure 4.2a-c).[*% Polarised optical microscopy
(POM) observations indicated strong birefringence in the INT fibres, with a maximum of
intensity observed with the fibre axis at 45° to the crossed polarisers (Figure 4.2d,e). The use
of a full-wave retardation plate (530 nm) showed that the nanotubes are aligned along the
fibre axis. A blue colour (retardation ~700 nm) is obtained when the fibre is parallel to the
slow axis of the retardation plate, whilst a yellow colour (retardation ~350 nm) is obtained
when the fibre is perpendicular to the slow axis of the plate (Figure 4.2f,g). As the dielectric
constant is higher in the axial direction of the INTs, the summative retardation when the fibre
is parallel to the slow axis of the plate demonstrates that the INTs are preferentially aligned

along the fibre axis.
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Figure 4.2. (a) Photograph of fibre section on spool, (b) SEM image of focused ion beam milled

cross-section of Au-coated fibre, (c) SEM image of Au-coated fibre on aluminium stub, (d-g) Polarized
optical micrographs for INT fibre without (d, €) and with (f, g) retardation plate (530 nm). White arrows
indicate the polariser and analyser directions, and red lines indicate the slow axis direction of a

retardation plate. Scale bars 20 uym.

Energy-dispersive X-ray spectroscopy confirmed that the dry fibres mostly comprised of
aluminium, germanium and oxygen with a small residue of calcium (3 at%) and chlorine
(6 at%). As expected from the Ge-INT structural formula (GeAl,07Ha), the measured atomic
ratio of aluminium to germanium was 2:1 (Figure A4). The packing density (¢) of the fibres
can be estimated from the dope concentration (cgope =9 mgmL?), needle area
(Apozz = 0.207 mm?), draw ratio (DR =5), fibre diameter (df) and the density of a
double-walled germanium INT (p;yr = 2.7 g cm3) as

_ 4 Cdope Anozz

= 10
T d,g pPint DR (10)
This estimate yields packing densities of around 45-55%, similar to that of as-spun FC-CVD

CNT fibres (~35-60%),[1* but lower than highly optimised solution spun CNT fibres (~75%).[%!

4.2.2 Spinnability of INT fibres

The spinnability of nanomaterial fibres is expected to depend upon the aspect ratio of the
constituent nanomaterials, as previously observed in the literature on solution spinning both
CNTs and nanocellulose.[?® 2% Fipres were easily spun from the longer INT feedstocks
(INT-12d to INT-40d). However, spinning fibres from the INT-5d feedstock was more

challenging and the gel-like proto-fibre was found to fracture repeatedly at the air-coagulant
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interface when being withdrawn from the coagulation bath. This failure location indicates
that the surface tension of the coagulant imparts sufficient force to overcome the gel strength
of the fibre. By considering a modification of the Wilhelmy plate method, the stress in a
cylindrical fibre being withdrawn from a liquid is found to be inversely proportional to the
fibre radius (Figure A2). With knowledge of the surface tension of the coagulation bath
(82 mJ m?2 [201) and the assumption that the fibre-coagulant contact angle is small, the gel
strength of the INT fibres can be loosely quantified by determining the fibre radius at which

fracture occurs.

INT-5d was found to be unspinnable using a 24 gauge needle (internal diameter, ID 311 um)
but spinnable using a 21 gauge needle (ID 514 um). The gel strength was, therefore,
estimated to be approximately 500 Pa. The other feedstocks, from INT-12d to INT-40d, were
all successfully collected from the coagulant without breakage using a 27 gauge needle
(ID 210 um) implying a gel strength of at least 1.5 kPa. These gel strengths are all relatively

low, necessitating careful handling of the proto-fibres before collection, washing and drying.

4.3 INT fibre mechanical properties

4.3.1 Impact of INT length on mechanical properties

The mechanical properties of the pure INT fibres were measured using a conventional single
filament tensile test. The tensile strength of the dry fibres across the INT feedstocks follows
the same trend observed in the gel strengths, with a higher strength for feedstocks INT-12d
to INT-40d and a lower strength for INT-5d. The data are quite scattered for these small batch
fibres which have been manually processed, however, within error, the strengths and
stiffnesses of fibres produced from feedstocks INT-12d to INT-40d were similar, with tensile
strength and elastic modulus in ambient conditions (40% RH) of approximately 100 MPa and
15 GPa respectively (Table 3). A lower failure stress was measured for the shorter INT-5d
sample of approximately 60 MPa. The stress-strain curves exhibit a shape typically seen in
nanomaterial fibers. There is a short initial take-up related to the straightening of fiber
followed by an elastic region and then plastic deformation characteristic of inter-nanotube

slip, which arises as a prominent ‘elbow’ at around 25 MPa in most cases (Figure 4.3).
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Figure 4.3. Tensile strength and corresponding stress-strain curves for fibres made from (grey)
INT-5d, (red) INT-12d, (blue) INT-20d, (green) INT-30d and (purple) INT-40d feedstocks.

4.3.2 Impact of humidity on mechanical properties

INT fibres were found to be highly hygroscopic with moisture uptake of up to 150% at 90%
relative humidity (Figure 4.4). At high humidity, the fibres visibly swell and glisten with the
uptaken moisture. This moisture uptake is likely to be partially driven by the CaCl,; remaining
even after washing (Ca: 3 at%, Cl: 6 at%), although based on the large mass change with
humidity, there is almost certainly a contribution due to the hydrophilic INTs, which are

expected to adsorb moisture.
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Figure 4.4. Dynamic vapour sorption isotherm of INT fibre at 25°C showing water mass uptake for
adsorption and desorption cycles.

The mechanical properties of the INT fibres are influenced by the relative humidity during the
tensile test. The modulus in particular is strongly dependent upon the humidity with a
modulus of 30 GPa at 10% RH compared to 2.8 GPa at 85% RH. The tenfold decrease in tensile

strength and modulus with increasing humidity indicates that the INT fibre properties are
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chiefly driven by inter-nanotube interactions, which are weakened by the incorporation of

water into the fibre structure.

The presence of water in the fibre is expected to modify interactions between the surface
hydroxyl groups of neighbouring INTs in the fibre, leading to a reduction of the both the shear
strength and shear modulus of the inter-nanotube interactions. It is expected that such a
reduction in the shear interactions with increased humidity will lead to greater plastic slip and
a change in failure mode, as indeed observed in the fracture surfaces of fibres tested at
different humidity (Figure 4.5). Fibres tested at low relative humidity show a flat brittle
fracture surface. As humidity is increased more pull-out is evident at the fracture site and at
high relative humidity local necking and shear deformation is visible. The humidity
dependence is broadly reversible, with fibres conditioned at 85% RH and then tested at
40% RH showing similar tensile behaviour to those simply conditioned at 40% RH (Figure A3).
The humidity dependence of INT fibre properties may be seen as a disadvantage of this
nanotube fibre system, especially considering the ease of INT slip and ductile failure at high
humidity (85% RH), which is likely to appear as creep for a naked fibre used in typical
environmental conditions. As a result, structural use of INT fibres will almost certainly be
limited to composites where a polymer matrix can inhibit the uptake of water and protect the

fibres from environmental conditions.
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Figure 4.5. (a) Stress-strain curves for fibre samples of INT-30d tested at various controlled humidity,
(b-d) optical micrographs of fibres fractured at (b) 10%, (c) 40% and (d) 85% relative humidity. Scale
bars 20 ym.
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4.3.3 Impact of alignment on mechanical properties

In order to identify the root cause of the intra-batch scatter in mechanical properties, a larger
number of tensile samples were tested for fibres produced from INT-20d (Figure 4.3). X-ray
scattering patterns were collected on a small section of each fibre sample and used to
qguantify the orientation of INTs within the fibres as described in the appendix (section A6,
p.197). Hermans order parameter is calculated from the ODF and used to characterise the
orientation of the fibres between perfectly uniaxial (S = 1) and randomly oriented (S = 0).
The calculated values of S range from 0.49 to 0.74 for the eight fibre samples studied by XRS,
indicating some significant variation in alignment between samples despite attempts to use
consistent processing conditions. Measurements performed at varying positions along the
length of a single 5 mm fibre section indicated that the degree of alighment is constant along
each individual section and hence the differences in orientation between fibre samples likely

arises from the manual handling of each section.

Somewhat surprisingly, higher degrees of alignment correlate with lower elastic modulus and
a higher strain-at-failure (Figure 4.6a,b). This result initially seems counter-intuitive,
particularly when considering typical short-fibre composite models which predict that
stiffness and strength should increase with alignment.['78 2921 However, this trend can be
explained by considering the microstructure and load transfer within these relatively porous
fibres. These fibres do not contain a matrix and are comprised of stiff, straight nanotubes with
relatively low interfacial shear strengths. In highly aligned fibres, the load must be transferred
between the nanotubes by frictional shear interactions at nanotube contacts. In the aligned
case, these contact points can slide relatively easily without arrest leading to a lower stiffness,
more ductile behaviour and a higher strain-to-failure. However, in less aligned packings of
high aspect ratio rods, load may also be supported by mechanical interlocking. This
interlocking occurs at a jamming transition when the number of independent contacts per
rod exceeds a critical value of approximately ten.[203 2041 As the number of contacts between
rigid rods increases with increased misorientation,2%! it is expected that jamming occurs
more frequently in the less aligned INT fibres. The resulting interlocked structure for the fibres
with lower alignment is therefore stiffer and undergoes less plastic deformation before

failure, leading to a lower strain-at-failure.
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Figure 4.6. Fibre mechanical properties as a function of Hermans order parameter, S, with Pearsons

correlation coefficients, r, and corresponding p-values.

This mechanism of load transfer has been observed in systems across a variety of length scales
from entangled twigs in birds’ nests to the formation of stiff networks of bamboo skewers
and colloidal glasses.[?%¢! A similar behaviour can be visualised by considering the low tensile
stiffness of an aligned sheaf of hay, in which individual strands can easily slide past one
another, compared to a randomly packed bale where the network of interlocking strands

leads to more efficient stress transfer and a higher effective elastic modulus (Figure 4.7a,b).

A complementary picture of this mechanical model can be constructed from the shear of
granular assemblies of rigid rods. Such assemblies are modelled to undergo extensive shear
alignment in order to reduce inter-particle contact and reduce the stress required for
deformation.297! As the solid volume fraction of these models increases above 50% (noting
that INT fibre packing density is approximately 45-55%), a rapid increase in shear stress occurs

due to mechanical percolation through the formation of rigid clusters. Previous modelling has
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found that percolation thresholds for rod assemblies increase with alignment?%! and by
corollary, at a constant volume fraction, less oriented systems are more networked. A
two-dimensional picture of this behaviour is found in log driving where aligned logs can easily
flow, whereas misorientated groups can form stiff, rigid clusters leading to jams

(Figure 4.7c,d).

Figure 4.7. Photographic analogies of stress transfer models in rod and fibre assemblies. (a) Bundles
of aligned straw, which can be easily pulled apart along their axis in tension and (b) a randomly
packed straw bale which has a stiffer network structure. (c) Shear aligned logs flowing freely in a river
and (d) a log jam forming a rigid cluster due to misorientation. Sources: (a) adapted from Covoni di
grano by Monica Arellano-Ongpin under the CC BY 2.0 license. (b) adapted from Hay Bales by leppre
under the CC BY 2.0 license. (c) Log Drive by Coos Bay LC on E Fork Coquille River by U.S. Forest
Service released to the public domain. (d) St. Croix River log jam by Sargen released under the

CC BY-ND 4.0 license.

Despite the relationship between alignment and elastic modulus, there is no discernible
correlation between alignment and tensile strength or ultimate breaking force. This lack of

correlation implies that the final failure is less related to the overall microstructure of the
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fibres and may instead be driven by point defects created during manual handling or from

instabilities in the spinning process.

This orientational dependence is likely more prevalent in these INT fibres than in similar CNT
of nanocellulose fibres due to the comparably short aspect ratio and high rigidity of the
double-walled INTs. The individual nanotubes are less able to bend and form the necessary
links and contacts for frictional load transfer and do not fibrillate in the manner of CNT or
nanocellulose bundles. In addition, the coagulation process inherently delivers porous fibres
near the mechanical percolation threshold and due to the lack of a matrix, the jamming

behaviour is most important to the fibre mechanical properties.

4.4 Summary

A wet spinning technique was developed to produce pure binder-free fibres from imogolite
nanotubes, which are analogous but complementary to CNT fibres. A collaborator has worked
to develop a synthesis process to produce longer INTs, which have improved spinnability. The
absolute mechanical properties of these early-stage fibres are relatively modest
(strength ~ 100 MPa, modulus ~ 10 GPa), however they serve as a valuable model for the

behaviour of nanomaterial fibres in general.

The importance of shear interactions in load transfer is illustrated by the reduction in stiffness
and strength and the change failure mode with increased humidity. A somewhat surprising
trend was discovered that fibre stiffnesses were higher in less aligned fibres. This finding can
be attributed to the relatively low aspect ratio and high rigidity of the INTs, which makes them
unable to bend and form contacts. As such, a degree of misalignment is required for INTs to

entangle and interlock to form a stiff network in the relatively porous fibres.

INTs are an experimentally convenient analogue for CNTs, as the larger X-ray scattering
cross-sections and their diametral uniformity aids the use of X-ray techniques to study the
fibre structure. Additionally, they are optically transparent enabling (polarised) optical
techniques to image fibres throughout processing. This possibility for in situ imaging is

explored in the next chapter as a method to optimise the solution spinning process.
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5 In situ investigation of INT fibre spinning

Parts of this chapter, including figures and text, are adapted from a manuscript currently in
preparation. Where relevant, the research contributions of co-authors are indicated in the

text.

Following from the development of a wet spinning process for INTs and the characterisation
of these new fibres in Chapter 4, it is desired to use INTs as an analogue material to further
understand the solution phase processing of nanotubes. In this chapter, in situ POM is used
to visualise INT spinning using various spinnerets and flow rates, obtaining an understanding
of how the rheology of the nanotube solutions and the flow patterns in a spinneret affects

the alighment of nanotubes in wet spinning.

In addition, improvements to the wet spinning process are sought to increase the consistency
of fibre properties. The washing step in particular is investigated in detail and found to have

a critical role in the fibre properties, due to its effects on INT packing density and alignment.

5.1 Rheology and flow alignment of INT solutions

5.1.1 INT rheology

INT solutions were prepared with a range of concentrations varying from 1 to 11 mg mL*?
(volume fraction 0.037% to 0.41%). This range of concentrations represents the full range
from isotropic to fully liquid crystalline phases (Figure 5.1). At 1 mg mL? the solution is
completely isotropic with no birefringence visible between crossed polars, whilst at 3 mg mL?
the presence of small birefringent tactoids can be faintly identified within the INT solution. At
5.5 and 11 mg mL* widescale orientational ordering can be seen. The optical textures of the
are challenging to interpret but may be that of a nematic or a columnar phase which has been
previously observed in INT solutions.[?””l Small angle X-ray scattering experiments conducted
by collaborator, Erwan Paineau, confirmed that the 5 mg mL* solution is a nematic phase,
whilst at 11 mg mL? a columnar phase forms (Figure A5). It is unclear how quickly these
phases form and when initially loading into a capillary the liquid crystalline solutions appeared
to flow align along the capillary axis, with the domain structures forming over the course of a

few days. Following this observation, it is likely that the particular columnar or nematic phases
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are disrupted during loading of the spinning dope in the syringe barrel and may have little

impact on the downstream spinning.

(@) + 1) +

Figure 5.1. Polarised optical micrographs of INT solutions with mass loading of (a) 1, (b) 3, (¢c) 5.5
and (d) 11 mgint mL-'. Samples were collected in rectangular capillaries (thickness 200 ym) and
allowed to relax for 1 month. White arrows indicate polariser and analyser directions.

Scale bars 200 pm.

The rheological flow curves of these INT solutions were determined by capillary rheometry
using the equipment developed during this work (section 3.3.6, p.73). The pressure drop
across a PEEK capillary tube (inner diameter 178 um, length 50 cm) was measured at various
flow rates between 0.025 and 2 mL hr. The Rabinowitch correction was applied to determine

the wall shear rate and viscosity.

All of the INT solutions are shear thinning and exhibited power-law behaviour in the shear
range relevant for wet spinning (100 to 1000 s') which can be modelled as

n=Kym? (11)
where 7 is the shear viscosity, y is the shear rate, K is a flow consistency index and n; is a

flow behaviour index where values of n; less than unity correspond to shear thinning.
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Figure 5.2. Flow curves of INT solutions determined by capillary rheometry. Dashed lines are

generated by linear fits to the straight line parts of the log-log data, corresponding to a power law fluid.

The velocity profile of power law fluids flowing through cylindrical pipes is given by(2%!

0= (2o 1 (7)™ 2

where v,(r) is the fluid velocity in the flow direction at a radius r from the centre of a

cylindrical pipe with radius R, U is the mean fluid velocity and n; is the flow behaviour index
from equation (11). For the nematic 11 mgint mL? solution, a power law fit is obtained for
shear rates between 10 and 1000 s with a flow behaviour index, n;, of 0.48 (Figure 5.3a).
The corresponding velocity profile approaches plug flow with minimal shear occurring in the

core of the capillary and extensive shear at the capillary walls (Figure 5.3b).
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Figure 5.3. (a) Viscosity of 11 mg mL-! solution of INTs in water. (b) Predicted velocity profile of
11 mg mL-" INT solution flowing in a cylindrical pipe (solid line) compared to a Newtonian fluid
(dashed line).

5.1.2 Flow alignment in cylindrical channels

The alignment of INTs in a solution injected through a capillary can be visualised using
polarised optical microscopy. When the polariser and analyser are crossed at 45° to the
capillary axis, INTs aligned either along or perpendicular to the capillary axis will produce a
bright birefringent signal whilst isotropic regions and those aligned with either the polariser

or the analyser will remain dark.

In cylindrical capillaries, bright regions of aligned INTs are clearly visible at the capillary walls,
whilst a less aligned core translates down the centre of the channel with no visible shear
(Figure 5.4). This flow behaviour was observed across the range of flow rates from 0.5 to
10 mL hr. The alignment was not consistent and likely contains some history of the domain
structure of the nematic solution in the syringe barrel. In general, the core of the flow was
dark to varying degrees, indicating misalignment, but more aligned regions can sporadically

be seen.
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Figure 5.4. Polarised optical micrographs of INT solution flowing through a cylindrical capillary with an
inner diameter of 390 um at (a) 0.5, (b) 1, (c) 3 and (d) 10 mL hr'. Note that at higher flow rates
distinct regions appear as streaks due to exposure time and frame rate limitations of the microscopy

videos. White arrows indicate polariser and analyser directions. Scale bars 500 um.

