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ABSTRACT

Electro-spinning is an established manufacturing technique that is used to produce fibres in
the nano-metre diameter. The electro-spun fibres are generally deposited on a grounded
static electrode where the orientation of the deposited fibres is random. In the context of
using these fibres as reinforcements in the production of composites, ideally, unidirectional
and continuous fibres are desirable. Whilst a number of elegant and innovative techniques
have been reported for producing aligned fibres, at the time of writing, there were no
publications on techniques to extract the aligned fibres in an efficient manner to enable

spooling and post-processing. Such a technique was developed in this study.

The starting point for the current project was COMSOL modelling where various electrode
configuration and materials were considered. It transpired that by shielding the unwanted
electric field lines between the charged spinneret (needle) containing a polymer solution, and
modifying the geometry of the grounded static electrode, it was possible to control the
trajectory of the electro-spun polymer jet, from the charged needle, to oscillate between the
ends of the electrode. The ideal material for the shield was polytetrafluoroethylene (PTFE)
and this new electro-spinning configuration is referred to as the ‘Vee-shield” method because
of the profile of shield. The fixture consists of a V-shaped PTFE shield at 60° with a 0.6 cm wide
integral rectangular base that is mounted on a copper disk with a 10 cm diameter. The
continuous extraction of the aligned nano-fibres was demonstrated using a motorised
spooling unit. The polymer that was selected for this study was polyacrylonitrile (PAN) and the

solvent was dimethyl sulfoxide (DMSO). In the static set-up, approximately 91% of the fibres



were deposited to within 3°. When the spooling rig was used, a tape of cellulose paper was
used as a mobile substrate. It was hauled off at 0.07 mm/minute, where 78% of the fibres
were aligned to within 3°. A patent was recently secured for this method for producing highly

aligned nano-fibres (patent number: W02020120985A1).

After the fibre alignment technique was developed, attention was given to improving the
tensile properties of the electro-spun fibres. This required the development of an end-tabbing
method that was repeatable, where the alignment of the fibres was assured, and where the
gauge length of the tensile specimen was not compromised by the end-tab resin. The bonding
adhesive selected was a photo-curable UV resin that fulfilled the above-mentioned

requirements.

The feasibility of improving the tensile mechanical properties of the electro-spun fibres was
investigated by cold-drawing. The Young’s modulus at 0.015 strain, and the ultimate tensile
strength of the as-spun and cold-drawn fibres were 2.9 + 0.28 GPa and 76.7 + 3.3 MPa and 8.5

+ 0.3 GPa and 88.9 £ 4.2 MPa, respectively.

Finally, the effect of oxidation of the electro-spun PAN fibres and the carbonisation
temperature were studied. Since PAN shrinks during oxidation and carbonisation, a custom-
designed rig was used to apply a constant tension, within a tube furnace, during the heat-
treatment operation. The oxidation of PAN was carried out at 300 °C in air and the
carbonisation at 600, 900 and 1,200 °C in a nitrogen atmosphere. The Young’s modulus and
the ultimate failure stress increased as a function of the heat-treatment temperature. For

example, Young’s modulus increased from 7.4 + 0.7 GPa (as-spun fibre) to 37.2 + 1.1 GPa



(carbonised at 900 °C). In the case of the ultimate failure stress, it increased from 195.0 + 10.2

MPa to 378.1 + 33.1 MPa for the as-spun and carbonised samples (at 900 °C), respectively.

XRD and Raman spectroscopy were used to study the graphitic characteristics of the oxidised
and carbonised fibre where it was established that the sp? characteristics increased with heat-
treatment temperature. With reference to the Raman spectra, the Ip/lg ratio for the
carbonised fibre was 0.87 + 0.04 and it represents one of the highest values reported in

literature for PAN samples that were treated at the same temperature.

A TEM-based technique was developed to estimate the fibre volume fraction for the
carbonised fibres. This aspect was carried out in collaboration with the Electron Microscopy

Centre in the School of Metallurgy and Materials at the University of Birmingham.

The work has shown that the tensile strength and the Young’s modulus of electro-spun PAN

fibres can be increased by cold-drawing.
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1.INTRODUCTON

1.1. Background to Electro-spinning and Key Issues

Electro-spinning is a process that is used to produce polymer fibres with diameters in the sub-
micrometre or nano-metre scale. Electro-spun fibres are used extensively in applications such
as tissue engineereing [1], drug delivery [2], filtration [3], textiles [4] sensors [5] and catalysis
[6]. A schematic illustration of the electro-spinning equipment and fibre production process is
shown in Figure 1.1.1. With reference to Figure 1.1.1, a polymer solution is contained in a
syringe that is connected to a metal needle. A screw-driven liquid dispenser is generally used
to drive the plunger on the syringe to maintain a pendant drop of the polymer solution at the
tip of the needle. A high electrical potential, positive or negative [7], is applied to the needle.
A grounded electrode, generally referred to as the collector, is where the fibres are deposited.
The applied potential between the needle and the grounded collector generates an electric
field. As the intensity of the electric potential is increased, Coulomb repulsion forces [8] are
generated between the polymer chains and charge accumulates on the surface of the polymer
pendant drop. As the applied voltage is increased, the repulsion within the polymer chains,
the accumulation of charge, and the attraction from the grounded collector causes the
pendant polymer drop to deform into a conical shape and this is referred to as the Taylor cone
[9]. As the applied voltage is increased further, there comes a point when surface tension of
the polymer solution is exceeded, a fine polymer ‘jet’ is ejected from the Taylor cone and is
propelled towards the grounded electrode [10]. The polymer jet follows a relative straight

path for a certain distance from the tip of the Taylor cone and then its trajectory takes the
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form of a ‘whipping action’ due to electrohydrodynamic instabilities [11]. Using high-speed
photography with 18 ns exposure time Shin et al. [12] demonstrated that the whipping portion
of the jet formed multiple loops instead of splaying. The whipping motion caused by bending
instability causes the polymer jet to undergo stretching which is significantly more than that
observed in the straight portion of jet. The path of jet elements formed by the bending
instability grows in radius, and at the same time, thins and stretches [13]. The rapid movement
of the polymer jet during the whipping action significantly elongates the fibre, resulting in a
significant decrease in diameter. The whipping or bending instability during electro-spinning
is said to be caused by an imbalance in the tangential stresses at the air/liquid interface [14].
These authors attributed this instability to be the result of the interactions between the
surface accumulated charges and the external electric field that is tangential to the surface of
the liquid in the axial direction. As the polymer jet propels towards the grounded electrode,
the solvent in the fibre evaporates rapidly [15]. The evaporation of the solvent creates a skin
on the surface of the fibre and this maintains the circular cross-section of the electro-spun

fibres.

Collector

Syringe Polymer solution
Spinneret
4

== (0] 0 mm|(o

! v

Fibers
High Voltage l

Figure 1.1.1 Typical experimental set-up for electro-spinning [16].
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Although electro-spinning is generally reported in the literature to be a simple and
straightforward technique to produce fibres in the nano-metre diameter, a number of factors
affect the fibre morphology and the resultant mechanical properties. For example, the
polymer and solution parameters, the processing conditions and the processing environment.
These factors are presented in Table 2.1 (Page 17) and discussed in Section 2.1. The inter-
relationship between these factors is far from simple where adjusting one parameter, for
example changing the processing temperature will have an influence on the solution viscosity,
humidity, the solubility of the polymer in the solvent and the evaporation rate of the solvent.
It is apparent from Table 2.1 that a number of factors need to be considered and optimised to
obtain the desired fibre morphology, diameter distribution, macroscopic orientation, and

mechanical and physical properties [17].

In the context of the current work, the overall objective was to develop a practical method to
electro-spin aligned fibres continuously, and also to develop a facility to haul them off
continuously for post-processing. Whilst a number of previous authors have reported
techniques to produce aligned electro-spun fibres [18-24], those methods do not permit the
fibres to be extracted continuously. Hence, the fibres produced using those methods are not
amenable for post-processing. For example, stretching to increase the degree of molecular
orientation. It is generally appreciated that the mechanical properties of reinforcing fibres are
influenced significantly by the degree of molecular alignment [25]. In an industrial setting, the
stretching of the fibres is carried out as they are produced. However, this requires a large
space to accommodate multiple rollers, take-up spools and control equipment [26, 27]. Once
the electro-spun nano-fibres are produced, evaluating their mechanical properties is

extremely challenging because of the dimensions involved, the sensitivity of the
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load/displacement measurement equipment, required and the method of gripping the
samples [28-31]. A common technique that is used to evaluate the mechanical properties of
nano-fibres is atomic force microscopy (AFM) [32, 33]. However, the sampling volume is small
and therefore not representative in terms of the true fibre volume fraction when they are
used in composites [34]. In order to overcome the difficulties in evaluating the mechanical
properties of single nano-fibres, the bundle test has been used [35, 36]. However, a review of
the literature indicated that standard test procedures do not exist for such a tensile test

method and in particular, for end-tabbing the specimen [37-39].

An issue that has puzzled researchers is the observation that the crystallinity and mechanical
properties of electro-spun fibres are lower than those that are produced by conventional
techniques such as wet, dry and melt-spinning [40]. The background to this is that there is
extensive stretching that occurs during the whipping of the polymer jet, which should result

in enhanced molecular alignment and crystallinity, but this is not the case.

The current research project was undertaken to address the issues mentioned above with

regard to:

(i) establishing the optimum processing conditions to produce highly aligned electro-spun
fibres. The polymer and solvent system that was chosen was polyacrylonitrile (PAN) and
dimethyl sulfoxide (DMSO). PAN was selected as it offered a means for comparing the
properties of the electro-spun fibres with those produced commercially via wet-spinning [41,

42]. DMSO was chosen as it is not toxic;

(ii) developing a method to prepare and end-tab a unidirectional array of electro-spun PAN

fibres to enable tensile testing and stretching, and;
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(iii) developing a rig to oxidise and carbonise the PAN fibres, followed by characterisation and

tensile testing.

1.2. Aims

The primary aims of this research are as follows:

(i) To design, model and construct a rig to enable the production of randomly oriented, and

highly aligned PAN nano-fibres with continuous spooling.

(ii) To characterise the electro-spun fibres using conventional analytical techniques and image

analysis.
(iii) To develop a method to end-tab an array of unidirectional fibre bundles for tensile testing.

(iv) To design and construct a rig to enable the PAN nano-fibres to be oxidised and carbonised

under tension.

(v) To demonstrate that other classes of polymers could be electro-spun using the Vee-shield

method to produce aligned fibres.

1.3. The Covid-19 Pandemic

This research was affected by the pandemic where the lockdown period was used for the
literature review and modelling of the electro-spinning rig. After the two lockdown periods,
access to in-house equipment and those based in the other Schools within the University had
to be managed because of the limited number of persons that were permitted in a laboratory

and the demand for usage time by the research community.
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2.LITERATURE REVIEW

2.1. Electro-spinning and Fibre Formation

Electro-spinning is a versatile technique for producing nano-fibres where a plethora of semi-
crystalline and amorphous fibres have been electro-spun. The application areas include filters
[3], scaffolds for tissue engineering [1], energy storage devices [43], actuators [44], sensors [5]
and reinforcements [45]. In the case of the production of reinforcing fibres, ideally, the
electro-spun fibres should be continuous, unfused and possess a circular cross-section. In
order to produce electro-spun fibres with the desired properties in a consistent and
repeatable manner, it is necessary to establish the influence and inter-relationships between
a number of the materials’ properties, the processing parameters and the processing
environment [46]. A summary of some of the key parameters that can influence the properties
of electro-spun fibres is presented in Table 2.1. The following section presents a review of the
parameters mentioned in Table 2.1 in the context of electro-spinning the materials, processing
parameters and environmental conditions including their influence on the macro and micro-

structure of the fibres.

2.1.1. The Polymer

A wide range of polymers have been used for electro-spinning. Electro-spun fibres can be
produced from either molten polymers [47, 48] or polymer solutions [49-51]. Melt-electro-
spinning has generally been used with polymers such as polypropylene (PP), polyethylene
terephthalate (PET), polycaprolactone (PCL) and polyethylene (PE), where no suitable solvent

can be found at room temperature [52]. The semi-crystalline polymers are heated above their
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melting temperature when melt-electro-spinning. The fibre diameter is generally in the range
of 700 nm to 50 um [48]. Fibre produced from melt-electro-spinning shows higher crystallinity

and a smoother surface finish when compared to solution electro-spinning [53].