5.1.3 Flow alignhment in tapered channels

In order to obtain a more uniform and consistent mesostructured spinning dope, a tapered
channel was implemented. The tapered channel leads to a complex blend of shear and
extensional flows as the fluid is sheared by the capillary walls whilst simultaneously being
accelerated axially in the taper due to the decreasing channel cross-section. Two tapered glass
capillaries were prepared with similar taper semi-angles (~8°) but different taper lengths (4
and 7 mm). In order to further identify the flow alignment of the INTs, a full-wave A plate was
added to the optical path with the slow axis perpendicular to the capillary axis (Figure 5.5a).
This optical arrangement produces colour contrast in the optical micrographs such that the
isotropic material is magenta pink, regions with INTs aligned along the capillary axis are yellow
and regions with INTs aligned perpendicular to the capillary are blue. The colours seen can be
interpreted to retardation values using a Michel-Lévy chart (Figure 3.6, p.61).1163 When the
slow axes of the INTs (the INT cylindrical axis) and the A plate are aligned, the overall
retardation of the sample increases producing a blue colour. When the INTs are perpendicular
to the slow axis of the A plate, the overall retardation is reduced, and the colour shifts to

yellow.
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Figure 5.5. (a) Schematic of optical arrangement for in situ observation of INT alignment and
illustration of magenta, yellow and cyan colour contrast for isotropic INTs, and INTs aligned parallel
and perpendicular to the slow axis of the retardation plate. Created with BioRender.com. (b-g)
Polarised optical micrographs of INT solutions flowing through tapered glass nozzles at (b,c) 1, (d,e) 5
and (f,g) 10 mL hr'. White arrows indicate the polariser and analyser directions and red lines indicate

the slow axis direction of a 560 nm retardation plate. Scale bars 1 mm.

In the parallel section before the taper, the edges are bright yellow indicating alignment along
the capillary axis due to the high shear (Figure 5.5b-g). Meanwhile, the core undergoes plug
flow with some tendency to align perpendicular to the capillary. At the taper, extensional flow
commences and deformation can be seen throughout the capillary section which leads to
flow alignment throughout the spinning dope. The whole of the INT solution emerges as a
bright yellow region which is visibly homogeneous and consistent with time. INT alighnment
occurs within the taper region in all cases, although at higher flow rates the alignment occurs

over a shorter channel length.

The elongational strain rate in the taper of the capillary, €,, is given by!?1%

) 2 Q tan(a)

z = T IR3 R’ (13)
where Q is the volumetric flow rate of spinning dope, « is the taper semi-angle and R, is the
radius of the capillary. The elongational strain rate therefore increases as the spinning dope
travels along the taper due to the decreasing diameter. A critical elongational strain rate for
full flow alighnment can be estimated by identifying the diameter of the capillary at the point

where the spinning dope is uniformly yellow. Across the range of flow rates studied, the

critical elongational strain rate was between 1 and 2 s
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Table 4. Estimated elongational strain rate for complete flow alignment of INT solutions at varying

flow rates.

Flow rate/mL hr! Diameter at full alignment / mm  Critical elongational strain rate / s

1 0.58 +0.02 1.03+0.11
5 0.96 £0.04 1.13+0.14
10 1.04 +0.10 1.8+0.5

The diameter at the orifice of the 4 mm long taper is 0.45 mm, resulting in elongational strain
rates between approximately 2 and 20 s. The 4 mm long nozzle was selected for future fibre
spinning experiments, as it was sufficiently long to induce complete alignment and more

robust for repeated use.

It may be possible to further study the effect of elongational strain on flow alignment by using
carefully designed nozzles. The elongational strain rate in hyperbolic nozzles is consistent
along their length?1% and so the effect of a constant elongation rate may be assessed and
simply manipulated by varying the volumetric flow rate. However, fabricating nozzles with
carefully controlled taper angles is challenging and the creation of custom taper profiles was

not possible in this work.

5.1.4 Impact of draw on INT alignment during spinning

Without draw, the proto-fibre decelerates rapidly on entering the static coagulation bath.
This inertial effect in combination with die swell leads to a sudden misalignment of the INTSs,
which can be clearly seen as a colour change in the POM images (Figure 5.6a). Applying draw
with a take-up roller prevents the deceleration and maintains a tensile stress in the
proto-fibre during coagulation which preserves the alignment of the INTs (Figure 5.6b-d).
Take-up at higher draw ratios leads to deformation and thinning of the fibre close to the
spinneret nozzle. After the INT proto-fibre has exited the spinneret, it is more difficult to
identify the optical retardation due to light scattering at the edges of the fibre and imperfect
alignment of the drawn thread with the capillary axis. In addition, as the fibre thins the optical

retardation is reduced for a given birefringence, making quantification more challenging.
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Figure 5.6. /n situ polarised optical micrographs of INT fibre spinning with (a) no draw applied and
(b-d) a draw ratio of (b) 1, (c) 3 and (d) 5. White arrows indicate the polariser and analyser directions,
and red lines indicate the slow axis direction of a 560 nm full-wave retardation plate.

Scale bars 1 mm.

5.2 Properties of INT fibres with varied draw ratio and constant
washing time

INT fibres were spun with draw ratios of 1, 2, 3, 4 and 5 and then washed in deionised water
by dipping the fibres into a beaker two times for 3 s. The fibres were then hung to dry with a
small weight (~20 mg) under ambient conditions. The mechanical properties of the resulting
fibres were assessed using a single filament tensile test at controlled humidity of 10% and

40% RH.

As expected, the diameter of the fibres was smaller for higher draw ratios, but the packing
density was not uniform across the series (Figure 5.7a,b). The packing density for DR 1 was
around 25%, rising to 60% for DR 4 and then decreasing to 47% for DR 5. It was observed that
the fibres prepared at DR 1 appeared wet and glistened under laboratory illumination,
showing that the CaCl, coagulant was not fully removed during the washing. For gel fibres
with different diameters, a consistent washing time does not have equivalent impact due to
the longer diffusion distances required to remove salt from the core of the larger fibres.
Hence, the fibres spun with the higher draw ratios have had a greater ‘effective wash’ which
then leads them to dry and densify to a greater degree as they contain less remnant

hygroscopic salt.

As observed in previous experiments (section 4.3.2, p.83) the stiffness is higher and the strain
at failure is lower at 10% RH compared to 40% RH, due to the reduction in moisture mediated

sliding. The tensile strength, tenacity and modulus follow the trend in packing density across
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the draw ratios, whilst the strain at failure shows the inverse relationship (Figure 5.7c-f). The
densification of the INT fibres during drying is critically important to their mechanical
properties with denser arrangements being stronger and stiffer but failing at a lower strain,
being less able to undergo plastic deformation. It is striking that the tenacity of the fibers
increases with packing density. This correlation shows that the increased strength of the more
highly packed fibres is not simply due to a reduction in the cross-sectional area but due to an

improved efficiency of load transfer within the INT network.

Although this experiment shows that achieving a high packing density is crucial to attaining
good fibre properties, it is not possible to identify an optimal draw ratio as the efficiency of
washing changes across the draw ratio series. In order to make a fair comparison between
fibres spun with differing draw ratios, it was necessary to characterise the washing process

and identify conditions which lead to equivalent degrees of washing.
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Figure 5.7. Structural and mechanical parameters of INT fibres prepared by coagulation in CaClz with
a tapered spinneret at varying draw ratio followed by washing in DI water (2 x 3 s). Magenta bars
indicate samples tested at 10% RH, cyan bars for samples tested at 40% RH. Error bars show + 1

standard deviation.
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5.3 Washing strategies for microstructural control of INT fibres

5.3.1 Impact of washing on densification and alignment in INT fibres

Fibres collected directly from a CaCl, coagulation bath cannot fully dry under ambient
conditions due to the presence of the hygroscopic salt within them (Figure 5.8a). The
unwashed fibres are visibly wet with a glistening surface and are relatively fragile to handle.
As described in Chapter 4, washing with water can be used to remove salt from the gel fibres,
enabling full drying and densification. However, washing in water was found to solubilise the
INTs in the gel fibres leading to swelling and defibrillation which causes the fibres to become
significantly weaker and more challenging to handle. Preliminary trials indicated that after 1
minute of soaking, it is not possible to remove a continuous piece of fibre from a washing
bath and after 10 minutes the fibre is almost completely dissolved. In order to further
understand microstructural changes during washing, more detailed observations of the fibre
during washing were made using in situ POM (Figure 5.9). After just 10 s of immersion the gel
fibres swell compared to their initial state, and this swelling further increases over time with
defibrillation of the fibre visibly occurring after 5 minutes. During this washing process, the
intensity of the birefringence colours decreases, indicating a reduction in retardation which
is likely contributed to by both an increase in the fibre diameter (and corresponding decrease

in INTs in the light path) and a reduction in alignment.

b) DI water washed
3x2s

Drying time (a) Unwashed
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Figure 5.8. /n situ polarised optical micrographs of INT fibres drying in ambient conditions (a) with no
washing and (b) after washing by immersion in DI water for 3 x 2 s. White arrows indicate polariser
and analyser directions and red lines indicate the slow axis direction of a 560 nm full-wave retardation

plate. Scale bars 500 pm.
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Figure 5.9. Polarised optical micrographs of INT fibre spun with a draw ratio 2 during immersion in DI
water. White arrows indicate polariser and analyser directions and red lines indicate the slow axis

direction of a 560 nm full wave retardation plate. Scale bars 500 uym.

To observe the impact of varying washing times on the densification and final microstructure,
INT fibres were spun at two different draw ratios (DR 2 and DR 4), washed by dipping into DI
water for varying times, dried in ambient conditions, and then imaged using POM
(Figure 5.10). Fibres washed for 5 s did not completely dry and had a larger diameter and a
glistening wet appearance under the microscope. For longer washing times the fibres were
able to better densify during drying, resulting in a smaller dry fibre diameter. Distinctive
changes to the birefringence colours occur at 20 s for DR 2 (Figure 5.10a) and 10 s for DR 4
(Figure 5.10b). As the washing time is increased the total retardation with the fibre positioned
at 45° to the crossed polars increases from ~200 to ~500 nm. The increase in retardation likely
arises due to the improved densification at longer washes, where a greater quantity of INTs
are in the light path for the thinner, more highly packed fibres. At the same time, after longer

washes there is significantly more birefringent signal when the fibre is positioned parallel to
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the analyser, indicating a greater number of INTs misaligned with the fibre axis. These changes
show two conflicting effects that, with longer washing times, the dried fibres reach increased

INT packing density but may have a greater number of INT misaligned to the fibre axis.

Washing time Washing time
5s 10 s 20s ) 40 s 5s 10 s 20s 40 s

Figure 5.10. Polarised optical micrographs of dry INT fibres produced with (a) DR 2 and (b) DR 4
washed by immersion in water for varying periods of time. White arrows indicate the polariser and
analyser directions, and red lines indicate the slow axis direction of a 560 nm retardation plate. Scale

bars 100 ym.

The simultaneous increase in packing density and decrease in alignment may seem
counter-intuitive, as it is known that aligned rigid rods can pack more efficiently than random
arrangements. However, it is important in this case to recognise that the orientational
rearrangement of the INTs occurs alongside the removal of highly hygroscopic salt from the
fibres. The more aligned fibres from shorter washing times are swollen with adsorbed water

which leads to their lower packing density.

The POM observations indicate that two key processes may be occurring during washing: the
diffusion of CaCl, out of the gel fibre and structural rearrangement of the INTs during their
solubilisation. The relative balance of these processes may be compared by considering the

characteristic time scales over which they occur.

The characteristic diffusion time for calcium and chloride ions to be removed from the gel

fibre can be estimated by modelling the diffusion of the salt as the random walk of a Brownian

100



particle in 2 dimensions (corresponding to the radial plane of the fibre). The root mean

squared displacement for this random walk is given by,?11

(%) =VADT (14)
where D is the diffusion coefficient and t is the diffusion time. We can estimate the
characteristic time as that required for the root mean squared displacement to be equal to
the initial gel fibre diameter (319 and 226 um for DR 2 and DR 4 respectively). Using
1.2x10° m? s as the diffusion coefficient for CaCl, yields characteristic diffusion times of 21

and 11 s for DR 2 and DR 4.

The characteristic timescale for orientational rearrangement can be estimated as 1/D,
where D, is the rotational diffusion coefficient for the INTs in the fibre. The rotational
diffusion coefficient for a semi-dilute suspension of thin rigid rods has been derived by Doi!?!?
as,

kgT In (ﬁ)

d
D, = ——ir
r]S Cn LT'

(15)

where kgT is the Boltzmann constant multiplied by temperature, L, and d,. are the length
and diameter of the rods, 7, is the solvent viscosity and ¢, is the number concentration of
the rods. In this case, we consider that the solvent viscosity is 1 mPa s (water) and the rod
concentration is equivalent to that of the spinning dope. The rod number concentration for a

given INT mass loading, c4,pe, depends on the assumed length of the INTs as,

4 Cdope

Cn (16)

= —2

pint T dy" Ly
where p;yr is the envelope density of the INTs (2.7 g cm3%2]). The rotational diffusion
coefficient can then be written in the form,

B kT piyr2 w2d,* In (d_r)

D, = (17)

16 7 Caope? Ly’

This expression is strongly dependent upon the INT length. For 600 nm long INTs, the
rotational relaxation time is around 120 s whilst for shorter INTs (250 nm) the relaxation time
is around 0.3 s. Although there is a very large spread in these estimated relaxation times it is
clear that the orientational rearrangement of the INTs in the fibres may occur over similar

timescales to the washing process.
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These estimates show that the diffusion of salt from the gel fibres and orientational
rearrangement occur over very similar timescales and as such it is challenging to decouple
these two processes experimentally. In addition, the solubilisation of the INTs which enables
the structural rearrangement may only occur alongside the removal of the coagulating salt,

further linking the two effects.

As the degree of washing is intrinsically linked to the diffusion of CaCl, from the gel fibres, the
degree of washing can be represented by the diffusion distance divided by the gel fibre
diameter. Following equation (14) the root mean squared diffusion distance is given by,

2 1 _ Anozz Lbath
(x )z_\/w (—Q bt (18)

where A,,,,, is the nozzle orifice area, Ly, is the length of the washing bath, Q is the
volumetric flow rate of spinning dope and “DR” is the spin draw ratio. Meanwhile the gel fibre

diameter is given by,

d — 4 ATLOZZ
9f 7 DR

(19)
As such, in this washing arrangement, the degree of washing is explicitly controlled by the
length of the washing bath and the extrusion rate of the spinning dope as,

1
(x?%)2 _ Lpatn @
dgr Q

which is independent of the spin draw ratio enabling fair comparison between different draw

(20)

ratios.

Hence to obtain more consistent fibre properties, an in-line washing bath with controlled
length was introduced to the wet spinning apparatus (Figure 3.1). In order to change the
washing time, the length of the washing bath could be varied by adjusting the guide rods.
Additionally, a take-up spool consisting of five rods separated 42 mm apart was used to collect

the washed fibres, such that they dried at constant strain.

Fibres were spun using this arrangement with a tapered spinneret nozzle (451 um orifice
diameter) at draw ratios of DR 2 and DR 4 and washing bath lengths of 15, 30 and 40 cm.

These lengths correspond to washing times varying between 8 and 23 s for DR 2 and 4 and
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11.5 s for DR 4. It was not possible to use longer washing baths due to weakening of the gel
fibre and subsequent filament breakage on the line. The fibres were characterised by X-ray
scattering and the INT alignment was quantified with Hermans’ orientation parameter as
before (section A6, p.197). Although there is some considerable uncertainty in the
measurement of alignment, for both draw ratios the degree of orientation tends to decrease
with longer washing times, confirming the misaligning effect of washing in DI water
(Figure 5.11). When plotted as a function of washing time, it can be seen that the thinner DR 4
fibres misalign more quickly than the thicker DR 2 gel fibres. By instead quantifying the degree
of washing as the diffusion distance divided by the initial gel fibre diameter, the data reduces
to a master curve suggesting that the degree of structural rearrangement in the fibres is
intrinsically linked to the CaCl; diffusion (Figure 5.11b). It should be noted here that the initial
spin draw ratio appears to have little impact on the degree of alignment within the fibres,
with the exception of affecting the downstream washing process. This independence may be
because the extensional deformation of the gel fibre once it has exited the spinneret is
predominately driven by longitudinal slip of the already aligned INTs, rather than some affine

deformation which reorients the nanotubes.
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Figure 5.11. Hermans orientation parameter for INT fibres spun with a tapered spinneret at (blue
circles) DR 2 and (red triangles) DR 4 as a function of (a) the washing time and (b) the CaCl: diffusion
distance divided by the initial gel fibre diameter.

5.3.2 Mechanical properties of washed INT fibres

The mechanical properties of these INT fibres were strongly related to the degree of washing.
Using longer washing baths resulted in significantly stiffer and stronger fibres, which tended
to have smaller strains to failure (Figure 5.12). For DR 4, the elastic modulus increased from

4.3 +1.7 to 23 + 2 GPa and the strain at failure decreased from 1.8 £+ 0.7 to 1.3 £ 0.3% as the
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washing bath length increased from 15 to 40 cm (Table 5). As the bath length increased from
15 cm to 30 cm, the packing density increased from ~20% to ~40% but further increases to
the washing length did not result in greater packing density, nor did it have a measurable
effect on the alignment. The increase in stiffness and strength from 30 to 40 cm washing
lengths cannot be easily ascribed to any particular structural parameter but may be due to a
further reduction in moisture content of the dried fibres. These data agree with the previous
observations that less aligned INT fibres are stiffer but now illustrate how the washing step
can be used influence the fibre microstructure and its properties. Stress transfer is limited
within these fibres which are comprised of short, rigid nanotubes and in highly aligned fibres,
ductile sliding can occur easily without arrest. In contrast, the less aligned structures can more

easily form a jammed network as described previously (section 4.3.3, p.85).

The trends of packing density, alignment, stiffness, strength, tenacity and strain-at-failure
with the washing bath length are similar between the two draw ratios, further supporting that
the length of the bath, which controls the degree of washing as in equation (20), is the crucial
process factor and by comparison the actual draw ratio is less influential. Although a minor
effect compared to the degree of washing, the DR 4 fibres had higher strength and modulus
for most spinning conditions. It was qualitatively found that it was easier to produce the 40 cm
washing bath fibres at DR 4 than DR 2 as the faster line speed was easier to handle manually.
This easier processing may lead to more consistent fibres with fewer defects and hence

improved strength.

In an attempt to decouple the effect of alignment and packing fraction, some INT fibres were
spun using a cylindrical capillary for the spinneret. As the in situ imaging of INT flow in
cylindrical capillaries showed a core of misaligned spinning dope (Figure 5.4), it was expected
that fibres spun from cylindrical spinnerets would have a lower average degree of alignment
compared to those spun through tapered nozzles, particularly at short washing lengths. For
comparison, these fibres were spun through a cylindrical channel (diameter 377 um,
length 20 mm) using the same experimental conditions. The properties of fibres spun with
the cylindrical spinnerets did not have the strong washing length dependence as previously
seen and there was significantly more variation in mechanical properties within each sample
set compared to the fibres spun using the tapered spinneret (Figure 5.13). The inconsistency

of the properties is likely due to inhomogeneity of the spinning dope during spinning. The
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alignment of the spinning dope in the capillary is highly variable and is likely influenced by the
initial domain structure within the syringe barrel as previously shown using POM
(section 5.1.2, p.92). As such, some regions of the spun fibre are expected to be highly aligned
and others highly misaligned, explaining why the tensile properties are so variable between
samples spun using the same conditions. Surprisingly, the degree of alignment in these fibres
was similar to those spun with tapered spinnerets with calculated order parameters between
0.66 and 0.72 compared to 0.65 to 0.73. The alignment may have arisen from the extensional
draw which, although seemingly ineffective on the uniformly aligned proto-fibres from the
tapered spinnerets, could lead to some alignment in this case. The calculated order
parameters did not follow the expected trend with washing time and instead were higher for
longer washing times (Figure 5.13c). This outcome may be due to statistical sampling as the
XRS patterns were only collected at one position on these fibres but further study may be
justified to more clearly understand this result. The packing density of these samples was also
more variable, perhaps indicating that the inhomogeneous alignment along the fibres

influences the washing and drying processes, leading to variable densification.