Table 2.1 A summary of materials, solution, electro-spinning parameters and environmental
conditions that are known to influence the macro and micro-structure of electro-spun fibres

using solution-based electro-spinning.

Materials and Solution Electro-spinning Environmental
Parameters Parameters Conditions
Polymer Applied Voltage Temperature
Solvent Working Distance Humidity
Homogeneity Solution Dispensing Rate Pressure
Mole.cul.arVYeight Collector Geometry Air Turbulence
Distribution
Concentration On-set of Whipping Atmospheric Composition
Viscosity The Needle Health and Safety

Surface Tension - -

Electrical Conductivity - -

Dielectric Constant - -

With regard to solution electro-spinning, in general, as long as the polymer can be dissolved
in a solvent, it should be electro-spinnable. Various polymer solutions have been electro-spun
by researchers, such as poly(glycolide) (PGA)/1,1,1,3,3,3 hexafluoro-2-propanol [54]; poly(e-

caprolactone) (PCL)/methylene chloride [55]; poly(l-lactide) (PLA)/dimethylformamide (DMF)
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[56]; poly(ethylene oxide) (PEO)/ethanol [57]; polystyrene (PS)/DMF [58]; cellulose acetate
(CA)/acetone [59]; silk/hexafluoroacetone (HFA) [60]; chitosan/trifluoroacetic acid (TFA) [61];
gelatin/2,2,2-trifluoroethanol (TFE) [62]; collagen/1,1,1,3,3,3 hexafluoro-2-propanol (HFP)
[63]; polyvinylidene fluoride (PVDF)/DMF [64]. Examples of other polymers include
lignin/acetone/dimethyl sulfoxide (DMSO) [65]; polyvinyl acetate (PVA)/distilled water [66]
and PAN/DMF [36], which are generally considered to be more suitable for solution electro-
spinning. The selection of the polymer as well as the spinning method, is generally dictated by
the desired end-use application. For example, in the case of scaffolds for tissue engineering,
the polymer has to be bio-compatible [50]. Polymers such as PVDF that have piezoelectric
properties have been used to fabricate sensors [67]. Carbonised PAN and lignin electro-spun

fibre mats have been used as the electrodes for lithium-ion batteries [68, 69].

Electro-spinning is interlinked with the viscosity of the molten polymer or polymer solution.
The viscosity is affected strongly by the molecular weight of the polymer and the
concentration of the polymer solution [47, 52]. This can affect the conductivity and flowability,
which influences the voltage applied, the selection of the needle size, and feed rate during
electro-spinning. Since the viscosity has a critical influence for electro-spinnability [70, 71],

and this will be discussed further in Section 2.1.3.

Although the effect of polymer properties such as conductivity and molecular weight on
electro-spinning has been investigated and presented in review papers [4, 17, 47, 52], some
characteristics of selected polymer components such as molecular weight distribution and
solution homogeneity, as well as dielectric properties of the polymer with regard to its ability

to be electro-spun, have not received any significant attention in the literature.
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2.1.2. The Solvent

Due to the polarity of the acrylonitrile functional group, the inter-molecular attraction of PAN,
and its high crystallinity (~35%) [72], the polymer starts to degrade prior to melting. Therefore
the monomer, acrylonitrile, is co-polymerised for melt-spinning and wet-spinning, and
electro-spinning is used for solution-based production of PAN nano-fibres [73]. The focus of
the current work is on electro-spinning solutions and therefore, detailed attention is not given
to melt electro-spinning. A good solvent is required to form a homogeneous polymer solution.
The mechanism of polymer dissolution can be described as the solvent molecules'
disentanglement of the polymer chain. The interaction between the solvent-polymer should
be higher than the polymer-polymer interaction to initiate dissolution [74]. The solution
property depends on the geometric array of the polymer and the magnitude of force operating
between the molecules. For electro-spinning purposes, the ideal solvent system requires an
equal interaction between solvent and polymer. In contrast, the interaction between polymer
chains must be sufficient to enable a high degree of drawing during electro-spinning [75]. The
criteria for selecting a suitable solvent for a given polymer can be based on the solubility
parameter. Hansen [76] proposed that the interaction between polymer molecules can be
divided into three different forces; dispersion forces (6), polar interactions (6,) and hydrogen

bonding (&5,). The Hansen solubility parameter (§) can be found using Equation (2.1):

62 =842+ 6, + 6° (2.1)
Hansen stated that a good solvent for a given polymer should have a solubility parameter that
is close to that of the polymer. This can be determined using the Hansen solubility parameter

difference described in Equation (2.2):
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Ry> =4(84; — 8a1)* + (Bpz2 = 6p1)* + (Bnz — Op1)? (2.2)
where R, stands for the parameter difference between two selected substances (ds, d> etc.).
A smaller Ry value is required for an ideal polymer solution system [76]. The solubility
parameters for PAN are 21.7 (§4), 14.1 (6,) and 9.1 (6,). The solubility parameter for selected

solvents is presented in Table 2.2.

Oninspecting Table 2.2, dimethylacetamide (DMAa), dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) will dissolve PAN. During the dissolution of PAN, solvent bridges are formed
by the orientation of the polarised solvent molecules between the nitrile groups of PAN (see
Figure 2.1.1a and b) [77]. Mei et al. [78] calculate the Flory-Huggins parameter for PAN, DMF,
DMAc and NMP. The Flory-Huggins parameter (x) is a dimensionless quantity that describes
the interactions between different components in a polymer solution [78]. According to the
regular solution theory, the relationship between the Flory-Huggins interaction parameter

and the solubility parameters is described by Equation (2.3):

X12 (61— 62)° (2.3)

- L

RT
where y is the Flory-Huggins interaction parameter, v is the molar volume (cm3/mole), §; and
&, are the solution parameter of substances 1 and 2, R is the universal gas constant (8.314
J/(mol. K)), and T is the absolute temperature [79]. Generally, the lower the Flory-Huggins
parameter, the better the miscibility. Lindvig et al. [79] showed that the value of the Flory-
Huggins parameter for PAN/DMF was the lowest (—0.792) compared with PAN/DMAc and
PAN/NMP which were —0.313 and —0.115, respectively; hence it was deemed to be the ideal

solvent among these three for dissolving PAN [80]. Due to the difference in the solubility

parameter between DMF and PAN being more significant than that between DMSO and PAN
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Table 2.2 Properties and solubility parameters for selected solvents [81-83].

Hansen Solubility

Boiling | Enthalpy of | Freezin
. . .. g | Surface Electrical i i
Solvents Toxicity Parameters Point | Vaporisation | pgint | Tension 2 | Dielectric
Conductivity | constant
[}
8o Sp SH (°c) (kJ/mol) (°C) (mN/m) | (0hm/m)

Acetone 20 155 | 104 | 7.0 56 31.3 -94.7 23.3 12.8x10°® 20.7
Cyclohexanone @@@ 168 | 00 | 02 | 155 46.7 47.2 36.5 7x10°8 18.0
Dimethyl sulfoxide

Y Non-toxic 18.4 16.4 10.2 189 48.9 18.5 46.5 3x108 36.7

(DMSO)

Dimethylformamide \
y @@ 17.4 13.7 11.3 153 43.0 -60.4 37.0 2.6x10°® 46.7
(DMF)
Dimethylacetamide
16.8 11.5 10.2 165 38.5 -20.5 37.1 2x10° 37.2

(DMAC) <!>
N-methyl-2-

pyrrolidone SO 18 | 123 | 72 | 20 47.4 235 36.6 2x10-8 32.2

(NMP)

Tetrahydrofuran \
Y @@ 16.8 5.7 8.0 66 31.9 -108.4 26.5 1x10® 7.6
(THF)
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(2.5 and 0.2, respectively), the solvent bridge in DMSO is longer than that for DMF (see Figure
2.1.1c). Furthermore, DMF can dissolve PAN two times faster than DMSO. However, PAN
solutions containing DMSO are more homogenised and stable to changes in temperature due
to its fixed charge distribution in its chemical structure, high dipole moments (3.96 D) and long
solvent bridge [77]. DMF is more frequently used for electro-spinning [84-87], whereas DMSO
is more commonly used for wet-spinning [88-92]. This is probably due to the boiling point of
DMF (153 °C) being 36 °C lower than DMSO (189 °C), which means a faster evaporation
rateduring electro-spinning. The viscosity and surface tension of DMSO is higher than DMF

due to its higher polarity [93]. However, as seen in Table 2.2, DMSO is a non-toxic solvent.

Shorter / @\ Longer

bridge/ Op pax 1162 b\ } bridge / Op pax:16.2
[ v < i ]
"\\}j A i .;' Oy onr 1 13.7 '.." : i 3y puso 16,4

s\o.:.) d:12.05nm in DMSO

Figure 2.1.1 Schematic diagram of dissolution mechanism of PAN in DMF and DMSO; carbons
are shown in red, nitrogens in blue, and solvent molecules in yellow. (a) Step 1: Penetration
of solvent molecules into the polymer molecules by breaking up the polar-polar interaction of
the nitrile groups of PAN. (b) Step 2: Formation of solvent bridges by orienting the polarised
solvent molecules between the nitrile groups of PAN. (c) Schematic presentation of coil

dimensions of PAN chain in the solvents and equilibrium solvent bridges [77].
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2.1.3. Effect of Concentration, Molecular Weight, and Viscosity

With regard to electro-spinning, the viscosity of the polymer solution is known to have a major
influence on the production of fibres. The viscosity can be altered by adjusting the
concentration of the polymer, the molecular weight and/or the temperature [94]. Increasing
the concentration or the molecular weight increases the probability of entanglement of the
polymer chains [95-97]. An increase in the degree of chain entanglement leads to an increase
in the intrinsic viscosity [98]. The relation between the intrinsic viscosity (1) and molecular

weight distribution (M) can be found in the Mark-Houwink-Sakurada Equation (2.4) [99]:

[n] = KM* (2.4)

where K and a are constants depending on the polymer type, solvent and temperature.

Previous researchers realised that a minimum value of solution viscosity, known as critical
viscosity (C*), was required to form fibres during electro-spinning. Solutions below this critical
value result in electro-spraying [100]. Beadless fibres are generally formed within the semi-
dilute region where the concentration of polymer solution (C) is greater than critical viscosity
(C*). For a specific polymer/solvent combination, the critical viscosity is determined by
measuring the viscosity of the polymer solution as a function of concentrations [101]. Typically,
a change in the gradient is seen on the viscosity versus concentration plot, where the
intersection indicates the critical viscosity. Colby and Rubinstein [102], pointed out that this
turning point in the viscosity, known as the entanglement concentration (Cc), appears to be
due to the polymer conformation changing from a semi-dilute un-entangled to a semi-dilute
entangled state. Shenoy et al. [98] carried out a study to determine the role of chain

entanglements on fibre formation during electro-spinning. In their study, they determine the
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relationship between molecular weight, polymer concentration and the entanglement
number in the solution. Equation (2.5) was established based on these parameters and can be
used to predict fibre formation. They also showed that the sharp upturn point in solution

viscosity occurs when (Mc)soin /(Me)soin ~2.

(Me)soin = (M) sorm (2.5)

where (ne)soin is the entanglement number in solution. My, is the molecular weight of the
polymer. (Me)soin Stands for the entanglement molecular weight in solution. (M¢)soim stands for
the critical molecular weight in solution. The entanglement molecular weight in the solution,

(Me)soin, can be determined using Equation (2.6):

M, x C3m3l;6p2 (2.6)
The M. of a polymer is a function of the characteristic ratio (C-), the average molecular weight
per backbone bond (m,), bond length (I,) and density (p) [103]. In their prediction, if the
spinning solutions corresponded to (ne)soin < 2, bead formation was said to be more likely.
When 2 < (ne)soin < 3.5, a mix of beads and fibre is predicted to be formed. When (ne)soin > 3.5,
fibre formation was said to be the predominant feature. Several polymer/solvent
combinations with different polymer concentrations were used to establish the accuracy of
this prediction. This paper clearly shows the importance of entanglement in the electro-
spinning process when using a polymer solution. However, changes in concentration and
molecular weight affect the solution viscosity. For fibre formation during electro-spinning, the
molecular weight becomes less important when sufficient entanglement occurs with

increasing polymer concentration [104].
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The majority of the papers in the literature show that increasing the polymer solution viscosity
reduces the formation of beads and increases fibre diameter [10, 105-107]. However,
depending on the polymer type, the formation of beadless fibre only occurs within a certain
viscosity range. Koski et al. [66] and Demir et al. [108] illustrated that when C >> C*, curly,
wavy and ribbon-like fibres were formed. This could be due to the drawing and deformation
of the polymer jet becoming difficult when the viscosity is high. The surface of the polymer jet
is not able to solidify to form a skin with the required thickness to maintain the shape and

structure of fibre when it hits the collector [13, 51].

In addition to the bulk viscosity of the polymer solution, Rosic et al. [109] showed the
importance of interfacial viscosity between air and polymer solution to predict fibre formation.
Firstly, they pointed out that the polymer solution should possess viscoelastic properties. In
addition, the plasticity of the solution must be greater than the elasticity to form a stable
polymer jet during electro-spinning. Secondly, the jet diameter has to decrease dramatically
within the whipping region from a micrometre scale to hundreds of nanometres. Moreover,
they pointed out that solvent evaporation usually occurs at the fibre surface, which causes the
polymer concentration at the surface of the jet to change. These factors make interfacial
rheological properties more important than the bulk solution viscosity. This is because the

thinner the jet diameter, the larger the surface area.

2.1.4. Effect of Electric Charge, Conductivity and Surface Tension

As mentioned previously, the electro-spinning process initiates when the Coulomb repulsive
force exceeds the surface tension of the polymer solution. The repulsion of these charges at

the surface, under the applied potential, causes deformation of the liquid sphere and
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stretching of the jet. The conductivity of the solution can strongly affect the Coulomb repulsive
force active on the surface of the solution. Therefore, both parameters strongly affect the
electro-spinnability, fibre formation and fibre morphology. Surface tension can be defined as
a liquid property indicating the cohesive strength between molecules [110]. The surface
tension can be measured using a force tensiometer. The surface tension of the solvent
dominates the value of the surface tension for a polymer solution due to its high concentration
in the system, typically more than 70%. Surface tension was believed to be another significant
factor affecting the formation of beads [105]. Furthermore, the formation of beads is
considered as the capillary breakup of the electro-spinning jets by surface tension [111].
Researchers have also reported that forming beads is possibly due to the high concentration
of free-solvent molecules that tend to congregate because of surface tension. The number of
beads was reduced when the surface tension was low at the same viscosity level when working
with PCL in methanol [112]. Researchers realised that more than a single solution parameter
was needed to predict fibre formation during electro-spinning. Kim et al. [113] demonstrated
that fibre formation during electro-spinning can be estimated using the surface tension and

viscosity of the solution. The fibre formability number was calculated using Equation (2.7):

O-S
Np = —=

(2.7)

where Nr is the formability number, u is the viscosity (cP), os stands for the surface tension. R
represents the radius of the nozzle. Throughout their experiments, Kim et al. used a fixed
voltage and nozzle radius, and they classified the fibre formation behaviour into four ranges

using various formability numbers. When Nf was equal to, or less than 25, both electro-

spinning and electro-spraying were not observed. Between 25 and 420, electro-spinning took
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place. Beads started to form when Nr was higher than 420 and less than 13333. Over 13333,
electro-spraying dominated the process. However only one polymer, PVP, was tested in their
study. More experiments involving other polymers are needed in order to corroborate the

result [113-115].

It was found that the magnitude of the Coulomb repulsive force is strongly related to the
amount of surface charge as determined by the conductivity of the solution, which controls
the elongation of the polymer jet [116]. The surface tension can be understood as the pressure
difference between the inside and outside of the liquid solution sphere and calculated using

the Young-Laplace Equation (2.8) [117]:

p,—p == (2.8)

where P;and P, represent the inner and outer pressures, y is the surface tension, and r is the
radius of the liquid sphere. When a potential is applied, the repulsive force generated from
the charged particle can increase the outward pressure, which breaks the balance created by
the surface tension. This pressure, P, created by the potential, V, can be found using Equation

(2.9) [118]:

goV?

" (2.9)

p=

where ris the radius of the droplet, g, is the permittivity of free-space, Vis the voltage applied

and P is the pressure within the droplet. The relationship between the electric field strength

E and the surface tension y, also proposed by Doshi and Reneker [8], can be expressed as:

4y

(2.10)
SORC

E =
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where Rc is the radius of the curvature of the solution drop and g, is the permittivity of free-
space. Since the conductivity represents the mobility of charges moving through the volume
and the charge density of the solution system, a higher density results in a shorter distance (d)
between 2 charged particles (g: and g2); therefore, conductivity can eventually affect the

Coulomb force (Fc). The relationship can be found in Equation (2.11) [118]:

_ 1 q1q2
¢ 4me, d?

(2.11)

The conductivity of a polymer solution is affected by the chemical structure of the polymer,

solvent type, and additives that are used [119].

Researchers have claimed that electric repulsive forces are one of the primary factors that
cause whipping and bending instabilities [13, 119]. These instabilities may cause the jet to
break up and stop fibre formation, which causes electro-spraying or forming fibres with beads
[46]. This is also because the polymer jet cannot withstand the surface tension and the
electrostatic force [120]. Balancing the fluid jet instability, the solution conductivity and the
applied potential are important parameters with regard to electro-spinning. Several
researchers report that under the same processing parameters, higher conductivity causes
longer elongation, which results in thinner fibres [121-125]. However, the result seems
different when electro-spinning PAN solution with salt additives. Qin et al. [126] studied the
effect of different salts on the electro-spinning of PAN solutions. LiCl, NaNOs, NaCl, and CaCl,
were tested using PAN/DMF solutions with different concentrations. Their results showed that
adding salt to the solution can decrease the viscosity of the solution [127]. The solution
containing LiCl had the highest conductivity. However, the fibre produced with LiCl showed

the largest average fibre diameter with the worst morphology. Similar results have also been
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reported by Heikkila & Harlin [86]. Carbon nanotubes (CNTs) and ZnCl, were added to 13 wt%
PAN/DMF solution to increase the conductivity. Under the same processing parameters,
although PAN and PAN/ZnCl, solutions had similar viscosities, the higher conductivity
PAN/ZnCl; solution showed a higher average fibre diameter under all circumstances. The
authors suggested this was due to the higher conductivity, which led to a higher mass flow of
the solution. Furthermore, the salts that remained inside the fibre were difficult to remove.
Such additives can act as impurities and defects that decrease the mechanical properties of
the fibres before and after the carbonisation [86]. Zeng et al. [56] reported that adding a
volatile salt additive such as pyridinium formate to the electro-spinning solution will not
negatively affect the as-spun fibres. They argued that the additive would evaporate with the
solvent as the fibre solidified. The solution conductivity can also be improved by using a binary
solvent system. Adding pyridine to a formic acid/Nylon-6 solution was said to produce nano-

fibres with fewer beads than the single formic acid solvent system [49].

To date, several researchers have developed strategies to understand the formation of
electro-spun fibres. All the factors mentioned above have a significant influence on fibre
formation. However, most of these strategies are generated using mathematical models.
Therefore, more experimental parameters need to be considered to understand the fibre

formation process during electro-spinning.

2.1.5. Effect of Processing Parameters on Fibre Formation

2.15.1. Applied Voltage

The solution parameters stated in Table 2.1 are not the only factors that can affect the electro-

spinnability of the polymers and the morphology of the fibres; process parameters can also
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have an effect on fibre morphology. As described in Section 1.1, a critical voltage is required
to overcome the surface tension to initiate the polymer jet to be ejected from the Taylor cone,
and this threshold was found to vary from solution to solution [9, 128]. A number of
researchers have found that processing voltage can affect fibre diameter. Dhanalakshmi et al.
[129] found that when the working distance (distance between the tip of the spinneret and
the top of the collector) was set to 10 cm, under the same solution concentration (15 w/v%),
the average diameter of electro-spun Nylon-11 fibre increased from 0.237 £ 0.052 um to 0.375
+ 0.075 um when the voltage applied increased from 5 kV to 20 kV. Bakar et al. [130] also
reported similar results when electro-spinning PAN with DMF, whereby the average fibre
diameter was increased from 1.81 um (10 kV) to 2.32 um (20 kV). However, the authors did
not explain the mechanism behind this observation. Katti et al. [131] found that the average
fibre diameter of poly(lactide-co-glycolide) was first decreased from 865 nm to 340 nm and
then increased to 470 nm when the electric field strength was increased from 0.375 kV/cm to
1.0 kV/cm, and then to 1.5 kV/cm. Wannatong et al. [132] reported a similar trend when
electro-spinning 10 w/v% PS in DMF: the average fibre diameter decreased from 0.7 um to
0.57 um when the spinning voltage was increased from 10 kV to 20 kV. However, the diameter
increased to 0.72 um when the voltage was increased to 30 kV. Decrease in fibre diameter
generally occurs between low to moderate voltages (10 kV to 20 kV) when the effect of surface
tension is greater than the Coulombic repulsive force [132]. Higher voltages (~30+ kV) cause a
greater Coulombic repulsive force, which stretches the charged jet and results in a thinner
fibre [131, 133]. When the voltage applied is increased above ~20 kV, the Coulombic repulsive
force will dominate the effect on fibre morphology, thereby increasing the stretching in both

longitudinal and transverse directions and resulting in larger diameter fibres [132].

30



2.1.5.2. Solution Dispensing Rate

The liquid dispensing rate is another important factor in controlling bead formation and fibre
morphology during electro-spinning. The feed rate must be adjusted according to the voltage
applied. Insufficient feed rate with excessive voltage will produce an inconsistent fibre jet and
cause bead formation. On the other hand, an excessive feed rate can cause a large semi-
spherical droplet to form at the needle tip [134]. The relationship between the voltage and
feed rate when electro-spinning 10 wt% PAN/DMF has been studied by Fallahi et al. [135]. The

quasi-stable voltages at different feed rates follow Equation (2.12):

y = 4.417x0%273 (2.12)
where y is the voltage applied (kV) and x is the feed rate (uL/hour). The R? value of this
relationship was 0.9906. Fallahi et al. [135] found that the weight of the fibre produced within
15 minutes was dominated by the feed rate rather than by the voltage applied. However, the
effect of feed rate on the fibre diameter was not reported. When producing aligned electro-
spun porous PCL fibre using the parallel electrode method, Beachley and Wen [136] found
that when voltage is sufficient for fibre formation, excessive feed rate did not noticeably affect
the fibre morphology. However, Zargham et al. [134] found that the average fibre diameter
and range of diameters produced increased when electro-spinning Nylon-6 nano-fibre with a
high feed rate. They suggest that the wider distribution was caused by the unstable Taylor
cone geometry. Flattened web-like structures were reported, suggesting that the insufficient
solvent evaporation was more directly linked to their formation, rather than the high feed rate

[134].
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2.1.53. Working Distance

Fibre morphology is also affected by the distance between the needle and collector (known
as the ‘working distance’). Controlling the electric field strength at 1 kV/cm, Ki et al. [137]
electro-spun gelatin nano-fibres at different working distances from 7.5—-20 cm. The effect of
working distance on the nano-fibre diameter was minimal. The average fibre diameters were
79, 95 and 81 nm when electro-spinning at 7.5, 15 and 20 cm, respectively. However, electro-
spinnability became poor and beads were formed when distance increased. This is because
insufficiently charged droplets at the needle are difficult to draw into a fibre jet. Zhou et al.
[138] reported that when working distance was low (15 cm), wider fibre diameter distributions
were seen when spinning PEO with deionised water. This was caused by fibre merging and
fusion due to insufficient solvent evaporation. Similarly, Ki et al. [137] observed solution
droplet formation when working distance was increased to 20 cm, yielding larger fibre
diameter. However, some researchers found the opposite result, reporting that average fibre
diameter decreases as working distance increases for the electro-spinning of Nylon-11 [129],
PVA [139] and PAN [140]. However, all three papers fail to explain the mechanisms behind

such behaviour.

2.154. Collectors

For electro-spinning, collectors are generally conductive substrates used for collecting the
charged fibres. Fibre morphology and fibre orientation can be affected by substrate material
and geometry. Liu and Hsieh [59] reported that the packing density and morphology of non-
woven cellulose acetate fibre was significantly influenced by the collector material. Highly

electrically conductive substrates (water and Al foil) result in denser packing and thicker
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membrane structure due to a more rapid residual charge deposition rate. Furthermore, in
contrast with fibre collected from water, fibre collected on a paper substrate (low electrical
conductivity) has a more uniform diameter and smoother surfaces [59]. The surface
morphology and porosity of PS/THF, PVAc/methylene chloride (MC) and PLLA/MC nano-fibre
was found to be influenced by the temperature of the collector [141]. The geometry of the
collector can be changed to produce oriented nano-fibres; this will be explained in detail in

Section 2.2.