The absolute properties of the best cylindrical spinneret fibres were lower than those spun
with the tapered spinneret with a tensile strength of 125 +27 MPa for DR 4, 30 cm bath
comparedto 170 + 30 MPa for DR 4, 40 cm with the tapered spinneret. These results illustrate
the importance of controlling the alignment of INTs in the spinning dope. With the cylindrical
spinneret there is limited control of the microstructure of the INT fibres and as a result the
fibre properties are highly variable. Using a tapered spinneret results in a significantly more
consistent and homogeneous microstructure in the proto-fibre which can then be modified

by a careful washing treatment to yield optimum properties.
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5.4 Summary

In situ polarised optical microscopy has been used to investigate the alignment of INTs
throughout the wet spinning process. The shear thinning nature of INT solutions has been
shown to affect flow alignment within cylindrical channels. Significant shear occurs at the
capillary walls leading to strong alignment in the flow direction, but limited shear in the centre
of the channel means that no flow alignment occurs in this region and instead the orientation
of the core of the flow reflects the domain structure of the initial spinning dope. Elongational
flow in a tapered channel can efficiently align the INT solutions throughout the cross-section
of the fluid, with an elongational strain rate of 1-2 s being sufficient to achieve good

alignment.

The washing step has been found to be critical to the structure and properties of INT fibres
with longer washing times increasing packing density and reducing alignment. The
solubilisation of the INT fibres in the washing bath leads to a practical limit to the length of
the washing process due to filament breakage; in this case, washing lengths longer than 40 cm
were unattainable. Comparisons across fibres with different diameters indicates that the
diffusion of CaCl, out of the gel fibre is the critical process during washing, and smaller
diameter fibres therefore need shorter washing times to attain the same structure and
properties. Consistent properties in INT fibres are only possible with careful control of the
washing process (here with an in-line washing bath) and homogeneous alignment of the
spinning dope with a tapered spinneret. The best INT fibres spun in this work have tensile
strength of 170 MPa, elastic modulus of 23 GPa, specific strength of 0.18 N tex?, specific
modulus of 24 N tex! and a failure strain of 1.5%. It is challenging to determine the relative
impacts of packing density and alignment on the INT fibre properties as these structural
parameters change at similar timescales in the washing process, but it is expected that both
will have a strong effect on the formation of networks which aid stress transfer between the

relatively short rigid rods in these INT fibres.
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6 Cross-linking INT fibres

In previous chapters it was identified that less aligned INT fibres are stiffer than more aligned
fibres and this response can be explained by the limited stress transfer between nanotubes
in the binder-free fibres. There are distinct benefits to binder-free fibres for applications
requiring access to the individual nanotubes such as catalysis, or molecular transport and
release. However, it is expected that the mechanical properties of INT fibres may be improved
by either adding a matrix binder or by cross-linking the INT network. These locked networks
may show the opposite stiffness response with alignment, which is more similar to the

standard composite models.

In this chapter, a variety of different linking techniques are tested including ionic (physical)
cross-linking, covalent cross-linking by silanisation and dehydration reactions and matrix

infusion with polymers.

6.1 lonic cross-linking of INT fibres

Inspiration for ionic cross-linking was taken from sodium alginate gels which can be
cross-linked using salts with divalent cations such as Ca?*. The cross-linked gels form stiffer
networks which are more robust and insoluble in water.?3] As the outer surface of the INTs
are positively charged it was expected that multivalent anions would induce a similar physical
cross-linking process. The presence of ionic cross-linking was tested by injecting a small
quantity of INT spinning dope (11 mg mL?) by hand through a 21 g needle into a vial of
coagulant solution prepared from different salts (1 M). The gel fibres were than collected and
submerged into a petri dish of deionised water. The robustness of the gel fibres was assessed
by gently handling the fibres with tweezers at varying time intervals and the fibres were
recorded as either robust or fragile (Table 6). Fibres coagulated using salts with monovalent
anions (NaCl and CaCl;) weakened significantly when immersed in water and fractured easily
after soaking for 30 seconds and 1 minute respectively. In comparison fibres coagulated using
salts with multivalent anions were robust even after prolonged soaking of 30 minutes. The
resistance of these fibres to redissolution in water demonstrates the successful physical

cross-linking.
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Table 6. Stability of INT fibres prepared with various coagulants after washing in water. At each

washing time the fibres were recorded as either robust (V') or fragile (x).

Washing time / minutes
Coagulant
0.5 1 5 10 30

Sodium chloride X

Calcium chloride
Sodium citrate
Sodium succinate

Sodium tripolyphosphate

RN SR NN
RN NN
DRI NN
DRI NN
DR NEEE NN

Sodium sulfate

Attempts were made to spin INT fibres directly into a sodium succinate coagulation bath,
however several challenges occurred during spinning which prevented stable drawing of the
fibres. The concentration of the coagulant was varied from 0.001 to 1 M (compared to 2.7 M
CaCl, used previously). The Hardy-Schulze rule predicts that the critical coagulation
concentration of an electrolyte is given by the inverse sixth power of the valency of the
dominant ion.2 As such, a sodium succinate concentration of 0.04 M (=2.7/2°M) is
expected to have similar coagulating power as the CaCl; bath used previously. At high
coagulant concentrations (0.1-1 M) rapid coagulation at the spinneret exit led to clogging
which disrupted the spinning process. At very low coagulant concentrations (0.001-0.005 M)
the proto-fibre coagulated very slowly and underwent significant die swell when exiting the
nozzle. The proto-fibres also have a very low gel strength leading to sudden necking during
drawing and poor spinning stability. Intermediate concentrations (~0.01 M) were extruded
more stably; however the flow from the spinneret was not consistent, with the proto-fibre
being drawn with a pulsatile flow causing frequent fracture. The difficulty of spinning with
these cross-linking coagulants is probably related to the formation of a stiff, undeformable
surface to the proto-fibres which may not occur uniformly along the fibre length. Regions
which are rapidly cross-linked cannot deform under the draw and so areas which are less
linked are drawn significantly more, leading to the necking and fracture which has been
observed. In comparison, spinning in CaCl, baths is significantly more stable. Using a

non-cross-linking coagulant simply destabilises the INT solution and promotes the osmotic
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removal of water from the gel fibre without rigidly linking any INTs. As such, the gel fibre can
flow and deform readily, enabling stable and uniform draw. These trials indicate that a
non-cross-linking coagulant must be used for stable spinning of INT fibres and cross-linking

must be performed in a later processing step.

Figure 6.1. /n situ POM of spinning INT fibres in a sodium succinate coagulation bath with a salt
concentration of (a) 1, (b) 5, (c) 10 and (d) 100 mM. At low concentrations (a,b) there is large die swell
and weak gel strength leading to necking and failure. At intermediate concentrations (c) the flow is
pulsatile with periodic increases and decreases in diameter. At high concentrations (d), the spinneret
clogs rapidly disrupting the extrusion. White arrows indicate the polariser and analyser directions, and

red lines indicate the slow axis direction of a 560 nm retardation plate. Scale bars 2 mm.

Cross-linking was instead attempted by washing CaCl,-coagulated gel fibres in a sodium
succinate solution (0.1 M), rather than the deionised water used in Chapters 4 and 5. As the
fibres did not swell excessively in the cross-linking wash, longer washing times could be used
with the dipping method and fibres were dipped into the washing solution two times for 15 s
before drying in ambient conditions. These gel cross-linked (GCL) fibres were prepared under
the same conditions as the water washed (WW) INT fibres in section 5.2 (p.96) by spinning
them at varying draw ratio between 1 and 5 and tensile testing at relative humidity of 10 and
40% RH (Figure 6.2). The cross-sectional area of the GCL fibres was consistently higher than
the WW fibres, leading to lower packing densities of 0.15-0.3 compared to 0.25-0.67 for the

WW fibres. The tensile strengths and moduli of the GCL fibres were considerably lower than
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the WW fibres, giving a maximum of ~25 MPa and ~10 GPa respectively compared to
~150 MPa and ~35 GPa. The better performance of the WW fibres is not simply due to the
smaller cross-sectional area, since the absolute breaking force and tenacity were both also

higher for the denser WW fibres (Figure 6.2d).

In this process, the ionic cross-links are formed whilst the fibres are in their gel state with an
INT volume fraction assumed to be similar to the initial spinning dope concentration (~0.41%).
The cross-links therefore lock in a relatively expanded structure which cannot densify fully
during drying, resulting in the lower final packing density. Even if the cross-links can help
transfer load between the INTs, the lower packing results in fewer INT interactions and thus
an overall weaker fibre. Although the statistical power is weak in this experiment with only
2-6 samples per condition, a similar trend is observed with humidity as in section 4.3.2 (p.83),
where a higher modulus and lower strain-at-failure was observed at 10% RH compared to
40% RH. If the cross-links are active to restrict INT sliding in the fibres, it would be expected
that the GCL fibres should be less sensitive to humidity. In fact, there is no clear difference
between the GCL and WW fibres in this experiment, indicating that the ionic cross-links are
not sufficiently effective at preventing INT sliding, or that these ionic cross-links may
themselves be softened by the hydration. The implications of these experiments are that
cross-linking whilst the fibre is in its expanded gel state inhibits densification and worsens the
properties of the final fibre. Although the results are not totally conclusive, it also appears
that the ionic cross-links added in this process are not sufficient to prevent deformation in

the INT fibres and are hence unlikely to greatly improve fibre properties.
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Figure 6.2. (a,b) Structural and (c-f) mechanical properties of (red) gel cross-linked and (blue) water
washed INT fibres. Mechanical properties at 10% and 40% RH are shown with light and dark bars

respectively. Error bars indicate 1 standard deviation.
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6.2 Covalent cross-linking of INT fibres

The experimental work in this section was conducted by Jiawei Zhang, with my support,

during his BSc Chemistry course at Imperial College London. The discussions here are my own.

Cross-linking INT fibres whilst in their gel state leads to poorer mechanical properties due to
the inhibition of densification. In order to increase the inter-nanotube shear stress without
impacting densification, covalent cross-linking strategies for the dry, densified fibres have
been investigated. Two key reaction schemes have been explored: dehydration and

silanisation reactions.

6.2.1 Dehydration reactions

When heated, clay materials undergo structural changes which are typically separated into
three phases: dehydration, dehydroxylation and recrystallisation.[?*>! In the first of these
stages, adsorbed water is removed from the clay, typically leading to the collapse of pores
and the reduction of interlayer spacing. During the dehydroxylation stage, significant changes
to the crystalline structure occur as surface hydroxyls on the clay minerals condense,

liberating water. At even higher temperatures, new phases can crystallise.

In imogolite, all of these structural arrangements occur, with initial dehydration occurring at
around 100-120 °C, dehydroxylation around 300-400 °C and finally the crystallisation of a
mullite phase at temperatures above 900 °C.[2%% The dehydroxylation has been predicted to
be complete, with both inner and outer hydroxyls reacting,!?!”! and a series of mechanisms
have been proposed which involve fracture of the INT walls and subsequent collapse to a
lamellar structure.[?18219 The formation of these lamellar structures is likely to occur
alongside the formation of Ge-O-Ge and Al-O-Al bridges which may act to covalently link the

now distorted INTs in the fibre, effectively forming a linked ceramic network.

The dehydroxylation of the INT fibres was first examined using thermal gravimetric analysis
(TGA). A bundle of INT fibre was added to a sample pan and heated to 70 °C and held for
30 minutes and then the temperature was increased at 10 °C min™! up to 600 °C. The initial
desorption of physisorbed water occurred both during and after the isothermal step at 70 °C,
finishing at around 130 °C. The dehydroxylation mass loss was seen to occur between 310 and

410 °C, with a peak in the derivative sample weight at 360 °C (Figure 6.3a). The reversibility
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of these mass losses was explored by performing heating and cooling cycles to first 200 °C to
induce dehydration of adsorbed water and then 400 °C for dehydroxylation. Over the course
of the experiment, no significant reversion of the mass loss was observed, indicating that

these structural changes are preserved at least over a short time scale.

In order to test the effect of dehydration and dehydroxylation on mechanical properties, INT
fibres were treated by heating in air at either 200 °C or 400 °C for two hours, and then allowed
to slowly cool before mounting for single filament tensile tests. The treated fibres were
noticeably brittle compared to the as-spun fibres, making them more challenging to mount
and test. The fibres treated at 400 °C were especially difficult to handle and of the eight
samples prepared, it was only possible to successfully test three. The mechanical properties
of the as-spun fibres were consistent with those prepared previously (section 5.3.2, tapered
nozzle, DR 4, 40 cm washing bath) with tensile strength of 140 + 20 MPa and elastic modulus
of 24 + 3 GPa. The thermally treated fibres had higher elastic moduli but significantly lower
failure strains leading to lower tensile strengths (Table 7). Compared to the as-spun fibres,
the heat treated fibres are almost entirely brittle, with virtually no plastic deformation visible
in the stress-strain curve. Although the improvement to the elastic modulus through this heat
treatment is encouraging, the drastic increase in brittleness is an extreme disadvantage,
especially in making the fibres extremely challenging to handle. The 400 °C treatment is
shown to be very detrimental to fibre performance with a severe reduction of tensile strength
to approximately 40 MPa. The poor performance of these thermally treated fibres likely arises
due to the formation of an unfavourable microstructure consisting of stiff, brittle covalent
network with significant porosity. The low compliance and inhibition of plastic deformation

in this network likely leads to flaw driven failure, which can occur at low tensile stresses.
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Figure 6.3. TGA traces of INT fibres at (a) constant heating of 10 °C min-' and (b) heating and cooling
cycles to 200 °C and 400 °C at a rate of 10 °C min-'.
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Figure 6.4. Stress-strain curves for INT fibres (red) as-spun and (blue, yellow) after heat treatment at
200°C and 400°C for 2 hours.

Table 7. Mechanical properties of as-spun and thermally treated INT fibres.

Sample Tensile strength / MPa  Strain at failure / % Elastic modulus / GPa
As-spun 140+ 20 1.1+0.2 24 +3
200°C treatment 120+ 40 04+0.1 31+4
400°C treatment 40+ 8 0.17 £0.05 317
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6.2.2 Silanisation reactions

The INT outer surface is coated with hydroxyl groups which may be used for reactions to
create covalent linkages between the nanotubes. In the literature, oxysilanes and in particular
y-aminopropyltriethoxysilane (APS) have been used to functionalise INTs to increase their
compatibility with organic solvents.[22:2211 APS is reported to react at multiple places on the
imogolite surface, with the 2°Si NMR spectrum showing that the majority of the APS molecules
graft at three points.[?2!l A similar functionalisation process can be envisaged using
tetraethoxysilane (TEOS), where the TEOS may graft at up to four points, potentially creating

links between adjacent INTSs.

Silanisation of the INTs was conducted by soaking the INT fibres in a solution of TEOS in
ethanol (1-1000 mM) overnight (approx. 16 hours). Additional control samples were prepared
by soaking the fibres in pure ethanol. Silanisation of the INT fibres was confirmed using SEM
and energy dispersive spectroscopy (EDS). In general, little difference was observed in the
SEM images of as-spun, ethanol-soaked and TEOS-treated fibres (Figure 6.5), although some
small regions of the TEOS soaked fibres appeared to have a coating on the surface (Figure 6.5c
inset). EDS elemental analysis of the samples (Table 8) shows that the ethanol soaking of the
INT fibres removes remnant CaCl,. The Si content of the TEOS treated fibre (0.77 mol%) is
greater than the as-spun and ethanol soaked fibres (0.19 and 0.33 mol%). The degree of
grafting may be estimated by considering the fraction of surface hydroxyls which have been
reacted. Only the outer wall of the double-walled INT, which comprises 69% of the total mass,
is likely to participate in the reaction. Following the stoichiometry of the INT,
(OH)3Al,03Ge(OH), there are three outer surface hydroxyl groups for every two outer-wall Al
atoms. As the TEOS is able to bind at four sites, for full surface modification, a maximum of
one silicon atom is expected for every 3.9 aluminium atoms, corresponding to approximately
5 mol% in the fibre. In reality, the amount of Si measured in EDS is far lower indicating that

the TEOS surface modification, although possibly present, is not complete.

117



Figure 6.5. SEM micrographs of (a) as-spun, (b) ethanol soaked and (c) 1 M TEOS treated INT fibres.
Inset is a region of (c) which has a visible coating on the surface of the fibre. Scale bars 10 ym.

Table 8. EDS elemental analysis of as-spun, ethanol soaked and 1 M TEOS treated INT fibres.

Sample Al/mol% Ge/mol% O/mol% Si/mol% Ca/mol% Cl/mol%

As-spun 195+09 9.7+1.6 63+3 0.19 £ 0.05 3.5+0.5 4.4 +0.3
Ethanol soaked 23.1+0.3 11.6+0.8 63+1 0.33+0.04 0.57+0.05 1.45+0.1
TEQOS treated 229+16 121+*1.6 63+3 0.77+0.11 0.53+0.05 1.18+0.06

The mechanical properties of the treated fibres were assessed by single filament tensile tests
(Figure 6.6). The ethanol soaked controls, showed very poor tensile strengths (35 MPa) and
failed at a low strain (0.2 %). In comparison, the fibres treated with TEOS had improved
properties with tensile strengths of 150 and 170 MPa for TEOS concentrations of 0.001 and
1 M respectively, confirming the presence of some successful cross-linking. Similarly to the
thermally treated fibres, the TEOS cross-linked fibres have a stress-strain curve characteristic
of a brittle material, with no observable plastic deformation. The TEOS treated fibres have
marginally higher elastic moduli than the as-spun fibres, but a lower strain-at-failure. The
values of elastic modulus for these covalently-linked fibres are very similar to those that
underwent the thermal treatment at approximately 31 GPa. It is possible that this is the
limiting value for the network of INTs in this fibre, considering the intrinsic nanotube stiffness,

the porosity and the alignment in the fibre.
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Figure 6.6. Stress-strain curves for INT fibres (red) as-spun, (blue) after soaking overnight in ethanol

and (pink, yellow) after soaking overnight in solutions of TEOS in ethanol.

Table 9. Mechanical properties of as-spun, ethanol soaked and TEOS treated INT fibres.

Sample Tensile strength / MPa  Strain at failure / % Elastic modulus / GPa
As-spun 140 £+ 20 1.1+0.2 24 +3
Ethanol soaked 354 0.21+0.01 203
1 mM TEQOS 150+ 50 0.6+0.2 304
1 M TEQOS 170+ 30 0.6+0.1 28+4

6.3 Polymer infusion into INT fibres

The experimental work in this section was conducted by Jian Bi, with my support, during his

MRes Nanomaterials course at Imperial College London. The discussions here are my own.

Infusing a polymer matrix into the INT fibres may improve the properties by improving the
stress transfer between the constituent nanotubes. In the literature, poly(vinyl alcohol)
(PVOH) / INT nanocomposite fibres have previously been developed which show good

compatibility between the nanotubes and the matrix.['?3! To infuse the polymer into the INT
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fibres, firstly an aqueous solution of PVOH was prepared at 3 wt% and the fibres were
attached to a support frame and then carefully submerged in the polymer solution. The fibres
were introduced to the polymer solution vertically in order to break the surface tension
without removing the fibre from the support. Fibres were soaked for between 1 and
6 minutes and then removed from the solution to dry at constant strain under ambient

conditions.