2.1.6. Effect of Environmental Conditions on Fibre Formation

Temperature and relative humidity are two important environmental parameters that can
affect electro-spinnability and fibre morphology [142]. Wang et al. [143] fabricated 6 wt%
PAN/DMF at 32.2 °C and 88.7 °C and found that average fibre diameter decreased from 170.2
1+ 38.2 nm to 83.6 + 40.5 nm. This indicates that the viscosity of the solution decreased when
increasing temperature. Mit-uppatham et al. [100] reported a similar trend when electro-
spinning 20 w/v% PA-6/formic acid: increasing the spinning temperature from 30 °C to 60 °C
reduced the viscosity of the solution from 517 cP to 212 cP, and the average fibre diameter
decreased from 98.3 + 8.2 nm to 89.7 + 5.6 nm. However, Amiraliyan et al. [144] observed
that the average fibre diameter of 12 w/v% silk/formic acid increased from 165 nm to 1883
nm when spun at 25 °C and 75 °C, respectively. The fibre became more ribbon-like due to
excessive solvent evaporation at the fibre surface as the spinning temperature increased,
causing the formation of a skin on the jet surface that inhibited the evaporation of the solvent

in the core of the fibre. This caused the ribbon to collapse when the jet struck the collector.
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Relative humidity can influence fibre morphology, primarily by affecting the charge dissipation
rate of the jet [145] and the evaporation rate of the solvent [142]; the humidity of the electro-
spinning chamber can be controlled using a saturated salt bath [142, 146]. Vrieze et al. [142]
found that PVP/ethanol solution could not produce fibres when humidity reached 60%,
possibly due to the absorption of water into the fibres. In the case of hydrophilic polymers,
when the water content of the surrounding atmosphere (humidity) is greater than the water
content in the fibres, water will be absorbed into the fibres, as a result solvent evaporation
and therefore, solidification will be inhibited [142]. Vrieze et al. [142] also found that
increasing the humidity from 20% to 40% resulted in decreased fibre diameter when spinning
PVP/ethanol and cellulose acetate/DMAc solutions. They suggested that increasing the
humidity to just below a critical value slows the solidification and favours a higher degree of
elongation of the polymer jet. The effect of humidity on the fibre diameter of PAN/DMF was
studied by Huang et al. [147], who found that the fibre diameter increased continually from
150 nm to 640 nm as relative humidity increased (from 0% to 60%). They suggest that higher
moisture content in the air reduces the amount of charge on the polymer jet surface [148],
resulting in a weaker electric field and less stretching of the polymer jet [147]. In fact, the
effect of humidity on fibre formation is strongly related to the polymer's hydrophilicity [145].
As shown in Figure 2.1.2, the solidification rate of hydrophilic and hygroscopic polymers was
decreased, and finer fibres could be produced when humidity was increased, whereas the
solidification rate was increased when producing hydrophobic polymer fibres under high
humidity, resulting in larger-diameter or even porous fibres [145]. In the case of fibre

alignment, charges maintained on the jet surface were discharged by the moisture, thereby
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decreasing the degree of alignment as the humidity increased, especially when using parallel

electrodes [15, 149, 150].
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Figure 2.1.2 Electro-spun nano-fibre morphologies and mat structures as a function of

humidity, solidification rate, and polymer hydrophilicity [145].

2.2. Fibre Alignment During Electro-spinning

Due to bending instability (the aforementioned whipping action) during electro-spinning, the
electro-spun jets are usually deposited randomly on the collector, which gives a non-woven
mat or mesh-like preform. The two-dimensional simulation of the electric field lines of a
conventional electro-spinning set-up was demonstrated by Theron et al. [151] and Deitzel et
al. [152]. Theron et al. [151] assumed the needle to be a positively charged circular point and
the collector plate (grounded) to be of infinite size; they show equipotential arrowed lines of
the electrostatic forces pointing from the needle to the collector. The field lines form an
‘umbrella’ shape that extends from the needle and becomes relatively parallel before reaching
the grounded plate; this is illustrated in Figure 2.2.1a and b. These electric field lines were

understood to be the main factor causing whipping instability [10, 13, 116].
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Figure 2.2.1 (a) The computational simulation of conventional electro-spinning set-up

generated by Theron et al. [151] and (b) Deitzel et al. [152].

Non-woven structures are ideal for applications in filters and membranes because of their
porous structure and large surface area. However, random electro-spun fibres cannot be
applied to some areas where mechanical strength is required to maintain the geometry of the
mat [153]. An aligned fibre array has greater stiffness than non-woven nano-fibre mat along
the alignment direction [154], as demonstrated in the case of gas sensors or filters [155],
fabrics and textiles [4], and vascular grafts or coating over stents [50]. Researchers also found
that the aligned fibres were better able to support cell growth, proliferation, and neurite
outgrowth than random fibres [156-158]. Aligned fibres also have the benefit of encouraging
cell growth along the nano-fibres' axis of alighment, allowing the direction of cell growth to
be controlled [159, 160]. Furthermore, unidirectional electro-spun fibre can also improve

charge transport and increase power conversion efficiencies, which may be of interest for the
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battery and energy-harvesting industries [161, 162]. Aligned nano-fibres can be obtained
using high-speed rotating collectors [163] or by controlling the electric [150] and magnetic
fields [20] during electro-spinning. This section reviews the methods reported in the literature
for producing aligned fibres during electro-spinning. Appendix A presents a summary of the
main electro-spinning fibre alignment methods and the associated processing parameters

reported in the literature.

2.2.1. Mechanical-based Nano-fibre Alignment Methods

2.2.1.1. Rotating Collector

Aligned electro-spun fibres can be produced using a high-speed rotating drum or belt collector
operating at around 12.9 m/s. A schematic illustration of a typical rotating collector is shown
in Figure 2.2.2. Researchers have found that increasing the mandrel rotation speed will result
in a higher degree of alignment [14, 19, 22, 63, 132, 164-170]. In fact, the rotation speed of
the mandrel must match the whipping speed of the polymer jet in order to produce aligned
fibres [14]. The whipping speed (or frequency) and deposited area of the polymer jet are
typically controlled by the extension rate of the polymer jet [171] and the electric field
strength of the system [172, 173]. Greenfeld et al. [173] reported that the extension rate of
the electro-spinning jet varies from polymer to polymer. The extension rate of 3 wt% PEO was
~103 s, whereas that for 15 wt% PMMA was around 7000 s. They also found that the jet
strain rate increased with the electric field strength and decreased with solution viscosity
[173]. Therefore, the rotation speed of the mandrel must be adjusted for different polymers

and processing conditions in order to produce aligned nano-fibres.
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Researchers have also demonstrated that increasing the distance between the needle and
collector to around 25—-30 cm aids the alignment of the fibre on the rotating mandrel without
changing the mandrel’s rotation speed [174, 175]. The rotation-speed threshold to obtain
aligned fibres varied from system to system: the minimum rotation speed for PET was 0.5 m/s

[164], whereas the surface velocity to obtain aligned PAN fibres was 9.8 m/s [166].

Electrode for Solution Charging
i
Polymer Solution ’

Reservor ™~

Nozzle

Polymer Jet/Fiber 4.\

™ Mandrel

Figure 2.2.2 Schematic illustration of the rotating collector [63].

Increasing the take-up speed can also help stretch the fibre while spinning, leading to a
decrease in the fibre diameter of highly aligned PLA fibres from 0.81 um to 0.47 um,
respectively, when the collecting speed increases from 400 rpm to 1000 rpm [170]. Increasing
the take-up speed from 0.25 m/s to 0.5 m/s, Kim et al. [164] found the tensile strength,
Young’s modulus and yield stress were around two times higher. However, high rotational
speeds can generally lead to three problems: (i) the polymer jets must have sufficient elasticity
and strength to avoid fracturing during production [164]; (ii) higher rotational speeds can lead

to slower evaporation of the solvent, causing solvent-rich and flattened fibres to be deposited
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[175]; and (iii) the air turbulence caused by the high mandrel rotation rates can cause fibre
misalignment and even dislodge the fibres from the collector [164]. Air turbulence can be
reduced by redesigning the electro-spinning rig. For example, Krishnamoorthy et al. [176]
produced highly aligned fibres under fast rotation speeds (78 m/s) using an air-turbulence
shield design (see Figure 2.2.3). Degree of fibre alignment starts to decrease as fibre mat
thickness increases [177]. One possible explanation is that residual charges may accumulate
as the mat gets thicker, thereby deflecting the incoming fibres and causing misalignment [178].
This problem can be addressed by using an alternating current (rather than a direct current)
for electro-spinning. Fibres carrying both positive and negative charges becomes neutral upon
reaching the collector [179]. These methods can produce large areas of aligned fibres

efficiently.

Aluminum Disc Connector

Solution Dispensing Unit

Needle Stand

Air-Shield

Copper Strip Collector

Mandrel Motor

Rotating Disk

Figure 2.2.3 Schematic of the shielded rotating collector modified by Krishnamoorthy et al.

[176] to generate aligned nano-fibre.
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2.2.1.2. Centrifugal Alignment Method

Instead of using a rotating collector (mandrel) as discussed previously, in this case the
spinneret is rotated, and the fibres are deposited onto the surface of a disc or the inner surface
of a cylinder to produce aligned fibres. This method combines electro-spinning with
centrifugal spinning to produce aligned fibres during electro-spinning; the centrifugal force is
responsible for fibre alignment. Liu et al. [180] designed a rig wherein the spinning direction
was perpendicular to the centrifugal force (see Figure 2.2.4a); highly aligned fibres were
obtained with low spinneret rotation speed (420 rpom) and low voltage applied (3 kV). However,
the fibre deposition area was restricted to the size of the ring collector, approximately
between 14 cm (ID) and 16 cm (OD) diameter. Thus, a large area of fibre mat cannot be

produced using their method.
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Figure 2.2.4 Schematic illustration of the centrifugal electro-spinning set-up designed by (a)

Liu et al. [180], (b) Badrossamay et al. [181], and (c) Edmondson et al. [182].

Badrossamay et al. [181] rotated a solution reservoir that contained holes (see Figure 2.2.4b).
The main advantage of this method is that with the help of centrifugal force, the voltage

applied to initiate fibre formation was significantly reduced. Badrossamay et al. claimed that
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the aligned fibre bundle can be produced without applying a voltage [181]. The authors also
proposed a mathematical model to demonstrate how centrifugal force can form polymer jets
and estimate the optimal processing parameters for the centrifugal spinning process.
Edmondson et al. [182] used a similar idea to Badrossamay et al. [181]; however, they changed
the collector from a continuous ring to several grounded plates. A schematic illustration of
their set-up is shown in Figure 2.2.4c. The set-up yields a higher degree of alignment; however,
it should be noted that a 15 kV voltage was also applied in this case. These two concepts were
also compared by Kancheva et al. [183], who reached the same conclusion. It is assumed that,
as with any mandrel-based collector approach, the centrifugal fibre alignment method will
also produce fibres with an intrinsic curvature. It would likely prove difficult to unspool the

fibres as a continuous length.

2.2.2. Electro-spinning Under a Controlled Electric Field

2.2.2.1. Parallel Electrodes

As described in Section 2.1.4, during electro-spinning, charges accumulate on the surface of
the pendant polymer solution when a potential is applied across electrodes. These charges in
the polymer solution follow the path of electric field lines, ultimately discharging themselves
at the grounded electrode. The electric field lines can be altered by changing the shape of the
grounded collector, thereby influencing the trajectory of the fibre towards the collector [119,
150]. The parallel electrode method is a very common and relatively simple, yet highly efficient,
method for enabling fibre alignment. Li et al. [149] first introduced fibre alignment techniques
using parallel electrodes; a schematic illustration of their set-up can be found in Figure 2.2.5a.

Instead of using a rectangular or circular flat-plate grounded electrode, their set-up deployed
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a pair of metallic grounded electrodes with an air gap between them. As seen in Figure 2.2.5b,
Li et al. [149] also presented a schematic of the electric field lines between these electrodes.
When the field gets close to the grounded parallel collectors, instead of pointing vertically,
field vectors are attracted towards these electrodes. This cause the remaining charge on the
fibre surface to be directed to the grounded electrode and deposited across the parallel

electrodes (see Figure 2.2.5c).