A polymer coating can be seen on the outside of the infused fibres in SEM (Figure 6.7a),
compared to the as-spun fibres which have a corrugated texture within which INT bundles
can be identified (Figure 6.7b). The mechanical properties of the INT fibres were improved
with polymer infusion, with the tensile strength increasing from 170 MPa to a maximum of
350 MPa, whilst the elastic modulus increased from 24 to 71 GPa. However, the strain at
failure was significantly lower for the infused fibres, decreasing from around 1.5% to ~0.7%.
The mechanical properties steadily improved with longer infusion times up to 5 minutes,
whilst no further improvement was seen with a 6 minute infusion. It is difficult to be confident
in the significance of this result, as only one sample was tested for each infusion time,
however it seems that roughly 5 minutes is required to enable full diffusion of the polymer
into the INT fibre. Further study of the effect of infusion time on the structure and make up
of these polymer infused fibres is warranted. Gravimetric methods, whether measuring the
mass before and after infusion or via TGA, are limited by the small masses of the samples and
so it is expected that further study would require the use of imaging methods perhaps using

focused ion beam milling in an SEM to study the interior of the fibres.

These results provide an initial proof-of-concept that infusing a matrix into the INT fibres can
improve their properties and are promising for composite applications where the matrix will
ideally infuse into and around these fibre reinforcements. In particular, the elastic modulus
of the network is greatly increased, likely due to improved stress transfer in the fibre. It is not
clear from these experiments exactly how deeply the polymer is able to diffuse, although it is
unlikely that the strength improvements arise purely due to the sub-micron thickness surface
layer observed in SEM (which would require the polymer surface layer to have a tensile
strength of the order of 1.6 GPa, higher than the 1.4 GPa of optimised PVOH fibres(???l). The
final polymer loading fraction in the fibre is expected to be relatively low, as the infusion

solution is only 3 wt% PVOH. It may be possible to further improve this process by increasing
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the initial polymer content of the infusing solution and by exploring a variety of polymers and
molecular weights (MW). There is likely to be a competition between using a high MW
polymer for their superior intrinsic mechanical properties and a lower MW polymer which is

easier to infuse into the fibre.

Figure 6.7. SEM images of (a) polymer-infused and (b) as-spun INT fibres. Scale bars 5 um.
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Figure 6.8. Stress-strain curves for polymer infused INT fibres with varying infusion times compared

to as-spun controls.
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6.4 Summary

INT fibres were successfully cross-linked using a range of strategies including physical ionic
cross-links and covalent cross-links induced by dehydroxylation and siloxy networking. It was
found that cross-linking while the fibre is in its gel state leads to poorer mechanical properties,
due to the inhibition of densification leading to more porous fibres with lower strength and
modulus. The absolute breaking force and tenacity of these cross-linked fibres were lower
than the as-spun controls, showing that the reduction in strength and stiffness are not just
due to the larger area of the gel cross-linked fibres, but also due to poorer stress transfer

through the poorly densified network.

Covalent cross-linking has been demonstrated using dehydration reactions via thermal
treatment and solution-phase silanisation with TEOS. In both cases, the treated fibres are
more brittle than the as-spun fibres and have a similar failure strength. The elastic modulus
is the same for both of the covalent cross-linking strategies and is slightly greater than the

as-spun controls (~¥30 GPa compared to ~24 GPa).

Polymer infusion appears to be the most promising method for improving stress transfer of
the INT fibres and the best infusion conditions tested significantly improved the tensile
strength (from 170 to 350 MPa) and the elastic modulus (from 24 to 71 GPa). Further
optimisation of the polymer infusion, by increasing the polymer content of the infusion
solution and identifying the ideal polymer molecular weight, may yield further improvement,.
It may be that the optimum INT microstructures are different for as-spun and infused fibres.
In particular, it could be expected that with a stress transferring matrix, a more aligned

microstructure would offer the best performance.
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7 Dissolution of reduced CNT polyelectrolytes

7.1 Introduction

In this work, the reductive charging method for dispersing carbon nanotubes has been
investigated to identify the required conditions for creating homogeneous spinning dopes.
Firstly, a theoretical framework is presented for the required conditions to spontaneously
disperse CNTs, followed by molecular dynamics simulations to illustrate the process. This
analysis is then followed with an experimental study to identify the interplay between CNT

mass loading and degree of charging on the homogeneity of CNT solutions.

7.2 Theoretical framework for CNT polyelectrolyte solutions

The debundling of CNT polyelectrolytes is driven by the balance of attractive intertubular van
der Waals interactions and electrostatic repulsion, which may be screened by the presence
of condensed or mobile counterions. A smaller energetic contribution may also arise due to

solvent structuring, which leads to greater adhesion between nanotubes.

7.2.1 Van der Waals energy

The Lennard-Jones potential (U;) is commonly used to describe the short range repulsive and
longer range attractive forces between two non-bonded atoms as a function of their

separation x and is given by

A B
U (x) = —— 4+ — (21)
Lj x6  x12

where A and B are positive constants which describe the potential well depth and equilibrium
separation of the atoms. The overall van der Waals interactions (¢,qu) between two single-
walled nanotubes as a function of the nanotube separation (Rg.,) can be calculated by
integrating the Lennard-Jones potential over the two cylindrical surfaces with a mean atom

surface density, g,. The potential is given by

¢vdW(Rsep) = ff 0,% Uy (x) dZ; dZ, (22)

where x is the distance between the surface elements X; and £, on the CNTs 1 and 2. This

integral has been evaluated for a range of infinitely long identical tubes by Girifalco et al(2?3!
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and, through comparison to a group of other carbon systems, was used to identify a universal
graphitic potential given by,
dvow(R) 1 ( 3.41 )4 0 4( 3.41 )10
lpyow(Ro)l — 0.6[\3.13R + 0.28 ""\3.13R + 0.28

where |¢(R,)] is the well depth of the potential and R is a reduced distance parameter, which

(23)

for a pair of nanotubes is equal to the CNT wall separation, g, divided by the equilibrium tube

wall separation, g,.

The applicability of this potential was developed further by Sun et al??4 who determined the
potential well depths and equilibrium wall separations for interactions between nanotubes
of a range of diameters. For a pair of 1.2 nm diameter nanotubes, similar to the average for
the Tuball CNTs used in this thesis, a well depth of 85 meV Al and tube wall separation

distance of 3.15 A was obtained.

7.2.2 Electrostatic energy

Electrostatic interactions between two infinitely long charged nanotubes can be calculated by

considering the potential of an infinitesimal length of one nanotube with an infinite nanotube.

Due to the conjugated m orbitals, the charge on a CNT may be considered to be uniformly
distributed over the nanotube walls. Applying Gauss’ law - that the electric flux from a closed
surface is proportional to the enclosed charge - and recognising symmetry, the system can be
simplified. The interaction can be modelled as an infinitesimal point charge interacting with
an infinite line charge, as illustrated in Figure 7.1. The effective linear charge density, 4.4, of
a CNT can be calculated as

O, Tdent €

Aca = ~ n, (24)

where g, = 0.382 A2is the areal density of carbon atoms in a graphene sheet, d yr is the CNT
diameter, e is the elementary charge and n. is the charging ratio given as the number of

carbon atoms per elementary charge.
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Figure 7.1. lllustration of assumed charge density on a CNT. (Left) A tube of charge on the outer
surface of the CNT. (Right) A line of charge down the CNT axis.

The electric field at a distance x from an infinite line of charge density A.4 in @ medium with

relative permittivity of €, is given from Gauss’ Law by,

A
E = _Ted (25)
2TXEE,

where €, is the permittivity of free space. The electrical potential energy ¢z(X) of the
infinitesimal length segment &z with charge A.4; 6z can then be calculated relative to a

reference distance, x*, by integrating along a radial path from x* to X

Aca 2
¢p(X) = = —~ 26
(X)) = f (Apq 62 )2 rece, dx = Pmege, (Inx*—1InX) 6z (26)

In this calculation, the electric potential energy of our infinitesimal length segment is infinite
relative to a charge initially located at infinity (a result which arises from the fact that our
‘stationary’ CNT is infinite in length). However, as we are seeking to model the change in
potential energy with CNT separation, the absolute value of the energy is unimportant and
we can use any reference position to obtain finite values of potential energy. In this case, the

electrical potential energy is simply given by,

pe(X) = — “‘6 In(X) 6z 27)

o%r

This formulation is naive in that it does not consider the charge screening due to the sodium
counterions in a typical nanotubide dispersion, which may be present in either a condensed
Stern layer or in a diffuse Gouy-Chapman layer. These charge layers are expected to reduce
the electrostatic repulsion between the charged CNTs, so this calculation can be used to

indicate a minimum degree of charging for dissolution.
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7.2.3 Charging conditions for spontaneous dissolution

In sections 7.2.1 and 7.2.2, the energetic contributions of van der Waals interactions and
electrostatic repulsion have been derived for a pair of CNT polyelectrolytes in a medium with
dielectric constant, &, of 37.8 equivalent to that of the DMAc solvent used for
nanotubides.[??! Plotting the total interaction energy as a function of nanotube wall
separation indicates the stability of CNT bundles and is illustrated for varying charging ratios

with two different types of CNTs in Figure 7.2 using the parameters in Table 10.

Table 10. Van der Waals interaction parameters for a pair of 1.2 and 2.4 nm diameter CNTs, taken

from reference [224]

CNT Diameter Van der Waals well depth  Van der Waals equilibrium wall separation

/ nm / meV Al /A
A 1.2 85 3.15
B 2.4 121 3.16

The van der Waals energy contribution can be observed in the uncharged case, with a strong
short-ranged repulsive interaction and longer ranged attractive interaction leading to a
potential well at an equilibrium separation distance. Initial charging of the CNTs (NaCao to
NaCyo) leads to CNT individualisation becoming energetically favourable at large distances,
although an energy barrier to bundle separation exists at small inter-wall distances. As the
charge density of the CNTs increases further, the energy barrier is reduced until spontaneous

dissolution can occur at some critical charging ratio (Figure 7.3).
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Figure 7.2. Calculated interaction energies for a pair of (a) 1.2 nm and (b) 2.4 nm diameter CNTs in a
vacuum for varying degrees of CNT charging stoichiometry using equations (23) and (27). Curves
have been offset vertically for clarity.
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The critical charging ratio to enable spontaneous dissolution for the 1.2 nm CNTs is NaCis,
whereas it is NaCio for the 2.4 nm CNTs. As the calculation neglects the effects of charge
screening and condensation by counter-ions, this result provides only a lower bound for the
degree of charge required to dissolve CNT bundles. It may be anticipated that higher charge

densities are required to experimentally dissolve the CNTSs.
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Figure 7.3. Calculated energy barrier for separation of pairs of charged CNTs in vacuum with (grey)
1.2 nm and (red) 2.4 nm diameter.

7.2.4 Counter-ion condensation

When CNTs are chemically charged, as in the alkali metal reductive route, counter-ions are
produced and persist in the system. At low concentrations and degrees of charging these
counter-ions are expected to be ‘free’, however as the concentration and charge of the
polyelectrolyte increases, increased electrostatic attraction between the counter-ions and
the polyelectrolyte results in the condensation of the counter-ions, which then become
localised at the polyelectrolyte surface. These condensed counter-ions screen the
electrostatic repulsion between the CNTs and in extreme cases where a CNT bundle is fully

intercalated may also provide attractive interaction between layers of negatively charged

CNTs and positively charged counter-ions.
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The Oosawa-Manning two-state model, which has previously been applied to CNT
polyelectrolytes, 226! describes the counter-ions as either localised with the polyelectrolyte or
free to move. A condensation parameter ¢ describes the degree of charge condensation(??7]
where £ is given by,

e2

E_

=—2 28
N (8)
where A4 is the linear charge density of the polyelectrolyte. Above a critical value of £ = 1,
counterions are condensed onto the polyelectrolyte surface to achieve an effective screened

charged density corresponding to a € of unity.

Considering a 12 A diameter CNT in DMAc at room temperature, the condensation parameter

is given by,

213 ”
§=— (29)

where n. is the charging ratio, or the number of carbon atoms per elementary charge on the
CNT. It is clear that for typical dissolution conditions of NaCs to NaCyo charge condensation is

likely to take place and may reduce the stability of CNT solutions.

7.3 Molecular dynamics simulations of CNT solutions

The theoretical description of CNT polyelectrolyte solutions in terms of van der Waals and
electrostatic interactions identified a critical charging ratio to enable spontaneous CNT

dissolution between NaCis and NaCig depending on the CNT diameter.

In order to investigate the additional contributions of solvent-CNT interactions and
counterion condensation, molecular dynamics simulations were conducted using NAMD!148
with the CHARMM36 all-atom forcefield.??8] The CHARMM forcefield is comprised of
harmonic bond, angle and improper energies and sinusoidal dihedral potentials for bonded

atoms, alongside van der Waals and electrostatic non-bonded interactions.

Two parallel CNTs with a centre-to-centre distance of 13 A were added to a simulation box
alongside a stoichiometric number of sodium ions and DMAc molecules and then initialised
with two cycles of minimisation and equilibration (4 ps at 300 K) with fixed CNT positions. An
additional equilibration (20 ps) was then conducted with one CNT fixed and the other free to

move (Figure 7.4). The conditions used are required to minimise the number of atoms in the
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simulation box and hence reduce computation times, however they correspond to extremely
large effective CNT and sodium ion concentrations (500 mgent mL ! and [Na]~2-6 M). At these
concentrations the entropic penalty for charge condensation is reduced leading to extensive

condensation for most conditions (Figure 7.4f-j).

Figure 7.4. Snapshots of cut-throughs of the simulation box during equilibration for (a-e) uncharged
and (f-j) NaCs CNTs at (a,f) 0 ps, (b,g) 5 ps, (c,h) 10 ps, (d,i) 15 ps, (e,j) 20 ps. Carbon: light blue,

sodium: yellow, oxygen: red, nitrogen: dark blue, hydrogen: white

As the diffusion rate is slow for large molecules, it was required to use steered molecular
dynamics (SMD) to study the force profile for separating the CNTs. A dummy atom was
attached to the centre-of-mass of one of the CNTs and translated while the other CNT was
kept fixed, providing a force to separate the two CNTs. The simulation workflow from
initialisation and equilibration through to SMD simulation was repeated 5 times for CNTs

charged at charging ratios, NaCy, of 8, 10, 12, 20 and for uncharged CNTs (Figure 7.5).
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Figure 7.5. Snapshots of cut-throughs of the simulation box during steered molecular dynamics for
NaCs CNTs at (a) 0 ps, (b) 5 ps, (c) 10 ps, (d) 13 ps, (e) 15 ps, (f) 20 ps. CNT carbon atoms and

sodium ions are shown as spheres. Explicit solvent molecules are shown as lines.

The SMD force plotted as a function of the simulation time (Figure 7.6) indicates whether
separation of the CNTs is spontaneous (negative force) or requires energy input (positive
force). In the uncharged case, a small force is required to initially overcome an energy barrier.
For CNTs with a charging ratio of NaCyo the separation is spontaneous, however CNTs with
larger charging ratios require significant force for separation. This effect is due to the charge
condensation in the highly concentrated conditions used for the simulation, which leads to a
cohesive ionicinteraction between the CNTs and the interstitial sodium ions. It is notable here
that the contribution of the van der Waals interactions to CNT bundling is greatly reduced for
CNTs in solvent compared to a vacuum. The formation of solvent-CNT interactions offsets the
energy required to separate the CNTs, meaning that lower charging ratios are required to

dissolve the CNTs relative to those in the vacuum case.
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Figure 7.6. Force profiles for separating a pair of CNTs calculated using steered molecular dynamics.

7.4 Experimental determination of optimal CNT dissolution
conditions

In sections 7.2 and 7.3, the key variables and phenomena affecting the dissolution of CNT
polyelectrolytes were explored. It was shown that, in a vacuum, a charging ratio of at least
NaCis is required to separated CNTs of typical diameters (2.4 nm), although this value may be
reduced in a solvent due to the presence of favourable solvent-CNT interactions. At high
charging ratios and concentrations, charge condensation can lead to attractive ionic forces

between the CNTs mediated by the condensed sodium ions.

In practice, the dissolution of CNTs is further complicated by the mixture of helicities and
corresponding electronic density of states present in typical CNT feedstocks. At a given
nominal charging ratio it is expected that metallic and semi-conducting CNTs will have
different degrees of charge. In addition, dissolution may be inhibited by the presence of

physical entanglements between CNTs in the dry powder feedstocks.

The ideal CNT dissolution conditions were identified empirically using a series of optimisation

experiments. Initial work indicated that a charging stoichiometry of NaCy and higher led to
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poor dissolution with large agglomerates visible by eye. Indeed, charging at these levels has
been used within the research group to purify CNT feedstocks by preferentially dissolving
carbonaceous impurities leaving the pristine CNTs as an undissolved sediment.!®
Centrifugation steps to remove undissolved material from spinning dopes hinder the
economical application of reduced CNT solutions, and high agglomerate contents make
filtration challenging, so it is essential to identify dissolution conditions which minimise the

agglomerate content of the spin dopes.

7.4.1 CNT feedstock characterisation

The work in this thesis primarily uses two different CNT feedstocks; OCSiAl Tuball 01RWO03
(batch numbers 398 and 788) and Meijo eDIPS EC1.5 (lot number 8901404) CNTs. Both
manufacturers report that these CNTs are primarily single-walled CNTs with diameters in the
range of 1.2-2 nm, and low metallic catalyst impurities. The degree of metallic impurities of
the batches used in this work was assessed experimentally using TGA under a steady flow of
air at a temperature ramp of 10 °C min! with the remnant mass after complete combustion
assumed to be comprised of fully oxidised iron catalyst (Fe;0s). For the Tuball CNTs, the
remnant mass was 1.1-2.8% corresponding to an initial iron mass content of 0.8-2.0%, whilst
the eDIPS CNTs have an initial iron mass content of 2.4% (Figure 7.7). Surprisingly, the two
Tuball batches had markedly different TGA traces despite being ostensibly the product code.
The earlier received batch 398 has a much lower combustion onset and peak degradation
temperature, typically indicative of less pure and more defective CNTs which may also contain
more amorphous carbon.[???! |t should be noted here that whilst both batches 398 and 788
have been used in dissolution experiments, only batch 788 was used in fibre spinning. The
thermal stability of the eDIPS EC1.5 and Tuball (batch 788) samples are remarkably similar

and correspond to highly pure CNT samples.

The presence of amorphous carbon and defects on CNTs is also commonly quantified using
Raman spectroscopy (section 3.3.4, p.69), using the intensity ratio of the D (~1350 cm™) and
G (~1600 cm™) peaks (Io/lc). All the CNT batches used in this work have very low Ip/lg (~0.01)

indicative of highly pristine CNTs with few defect sites (Figure 7.8).
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Figure 7.7. TGA traces for (blue) Tuball 01RWO03 and (red) eDIPS EC1.5 CNTs with decomposition
onset and peak temperatures and remnant mass of oxidised metal catalyst.
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Figure 7.8. Representative Raman spectra and histograms of Io/ls values obtained across 10x10
maps of each sample for Tuball and eDIPS EC1.5 CNTs. Laser wavelength 532 nm.
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The length distribution and aspect ratio of these CNT feedstocks is not precisely specified by
the manufacturers (although OCSIAl state that Tuball CNTs are >5 um long). It can be
challenging to measure length distributions, particularly for longer CNTs. Methods have been
developed to estimate the average length using TEM images, despite CNTs traversing across
multiple images.[**°) However, these methods are liable to sampling errors as the smaller
CNTs are less likely to be collected and recognised on a typical holey carbon film. Instead, a
method of determining a ‘viscosity-averaged’ aspect ratio using extensional viscosity has
been developed by Tsentalovich et al.3% Whilst a suitable extensional rheometer was not
available to study the particular batches used in this work, the aspect ratios of a large number
of CNT sources have been reported in the literature.®® For each of the CNT sources, there is
a notable batch-to-batch variation in the measured aspect ratio, although despite this range
it is apparent that the true aspect ratio of the Tuball CNTs (~1000-3000) is somewhat lower
than that suggested by the manufacturer data sheet (>3000). No value for aspect ratio of the
eDIPS EC1.5 CNTs is reported by Meijo Nano Carbon, but based on the literature results!®®!
these CNTs appear to have a higher aspect ratio than the Tuball CNTs at ~4000-6000.

Table 11. Technical specifications of Tuball 01RWO03 and eDIPS EC1.5 CNTs used in this work. Bold

indicates values obtained experimentally, (italic)* indicates values obtained from manufacturer data

sheets and references are given for values obtained from the literature.

Specification Tuball 01RW03 eDIPS EC1.5

Synthesis method Plasma enhanced CVD Direct injection pyrolytic
synthesis

SWCNT content / % (99 +0.5)* (>90)*

Metal impurities / % 0.8-2.0 (0.8)* 2.4

Raman D/G ratio (532 nm) ~0.006-0.0015 (<0.025)* ~0.07 (<0.01)*

SWCNT diameter / nm (1.6 £ 0.4)* (~2)*

Aspect ratio ~1000-3000 %! (>3000)* ~4000-6000 °°!

7.4.2 Stirring and mechanical agitation

Stirring is qualitatively seen to be important to the dissolution of reduced CNTs. With no
stirring a cloudy black supernatant slowly forms whilst the majority of CNTs remain as a
swollen gel towards the bottom of the dissolution flask. Agitation by stirring can first
incorporate the gel into the solvent and then help to break up larger agglomerates through

viscous shear.
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The agglomerate content of a CNT dispersion can be reduced by stirring more vigorously. The
size and quantity of agglomerates in a CNT dope has been shown to be reduced by increasing
the stirring speed from 250 rpm to 400 rpm (Figure 7.9a,b). Inefficiencies can arise when
stirring CNT solutions in poorly sized vials. Using too small a vial for the solution volume can
result in intense stirring at the bottom of the vial, whilst the viscoelasticity of the liquid above
means the majority of the fluid remains stagnant above. The effect of the poorer stirring can
be seen in optical micrographs of the CNT solutions prepared with solution volumes of 4 mL

and 25 mLin a 25 mL vial (Figure 7.9c¢,d).

Figure 7.9. Transmission optical microscopy images of reduced CNT solutions prepared at (a,b)

4 mgent mL" NaCg with stirring at (a) 250 rpm and (b) 400 rpm and (c,d) 5 mgent mL' NaCeg with a
solution volume of (c) 25 mL and (d) 4 mL. All preparations were conducted in a 25 mL vial. Scale
bars 200 ym.

7.4.3 Charging ratio and CNT mass loading

Solutions of reduced CNTs (Tuball 01RWO03, batch 398) in DMAc were prepared at mass
loadings of 3, 4 and 5 mgent mL™ at charging ratios of NaCs, NaCg and NaCio with a volume of
4 mL and overnight stirring at 400 rpm. Qualitative comparison of the spin dopes, imaged with
optical microscopy, indicates that, for all mass loadings, a charging ratio of NaCg leads to

optimal dissolution (Figure 7.10). For each mass loading at charging levels either side of this
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optimum, a mottled texture appears due to the presence of small regions of poorly dissolved

CNTs.

The quality of the CNT solutions can be quantified by using a segmentation algorithm to
threshold the optical micrographs. A figure for the aggregate content is obtained from the
area fraction of the micrograph which is segmented. To correct for inconsistent illumination
due to scattering from capillary edges, an adaptive thresholding algorithm was chosen. The
Phansalkar local thresholding algorithm,23! initially developed to identify cell nuclei in dark,
low contrast regions of cytology smears is ideal for segmenting the CNT agglomerates within
these dark, relatively low contrast micrographs. The algorithm was applied using the Auto
Local Thresholding plugin from the FllI distribution of imageJ?32 with a background radius of
15 pixels. The agglomerate content increased with increasing mass loading of CNTs but at all
mass loadings the lowest agglomerate content was obtained for a charging ratio of NaCs

(Figure 7.11).

This change in agglomerate content indicates that there may be an upper limit to CNT
dissolution and that CNT spinning at mass loadings at 3 mgent mL? is likely to be more
successful than higher mass loadings. NaCs represents the charging ratio with the best
compromise between achieving sufficient charge on the CNTs to lead to electrostatic
repulsion and dissolution whilst limiting the amount of charge condensation, which in the
extreme case promotes agglomerate formation. This balance of effects, leading to an
optimum charging ratio, has been explored previously in the literature for both nanotubide
and graphenide solutions and a variety of different values for the optimum charging ratio are

reported from (Na/K)C7 to (Na/K)Cas. [& 9%, 226, 233]
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Figure 7.10. Transmission optical micrographs of reduced CNT solutions in DMAc at varying charging
ratios and mass loadings prepared from Tuball 01RWO03 CNTs (batch 398). Scale bars 200 ym
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Figure 7.11. Agglomerate content of reduced CNT solutions from Tuball 01RWO03 batch 398 as a

function of CNT mass loading and charging ratio as determined by Phansalkar local thresholding of
optical micrographs.

This process was repeated across a wider range of charging ratios and mass loadings using a
later batch of the same CNT product (Tuball 01RW03, batch 788). Solutions for each charging
ratio were first prepared at 5 mgent mL?! with a solution volume of 4 mL in a 25 mL vial and
stirred overnight at 800 rpom. Samples were collected in rectangular capillaries (Vitrocom

3520-050), sealed with wax and transferred out the glovebox for immediate observation. The
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solutions were then diluted to 3 mgent mL2, stirred overnight then observed followed by
dilution, stirring and observation at 1 mgent mL™2. In this case, coloured optical micrographs
were captured (Figure 7.12) with consistent illumination and colour balance conditions used
across the micrographs and exposure times selected to achieve good contrast. In general
exposure times of 2 ms, 1 ms and 0.1 ms were used for mass loadings of 5, 3 and 1 mgent mL?
respectively, however samples collected at charging ratios of NaCis and NaCy were
noticeably darker at higher mass loadings (Figure 7.12, insets) and hence higher exposure

times were required to obtain good contrast in these cases.

It can be clearly seen that the quality of dispersion is strongly driven by the charging ratio. At
particularly high charging ratios (NaCe) there is a mottled appearance of agglomerates. As the
degree of charging decreases to NaCio the agglomerate size and number is refined to achieve
a relatively uniform dispersion. At lower degrees of charging, incomplete dissolution is
observed with large agglomerates in poor quality dispersions. There is a noticeable transition
in the colour of the CNT solutions with charging ratio. At high degrees of charging, the solution
takes on a distinctly orange colour, which disappears when solutions are quenched by
exposure to atmospheric air. This colour is likely to occur due to a change in the electronic

transitions available in charged CNTs due to the change in Fermi level.

A similar local thresholding algorithm can be used to quantify the solution quality, however
because of the higher image contrast in this case, the Sauvola algorithm generates better
thresholding results. Similarly to Figure 7.11, an optimal charging ratio can be identified,
although in this case it appears at NaCip rather than NaCsg (Figure 7.13). It is clear from this
study of a wider range of charging ratios that the impact of having insufficient charge for
dissolution is more significant than having an excess of charge leading to condensation. It is
not clear why the optimum ratio is different in this case, although it may be due to differences
between the CNT batches, such as amorphous carbon contents or composition of

semi-conducting or metallic CNTs.
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Figure 7.12. Optical micrographs of reduced CNT solutions at charging ratios between NaCs and
NaC2o and mass loadings from 5 mg mL-' to 1 mg mL-" prepared from Tuball 01RW03 CNTs (batch
788). Images are collected with consistent illumination and colour balance. Exposure time was varied
for different mass loadings: 5 mg mL", 2 ms; 3 mg mL"', 1 ms; 1 mg mL"', 0.1 ms. Higher exposures
were required for certain conditions, for which the consistent exposure image is shown inset. Scale
bars 200 ym.
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Figure 7.13. Agglomerate content of reduced CNT solutions from Tuball 01RWO03 CNTs (batch 788)

as a function of CNT mass loading and charging ratio as determined by Sauvola local thresholding of
optical micrographs.

7.4.4 Filtration of CNT solutions

The requirement for high intensity stirring to disaggregate agglomerates in CNT solutions
presents a limit on the batch size and throughput of dissolution. Filtration through a metal
mesh can help reduce the agglomerate content by sieving out larger undissolved

agglomerates and by subjecting the solution to shear as it passes through the small apertures.

Custom syringe filters were created by combining Swinnex filter holders (Sigma-Aldrich,
13 mm, polypropylene) with a #500 stainless steel mesh (The Mesh Company, 26 um
aperture, 37% open area). The solutions were first collected into a syringe, the filter was fitted

and then extruded through into a collection vial. The resulting filtered dope was imaged in

transmission optical microscopy (Figure 7.14).

Figure 7.14. Transmission optical microscopy images of reduced CNT solutions prepared at
5 mgent mL-' NaCs with a solution volume of 25 mL (a) before and (b) after filtration through a 26 um
aperture stainless steel mesh. Scale bars 200 uym.
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Filtration through the mesh leads to a significant reduction in agglomerate content with the
effective removal of almost all large undissolved CNTs. This presents an opportunity to
prepare larger batches of CNT solutions with magnetic stirring. Due to the retention of some
fluid (~1 mL) within the filter holder, it was not possible to estimate the filtration yield but it
is expected that some of the CNT agglomerates are sieved out, whilst some may be
disentangled by the shear at the mesh and pass through. As such, the final mass loading of
the filtered spinning dope is not as well controlled but, despite this disadvantage, filtration
was used for the work described in Chapter 8, in order to achieve more homogeneous and

consistent spin dopes.

7.5 Summary

Through considering the processes affecting dissolution of reduced CNTs, the charging ratio
of the CNTs was found to be the most critical factor. Sufficient charge is required to overcome
the van der Waal’s interactions between CNTs in bundles in order to yield spontaneous
dissolution (section 7.2.3, p.126). However, under most charging conditions used in practice,
charge condensation can be expected, leading to the (partial) immobilisation of counter-ions
on the CNT walls. Molecular dynamics simulations of pairs of charged CNTs indicate that these
counter-ions can mediate attractive electrostatic interactions between the CNTs and may
prove detrimental to dissolution. Hence, it is expected that an optimal charging condition will
exist in which sufficient but not excess charge is added to CNTs, as has been previously

explored in the literature.

The optimum charging ratio for the dissolution process used in this work has been determined
empirically by quantifying the agglomerate content in the solutions observed by optical
microscopy. The optimum charging ratio was found to be independent of the mass loading
between 1 and 5 mgent mLtand is between NaCg and NaCio. The penalty for under-charging
the CNTs is significantly greater than that for applying excess charge. Therefore, to ensure
that good quality dissolutions are achieved consistently, further work in this thesis used NaCsg
as the preferred charging ratio. Using this ratio means that, even with changes of composition
and purity across different feedstocks, sufficient charge is used. In addition, a small excess of
charge may help to accommodate charge quenching from air leaks in downstream processing,

or any remaining moisture or oxygen trapped in the feedstocks or reagents.
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Experiments have also shown that the intensity of physical mixing is important during
dissolution. Care was taken in further work to use consistent volumes of solution, vials and
stirring rates to achieve consistent spin dope qualities. In addition, filtration through a 26 um
aperture stainless steel mesh was used to further improve spin dope homogeneity and

consistency.

142



8 Wet spinning CNT fibres

In order to use INTs as a useful analogue for CNTs it is important to understand how the
characteristics of the two materials compare. Following guidance from the literature, 8! it was
chosen to use single-walled CNTs in this work as they tended to produce the fibres with the
highest strengths. In general, the single-walled CNT feedstocks are somewhat longer than the
synthesised INTs, with typical lengths of 1-20 um compared to 200-700 nm.[23% |n addition,
the diameters of SWCNTSs are smaller at 1-2 nm, resulting in overall higher aspect ratios. The
persistence lengths of CNTs, while still large at ~1-100 um, 234238l js significantly less than the
double-walled Ge-INTs used earlier in this work, which have very high bending stiffnesses due
to their larger diameter and the greater number of covalent bonds within each wall. As such,
CNTs more readily form fibrillated bundles where the individual CNTs bend and deform to

form networks (Figure 2.9).

In addition, although both species are stabilised in solution by coulombic repulsion, the nature
of the charge is different. In the case of INTs, the surface charge is permanent and localised,
arising from the inherent structure of the INT due to variations of bond valency in the tube
wall.['®71 |n contrast, the charge on the CNTs is transferred from a reducing agent as free
electrons. This CNT charge is mobile and highly reactive, as illustrated by the range of
functionalisation reactions which are known, and may be easily quenched.? The differences

between CNTs and INTS are likely to strongly influence the coagulation kinetics.

8.1 Rheology of CNT solutions

Despite these distinctions, as solutions of high aspect ratio nanomaterials, CNT and INT
solutions should have broadly related rheological behaviour. However, differences in the
solvent viscosity, nanotube aspect ratio, feedstock size-dispersity and rigidity will have
significant influence. CNT polyelectrolyte solutions are extremely sensitive to air, making
typical rheometers unsuitable. A simplified, home-built capillary rheometer was, therefore,
used to characterise the fluids. Essentially, the pressure drop was measured for a constant
flow of unquenched material passing through a capillary. The CNT solutions are significantly
more viscous than INT solutions, even at low mass loadings of just 0.5 mg mL™ (Figure 8.1a).
In the range of shear rates studied (~10-1000 s?) the flow curves closely follow a power law

model, as given previously in equation (11) (p.90), and a power law index can be used to
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describe the flow curve where an index less than 1 indicates shear thinning behaviour. The
CNT solutions are more shear thinning than the INT solutions with power law indices of 0.19
and 0.08 for CNT mass loadings of 1 and 5 mg mL™ respectively compared to 0.48 for aqueous
INT solutions at 11 mg mL™* (section 5.1.1). Similarly to the INT solutions, the degree of shear
thinning increases with the mass loading of the nanomaterial, showing that as concentrations
are increased, greater care may be required to process the dope uniformly during wet
spinning (Figure 8.1b). The velocity profiles of these solutions flowing in a cylindrical pipe can
be predicted, as before, using equation (12) (p.91). In both 1 and 5 mg mL* solutions, there
is almost no shear in the central region of the pipe. As shown previously using INTs (section
5.1.2, p.92), this lack of shear could lead to inhomogeneous fibres, where the fibre
microstructure is influenced by the domain structure of the spinning dope, and inconsistent
properties. Due to the opacity of the spinning dopes and the diameter of the spinneret at the
start of the taper (~1.4 mm), it was not possible to visualise the alignment of the CNTs using
transmission POM with either a polarised lightbox and digital microscope or a 100 W halogen

lamp and benchtop microscope.
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Figure 8.1. (a) Flow curves for (black/grey) Tuball CNT and (brown/orange) INT solutions as
determined by capillary rheometry. (b) Power law indices for the straight line fits to the flow curves for
(black) CNT and (orange) INT solutions as a function of nanotube mass loading. (c) Predicted velocity
profiles for (black solid line) 5 mg mL-' and (grey dashed line) 1 mg mL-' CNT solutions flowing in a

cylindrical pipe compared to the (dotted line) parabolic profile of a Newtonian fluid.
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8.2 Preparation of CNT spinning dopes

Spinning dopes were prepared using Tuball 01RWO03 and eDIPS EC1.5 CNTs following the best
identified conditions in section 7.4 (p.131). In order to ensure the spinning dopes remained
in the optimal charged state, and were protected against small amounts of quenching from
air ingress or incompletely dry solvents, they were prepared at a charging ratio of NaCs. A
typical batch size of 25 mL was used with vigorous stirring. The eDIPS CNT solutions were
qualitatively very different to the Tuball solutions. They appeared to be more viscous and also
optically less homogeneous. Whilst the Tuball spinning dopes were generally uniform on the
10-100 um length scale, the eDIPS solutions had a strongly mottled texture with large
variation in optical absorbance across the micrograph (Figure 8.2). This texture shows that
the CNTs are not homogeneously distributed throughout the spinning dope, and there are
signs of the presence of long connected bundles in the micrographs. It is likely that the longer
CNTs in the eDIPS feedstocks (section 7.4.1, p.132) are more entangled and therefore more
difficult to individualise via reductive charging. POM images of the CNT spinning dopes are
difficult to interpret due to the opacity of the CNT solutions limiting the amount of
transmitted light (Figure 8.3). The domain structure of the solutions is less apparent than for
the INT solutions, and may indicate that the formation of mesophases may be kinetically
hindered by the viscosity of the solution and CNT entanglements. Nonetheless, regions of
orientational ordering can be seen as bright birefringent areas in the micrographs, showing

that CNTs do preferentially align in these solutions.
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Figure 8.2. Transmission optical micrographs of CNT spinning dopes collected in 0.2 mm thick
rectangular capillaries prepared at a charging ratio of NaCs from (a,b) Tuball 01RWO03 and (c,d)
eDIPS EC1.5 CNTs at mass loadings of 1 and 5 mgcent mL™". Note: colour and brightness of images
should not be compared as different illumination and image acquisition conditions were used in each

case. Scale bars 200 um.

(@)

Figure 8.3. Transmission polarised optical micrographs of CNT spinning dopes collected in 0.2 mm
thick rectangular capillaries prepared at a charging ratio of NaCs at mass loading of 5 mgent mL™" from
(a) Tuball 01RWO03 and (b) eDIPS EC1.5 CNTs. White arrows indicate polariser and analyser directions.
Scale bars 200 pm.
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8.3 Identifying the CNT spinning processing window

The charged CNT polyelectrolytes are highly reactive and are known to react with oxygen
present in air and a variety of chemical reagents.®” The discharging process occurs relatively
quickly and a 30 mL vial of reduced CNT solution can gellate within seconds of exposure to
ambient conditions. This behaviour can create challenges for spinning CNT fibres and requires
careful choice of coagulant and spinning conditions to achieve stable spinning. In early
experiments, it was observed that the tapered glass spinnerets used to spin INT fibres
frequently clogged during CNT spinning and were challenging to clean. A silanisation
treatment with dichlorodimethylsilane was found to greatly reduce the adhesion of CNTs to
the glass surface, reducing the occurrence of nozzle fouling and enabling them to be easily
cleaned by flushing with solvent. In order to explore the CNT processing window, a variety of
conditions were studied, using different coagulants, spinning dope concentrations, nozzle
sizes, injection rates and draw ratios. Videos were collected of the spin dope emerging from
the spinneret for a mixture of conditions. These videos were compared to identify the key
conditions that affect the stability of CNT spinning, minimise nozzle fouling and enable the

stable extrusion of a consistent filament.