The effect of gap distance was studied systematically by Liu and Dzenis [184], whose simulated
results indicated that when gap size increases, the electric field component in the horizontal
direction also increases, thereby favouring the alignment of nano-fibres. However, one of the
main disadvantages of this set-up is that the width of the gap restricts the fibre length that
can be produced. The whipping jet diameter must be wide enough to cover the width of the
parallel plate; this can be altered by adjusting the voltage during production [12]. In this
technique, the residual charge on the suspended fibres was reported to be responsible for
repelling the incoming charged fibres. Therefore, a low electro-spinning time will result in a
low fibre density with a correspondingly low degree of alignment because the fibres are not
close enough to repel one another [150]. Moreover, a low-humidity environment is also
necessary to slow the charge dissipation rate from the fibre surface [15]. Yusuf et al. [185]
showed that increasing gap width decreased the fibre diameter from 629 + 20 nm (5 mm) to
478 + 2 nm (20 mm) when spinning with 15 wt% PVA. Liu and Dzenis [184] reported that
alignment increased non-linearly with the increased gap size. Beachley et al. [84] reported
that an excessive gap requires that the fibre have a high solidification rate, high stretchability,
and sufficient strength to support its own weight to avoid fracturing after deposition. The

choice of electrode material can also influence the orientation of the electro-spun fibres.
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Figure 2.2.5 (a) Schematic illustration of the parallel electrode set-up using a pair of
conductive silicon stripes for electro-spinning to generate uniaxially aligned nano-fibres. (b)
Simulated electric field strength vectors in the region between the needle and the collector.

(c) Electrostatic force analysis of a charged nano-fibre spanning across the gap. The

electrostatic force (F1) resulting from the electric field and the Coulomb interactions (F2)
between the positive charges on the nano-fibre and the negative image charges on the two

grounded electrodes [149].

Furthermore, it was reported (see Figure 2.2.6a and b) that parallel electrodes constructed
with high dielectric constants (ferrite materials with dielectric constant = 12) tend to form
more aligned fibres than materials with low dielectric constants (epoxy resin with dielectric

constant = 4) [186]. This may be because materials with high dielectric constants are
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concentrating the electrostatic lines more efficiently and hence creating a denser electric field.
Referring to the alignment mechanism shown in Figure 2.2.5c, parallel electrodes with low
electrical conductivity, were possibly less efficient in attracting and dissipating residual
charges on the fibre, which in turn led to low fibre alignment. However, low-conductivity
dielectric materials can also be used to align fibres; this will be reviewed further in Section

2.2.4.1.

,;* il

‘lr

d

Figure 2.2.6 (a) and (b) Digital camera images of prepared nano-fibre mesh using epoxy and

ferrite as the collectors, respectively. (a’, b’) Optical micrographs of (a, b), respectively. [186]

Secasanu et al. [187] computed the electric fields of parallel electrodes with different edge
geometries as shown in Figure 2.2.7a, b and c, representing standard parallel electrodes, a
single pointed electrode and sharpened electrodes, respectively. In the case of the sharp

electrode tips with a chamfer angle of 26.6°, the electric field strength is higher and there is a
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larger local voltage drop. This results in a higher possibility of fibres being deposited across

the two tips. Compared to flat electrodes, sharpened electrodes can gather four times more

aligned fibres.
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Figure 2.2.7 Electric fields simulated for (a) standard parallel electrodes, (b) single sharpened

electrode and (c) a pair of sharpened parallel electrodes [187].

Although the parallel-plate electrode design offers a practical method to produce fibres with
a high degree of alignment, with more than 80% of the fibres aligned, the length of the
resultant fibre is generally limited to between 10 mm and 80 mm [186]. One possible
explanation is that the diameter of the fibre whipping area is generally limited to this range,
and the whipping diameter needs to be similar to, or larger than, the gap distance of the
parallel electrodes [150, 188]. By adding another electrode between the parallel electrode
with an opposite charge, the fibre length can be increased using a three-electrode set-up, as
shown in Figure 2.2.8 [189]. Haseeb [189] created a triple parallel electrode array collector
with two side electrodes of different polarity to that of the middle electrode, which had the
same polarity as the needle. The purpose of this additional electrode was to repel and stretch
the fibre during deposition. However, it was reported that the downside of the set-up was
that a large number of fibres were either lost or deposited directly onto the negative

electrodes [189].
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Figure 2.2.8 Schematic illustration of the triple parallel electrode grounded electrode

configuration [189].

Park et al. [190] showed that parallel electrodes with an inclined spacing (see Figure 2.2.9a)
could increase the fibre alignment across the gap compared with parallel electrodes arranged
on the same plane. Hsu et al. [191] modified Park’s set-up by replacing the clean edge collector
with a serrated tooth-edge collector (see Figure 2.2.9b). Hsu et al. studied the influence of the
collector parameters such as gap length, pitch length and notch angle on fibre alignment.
Using 3D COMSOL model simulations (see Figure 2.2.9c and c’), they demonstrated that a
sharp tooth angle, short pitch distance and short gap distance resulted in the formation of
multiple independent fibre bundles. Moreover, they also showed that the pitch length must

be smaller than the gap distance in order to produce fibre bundles.

Cai et al. [188] produced highly aligned electro-spun PVDF fibres with a maximum length of
60 cm; they used a U-shaped parallel electrode collector when electro-spinning with a solution
of PVDF/DMF/acetone. A schematic illustration of their set-up is shown in Figure 2.2.10a. The

main difference in the approach used by Cai et al. [188] was to apply a negative voltage to the
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Figure 2.2.9 (a) Schematic diagram of the electro-spinning set-up for the inclined gap method
designed by Park et al. [190]. (b) Illlustrations of the experimental set-up for the serrated-
edge incline gap collector designed by Hsu et al. [191]. (b’) Three design parameters used for
the serrated-tooth set-up (b). (c) 3D finite-element simulation with COMSOL showing the
overall set-up. (c’) Close-up view of the 3D electric field profile around the serrated-edge

incline gap [191].

collector rather than ground it; they postulated that the discharge mechanism of the
grounded electrode was to create an image charge on the surface of the electrodes and
neutralise it when charged fibres were deposited onto it. Since the Coulomb interactions are
inversely proportional to the square of the separation between two charges (refer to Equation
(2.11)), only the jet adjacent to the electrode would be affected and stretched. Although the
electric field lines simulated were similar, applying a negative voltage to the collector was
shown to effectively attract the charges on the fibre jet and force it to move back and forth
[188]. However, the SEM micrograph they presented showed a relatively low fibre density

compared to that of the other parallel electrode methods.
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Figure 2.2.10 (a) Schematic illustration of the electro-spinning set-up of the U-shaped

collector. (b) COMSOL simulation of the set-up [188].

2.2.2.2. Auxiliary Electrodes

Based on the parallel-plate electrode alignment method, multiple electrodes, such as ‘steering’
or auxiliary electrodes, have also been used to improve the alignment of the electro-spun
fibres; steering electrodes are usually placed between the needle and the grounded collector.
The basic function of the auxiliary electrodes is to modify the electric field between the
spinneret and the grounded electrode. Such electrodes may be one or more ring-shaped
electrodes placed in a row, as shown in Figure 2.2.11a and b [152], or parallel electrodes facing

each other (see Figure 2.2.12a) [192].

The effect of these auxiliary electrode rings on the electric field has been simulated by Deitzel
et al. [152] (see Figure 2.2.11b). Eight auxiliary copper ring electrodes were separated evenly
across the 20 cm working distance from the tip of the needle to the target. The needle was
charged at +9 kV, the collector was charged at —11 kV, and all the copper rings were set at +5

kV. In contrast with the electric field simulation of the conventional set-up (from the same
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group) demonstrated in Figure 2.2.1b, the arrowed field lines show that the ring-electrodes
suppress the field lines into the centre of the geometry, thereby reducing the whipping radius
as well as the diameter of the deposition area. They observed that the fibre deposition

changed from 7 cm to 1 cm, when the ring-electrodes were introduced.
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Figure 2.2.11 (a) Schematic illustration of multiple-ring auxiliary electrode configuration to
produce aligned electro-spun fibres. (b) Electric field simulation of the auxiliary ring electrode

set-up [152].

The shape of the auxiliary electrodes can also be a pair of parallel rectangular electrodes facing
each other. Arras et al. [192] used a pair of rectangular ‘steering’ electrodes to influence the
trajectory of the polymer jet. Their experimental setup is shown in Figure 2.2.12a. The fibre
deposition area was suppressed when auxiliary electrodes were activated (see Figure 2.2.12b).
Acharya et al. [18] used a similar design to that illustrated in Figure 2.2.12a and showed
improved fibre alighnment when using parallel plates in addition to a pair of positively charged

steering electrodes.
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and primary electrode configuration. Uaux and Uo refer to the voltage on the auxiliary and
primary electrodes; and (b) the effect of the electrodes on the trajectory of the jet and the

deposition area [192].

An auxiliary electrode need not be placed between the needle and the collector. Kiselev et al.
[193] demonstrated a way to reduce or even eliminate fibre bending instability: a 100 cm?
conductive metal guard plate electrode with a hole in the centre was added to the set-up,
with the needle inserted through the hole so that it is protruded by 20 or 30 mm. Schematic
illustration of their experimental set-up is shown in Figure 2.2.13. They reported that aligned
fibres could be produced with a relatively low mandrel collector rotation speed (4.71 m/s).
Moreover, the method was reported to be capable of producing 100% highly aligned fibres
that were distributed within 4°. This was achieved when the surface rotation speed of the
mandrel was around 3.5 m/s for PEO and between 4.0 m/s and 6.1 m/s for PS/DMF.
Unfortunately, Kiselev et al. [193] offered no explanation as to the reason for this

phenomenon or the simulation.
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Figure 2.2.13 Schematic illustration of guard-plate auxiliary electrode fibre alignment set-up

[193].

A simulation of the set-up shown in Figure 2.2.13 was completed by Yang et al. [194], who
reported that the electric field lines became more uniform when a guard plate of dimensions
295 mm x 185 mm as introduced. As can be seen in Figure 2.2.14, unlike auxiliary electrodes,
guard plates share the same electric potential as the needle, and the field uniformity increases
as the position of the plate comes nearer to the needle tip. However, Yang et al. found that
higher field uniformity near the needle tip required a higher electric potential to emit the jet
from the Taylor cone. Furthermore, although the potential applied was higher, due to the
electrostatic force along the X- and Y-component at the bending point (where bending
instability starts), the bending instability was significantly reduced by the guard plate. The
stable region of the jet was found to increase and the whipping area decreased, when the

potential was increased.
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Figure 2.2.14 Electric field simulation of guard plate electro-spinning set-up with different

plate positions reported by Yang et al. [194].

Cui et al. [195] and Ravichandran et al. [196] modified the electric field even further by
combining the guard-plate and auxiliary-ring set-ups. Using COMSOL software, Cui et al. [195]

established the electric field lines and the plot of the horizontal components of the electric
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field strength (see Figure 2.2.15d) along the vertical cut line (lines 1, 2 and 3 in Figure 2.2.15a-
c) through the centre of the whole geometry. They showed that the combined electrode
configuration exhibited advantages from both methods, namely that the electric field strength
of the horizontal components is uniform at the tip of the needle and becomes convergent at
approximately 23 cm below the needle tip. In other words, the jets are initially less divergent
but begin converging towards the centre of the field, where most of the electric force acts
vertically towards the collector. Cui et al. further reported that this set-up significantly
reduced the bending instability when electro-spinning PVP in ethanol. They elaborated that
fibres could be aligned on the rotating collector with a linear velocity of 0.89 m/s; But, helical
fibres were found at this velocity. However, they found that this could be eliminated when
the linear velocity was increased to 6.7 m/s [195]. As a comparison, the minimum linear speed
required to produce highly aligned fibre using the rotating mandrel set-up was 2.0 m/s when
spinning PEO in water [14] and 5.3 m/s when spinning PEO in water and ethanol using the
rotating disc method [151]. Referring to the alighment mechanism of the rotating collectors
described in Section 2.2.1.1, it appears that the guard plates and auxiliary electrodes suppress
only the whipping radius; they do not appear to suppress the whipping frequency. The
whipping rate and extension rate of the jet are affected predominantly by polymer and

solution parameters [171, 193].

Based on the papers mentioned above, the presence of the auxiliary electrodes significantly
reduced the whipping of the polymer jet. However, collectors such as rotating mandrels must
still be used to achieve the alignment. The previously described limitations of the rotating

method still apply here.
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Figure 2.2.15 Simulation of the electric field distributions and the electric potential contours
when (a) the guard electrode, (b) the auxiliary ring electrodes, and (c) both the guard
electrode and auxiliary ring electrodes are introduced to the electro-spinning set-up. (d) The

plot of the horizontal components of the electric field strength along the centre line [195].