8.3.1 Coagulant

The coagulant for wet spinning must typically be an antisolvent for the solute but miscible
with the spinning dope solvent so that the solvent diffuses into the coagulation bath whilst
the solute solidifies into a fibre. In the case of these CNT solutions, any chemical species which
can remove charge from (quench) the CNTs can act as an effective antisolvent. In principle,
the rate of coagulation can be adjusted by varying the concentration of the quenching agent

in an inert solvent.

Using the pure polar aprotic solvents, DMAc or THF, as the coagulation bath leads to very
poor extrusion of the spinning dope. As the dope leaves the spinneret orifice, there is
significant swelling and the solution then tends to adhere to the outer surface of the
spinneret. As a result, further extrusion of more CNT solution created large ‘bubbles’ at the
spinneret rather than a useful filament (Figure 8.4a,b). The INT fibres were successfully
coagulated using a salt solution with a high ionic strength as the coagulation bath, where the

counterions screen the electrostatic repulsions (Chapters 4 and 5). A similar approach was,
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therefore, attempted using these CNT solutions, although the choice of salts was limited by
poor solubility of inorganic salts in polar aprotic solvents.!?3”] Spinning into a 1 M solution of
LiBr in DMAc was not significantly better than the pure solvents, with the formation of large
globs of poorly coagulated CNTs at the spinneret orifice (Figure 8.4c). More uniform filaments
were occasionally formed when spinning in the salt solution, however, the fibre gel strength

was extremely low, resulting in fracture when even gentle tension was applied (Figure 8.4d).

Adding ethanol to these polar aprotic solvents, to act as an explicit quenching agent, led to
significantly improved extrusion. At 5% (v/v) ethanol in DMAc, a continuous filament could be
extracted from the spinneret, although it was very distorted with a large die swell and
extremely inconsistent diameter (Figure 8.5a). Increasing the concentration of ethanol to 20%
enabled the spinning of a uniform filament which was stable over time, with significantly less
die swell (Figure 8.5b). Successful extrusion was also obtained using pure ethanol as the
coagulation bath (Figure 8.5c), although it was seen that over time ‘hair-like’ CNT deposits
formed around the spinneret orifice which eventually disrupted the extrusion (Figure 8.5d).
The introduction of protic ethanol into the coagulation bath rapidly quenches the spinning
dope, forming sodium ethoxide and either hydrogen gas or hydrogenated CNTs. The loss of
charge increases the net attractive interactions between the CNTs which imparts strength and
some rigidity to the gel fibre. The more rigid proto-fibres swell less as they exit the spinneret,
were less likely to adhere to the spinneret and maintained their uniform filamentous shape

whilst being ‘pushed along’ by further material during free flow extrusion.

Empirically, acetone behaves as an ideal coagulant, with smooth, uniform extrusion of a
consistent filament. Reactions between reduced CNTs and carbonyl compounds to produce
functionalised CNTs have previously been studied!?®® and functionalisation with carbon
dioxide has also been observed.[?3! Similarly, acetone may also react with the reduced CNTs
in solution, quenching their charge and causing them to coagulate out of solution. However,
the reaction pathway of acetone and nanotubide is not well understood, and may proceed
with deprotonation of acetone followed by base-catalysed aldol condensation or potentially
simply by nucleophilic addition at the carbonyl carbon. However the reaction proceeds, we
would expect to produce some oligomerised or cyclised acetone-derivatives!?*% which may,
or may not, be grafted to the CNTs. The kinetics of coagulation with acetone qualitatively

appear to be slower than with ethanol, potentially due to a longer reaction pathway. Even
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using acetone as a coagulant, the gel strength of the fibre remained relatively low causing

failure near the spinneret orifice when under draw (Figure 8.6).

In summary, some charge quenching reactivity was needed in the coagulant to stably extrude
consistent CNT filaments. Stable extrusion was achieved with acetone and with mixtures of

ethanol in DMAc with concentrations varying between 20 and 100% ethanol.

Figure 8.4. Microscope images of CNT solutions extruded into polar aprotic solvents; (a) DMACc,
(b) THF and (c,d) 1 M LiBr in DMACc, (c) before and (d) after gentle tension was applied by hand.

Figure 8.5. Microscope images of CNT solutions extruded into (a) 5% ethanol in DMAc, (b) 20%
ethanol in DMAc and (c,d) ethanol.
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Figure 8.6. Microscope images of CNT solutions extruded into acetone showing necking and filament

fracture under excessive draw.

8.3.2 Dope concentration

The effect of dope concentration on extrusion stability was investigated by comparing
identical extrusion conditions with spinning dopes of 2.5 and 5 mgent mLL. In all cases,
extrusion was poorer at the lower dope concentration, with significantly less stable flow.
Despite these apparent instabilities, continuous filaments were still collected at the lower

dope concentration.

5 mgenr mL™ 2.5 mgenr ML

Figure 8.7. Microscope images of CNT solutions with dope concentration of 5 and 2.5 mg mL"

extruded into (a,b) acetone at 5 mL hr', (c,d) acetone at 10 mL hr' and (e,f) ethanol at 5 mL hr'.
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8.3.3 Extrusion velocity

Qualitatively, it was seen that nozzle fouling occurred most frequently when extruding at
relatively slow injection rates, with the formation of deposits at the spinneret orifice. In some
cases, these deposits could be removed by rapidly increasing the flow rate, displacing them
from the tip. However, on return to the lower flow rates they would form again and start to

disrupt the flow after approximately 1 minute.

The formation of these deposits was reduced by increasing the velocity of injection, by either
reducing the size of the spinneret orifice or increasing the flow rate of the injection. Two
different spinneret nozzles (orifice diameter 511 and 329 um, Figure A6) and two different
flow rates (5 and 10 mL hr?) were used to explore this fouling in both acetone and ethanol
coagulation baths. The spinning dope was injected into a static coagulation bath under
free-flow conditions (i.e. with no take-up) and, for each case, the extrusion was categorised
as unstable, poor or satisfactory (Figure 8.8). In all cases, the quality of the extrusion was
improved by increasing the extrusion velocity. Satisfactory extrusion was achieved in acetone
at a velocity of 13.5 mm s%, whilst a higher velocity of 16 mm s was required when spinning
into ethanol. These trends follow the previous observations (section 8.3.1, p.148) that the
coagulants which more rapidly quench the CNT solution are most prone to spinneret fouling

and therefore require a higher extrusion velocity.

The relationship between coagulation speed and extrusion velocity was investigated further
using binary mixtures of ethanol and DMAc, where the speed of coagulation was expected to
be proportional to the concentration of ethanol in the coagulation bath. A consistent
spinneret was used throughout this experiment (orifice diameter 281 um) with the extrusion
velocity varied between 2 and 58 mm s by adjusting the injection rate on the syringe pump.
As before, extrusion was unstable in pure DMAc, and improved significantly when using a
coagulation bath containing ethanol (Figure 8.9a). Increasing the concentration of ethanol in
the coagulation bath improved the extrusion stability with the best performance over the
widest range of extrusion velocities for coagulation baths containing 50% and 75% ethanol by
volume. Extrusion was poorer using pure ethanol as the coagulant, predominately due to the

formation of the previously noted hair-like deposits at the spinneret tip (Figure 8.9c).
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Low extrusion velocities resulted in a kinked proto-fibre with a diameter which varied along
the fibre length (Figure 8.8b and Figure 8.9d,f). When the spinning dope is injected at a slow
rate, the coagulation can occur before it is extruded from the nozzle, forming a plug. The plug
is then pushed out by the following material, leading to a region with a smaller diameter and
the process repeats with the pattern resulting in kinks and diametral variations with a distinct
periodicity. Extruding at a faster rate reduced this behaviour in all the coagulants, resulting in

better quality extrusion at higher extrusion velocities.

Orifice diameter

S
5 mL hr’

Acetone
Injection rate

10 mL hr!
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Figure 8.8. Microscope images of CNT solutions extruded into (a) acetone and (b) ethanol at a range
of velocities varied by changing the spinneret orifice diameter and the injection rate. (c) Extrusion was

categorised as (red) unstable, (yellow) poor and (green) satisfactory for each condition.
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Figure 8.9. (a) Processing window for extrusion of CNT spinning dope into binary mixtures of ethanol

and DMACc with (b-g) microscope images of selected process conditions.
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8.3.4 Draw ratio

For the INT fibres, it was crucial to apply even a small amount of draw to maintain uniform
alignment after leaving the spinneret (section 5.1.4, p.95). Draw ratio was similarly expected

to be important when spinning CNT fibres.

As the draw ratio was increased, instabilities were observed on the proto-fibres with a
periodic variation in the diameter characteristic of draw resonance.?*! Draw resonance is
typically found to occur at a critical draw ratio, which can be as low as 3 for shear thinning
polymer melts.[?*2l The CNT spinning line has been modelled by Jeong and Kim et al.,[243!
identifying the stability window of the spinning process as a function of the Deborah number
(rotational relaxation time divided by residence time in the spin line) for solutions of CNTs in
chlorosulfonic acid coagulated in acetone. The maximum stable draw ratio varied from
approximately 1.5-4 with the critical draw ratio decreasing as Deborah number (and hence

flow rate) increased.

The stable draw ratio window for spinning CNT fibres, using the reductive approach, was
determined for acetone and ethanol at two different extrusion velocities. Similarly to the
model by Jeong and Kim, when coagulating in acetone, the maximum stable draw ratio was
lower at higher extrusion velocities. Onset of resonance was visible at draw ratios of 1.5 and
1.3 for extrusion velocities of 16 and 32 mm s respectively and increasing the draw ratios
further (to 1.8 and 1.5) led to filament failure. Stable spinning with no observable signs of
draw resonance was possible at a draw ratio of 1.2 for both extrusion velocities. In
comparison, the proto-fibres are much less drawable in ethanol than acetone, with filament
failure occurring at draw ratios of 1.1 and 1.2 for extrusion velocities of 16 and 22 mm s™*. This
trend with flow rate deviates from that expected in draw resonance models,!?*3 suggesting
that filament failure in pure ethanol coagulants is driven by the poor extrusion at low flow

rates (as discussed in section 8.3.3, p.152) rather than draw resonance.
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Figure 8.10. Critical draw ratios for draw resonance instabilities for spinning in (circles) acetone and

(diamonds) ethanol.

8.3.5 CNT feedstock

In addition to the OCSiAl Tuball 01RW03 CNTs used above, spinning experiments were trialled
with Meijo eDIPS EC1.5 CNTs. Compared to Tuball, the extrusion of eDIPS spinning dopes was
visibly less stable and the proto-fibre emerged with a variable diameter which appeared to
be due to inhomogeneities in the spinning dope (Figure 8.11). As seen in the images of the
CNT solutions where the eDIPS CNTs are less well dissolved (section 8.2, p.146), the CNTs in
the spinning dope do not appear to uniformly distributed resulting in a ‘lumpy’ proto-fibre
due to the extrusion of regions with more and less CNTs. This behaviour was consistent across
a range of extrusion velocities and appeared to be characteristic of the spinning dope,
although in general a better quality extrusion was observed at higher injection rates. Despite
the irregular appearance of these proto-fibres it was possible to consistently spin fibres from
these feedstocks, and in the conditions tested (50% ethanol in DMACc), no issues with nozzle

fouling were observed.

(a) (b) (c)

Figure 8.11. Microscope images of 5 mg mL-' eDIPS CNT solutions extruded into a 50%
ethanol/DMAc coagulation bath at a velocity of (a) 11, (b) 22 and (c) 41 mm s
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8.4 Effect of process parameters on CNT fibre tensile properties

Whilst exploring the process parameter window for stable spinning, fibres were collected
where possible and the mechanical properties were determined by a single filament tensile
test. As a large number of process variables were changed throughout this experiment,
directly comparable data are not always available for each parameter. However, grouping the
mechanical properties as a function of the key process variables provides an initial
comparison. Firstly, the tensile data is compared for Tuball CNT fibres spun using a variety of
coagulants and then Tuball CNT fibres are compared to eDIPS CNT fibres. Where possible,
properties are explored as a function of the draw ratio, the mass loading of the CNT dope and

the extrusion velocity.

8.4.1 Coagulant

For the Tuball CNT fibres, there is significant scatter within the tensile results for each of the
coagulants used and, as a result, no statistically significant differences were identified
between the coagulants (Figure 8.12). These data suggest that there is no singularly ideal
coagulant, and instead strong (and weak) fibres may be produced with each coagulant
depending upon the other process parameters; furthermore, batch-to-batch variability has a
significant impact on the fibre properties. However, some of the best performing fibres were
coagulated in the 50% ethanol coagulant, with the specific strength values falling into two
distinct groupings (Figure 8.12c). The weaker grouping, with a specific strength of
approximately 0.2 N tex?, were extruded at significantly higher extrusion velocities
(60-90 mm s') compared to the stronger grouping, centred around 0.35 N tex?, extruded at
more moderate velocities (20-30 mm s). A potential conflating factor is that these groups
were also spun from different batches of CNT solutions. Without a control between these
groups it is not possible to rule out variation in the quality of the spinning dope, perhaps by

oxygen infiltration in the glovebox or other experimental variation.
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8.4.2 Draw ratio

More directly comparable data are available for exploring the effect of draw ratio, as fibres
were sometimes collected at different draw ratios during the same spinning experiment.
Within each experiment, there was no significant difference in tensile strength or specific
strength, however there was consistently a higher elastic modulus and lower strain at failure
for fibres spun with a higher draw ratio (Figure 8.13). This outcome indicates that the
characteristics of the CNT fibres are modified by the draw ratio, but that the intrinsic strength
is more greatly affected by the other processing parameters. A possible interpretation is that
higher draw ratios result in more aligned fibres, with increased stiffness but reduced ductility.
It was difficult to verify this hypothesis due to the difficulties of determining CNT alignment
without synchrotron X-ray sources (section 3.3.3, p.64), but it is consistent with such
measurements made elsewhere in the literature.[78 2441 Whilst this argument runs counter to
the results obtained for INTs in Chapters 4 and 5, the nature of the nanotubes and their
networks are quite different (Figure 2.9, p.36 and section 8, p.143). There is, therefore, an
opportunity to create a series of grades of CNT fibres, with some designed for higher stiffness

and others designed for higher strain applications.
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8.4.3 CNT feedstock

Despite the apparent instabilities seen when extruding fibres from the eDIPS spinning dopes,
the fibres show remarkably good mechanical properties with significantly higher strength
(~170 MPa and ~0.4 N tex!) than the Tuball fibres (~¥120 MPa and ~0.35 N tex!) despite
having similar bulk density (Figure 8.14). The difference between the fibre properties is driven
by a higher yield strength of the eDIPS fibres, as seen on the stress strain curves (Figure 8.14g).
The behaviour of the fibres is qualitatively the same, with an initial stiff elastic response
followed by yield with plastic deformation, but with quantitatively superior properties for the
eDIPS fibres. In this case, the higher aspect ratio of the eDIPS CNTs likely leads to a more
entangled network in which more CNTs are loaded efficiently, which requires a higher overall
stress before plastic deformation can occur. The initial modulus of the fibres is less strongly
affected by the length of the CNTs, as it pertains to a loading condition below the critical shear
stress in both sets of fibres, although the eDIPS fibres appear to have a slightly higher stiffness.
As the bulk densities for these fibres are equivalent within error, this increased stiffness must
relate to improved network efficiency in the eDIPS fibres, in a similar way to the jammed

networks in INT fibres (section 4.3.3, p.85).
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8.4.4 Dope concentration and extrusion velocity

As the mechanical properties of Tuball and eDIPS CNT fibres are significantly different, it is
important to separate them when exploring the data to identify the influence of extrusion
rate, extrusion velocity and spin dope mass loading. For the Tuball CNT fibres, there were
comparable data available for fibres spun from spinning dopes with CNT mass loadings of 2.5
and 5 mgent mL! for acetone and ethanol coagulation baths (Figure 8.15). Across these data,
there is no significant difference between the sets of fibres. For each mechanical property the
values for 2.5 mg mL* exists within the range of values for 5 mg mL* suggesting that across
this range of values, the mass loading of the CNT spinning dope has, at most, a minor impact
on the fibre properties.

For the eDIPS fibres, a series of experiments were conducted using spin dope mass loadings
of 1 and 5 mg mL%, at a range of extrusion velocities, with an acetone coagulation bath and
consistent spinneret and draw ratio (Figure 8.16). It is immediately apparent that for
extrusion velocities greater than 20 mm s, the fibres spun from the 1 mg mL?! dope are
significantly stronger than those spun from the 5 mg mL? dope on both an area and a mass
basis (Figure 8.16a,c). The higher strength coincides with a higher CNT bulk density (and
hence packing density), which may partly explain the difference in strength. However, the
bulk density does not vary significantly with extrusion velocity (Figure 8.16f), whereas the
strength increases sharply above a critical rate. This trend follows the observations that the
stability and consistency of extrusion is highly dependent on the velocity (section 8.3.3,
p.152), and it therefore follows that strength, which is a highly defect dependent property,
improves for conditions with more stable spinning. The effects of varying the mass loading
and extrusion velocity can be observed in the specific stress-strain curves (Figure 8.16g). The
fibres spun at an extrusion velocity of 9 mm s undergo significantly more plastic deformation
at lower stresses, whilst higher stresses are required to plastically deform those extruded at
higher velocity. The instabilities in extrusion at low velocities may result in regions with a
more deformable microstructure, potentially due to areas with lower local density and
variations in alignment.

In summary, the key process factors affecting the CNT fibre properties appear to be the type
of CNT, and the parameters affecting solution quality and extrusion stability, for a given set

of other conditions. The eDIPS CNTs showed significantly improved mechanical properties
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compared to Tuball CNTs (specific strength 0.4 vs 0.35 N tex!) when tested with an equivalent
spinning dope mass loading of 5 mg mL, despite the comparably poorer extrusion stability
(section 8.3.5, p.156). Reducing the eDIPS CNT mass loading to achieve a more homogeneous
spinning dope and increasing the extrusion velocity to obtain more stable extrusion results in
further significant improvement in tensile properties to a specific strength of 0.8 N tex™. In
comparison, the homogeneity of Tuball CNT spinning dopes is not significantly affected by
mass loading and hence the fibre properties are similarly insensitive to this parameter.
Although the importance of achieving a stable extrusion with long, high quality CNTs has been
demonstrated here, it is still unclear how changing the coagulation process affects the CNT
fibres. No significant difference was apparent between acetone and a variety of
ethanol/DMAc coagulation baths despite the expectation that coagulation kinetics and the

time allowed for coagulation and diffusion should affect the fibre microstructure.
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8.5 Batch-to-batch variation in CNT fibre properties

In order to explore the batch-to-batch variation of CNT fibre properties across identical
conditions, the best initial fibre conditions (eDIPS 1 mg mL?, acetone coagulant, DR 1.2,
varied extrusion velocity) were repeated three times over the course of several months using

separately prepared CNT spinning dopes.

There was a significant error in determining the cross-sectional area of the fibres by
transmission microscopy due to diametral variation along the fibre length and, although this
was mitigated somewhat by averaging over the cross-sections for the individual filaments,
there was significant batch-to-batch variation (Figure 8.17a). The random sampling along the
length of the tensile specimens resulted in large variations in the measured diameter and this
error was maghnified in the calculation of the cross-sectional area. Due to this random error,
there was considerable scatter in the calculated tensile strength and elastic modulus of the
fibres; fibres with a smaller measured cross-section had a significantly larger calculated
strength (Figure 8.17c¢,d). Unfortunately, this uncertainty also affected calculations of the
fibre density, making comparisons of packing fraction across different conditions extremely
challenging. Instead, in order to obtain an estimate for the tensile strength of the produced
fibres, the average breaking force for each condition can be divided by an approximate

cross-sectional area averaged over the whole data set.