2.2.3. Hybrid Alignment Methods

2.2.3.1. Variants of the Rotating Mandrel

In order to capitalise on the advantages of the rotating mandrel and parallel electrode fibre
alignment methods mentioned in Sections 2.2.1 and 2.2.2, researchers have used hybrid
systems that combine both methods to create longer and oriented electro-spun fibres. The

simplest way to combine these two concepts is to change the surface of the rotating mandrel
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into bars [178] or fins [197]. These bars and fins act as parallel electrodes that can ‘steer’ the
movement of the whipping jet path into the direction of the rotation. Schematic illustrations

of these two hybrid methods are shown in Figure 2.2.16a and b, respectively.

a b
Polymer solution Collector
Extruder : ;
1 pm/min D (cm)

Ground

Figure 2.2.16 Schematic illustrations of (a) the rotating bar mandrel [178], and (b) the

rotating fin mandrel [22].

Although these two set-ups apply the same concept, the resultant fibre alignment differs. Afifi
et al. [22] report that, using the fin mandrel, 60% of the fibres were aligned within + 5°,
whereas the bar-based mandrel achieved 75% alignment. One potential explanation for this
result may be that the fin collector generates more air turbulence than the bar collector.
However, the degree of fibre alignment obtained from the bar mandrel decreased as spinning
time increased; this trend is similar to that observed in the conventional rotating mandrel set-
up in Section 2.2.1.1. Both papers [178, 197] reported that highly aligned fibres could be
obtained with a lower drum rotation rate of ~1 rpm compared to the conventional mandrel

design which operates at around 3,000 rpm. This is likely due to the fin and bar electrodes
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acting as parallel electrodes, which helps to improve the alignment at low rotation speeds.

Changing the shape of the rotating mandrel to a disc (see Figure 2.2.17a) is another way to
change the electric field lines. This concept was first demonstrated by Theron et al. [151]; by
changing the conventional collector to a 26.6° sharp-edged rotating disc. The sharp edge
provides a high localised electric field strength, and the fibres are attracted to this sharp
rotating contour. In this method, the whipping movement of the fibre changes from that of a
cone to that of an oval. This is because the sharp-edged collector guides the electric field lines
to the edge of the collector (see Figure 2.2.17b), thereby causing the whipping radius to
diminish as it reaches the edge of the disc. This can be seen in the high-speed photograph

shown in Figure 2.2.17c [151].
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Figure 2.2.17 (a) Schematic illustration of the sharp-edged rotating disc set-up. (b) electric
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[151].
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The disc design significantly reduces air turbulence during rotation when compared to the
mandrel-based collector. This concept has been transformed into numerous designs, such as
guiding electrodes [198, 199] and the end-point control method [200]. Sections 2.2.3.2 and

Section 2.2.4.1, respectively, will describe these two designs in further detail.

2.2.3.2. Guiding Electrodes

The guiding electrodes can be understood as a variant of the sharp rotating disc electrodes
set-up (see Figure 2.2.17a), with the difference being that the guiding electrodes are generally
placed outside the area between the needle and the collector surface. The guiding electrodes
are typically metal parts containing sharp-tipped metal, which is used to significantly increase
the electric field strength at its tip and to guide the trajectory of the polymer jet. Furthermore,

the collector in this set-up is neither grounded nor a conductor.

A typical set-up using a guiding electrode as demonstrated by Sundaray et al. [198] is
illustrated in Figure 2.2.18. With reference to Figure 2.2.18, a sharp stainless-steel pin was
mounted vertically on a traversing arm, and pointed towards the needle. A thin polystyrene
sheet was used to collect the fibres by wrapping it around a cylindrical frame. Using this
method, fibres of PS in tetrahydrofuran with 25 w/w% and PMMA in chloroform with 20 w/w%
were obtained. Sundaray et al. [198] reported that a high degree of fibre alignment was
achieved for both polymers when the rotation speed reached 2.5-3.0 m/s with only 4.8 kV
applied. Furthermore, they showed that manually rotating the substrate could produce cross-

ply patterns in two mutually perpendicular directions on the same substrate [198].
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Figure 2.2.18 Schematic illustration of the guiding electrode alignment method proposed by
Sundaray et al. [198]. The polymer solution is taken in a syringe with a fine wire inserted as
electrode (A). A steel pin aligned exactly with the needle of the syringe is used as counter
electrode (C). A view of the pin (C) is shown in the inset. A 1-mm-thick flexible plastic film
wrapped around an insulating cylinder attached to the axle of a dc motor (M2) is used as the
substrate. The dc motor assembly is mounted on a plastic block. This block along with M2
and substrate can be moved linearly parallel to the axis of the cylinder using a step-motor

lead-screw arrangement [198].

Instead of inserting the electrode inside the mandrel, Teo et al. [201], reduced the diameter
of the mandrel, changed the mandrel material to Teflon, and placed grounded aluminium flat
strips or knife-edged aluminium strips below the rotating Teflon mandrel (see Figure 2.2.19a
and b). They found that the fibres collected on the Teflon tube, when using the knife-edged

aluminium strips, showed greater circumferential alignment when compared to the case when
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the aluminium flat strips were used. The percentage of fibre aligned to within less than 4°
increased from around 15% for the flat strips to 37% for the knife-edged strips. Once again,
this demonstrates that sharp edges have the ability to concentrate and attract the field lines

[201].

=<

+
e )
- Voltage Supply

Figure 2.2.19 Schematic illustration of the electro-spinning set-up for: (a) counter-electrodes
consisting of flat aluminium strips; and (b) knife-edged aluminium strips; and (c) showing the

simulated electric field lines for set-up (a) [201].

Wu et al. [202] replaced the knife-edged aluminium strips (shown in Figure 2.2.19b) with three
rod-like guiding electrodes that were placed parallel to each other with a set distance in-
between (see Figure 2.2.20a), and located behind the rotating collector. However, instead of
being grounded, these electrodes were connected to high-voltage power supplies, with the
centre electrode charged positively and the two on either side charged negatively. The
percentage of fibre aligned between 80-90° increased from 19.6%, without guiding electrodes,
to 72.5% with guiding electrodes. Additionally, Wu et al. found that fibre density and degree
of alignment increased when the gap between these guiding electrodes decreased. In their
electric field line simulation, as the gap decreased, the field lines became more focused

towards the centre electrode [202].
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The use of guiding electrodes can be used to separate the role of collector and electrodes,
which allows the aligned electro-spun fibre to be collected onto a non-conducting substrate.
In some cases, this can prevent fibres from adhering onto the substrate, thereby enabling easy
removal and reducing loss during transfer. However, in this case, due to the guiding electrodes
being placed at a certain distance from the collector, the residual charge on the fibre surface
can dissipate only through the air. The amount of fibre and the thickness of the mat that can
be collected onto the substrate depends on the charge dissipation rate, which is in turn

controlled by the humidity of the processing environment.
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Figure 2.2.20 (a) Schematic illustration of the focused electro-spinning set-up with three

auxiliary electrodes. (b) Design parameters of the set-up (a). Electric field line simulation of

(c) conventional set-up and (d) focused electro-spinning set-up [202].
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2.2.4. Other Nano-fibre Alignment Methods

2.2.4.1. Dielectric Insulating Materials

During electro-spinning, due to the fact that electro-spinning is the effect of the movement of
charged particles [203], several researchers have shown that although the current in the
polymer jet is minimal, it could nevertheless be detected using the set-up illustrated in Figure
2.2.21 [10, 203-205]. Deitzel et al. [10] found that the current value in their experiment was
in the range of 7-11 nA. Therefore, low electrically conductive dielectric insulating materials
can be introduced to modify the moving path of charged jets and thereby produce aligned

fibres by controlling the jet trajectory.
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Figure 2.2.21 Electro-spinning current measurement set-up [203].
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The concept of the rotating disc fibre alignment set-up (see Figure 2.2.17a) was modified by
Nguyen et al. [200]. Unlike the rotating disc electrodes, the set-up of the end-point controlling
method (as shown in Figure 2.2.22a) retains the rotating metal mandrel. Instead of changing
the shape of the rotating mandrel to a disc, Nguyen et al. used two pieces of polyimide film
on the top with a variable gap distance at the centre. A gap of 5 mm in the centre of the
mandrel was set and examined in their study; the fibres were deposited within the gap. 80%
of the fibres were said to be aligned to within 3° when the mandrel rotation rate was 3500
rpm [200]. They simulated the set-up using COMSOL (see Figure 2.2.22a’-d’) and presented
results of the electric field strength rainbow graph, the electric potential rainbow contour
graph, and the electric current density graph. Due to the presence of the dielectric material in
the system, the current vector graph was introduced into the simulation. Nguyen et al.
concluded that applying the dielectric film has the same convergent effect on the field as that

of the rotating disc collector [200].
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Figure 2.2.22 Schematic illustrations of various fibre alignment methods proposed by Nguyen

et al. [200] and their corresponding simulation results.
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A dielectric material was also introduced by Hwang et al. [206] in their experimental set-up.
They place two identical insulating blocks 14 mm above the conventional collector. The
dimension of the blocks were 50 mm x 30 mm x 50 mm with relative permittivity of 4. Unlike
the traditional auxiliary electrode alignment set-up illustrated in Figure 2.2.12a, no external
potential was applied to these insulating blocks. They found that the fibre trajectory was
controlled, and the whipping was suppressed. The polymer jet moved back and forth along
the gaps between these blocks (see Figure 2.2.23c). Aligned fibre arrays were produced by
shifting the position of the collector perpendicular to the alignment direction under a certain

speed. Unfortunately, the degree of fibre alignment was not reported [206].

Using the COMSOL simulation software, Hwang et al. [206] examined the electric field
strength of all three axes separately from the tip of the needle to the centre of the collector.
They found that the difference between electric field intensities at the centre and the edge
was more significant when insulating blocks were employed (see Figure 2.2.23d). Therefore,
this shows that the electrified polymer jet can be confined in the region between the insulating
blocks, causing the direction of the jet motion to change from 3D to 2D. They also proved the

concept using high-speed imaging [206].
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Figure 2.2.23 3D schematic diagrams of (a) conventional electro-spinning set-up and (c)
insulating block method. Electric field simulation result of (b) conventional set-up, (d-e)
insulating block method along X- and Y-axis. (f) Comparison of the electric field strength of

the conventional and the modified set-up at the centre position [206].
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2.2.4.2. Magnetic Field-assisted Alignment Method

Some researchers introduce magnets instead of using positively charged auxiliary electrodes
to influence the electric field between the spinneret and the grounded electrode [20, 23, 207-
210]; magnets with opposite poles facing each other were placed between the spinneret and
the grounded collector. The results of the above-referenced studies indicate that the charged
polymer jet experienced a radial Lorentz force as it travelled through the magnetic field. The

force can be estimated using Equation (2.13) [211]:

F =qE + quv X B (2.13)
where Fis the Lorentz force, g is the charged particle (C), E stands for the electric field (V/m),
v stands for the velocity of charged particle (m/s), and B is the magnetic field (T). If the
directions of the magnetic field and charged particle movement are known, the direction in
which the Lorentz force is acting can be determined using the right-hand rule [211]. Higher
applied voltage and solution conductivity can result in increased electric field strength and

charge density, which results result in higher Lorentz force.

Liu et al. [23] placed two magnets with opposite poles facing each other to the left- and right-
hand sides of the grounded collector (see Figure 2.2.24). Their results when spinning
PVP/ethanol and PLGA/1,1,1,3,3,3-hexafluoro-2-propanol showed that no magnetic
nanoparticles were required to align the fibre. The charged fibres were said to be attracted
onto the collector and stretched across the gap of two opposite magnetic poles along the
direction normal to the magnets' surface [23]. Using the same set-up, Mei et al. [80] also
illustrated that PAN/DMF fibres could be aligned without the use of magnetic particles. They

found that using optimal processing parameters, 40% of the fibres were aligned to within 5°.
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The main processing parameter affecting the degree of alignment was the distance between
magnets; the optimal distance was found to be 2.58 cm [80]. However, Yang et al. [20] claimed
that the polymer solution must be magnetised by adding a small number of magnetic
nanoparticles (0.22 wt% of Fe30a) to achieve alignment [20]. Similar requirements were also
reported by Ajo et al. [208] and Wang et al. [207]. The electro-spun PVP nano-fibre produced
by Wang et al. [207] shows a relatively poor surface morphology in the presence of Fez04 due

to the agglomeration of ferrite nanoparticles.