It was found that the breaking force of the fibres was surprisingly consistent across batches
for each spinning condition. Using the spinning conditions to calculate the CNT linear density
(which is constant for all these fibres at 0.078 gent km™t) allows us to determine the specific
strength which provides us a metric for fibre strength which is consistent across the batches
(Figure 8.17e). Ignoring some outliers, which may have arisen due to some experimental
error, the difference in the mean values between batches is at most 10% and more typically
less than 5%. Incidentally, removing these outliers reinforces the trend of specific strength
with extrusion velocity discussed in section 8.4.4. It might be expected that the specific
modulus should provide a similarly useful indicator, however intra-batch scatter for the
modulus is significantly higher making comparison more difficult across different conditions.
In this work it was not possible to measure the linear density of individual tensile specimens

in a conventional manner due to their extremely low mass (~1.5 pg), although vibroscopic
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techniques may be used in future work. In order to justify the calculation of linear density
from the spinning parameters a 1.66 m length of fibre (with a calculated linear density of
0.098 gkm™?) was weighed using a TGA balance. The determined linear density
(0.138 £ 0.004 g km™) is somewhat higher than the calculated value, perhaps indicating the
presence of some remnant reagents such as trapped solvent or naphthalene within the fibres.
As such, the true specific strength of these fibres may be ~30% lower than those reported
here in units of N gent™! km, however, the calculated strengths are still suitable for comparison

within the sample sets.

The strain at failure is independent of other measurements and can be confidently identified
for each tensile sample with an estimated error of 0.1%, although as with the specific modulus
there is a significant intra-batch variation, which may limit its utility as a comparative metric
(Figure 8.17b). Increasing the consistency of the strain at failure and specific modulus would
likely be possible by more tightly controlling some of the extraneous experimental

parameters in further development of this lab scale batch process.
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8.6 Optimising CNT fibre spinning

With an understanding of the key parameters which result in stable spinning, the CNT
spinning process can be optimised. Following the conditions which previously yielded the best
properties, the process was explored further using eDIPS CNT spinning dopes with a mass
loading of 1 mg mL! and a draw ratio of 1.2. The same spinneret was used throughout these
experiments with an orifice diameter of 346 um and taper semi-angle of ~9° (Figure 3.4, p.54).
For three different coagulants (acetone, 25% ethanol/THF and 75% ethanol/THF), the
mechanical properties are measured across a range of extrusion velocities and coagulation
bath lengths. This approach enables a comparison of the coagulants across a wide processing
window and illustrates how the optimal processing parameters and peak fibre properties
differ between the coagulants. A total of 60 different conditions were tested with at least 5
fibre specimens per condition. The specific strength and specific modulus for each condition
was calculated and plotted as a function of extrusion velocity and coagulation time, and then
fitted with surface in OriginPro 2020 smoothed with a Thin Plate Spline method using a

smoothing parameter of 0.1.[245 246]

Acetone has a relatively wide processing window, with specific strength greater than
0.7 Ntex! for all conditions with an extrusion velocity greater than 15 mms? and a
coagulation time less than 6 s; this group has a mean strength of 0.76 N tex* (Figure 8.18a).
In contrast, when using 25% ethanol/THF coagulation baths the fibre strength tends to be
weaker but is significantly improved with longer coagulation times whilst there is little
dependence upon extrusion velocity; fibres with a coagulation time less than 6 s have an
average strength of 0.51 N tex! compared to 0.67 N tex* for coagulation times greater than
6s (Figure 8.18b). For 75% ethanol/THF baths, extrusion velocity appears as the most
important factor, with improved properties for extrusion velocities greater than

15 mm s (Figure 8.18c).

The poorer properties at lower extrusion velocities are almost certainly related to the less
stable extrusion under those conditions. It is interesting to note that the more aggressive
coagulants (acetone and 75% ethanol/THF) are more sensitive to the extrusion velocity. For
faster acting coagulants, the spinning dopes are more likely to have some charge quenched

whilst still in the spinneret leading to the formation of fouling deposits and less consistent
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spinning and hence a higher extrusion velocity is required to prevent that effect. In
comparison, the 25% ethanol/THF fibres are relatively unaffected by the extrusion velocity
within this range under study (10-40 mm s?). It should be noted that instabilities had
previously been observed when extruding CNT fibres into weaker coagulants at low velocities
(section 8.3.3, p.152) but it is possible that those instabilities have a lesser impact on the CNT

properties than those with stronger coagulants which appear with a ‘stick-slip’ morphology.

The results as a function of coagulation time suggest that there is an optimal ‘degree of
coagulation’ or ‘degree of charge quenching’ for the fibres before removing from the
coagulation bath and allowing to dry and densify. For the stronger coagulants, the required
coagulation time is relatively short and good fibre properties were obtained with a residence
time of just 0.9 s for acetone and 75% ethanol/THF. In comparison, at least 4 s and preferably
greater than 6s bath residence times are required to achieve good fibre strengths in
25% ethanol/THF. This difference of a factor of 4-6 is approximately in line with the relative
concentrations of ethanol in the coagulation bath (a factor of 3) given some of the
uncertainties around the experiment. In the case of acetone, there is some evidence of
over-coagulation at times longer than 10 s, at which point the specific strength is noticeably
lower than for shorter coagulation times. The coagulation process is complex, involving both
charge quenching, possible surface reactions and the diffusion of solvents in and out of the
fibre. It is important to note that at the end of the coagulation bath the diameter of the gel
fibre is not substantially different to the point of injection and that extensive densification
only occurs as the CNTs dry after removing from the coagulation bath (Figure 3.3). In a
condition with long residence times the gel fibre may completely quench of charge, locking in
a low volume fraction state (initially ~0.05%) which then does not densify as efficiently in a
manner analogous to the issues observed when gel cross-linking INT fibres (section 6.1,

p.109).

As noted previously, there is significantly more intra- and inter-batch variation in specific
modulus which makes comparison more challenging and prone to over-fitting, especially due
to the presence of some distinct outliers within the data sets (e.g. Figure 8.19b at 15 mm s},
8 s). However, some trends are apparent and in general the specific modulus and specific
strength follow similar dependencies upon the extrusion velocity and coagulation time for

each coagulant (Figure 8.19). For acetone baths, the fibres tend to be stiffer for higher
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extrusion velocities and shorter coagulation times and for 25% ethanol/THF longer
coagulation times tend to be stiffer. For 75% ethanol/THF the trends are less clear and the

specific stiffness is relatively uniform across the process space.

The effect of coagulation time on the fibre microstructure was investigated by taking some
select samples for SEM imaging. Samples were selected with an intermediate extrusion
velocity of 21 mm s and coagulation times of 1.6 and 12-14 s (Figure 8.20-Figure 8.22). All
the CNT fibres possess the same general appearance with diameter of 10-12 um and a ridged
morphology, which presumably develops during densification as a rigid skin layer of the gel
fibre folds. Higher magnification images show that the fibres are primarily comprised of
bundles of CNTs with lateral sizes of 10-50 nm. The bundle level microstructures are not
particularly distinctive across the different conditions imaged and most show some degree of
preferential alignment along the fibre axis. In general, bundles aligned along the fibre axis are
thicker and appear continuous at the length scale imaged here. These major bundles are
connected by smaller intermediary bundles which weave across the structure. It is clear from
the SEM images that the fibres are not particularly densely packed on the bundle length scale,
with a large amount of interstitial space visible on these fibre surfaces. Qualitatively, the
nanostructure of the 12 s acetone coagulated fibre appears to be significantly more isotropic
than the other fibre samples (Figure 8.20b). This fibre also had a lower specific modulus than
the sample with the 1.6 s coagulation time (44 +4 vs. 56 +9 N tex!). These observations
support the hypothesis that long coagulation times in acetone are detrimental to fibre

properties due to fixing in a low volume fraction structure, which cannot effectively densify.
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Figure 8.18. Surface plots and contour maps of specific strength of CNT fibres as a function of
coagulation time and extrusion velocity for (a) acetone, (b) 25% ethanol/THF and (c) 75%

ethanol/THF coagulation baths. Error bars indicate 1 standard deviation.
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(a) Acetone, 1.6 s
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Figure 8.20. SEM images of fibres spun in acetone with an extrusion velocity of 21 mm s-' and

coagulation time of (a) 1.6 and (b) 12 s.
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(a) 25% EtOH/THF, 1.6 s (b) 25% EtOH/THF, 14 s
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Figure 8.21. SEM images of fibres spun in 25% ethanol/THF with an extrusion velocity of 21 mm s-!

and coagulation time of (a) 1.6 and (b) 14 s.
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(a) 75% EtOH/THF, 1.6 s (b) 75% EtOH/THF, 12
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Figure 8.22. SEM images of fibres spun in 75% ethanol/THF with an extrusion velocity of 21 mm s-!

and coagulation time of (a) 1.6 and (b) 12 s. .
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The specific conductivity, measured using a four point probe arrangement, was found to
range between 0.31 and 0.43 kS m? kg1 for these fibres. The specific modulus is correlated to
the specific conductivity at the 90% confidence level (Figure 8.23a). As such, within this
dataset there is evidence for a positive relationship between the degree of CNT orientation,
specific modulus and specific conductivity, which agrees with literature meta-analysis.[® The
measured specific conductivity corresponds to an areal-basis conductivity of approximately
0.1-0.2 MS m™, which is within the typical range of reported results for undoped CNT fibres
(0.02-0.6 MS m). The highest conductivity fibres in the literature are almost exclusively
doped typically with acid, which arises naturally during either solution spinning or acid
post-processing of direct-spun CNT fibres (Figure 8.23b,c). If multifunctional performance is
desired, doping methods should be investigated to increase the electrical conductivity of the

fibres produced in this work.
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Figure 8.23. (a) Scatter plot of specific modulus against specific conductivity with linear regression.
Error bars indicate 1 standard deviation. (b,c) (Specific) conductivity and modulus for aligned FW-CNT

fibres from literature database:[®8! (grey circles) undoped, (red triangles) doped and (blue stars)
this work.
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8.7 Spinning higher aspect ratio CNTs

The greatest effect on CNT strength identified has been the CNT feedstock used, with fibres
produced from Tuball CNTs reaching a maximum specific strength of 0.4 N tex! compared to
0.8 N tex* for Meijo eDIPS EC1.5 CNTs. In order to improve the fibre properties further it was
therefore attempted to spin fibres from the highest aspect ratio CNTs that were commercially
available. Although reliable length data is typically not available for the majority of CNTSs,
reports from other groups suggest that the (difficult to source) Meijo eDIPS EC-DX range of
CNTs may be significantly longer than the more available EC1.5 feedstocks and in the
literature a batch of EC-DX CNTs with an estimated aspect ratio of 6700 has been used to
produce some of the highest performing CNT fibres to date with a tensile strength of 4.2 GPa
and modulus of 260 GPa (specific strength 2.1 N tex1).[106]

8.7.1 Dissolving higher aspect ratio CNTs

The EC-DX CNTs are supplied in a slightly different morphology to both the OCSiAl Tuball and
eDIPS EC1.5 CNTs used elsewhere in this project (Figure 8.24). The Tuball CNTs were received
as a fluffy powder, whereas the eDIPS EC1.5 CNTs were a tangled film. The EC-DX CNTs are
more densely packed and entangled and were received as a pressed puck from which pieces

were manually removed for experiments.
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Figure 8.24. Photograph of as-received Tuball, eDIPS EC1.5 and eDIPS EC-DX CNTs.

Dissolving the EC-DX CNTs proved more challenging than both Tuball and EC1.5 CNTs with
large, entangled agglomerates up to 1 mm long in solutions prepared at 1 mgent mL?
(Figure 8.25a). Stirring with a higher viscosity fluid is expected to be more efficient and so to
aid breaking up the aggregates, a solution was first prepared at 2 mgent mLt and then diluted
back to 1 mg mL™. The resulting solution had a distinctly finer texture, but significant numbers

of large agglomerates were still present (Figure 8.25b).
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Figure 8.25. Transmission optical micrographs of EC-DX NaCs CNT solutions prepared at
(a) 1 mgent mL" and (b) 2 mgent mL-" followed by dilution to 1 mg mL-'. Scale bars 500 pm.

Further improvement was sought by preparing and then serially diluting 5 mg mL™? solutions
followed by filtration through a 26 um stainless steel mesh in a Swinnex filter holder. When
filtering these solutions a large back pressure was required and the solution eventually leaked
around the mesh filter, leading to a modest reduction in the number of agglomerates
(Figure 8.26a). Attempts to disaggregate the agglomerates by bath sonication were
unsuccessful, with no observable change to the solutions (Figure 8.26b). Despite the presence
of the undissolved material, it is clear that a significant portion of the CNTs is dissolved. The
solutions appear uniformly dark when observed by eye and polarised optical microscopy
shows large regions of birefringence around the agglomerates. The birefringent solution flow
aligns along the axis of the rectangular capillary after loading by capillary action, as seen in
the significantly higher birefringent signal when the capillary axis is aligned at 45° to the

polariser and analyser (Figure 8.26c¢,d).
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Figure 8.26. Transmission (polarised) optical micrographs of EC-DX CNT solutions prepared at
1 mgent mL" and NaCs after filtration and (a) before and (b-d) after bath sonication. (c,d) Polariser
and analyser directions are indicated by white arrows and capillary orientation by the diagram.

Scale bars 500 ym.

8.7.2 Tensile properties of higher aspect ratio CNT fibres

Fibres were spun from the solutions using two of the best identified conditions with the
EC1.5 CNTs: acetone coagulant, coagulation bath length 15 cm, draw ratio 1.2, extrusion
velocities 21 and 38 mm s and corresponding coagulation times of 6 and 3.2 s respectively.
Disappointingly, the properties of these fibres were poorer than the equivalent conditions
with EC1.5 CNTs. The mean specific strengths for the EC-DX fibres are 0.58 and 0.63 N tex*
for extrusion velocities of 21 and 38 mm s* compared to 0.72 and 0.71 N tex* for the EC1.5
fibres (Figure 8.27a), whilst an even greater difference was observed in the specific moduli
with 33 and 27 N tex! for EC-DX compared to 58 and 48 Ntex?® for EC1.5. However,
promisingly the strain-at-failure for the EC-DX samples tended to be greater. It is expected
that improving the dissolution of these higher aspect ratio CNTs should lead to better
mechanical properties and further research may be directed towards higher shear mixing

processes, such as centrifugal or rotor-stator mixers, to disentangle the undissolved CNTSs.
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Figure 8.27. (a-c) Mechanical properties and (d) representative specific stress-strain curves for
(purple) EC1.5 and (green) EC-DX CNT fibres coagulated in a 15 cm acetone bath with extrusion
velocity of (solid line) 21 and (dashed line) 38 mm s-'. Error bars indicate 1 standard deviation.

8.8 Summary

Wet spinning from CNT polyelectrolyte solutions has been demonstrated and the key process
parameters have been identified. Stable extrusion into a coagulation bath requires a
sufficiently high coagulant reactivity, and a sufficiently high extrusion velocity. Specific
strength is strongly dependent upon the chosen CNTs, with the longer eDIPS EC1.5
outperforming Tuball 01RWO03 CNTs by a factor of two (0.8 N tex* compared to 0.35 N tex?).
However, using even higher aspect ratio feedstocks has challenges with large agglomerates
(>500 um) present in solutions of eDIPS EC-DX CNTs, resulting in disappointing mechanical
properties for fibres produced from this feedstock. The solutions prepared in this study were
mixed using a magnetic stirrer bar, which is relatively inefficient for the shear thinning
solutions and so it is recommended to investigate high shear mixing or centrifugal mixing to
attain high quality spin dopes from higher aspect ratio feedstocks to attain better mechanical
properties. The ideal injection velocity and residence time in the coagulation bath during

spinning is related to the coagulant composition with more reactive coagulants requiring a
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higher injection velocity to avoid nozzle fouling, whilst less reactive coagulants need a longer
residence time. The widest processing window and best fibre properties have been attained
using acetone as a coagulant, and spinning is recommended with a 1 mgent mL? spinning
dope, 346 um diameter tapered spinneret, injection velocity between 15 and 40 mm s and
a coagulation time between 2 and 6 s. The best fibres produced using this process had specific
strength of ~0.8 N tex? and specific modulus of ~60 N tex! and a failure strain between
4 and 8%. There are difficulties with accurately measuring the cross-sectional area of the
fibres, but a conservative over-estimate of 250 um? predicts a tensile strength and modulus
of 250 MPa and 19 GPa respectively and a bulk density of 0.31 g cm™3. A more optimistic
estimate for the cross-sectional area of 150 um? predicts strength, modulus and density of
420 MPa, 32 GPa and 0.52 g cm3. The density of all the fibres produced from the reduced
CNTs is relatively low, which may be due to the high reactivity of the spinning dope, in which
a relatively low density network is formed before significant diffusion of the initial solvent can
occur. Following guidance from other wet spinning processes, this challenge may be
alleviated by using a higher temperature coagulation bath to aid diffusion. Unfortunately,
using less reactive coagulants seems to have a negative effect on extrusion stability. Whilst
the properties of the fibres produced in this work lag somewhat behind those demonstrated
via the extensively optimised superacid wet spinning process (4.2 GPa and 2.1 N tex tensile
strength and specific strength), that has had over a decade of development, for an early

exploratory study they are encouragingly high.
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9 Conclusions and further work

This work has investigated the assembly of nanotubes into fibres via wet spinning processes.
Firstly, a method to spin fibres purely from imogolite nanotubes (INTs) was developed and
the properties of these fibres were explored (Chapter 4). The resulting fibres consisted of
partially oriented (+ 9-12°), low density (packing fraction 40-60%) networks of rigid INTs. High
aspect ratio INT feedstocks were required for stable fibre spinning, in particular to draw the
relatively weak gel fibre from the coagulation bath. Spinning a larger diameter fibre helped
to reduce the stress in the fibre from surface tension mediated drag and improved the
stability of spinning. The INT fibres are intrinsically sensitive to humidity due to their
hygroscopic nature, an effect which is magnified by the presence of remnant salts from the
coagulation processes. Interestingly, less aligned INT fibres were stiffer than more aligned
fibres, in contradiction to conventional assumptions. The effect is attributed to the more
efficient formation of a jammed network at lower degrees of alignment that aids stress

transfer within the fibre and reduces intertube sliding.

The INT fibre spinning process was then developed further to achieve more consistent
processing, using in situ polarised optical microscopy to study the alignment of INTs during
flow (Chapter 5). The shear thinning solutions displayed plug flow in cylindrical channels,
which led to inhomogeneous alignment along the fibre length. The extensional flow in a
tapered spinneret induced flow alignment throughout the bulk of the spinning dope prior to
extrusion, producing fibres with more consistent properties. Whilst a complete study of the
effect of various spinneret shape parameters was not possible in the scope of this project,
tapered spinnerets can be strongly recommended for wet spinning nanomaterial fibres with
shear thinning spin dopes. The washing required to remove the coagulation salt from the INT
proto-fibres leads to two critical changes to the fibre microstructure. Longer washing times
led to an increased packing density, due to salt removal, and decreased alignment in the
fibres. The combination of these two effects led not only to significantly stronger and stiffer
fibres at higher washing times, but also higher specific strength implying improved network
efficiency. The properties of these fibres (strength 170 MPa, stiffness 23 GPa) are surprisingly
good considering the relatively low aspect ratio of the INTs (~50-300). There is significant
scope to improve performance using higher aspect ratio INTs. Using aluminosilicate rather

than aluminogermanate INTs would increase specific properties (although decrease the X-ray
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scattering intensity used for characterisation). The greater flexibility of single wall, rather than
double wall, INTs might help to improve the packing density and increase the number of
intertube contacts in more aligned fibres. Especially in the case of higher aspect ratio INTSs,
this may lead to a return towards a more typical stress transfer mechanism, rather than a

reliance on jammed networks.