Figure 2.2.24 Schematic illustration of the magnetic field assisted electro-spinning set-up

used for producing aligned nano-fibres [23].

Thus far, only a limited number of papers have studied the magnetic field's effect on the
trajectory of electro-spun fibre jets. It is worth pointing out that the magnets are also metallic
components. Of the various researchers’ alignment techniques described in this section, none

offered evidence to indicate that the existing electric field lines were not changed when the
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magnets were introduced. Considering that the magnetic field is the dominant factor in these

experiments, further explanation should have been offered.

2.2.4.3. Near Field Electro-spinning

In addition to changing the set-up of the electro-spinning rig, changing the process parameter
is another way to lower the extent of whipping. In conventional electro-spinning, the intrinsic
bending instability resulting in the polymer jet whipping after a short distance from the
spinneret is the major barrier to producing aligned nano-fibres. Here, an elegant approach is
used whereby the working distance is reduced to within the straight section of the polymer
jet [212]. The concept of near-field or precise electro-spinning was demonstrated by Kameoka
and Craighead [213]. The distance between the needle and collector was reduced from 10-20
cm to 0.5-3 mm; this is just before the occurrence of bending instability [213]. Since the
whipping area increases as the working distance increases [13, 119], reducing the working
distance will result in the width of the whipping area decreasing [214]. Moving the collector
along the X and Y axis, with speed matching or higher than whipping speed, Ye et al. [215]
were able to control the position and morphology of the fibre when it was deposited on the
substrate. In this case, single nano-fibres can be produced [216, 217]. A number of authors
have demonstrated near field electro-spinning [171, 212, 213, 215-218]. However, the process
is not suitable for solvents with low volatility due to the lack of a whipping process. The
relaxation of the polymer chains in the solvent-rich jet is likely to be an issue if the intention
is to manufacture reinforcing fibres with a high degree of molecular orientation [40].
Furthermore, the production speed is significantly lower than other alignment techniques,

with a few nano-fibres been produced per second.

68



2.3. Tensile Testing of Electro-spun Nano-fibre

2.3.1. Techniques to Determine the Tensile Properties of Electro-spun Nano-

fibres

Tensile testing is a common, well-developed method used to determine the mechanical
properties of materials [219]. A number of test standards have been specified by the American
Society for Testing and Materials (ASTM) for characterising the tensile properties of various
materials and forms. However, there appears to be no standard method for tensile testing
electro-spun polymer nano-fibres. A number of distinctive experimental set-ups have been
designed and used by various researchers to characterise the tensile properties of various
kinds of electro-spun polymer nano-fibres, as summarised in Appendix B. In this section, the
methodology and tensile test equipment used to characterise the tensile properties of electro-

spun nano-fibres are reviewed briefly.

2.3.1.1. Universal Tensile Tester

Referring to Appendix B, the universal tensile tester is a common method that has been used
to determine the tensile properties of electro-spun random and aligned nano-fibre mats,
arrays or bundles. Balan et al. [38] used an Instron 3369 universal tensile tester with a 100 N
load-cell and a sample grip, with a gripping area of 1 cm?, to test 10 wt% PAN/DMF as-spun
random oriented nano-fibres. They prepared the sample with a gauge length of 2040 mm
and use adhesive cushion tape as end-tabs. Due to the low density of the electro-spun fibre

mat, the porosity of the mat was calculated using Equations (2.14) and (2.15) below:
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Apparent density of mat

Porosity = (1 - ) X 100 (2.14)

bulk density of mat

Mass of mat (g) (2.15)
Mat area (cm?) X mat thickness(cm)

Apparent density of mat =

The porosity of samples produced from three different thicknesses of PAN nano-fibre mat was
in the range 90 + 5%. The effect of three test variables: gauge length (20, 30 and 40 mm);
thickness (114, 198 and 298 um) and cross-head speeds (1, 5 and 10 mm/minute) were
studied. It was found that altering the thickness had the greatest effect, whereas the cross-

head speed had the least [38].

The tensile properties of 10 wt% PAN/MWCNT/DMF randomly oriented electro-spun nano-
fibre mat was determined by Karim et al. [220] using a universal tensile tester. In accordance
with ASTM D3039 (Standard Test Method for Tensile Properties of Polymer Matrix Composite
Materials), the test speed was set to 5 mm/minute, with a 20 mm gauge length. Karim et al.
found that the highest Young’s modulus (400 + 20 MPa) and tensile strength (122 + 4.8 MPa)
were achieved when the sample contained 0.1 wt% MWCNT, which is approximately two
times higher than that obtained for the neat PAN. However, the tensile sample preparation

method was not described by Karim et al. [220].

Since the randomly oriented fibre mat exhibits complex fibre-fibre interactions during testing,
Alexeev et al. [221] argued that the tensile properties of the mat cannot accurately represent
the properties of a single nano-fibre. Tensile testing aligned fibre arrays or bundles, obtained
by the fibre alignment techniques described in Section 2.2, can significantly reduce fibre-fibre
interactions. This can help achieve more accurate results, so as to demonstrate the mechanical

properties of electro-spun nano-fibres. Wang et al. [35] reported that the tensile strength,
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tensile modulus and elongation at break of 10 wt% PAN/DMF for a non-woven membrane and
aligned fibre yarn was 14 + 2.4 MPa, 0.03 + 0.01 GPa, 34.1 + 6.4 % and 45 + 2.5 MPa, 0.80 +
0.11 GPa, 88.6 + 8.4 %, respectively. Moon et al. [39] used an Instron 5564 universal tensile
tester to assess 10 wt% PAN/DMF aligned fibre array that was fabricated using a rotating
mandrel with a linear speed of 9.8 m/s. The aligned fibre specimen was mounted onto Manila
paper tabs with gauge lengths of 20 mm; no end-tab adhesive information was given. The test
was carried out at room temperature, with a cross-head displacement of 2 mm/minutes. The
cross-sectional area of the aligned fibre specimen was obtained from the measured electro-
spun nano-fibre denier and the density (1.18 g/mL) of the PAN fibres. The ultimate tensile
strength obtained from their experiment was 78.5 £ 2.2 MPa, which is approximately two

times higher than that achieved by Wang et al. [35].

It was found from the papers reviewed and presented in Appendix B that the test parameters
(such as load-cell, cross-head speed, temperature and humidity) and specimen preparation
methods (gauge length, width, end-tabbing method) differ from paper to paper, as there are
no definitive test standards for tensile testing nano-fibre mats or bundles. Although preparing
test specimens in the form of a fibre mat or an array is much less problematic. Compared to
extracting single fibres, factors such as end-tabbing design need to be considered more
carefully. A bad end-tab design may cause stress concentration, thus impacting the test results
[222, 223]. End-tabs such as epoxy glue [224], double-sided tape [225] and cushion tape [38]
have been used, but most papers leave the end-tab method unspecified. Load-cell selection
has been based on the dimensions and material of the test specimen, generally ranging from
2-250 N [38, 84, 147, 224-228]. All the above-mentioned parameters may significantly

influence the test results. Furthermore, the methodology for calculating porosity, density,
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thickness and cross-sectional area also have not been standardised [35, 36, 39, 84, 220, 229];

thus, comparing the results from different sources is very difficult.

2.3.1.2. Micro/Nano Tensile Tester

For accurate determination of the tensile properties of a single fibre, it must be tested,
regardless of the difficulties of this process. One method to achieve this is through a
micro/nano tensile tester. This section presents a brief overview of micro- and nano-tensile
test methods reported in the literature. A photograph of the nano tensile test equipment is
shown in Figure 2.3.1a [31]. These tensile testers have the same working principle as the
universal tensile tester, however, the load-cell is generally in the range of mN [29, 230, 231],
uN [221] or nN [232-234]. Smaller load-cells have a higher resolution, which can be used to
detect the tensile properties of nano-fibre mats [147] or even a single nano-fibre [235, 236].
A single nano-fibre can be extracted from a low-density array of aligned nano-fibre (see Figure
2.3.1b). This can be obtained by electro-spinning the polymer fibre onto a parallel electrode
set-up for just a few seconds [230, 237]. The single nano-fibre is then transferred to a test
frame (generally made of cardboard) and bonded using double-sided tape [29, 234] or epoxy
adhesives [238] (see Figure 2.3.1b and c). The sides of the frame are cut before testing. This is

similar to the procedure for tensile testing conventional reinforcing fibres.

Papkov et al. [239] fabricated aligned 8-10 wt% PAN in DMF, using a 5 cm gap width parallel
electrode. A wire ‘work’ was used to pick up the individual nano-fibres, with gauge lengths of
5-10 mm, and they were transferred to the grips, where they were bonded using an epoxy
adhesive. The authors determined the fibre cross-sectional area by measuring the diameter

of fibre in the adjacent area, using SEM to avoid radiation damage to the testing
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fibres. They found that the tensile properties of a single electro-spun fibre were significantly
influenced by the diameter of the fibre. The highest elastic modulus (48 GPa), tensile strength
(1750 MPa) and toughness (605 MPa) were obtained when the fibre diameter was
approximately 100 nm. Detailed reasons for this are described in Section 2.3.2. The effect of
relative humidity (0-60%) on the mechanical properties of randomly oriented PAN/DMF nano-
fibre were studied by Huang et al. [147], using a rotating mandrel with a rotation rate of 70
rpm. They used a Tytron 250 microforce testing system (with no load-cell details stated). The
test specimen had a dimension of 40 mm x 6.5 mm; it was cut from the mandrel substrate.
However, Huang et al. did not mention their sample preparation method or how the cross-
sectional area was determined. They report that the greatest tensile strength and Young's
modulus, 6.25 MPa and 95 MPa, respectively, were achieved at 20% relative humidity. They

suggest that the skin of the fibre forms faster, and fibre-fibre adhesion decreases, as the

humidity increases.

iy i ey S -
Wi _ § §
Cov crixuch end of m

Electrically the paper frame with a Paper frame holding a

Collectogs fine conductive tape ?
e smaller piece of paper. single nanofibre

from a steel frame

Cardboard

Cut along ]
discontinuous Fiber
line
\ ........... .... \ Double sided
tape

Figure 2.3.1 (a) Photograph of nano tensile tester [31]. (b) Schematic illustration of single
fibre-extracting procedure proposed by Chen et al. [230]. (c) Schematic illustration and

photograph of single nano-fibre mounting frame, as demonstrated by Wong et al. [234].
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2.3.1.3. Other Mechanical Characterisation Methods

(i) AFM-based tensile testing methods: Atomic Force Microscopy (AFM) works by scanning a
sharp tip (typically made of silicon or diamond) across a sample surface. The tip is mounted
on a cantilever, which deflects as it interacts with the sample surface [240]. In addition to
topography, AFM can also be used to identify the mechanical properties of a single nano-fibre.
AFM has been used successfully to determine the mechanical properties of a single nano-fibre
of PAN [241, 242], PEO [243], Nylon [227, 244, 245] and PCL [30, 32], through vibration
method [227, 241, 242, 244, 245], to measure the force applied to the nano-fibre, in order to
perform a tensile test [243] or a three-point bending test [30, 32, 33, 227, 244, 245]. Yuya et
al. [241] measured the Young’s modulus of PAN/DMF fibres using the non-contact vibration
mode of AFM. A schematic illustration and a photograph of the set-up and the method of
attaching the fibre to the AFM probes can be found in Figure 2.3.2a and b, respectively. The
cantilever’s spring constant was determined to be 0.1 N/m. They recorded the maximum
cantilever resonance peaks with (19.4 kHz) and without (10.0 kHz) the fibre, by using finite
element analysis modelling software (ANSYS). The Young’s modulus of a 200 nm diameter PAN
nano-fibre was calculated to be ~26.7 GPa, which is of the same level of magnitude as that
reported by Papkov et al. [239] using a nano tensile tester. Zussman et al. [242] also used the
vibration mode of the AFM cantilever to determine the Young’s modulus of PAN/DMF nano-
fibres that were carbonised at 1100 °C. Their experiment applied electron beam-induced
deposition, to secure the fibre between the AFM probe and a tungsten wire (see Figure 2.3.2c).
Fibres of various diameters (105—200 nm) and gauge lengths (11.5-78.3 um) were measured,

with the highest Young’s modulus being 69.8 GPa. However, the fibre mounting method
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mentioned in this set-up cannot be used for bonding polymer nano-fibres, as the electron

beam will cause damage to the nano-fibres [235].