Alternatively, other means of improving stress transfer within the INT fibre could be applied
as explored in Chapter 6. Cross-linking the INT fibres in their gel state (before densification
through drying) lowered the mechanical properties of the subsequent fibres by inhibiting
densification. This result is generally useful to consider when wet spinning nanomaterial
fibres, since it demonstrates that densification is crucial to obtain good mechanical properties
and that cross-linking must be applied after any post-processing used for densification. In the
overall context of this project, the discovery that gel state cross-linking is detrimental to
properties is disappointing, as one of the key potential benefits of the reduced CNT system is
to enable cross-linking reactions during fibre spinning. Covalent cross-linking of densified INT
fibres was then attempted through dehydration and silanisation reactions. In both cases, the
cross-linking led to a modest increase in elastic modulus to 31 GPa but a reduction in the
failure strain to 0.4-0.6% and a more brittle failure mode, with no significant increase in
tensile strength. Infiltrating a PVA matrix into the INT fibre increased both strength and
modulus of the fibres, providing a general strategy to improve the mechanical properties of
these relatively porous fibres. This approach to producing polymer/INT fibres can attain
higher INT mass loadings compared to the direct spinning from PVA/INT dopes (limited to

~13% INT) resulting in stiffer, stronger fibres.

The INT fibres represent a new nanomaterial system, readily studied by X-ray scattering and
polarised microscopy. The understanding of load transfer in loosely packed nanorod or
nanotube fibres has general relevance, and due to their high rigidity the double walled
Ge-INTs may act as an excellent experimental analogue for mechanical models of stiff rods.
In addition, INT fibres may prove to be useful in their own right, given their complementary
properties to CNT fibres, including electrical insulation, low optical absorbance and
hydrophilicity. With development, the mechanical properties could be significantly improved.
In the same way that glass fibres are used in preference to carbon fibres for lower cost

applications, it is possible that INT fibres could be commercially competitive as structural
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reinforcements due to their low temperature synthesis and relatively straightforward
aqueous processing. However, similarly to glass, the specific mechanical properties of INT
fibres are unlikely to ever compete with CNT or carbon fibres due to the relatively high mass

of the inorganic nanotubes.

Wet spinning CNT fibres from reduced polyelectrolyte solutions was explored broadly. Firstly,
dissolution conditions were optimised to achieve an agglomerate free solution of well
dissolved CNTs (Chapter 7). Optimal dissolution was observed at a charging ratio of NaCio,
however the optimum appears narrow, with CNTs remaining significantly agglomerated when
even slightly less charged. Considering that adventitious air or moisture can easily quench
some of the charge, NaCs was chosen as the ideal charging ratio to provide some buffer during

downstream processing and maintain high quality solutions.

Next, a variety of wet spinning conditions were assessed to attain stable extrusion of a CNT
fibre and then optimised to achieve the best possible fibre properties (Chapter 8). Similarly
to INTs, CNT solutions are shear thinning but to a much greater degree and are significantly
more viscous at around 300 mPa s compared to 4 mPa s at a mass loading of 3 mg mL! and
shear rate of 100 s}, likely due to their higher aspect ratio. Drawing on the learning from the
INT system, tapered glass spinnerets were used to spin CNT fibres, and it was found that
silanising the glass surfaces greatly simplified cleaning and reduced the adhesion of CNTs to
the nozzle during spinning. Although initially considered to be a potential benefit of the
system, the high reactivity of the charged CNT solutions poses some challenges with the fibre
spinning process. In the INT system, gel cross-linking was shown to be detrimental to the fibre
properties and balancing the rate of coagulation of the CNT fibres with the solvent diffusion
rates in wet spinning is difficult. Reactive, charge quenching coagulants are required to enable
stable extrusion with a minimum ethanol content of 20% (v/v), but fibres spun from these
coagulants still exhibit the non-circular cross-sections symptomatic of wet spinning with too
fast a coagulation rate relative to diffusion. This rapid coagulation is likely also a contributing
factor to the relatively low density of the CNT fibres produced in this work (~0.3-0.5 g cm3)
with estimated packing fractions as low as 15-25%. Despite these challenges, the properties
of the CNT fibres are relatively encouraging given the early stage of development with specific

strength and modulus of 0.8 and 60 N tex™ respectively and tensile strength and modulus of
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approximately 250 MPa and 19 GPa. For comparison in 2009, five years after first publication,
super-acid spun CNT fibres had tensile strength of ~300 MPa.[1%!

Improving the properties of fibres produced from reduced CNT polyelectrolytes will require
further research in two distinct areas. Firstly, the dissolution process for higher aspect ratio
CNTs will need to be optimised. Whilst it is believed that the identified charging ratio of NaCs
should enable the initial debundling of CNTs of any length, physical mixing methods will need
to be adjusted to reflect the differences in rheology as CNT aspect ratio increases. Suggested
methods include high shear rotor-stator mixers, centrifugal mixers, resonant acoustic mixers
or high pressure homogenisers. Meanwhile, identifying and sourcing the highest aspect ratio
CNT feedstocks is difficult and a wide study investigating different suppliers and
manufacturers may be justified. Measuring the aspect ratio of CNTs is not straightforward but
qualitative comparisons may be made via measurements of viscosity. The theory relating
extensional viscosity and CNT aspect ratio is well established?3% but capillary rheometry as
described in this work may also be used to rank prospective CNT sources. For industrial
scale-up, more concentrated spinning dopes will be needed to improve production rates and
reduce costs. Significantly more powerful pumps and higher pressures will be needed to

explore this regime.

Secondly, further investigations are required into the coagulation and densification of the CNT
fibres. Reducing the coagulation speed and increasing the solvent diffusion rate may both
enable improved densification of the CNT fibres. Reducing the coagulation speed will require
stabilising the extrusion of the CNT spinning dopes in less reactive coagulants. Possible
options include using directed flows in the coagulation bath or a co-flowing spinneret to
support the fibre during its initial extrusion. Further optimisation of spinneret shapes and
surfaces may also prevent the nozzle fouling and adhesion problems which reduce the
stability of the extrusion process. Meanwhile, temperature control of the coagulation bath
would allow the diffusion rates during coagulation to be adjusted, potentially finding an
optimum balance as has been sought in wet spinning processes for polymer fibres. Exploring
these effects will require some scale-up beyond the fibre spinning equipment used in this
project but may be found within a pilot line research facility. However, the highly air-sensitive

spinning dopes will create additional challenges and demands on facilities.
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Finally, in analogy to chlorosulfonic acid treatments on direct-spun CNT fibres, reductive
charging may be useful to post-process pre-existing CNT materials, for example those
produced by dry spinning. As these materials are already in fibre form, difficulties of extrusion
into weaker coagulants are no longer a problem, and careful gentle discharging may provide
some opportunities for microstructural modification or covalent cross-linking in a more

densified state.

Nanomaterial fibres are a broad family of materials which may be useful for their structural
performance or multifunctional characteristics. Whilst in many cases the processing is
analogous to that of polymer fibres, the size, shape and rigidity of nanotubes creates some
unique challenges in spinning which necessitates extensive research and development. The
commercialisation of a fibre material is a long process, with most mature technologies taking
decades to go from conception to wide-scale application. Nanotube fibres have shown very
promising results at this early stage of development and are now starting to attain properties
competitive with commercial materials. This work has demonstrated one method of
accelerating development, by using INTs as an analogue to improve CNT fibre spinning, but
has also widened the known field of nanomaterial fibres to include straight, rigid inorganic

nanotubes with uniform structure.

Despite the range of possible nanomaterial fibres, CNTs are likely to remain a key research
focus due to their high strength, low density and favourable analogy to strategically valuable
carbon fibres. CNTs may provide a route to make carbonaceous fibres with a fundamentally
lower environmental impact and more sustainable sources of CNTs are being developed, from
the reformation of natural gas or production from the CO; in flue gases. Several routes have
been identified to produce CNT fibres. At this early stage it is difficult to conclusively identify
which route will be most successful. Although the best specific fibre properties are currently
obtained through a combination of direct spinning and superacid post-processing, this
method has the most scale-up challenges and development risk due to the low production
rate from direct spinning and the potential detrimental effects of remnant acid. An alternative
route of wet spinning from reduced CNT solutions was explored in this project, and a number
of processing challenges were identified and overcome. A potential research route to further
improve the properties of these fibres has been suggested, which will help determine

whether they can be a true future competitor to carbon fibres.
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A2 Appendix figures
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Figure A1. Infrared spectra of INT feedstocks as a function of growth time. (a) 5 days, (b) 12 days,
(c) 20 days, (d) 30 days, (e) 40 days. Peaks at 1635 cm™' correspond to H20 bending mode.
Vibrational bands at 915, 835 and 805 cm-1 are related to Ge-O stretching and the broad peak

around 555 cm™' corresponds to Al-O stretching. Collected by collaborator, Erwan Paineau, and

reproduced from [192],
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Y

Figure A2. lllustration of modified Wilhelmy method to estimate fibre gel strengths. The stress within

the fibre is given by o = g = Zmnyrzosg = Zyiosg where y is the coagulant surface tension (83 mJ m?2), r

is the radius of the gel fibre and 6 is the angle between the fibre axis and coagulant surface. The

approximation that 9 is small is used to determine the fibre stress as o~2y/r. Reproduced from [192],
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Figure A3. Stress strain curves of fibers from INT-20d tested at 40% RH with no prior conditioning

(light blue) or with initial conditioning at 85% RH for two hours (black). Reproduced from [1921.
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SEI WD14mm x1,300 10um

Spot O/at% Al/at% Ge/at% Ca/at% Cl/at%
001 62.1 20.8 8.7 2.9 54
002 60.3 21.1 9.8 33 5.6
003 59.5 21.4 9.8 34 59
Average 60.6 21.1 9.4 32 5.6

Figure A4. SEM image of INT fibre with corresponding elemental composition as calculated by

energy dispersive spectroscopy. Scale bar 10 um. Adapted from [192,
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Figure A5. Small angle X-ray scattering diffractogram for INT solutions at mass loadings of 5 and

11 mg mL-" with indexed peaks for nematic and columnar phase respectively. Collected and

interpreted by collaborator, Erwan Paineau.

Figure A6. Stitched optical micrographs of tapered glass spinnerets used to assess impact of

extrusion velocity on CNT extrusion stability. Nozzles have orifice diameters of (a) 511 and (b)

329 um. Scale bars 500 pym.
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A4 Spinning rig code

/**
INSTALL TMC2130Stepper library by teemuatlut

* Author Joe Moore

Uses TMC2130Stepper library to run two drivers at RPM 1 and RPM 2

*/

// Motor parameters
const int ms =32; //set number of microsteps

float RPM 1 init = 0.7; //set initial RPM for wheel 1

float RPM 2 init = 0.20039186; //set initial RPM for wheel 2

float DR = 1; //set initial draw ratio at start up

//Pin definitions

efine EN PIN 2 // enable (CFG6)

fine DIR PIN. 1 9 // direction pin 1
fine STEP PIN_ 1 8 // step pin 1
fine DIR PIN 2 7 // direction pin 2
fine STEP PIN 2 6 // step pin 2

bia

o o

=

fine CS_PIN 2 3 //chip select of driver 2
fine MOSI PIN 10 // connect to SDI on chip
fine MISO _PIN 13 // connect to SDO on chip
define SCK _PIN 11 // connect to SCK on chip

palie

BT

// Initialisation values

const int steps per rev = 200;
unsigned long last step time 1 =0;
unsigned long last step time 2 =0;
unsigned long step period 1=0;
unsigned long step period 2=0;
const int numChars = 32;

fine CS_ PIN 1 12 // <chip select of driver 1

char receivedChars[numChars]; // an array to store the received data

bool newData = false;

float dataNumber = 0; // new for this version

finclude < .h>
#include <Arduino.h>

driver 1 = (EN_PIN,
CS_PIN 1, MOSI PIN, MISO PIN, SCK_PIN);

driver 2 = (EN_PIN,

CS_PIN 2, MOSI PIN, MISO PIN, SCK_PIN);

void setup () {
//Start serial communication with PC
(9600) ;

//Set up drivers

init driver 1();

init driver 2();
(EN_PIN, HIGH);
(DIR_PIN 2,HIGH);
(DIR_PIN 1,HIGH);
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// Calculate periods between steps for each motor
set step period();
}

void () {
unsigned long micro = (),
//Check if driver 1 needs stepping
(micro - last step time 1 > step period 1)

{
(STEP_PIN 1, HIGH);
(10) 7
(STEP_PIN 1, LOW);
(10);
last step time 1 += step period 1;

}

//Check if driver 2 needs stepping
(micro - last step time 2 > step period 2)
{
(STEP_PIN 2, HIGH);
(10)
(STEP_PIN 2, LOW);
(10) ;
last step time 2 += step period 2;
}

//Check for draw ratio update via Serial monitor
recvWithEndMarker () ;
updateDR () ;

}

void init driver 1() {
("Start driver 1 set up...");
driver 1. () // Initiate pins and registeries
driver 1. (400, 0.11, 0.5); // Set stepper current to 400mA
driver 1. (1) ; // Enable extremely quiet stepping
driver 1. (ms) ;

("DRV_STATUS_1=0b") ;
(driver 1.DRV_STATUS (), BIN);

("Set-up driver 1 complete...");
}
void init driver 2 () {
("Start driver 2 set up...");
driver 2. () // Initiate pins and registeries
driver 2. (400, 0.11, 0.5); // Set stepper current to 400mA
driver 2. (1), // Enable extremely quiet stepping
driver 2. (ms) ;

( "DRVisTATU572=Ob" )
(driver 2.DRV_STATUS (), BIN);
("Set-up driver 2 complete...");

}

void set step period() {

float RPM 1= RPM 1 init*DR;

float RPM 2= RPM 2 init*DR;

step period 1 = (long) (1000000 / (RPM l*steps per rev*ms/60));
//delay time for each square wave / microseconds
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step period 2 = (long) (1000000 / (RPM 2*steps per rev*ms/60));
//delay time for each square wave / microseconds
(step period 1);
}

//Code to receive new DR from serial
vold recvWithEndMarker () {

static byte ndx = 0;

char endMarker = '>';

char rc;

( 0 > 0) {

e = ()7

(rc != endMarker) {
receivedChars[ndx] = rc;
ndx++;
(ndx >= numChars) {
ndx = numChars - 1;

{

receivedChars[ndx] = '\0'; // terminate the string
ndx = 0;
newData = true;

}

void updateDR() {

(newData == true) {
dataNumber = 0;
dataNumber = (receivedChars) ;
("New draw ratio ... ");
(dataNumber) ;

newData = false;
DR = dataNumber;
set step period();
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A5 Imagel macro for determining fibre diameter

var input = getDirectory("Choose a directory"):;

list = getFilelist (input) ;

for (i = 0; i < list.length; i++) {
open (input + list[i]):;
name=list[i];

meta = split (name," .x");
scale=metal[l];
if (scale==4) {

run ("Set Scale...", "distance=1 known=1.465 unit=um");
} else if (scale==10) {

run ("Set Scale...", "distance=1 known=0.586 unit=um");
} else {

waitForUser ("ERROR: Scale not identified");
}
run ("32-bit");
setAutoThreshold ("Default") ;
waitForUser ("check threshold");
//run ("Threshold...");
setOption ("BlackBackground", false);
run ("Convert to Mask");
run ("Local Thickness (masked, calibrated, silent)");
waitForUser ("Create line selection down the middle.");
profile=getProfile () ;
Array.getStatistics (profile, min, max, mean, std);
print (name+": "+mean) ;
run("Close All");
}
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A6 Calculating the INT orientational distribution function

The equatorial signals on X-ray scattering (XRS) patterns arise due to the form factor of the
cylindrical INTs and present on the diffraction pattern at a position perpendicular to the
projection of the INT axis. This is analogous to the equatorial signal observed in XRS patterns
of liquid crystals and enables the use of the same formalisms to transform from a given

orientational distribution function (ODF) to a calculated azimuthal scan of scattered intensity.

The ODF, f (), describes the orientational distribution of INTs as the frequency distribution
of the angle [ between the fibre axis and a constituent nanotube. A relationship between the
ODF and the azimuthal scan of equatorial intensity, I(¢), was first derived by Kratky!?*”! and

further developed to

2 B .
calc = d (30)
Ieaic($) L N sinf dp

where I.4,.(¢) indicates that this pattern has been calculated from an ODF. A summary of

the development of this equation can be found in reference 2%, Angles are defined as in

Figure A7.
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Figure A7. (a) Definition of angle g as the angle between a nanotube and the (vertical) fibre axis, (b)
false colour image of typical XRS pattern for INT fibres with the indicated azimuthal angle ¢, (c)
azimuthal scan of scattered intensity along the arc of Q = 2.6 nm! with fitted Lorentzian peaks of
HWHM 13.1°,
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At this point it is useful to note that the azimuthal scan of scattered intensity obtained from

experiments is fitted well by Lorentzian peaks (Figure A7c) which can be written as,

Loxp (@) = Tt w? (31)

where I,,,(¢) indicates that this function is fitted to experimental values and w; is the fitted

(reciprocal space) half-width-at-half-maximum (HWHM) of the Lorentzian peak.

Our aim is now to identify an ODF, f(f), which is transformed by equation (30) to our
experimentally identified Lorentzian peak I, (¢). It has previously*?3! been empirically

found that a direct space ODF of a Lorentzian to the power 1.5 such as

2

1
fB) = (z% 3 1) o (32)

where wy is the (direct space) HWHM of this ODF, is transformed by equation (30) to the

function I.4(¢) which closely matches the Lorentzian I.y,(¢) with w, = 1.29 w,. A
demonstration of this fit is shown in Figure A8 for three different experimental HWHMs, w,.,

of 15, 20 and 25°.
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Figure A8. Normalised azimuthal scans of scattered intensity for (blue, I, (¢)) example Lorentzian

fits to experimental data with HWHM w,. and (red, I.,,.(¢)) scattering patterns calculated from direct
Wr

eS The calculated scans were

space ODFs of the form in equation (32) with HWHM w,; =

determined by numerical integration of equation (30) in Mathematica.[24°]
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A key implication of this transformation is that the true degree of INT alighment, given by
f(B), is considerably greater than that implied by naive usage of the HWHM from the

reciprocal space diffraction pattern (Figure A9).

Intensity (¢
Orientation distribution function (j3)

I T I T 1

0 30 60 90
Angle, (o/p)/°

Figure A9. Comparison of azimuthal scans of intensity on XRS patterns with the corresponding

deduced orientation distribution function of INTs relative to the fibre axis.

Calculations of the order parameters should be conducted using the direct space ODF as

S =

¢ 1 2 cos? § — 2) F(B) sin(B) dB -

—cos?’ B —= =
JEfB)sin(B) dB

2 2
where the denominator is used here to normalise the ODF.
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