L ——

Figure 2.3.2 (a) Schematic showing the nano-fibres attached to two similar AFM cantilever
probes. (b) Scanning electron microscope image showing nano-fibres attached to the AFM
cantilever probes [241]. (c) SEM micrograph of a carbonised nano-fibre mounted between an

AFM tip and a tungsten wire [242].

(ii) Microelectromechanical systems (MEMS): In 2005, Zhu [246] developed a MEMS device
with an on-chip force sensor for material testing purposes. The MEMS device was generally
embedded or used in situ with an electron-microscope. As shown in Figure 2.3.3a, this MEMS
device consists of an electrostatic actuator [246], a thermal actuator [28], or both [247],
shuttles (known as the specimen stage) and a load-cell fabricated by surface micromachining.
These actuators provide displacement to the shuttle as the current is introduced and allow

the test rate to be controlled.
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Figure 2.3.3 (a) Image of a MEMS device used for in situ TEM mechanical testing. (b)
Sequential TEM images during a tensile test. (c) High-resolution image of the fracture surface

in (b) [28].

Beese et al. [28] used MEMS devices for in situ TEM mechanical testing (with a load sensor
stiffness of 1623 N/m) to determine the tensile property of single carbonised (800 °C)
PAN/DMF electro-spun carbon nano-fibres. Both ends of the fibres were secured on each side
of the shuttle using electron beam-induced deposition, which deposits a platinum weld of
dimensions 250 x 500 nm. The diameter of the fibre was in the range of 100-300 nm and had
a gauge length of 2.5 um. They obtained tensile strength and Young’s modulus values of 7.3
GPa and 262 GPa, respectively. Similar devices have also been reported by Chawla et al. [37]
and Arshad et al. [248] to characterise the tensile strength and Young’s modulus of carbonised
electro-spun PAN/DMF nano-fibres. In these devices, the load-cell and actuator were located
on the same side (See Figure 2.3.4a and b). The Young’s modulus and tensile strength reported
by Chawla et al. [37] was 3.8 + 1.0 GPa and 209 + 47.7 GPa, respectively (carbonisation

temperature of 1100 °C), and values of 3.5 + 0.6 GPa and 172 + 40 GPa were reported by
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Arshad et al. [248] (carbonisation temperature of 1400 °C). As will be explained in Section

2.4.2.2, higher carbonisation temperature typically leads to high strength and modulus.
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Figure 2.3.4 Image of the MEMS devices designed by (a) Arshad et al. [248] and (b) Chawla et

al. [37]

The main benefit of the MEMS in situ SEM/TEM system is that it facilitates visualisation of the
deformation mechanism during the tensile testing of single nano-fibres (see Figure 2.3.3b and
c). However, due to the size and design of the device, the force is typically in the range of
micro-Newtons (iN) to a few milli-Newtons (mN), and the displacement was limited to several
micro-meters [249], where the gauge length of the sample was approximately 10 um [250].
This is not suitable for testing a material that has a large stretch ratio. Furthermore, only
materials such as pyrolysed PAN-based carbon nano-fibres [28, 37, 248], pyrolysed poly-
furfuryl alcohol [250], polysilicon nanowire [249] and carbon nanotubes [251, 252] have been
tested using MEMS. This is probably because FIB-deposited Pt block end-tabs are not suitable
for typical polymer nano-fibres, due to the damage caused by electro-beam radiation, which

may affect tensile properties [253].
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(iii) Dynamic mechanical analyser (DMA): Researchers have also used the DMA to determine
the mechanical properties of random [254] or aligned [255, 256] nano-fibre mats. Properties
were characterised by cyclic loading of the sample over a range of frequencies, typically
between 0.01 Hz and 1000 Hz. The benefit of using a DMA is the ability to analyse the
mechanical properties of materials as a function of temperature [254], humidity [255],

frequency [257] and time [256] without damaging the specimen [258].

Barua and Saha [259] used DMA to study the changed in the storage modulus, loss modulus
and tan(0) of electro-spun PAN nano-fibre yarn during the stabilisation process (between 50—
400 °C) with a heating rate of 5 K/minute. A frequency of 2 Hz with a constant tension of 3
MPa was applied throughout the experiment. Aligned fibre yarns are obtained from electro-
spinning 10 w/v% PAN in DMF with a disc collector rotating with a surface velocity of 13 cm/s.
The DMA sample preparation was not described. Barua and Saha reported that the tensile
strength of the nano-fibre yarn obtained was 157.2 + 6.1 MPa, with an average fibre diameter
of 284 + 50 nm. Furthermore, three tan(0) peaks were found at 120, 160 and 329 °C, which
they said was due to the molecular movement in the ordered paracrystalline (120 °C), glass
transition of amorphous regions (160 °C) and chemical changes during stabilisation (329 °C).
The researchers also confirmed the conclusion drawn by Liu et al. [260], that both
crystallisation and cross-linking increase storage modulus, whereas loss modulus was
decreased during the cross-linking reaction. The time to reach maximum storage modulus
decreased with increasing isothermal temperature (from 240 °C to 300 °C). Alarifi et al. [261]
performed similar experiments and came to the same conclusions. Figure 2.3.5 presents the
three-point bending method, sample mounting set-up and the dimension of the specimen, as

used by the group.
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Figure 2.3.5 Schematic of a specimen mounted in a DMA three-point bending fixture [261].

2.3.2. Improving the Tensile Properties of Nano-fibres through Drawing

The mechanical properties of electro-spun polymer nano-fibres can be affected by various
factors, such as the molecular weight [262-264], polymer solution concentration [231, 265,
266], solvent [267, 268], applied voltage [269, 270] and environmental conditions [147, 271].
This is because these parameters can affect fibre formation during the electro-spinning
process. A contributing factor is the fact that the polymer on the surface of the jet solidifies
faster than at the centre, which can lead to a core and shell structure [272-274]. It has been
established that electro-spun polymer fibres have lower molecular orientation and
crystallinity than those obtained from wet-spinning or melt-spinning [35, 275]. They are
reported also to have lower mechanical properties than bulk polymers [40]. The degree of
crystallinity of the polymer chains within the fibres influences the tensile strength and elastic
modulus of the fibres. Improving the crystallinity and molecular orientation of electro-spun

polymer fibres significantly enhances the mechanical behaviour of the fibres [31, 234, 242].
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2.3.2.1. Stretching the Nano-fibre while Spinning

The tensile properties of polymer fibres can be improved by drawing the fibre [276]. During
electro-spinning, the whipping created by the bending instability causes the polymer jet to
undergo significant stretching which in turn significantly reduces the fibre diameter. A number
of researchers have reported that by changing the electro-spinning parameters the whipping
process and fibre diameter can be altered. It has been reported widely that the tensile
properties of electro-spun nano-fibres increase as fibre diameter decreases [31, 221, 234, 238,
239, 265, 274, 277]. An AFM phase image generated by Lim et al. [265], shown in Figure 2.3.6a
and b, demonstrated that the fibre with a higher diameter had more misaligned lamellae. The
TEM shown in Figure 2.3.6c¢ illustrates chain orientation in the skin region of the electro-spun
Nylon-6,6 fibre [273]. Moreover, it was found that the tensile properties increase significantly

when the fibre diameter drops below a certain threshold [238, 239, 278, 279].

Stachewicz et al. [274] have shown that electro-spun PVA fibres have a core-shell structure.
Due to the higher solvent evaporation rate at the surface of the polymer jet, the molecular
orientation in the shell is higher than it is at the core, which dominates the tensile properties
of the fibre. Moreover, using AFM, the thickness of the shell was found to be consistent at
approximately 30 nm and independent of the change in fibre diameter. As a result, the finer
fibres had a higher skin:core ratio and therefore a higher Young’s modulus than thicker fibres.

Similar findings were also reported by Curgul et al. [280].
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Figure 2.3.6 AFM phase images showing the surface morphology of PCL nano-fibres with
diameters of (a) 150 nm and (b) 450 nm, with corresponding schematic diagrams of the
nanostructure [265]. (c) A TEM micrograph of Nylon-6,6 fibre displaying the preferred

orientation of the polymer chains [273].

Naraghi et al. [279] found that the Young’s modulus of electro-spun PAN nano-fibres was
increased when the fibre diameter decreased from 300 nm to 100 nm. Using polarised FTIR,
by calculating from the relative strength of the transmission peak at 2240 cm™, corresponding
to the nitrile group, they found an increase in the orientation factor from 21% to 50% and the
degree of crystallinity from 7.3% to 16.8% with an increase in the electro-spinning distance
from 15 to 25 cm and applied voltage from 15 kV to 25 kV. The crystallinity of the material

was estimated from the XRD spectra of the material using Equation (2.16) [281]:

Xl

Wo% = —=¢
b= Sl

(2.16)

81



where W is the crystallinity, /c the diffracted intensity of the crystalline region and /a the
diffracted intensity of the amorphous region. Naraghi et al. [279] suggest that a longer
spinning distance helps the fibre to stretch; it also increases the spinning time, which improves
solvent evaporation, resulting in reduced chain relaxation when the fibre is deposited on the
collector. However, because the mobility of the polymer chain is limited by the chain
entanglement, they found that increments in crystallinity are reduced once the working
distance reaches 20 cm. It was concluded that the increase in Young’s modulus for fibres with

diameters below 300 nm is predominantly due to the chain orientation and not crystallinity.

Papkov et al. [239] also found that tensile strength and Young’s modulus increased
significantly when the diameter of the electro-spun PAN fibre was reduced below 300 nm.
However, unlike traditional high-performance fibre, a decrease in failure strain was not found.
It has been claimed that fibres with low diameter can be simultaneously stiff and ductile [239].
Furthermore, the XRD spectra of various fibre diameters suggest that the crystallinity of PAN
decreases as fibre diameter is decreased. This suggests that polymer crystallisation may be
prevented by fast solvent evaporation-induced solidification. A primary attribute which
increases the mechanical properties is the molecular orientation of the amorphous region

[238, 278, 282].

2.3.2.2. Post-drawing the Nano-fibres

Although the stretching caused by the electro-spinning process can affect the molecular
orientation and crystallinity of a polymer [283], the magnitude of effect has been shown to be
low [40]. In addition to drawing the fibre during production, post-drawing the nano-fibre can

further improve the mechanical properties of polymer nano-fibres [35-37, 84, 234, 237, 284].

82



Cold-drawing along the fibre axis favours the crystal orientation of the polymer fibre, which in
turn increases the mechanical properties [164]. Coleman et al. [285] have demonstrated that
the FWHM of 26 = 17° of PAN/DMF nano-fibre produced by ‘touch-spinning’ (see Figure 2.3.7)
is 22% lower than that of the nano-fibre generated by electro-spinning, which shows that the
fibre obtained using touch-spinning has a higher crystallinity. Colemen et al. claimed that the
nano-fibre produced by touch-spinning was forcibly pulled along the longitudinal direction

during the fibre formation [285].

\*@\*%

Figure 2.3.7 Schematic illustration of fibre formation through the ‘touch-spinning’ process

[285].

A number of researchers have shown that the tensile properties of electro-spun fibre can be
improved by increasing the take-up speed of the rotating mandrel [164, 166, 231, 233, 286,
287]. In general, the electro-spun fibre has been found to solidify prior to reaching the
collector. Changing the take-up speed can be understood as a cold-drawing process. Jose et
al. [286] increased the take-up speed of the rotating mandrel from 3000 rpm to 6000 rpm
when collecting Nylon-6 electro-spun fibre; they reported that the Young’s modulus increased
from 58 MPa to 202 MPa. The 26 peaks of 24° showed that the intensity increased as the take-

up speed increased [286].

83



Chan et al. [233] have reported similar results from electro-spinning PHBV nano-fibre onto a
disc. Increasing the take-up speed from 470 to 940 m/minute resulted in significant
improvement in the elastic modulus and tensile strength, by two and three times, respectively.
Kongkhlang et al. [287] used a 2D WAXD pattern and Herman’s orientation function obtained
from the azimuthal scan profile to study the molecular orientation of the electro-spun fibre.

The Herman’s orientation factor (f) is defined in Equation (2.17):

_ 3{cos?p)—1
f=="7 —

(2.17)

where cos?¢ represents a square averaged cosine of angle ¢ between the fibre axis and the
crystallographic axis. When the value of fis 1, the polymer chains align perfectly along the
fibre axis; when f =—0.5, the polymer chains align perfectly perpendicular to the fibre axis; f =
0 means the orientation is random. Their results indicate that the orientation function can
reach 0.93 when the rotating speed of the disc collector increases from 630 m/minute to 1890
m/minute. Fennessey et al. [166] report that Herman’s orientation function increased from 0
to 0.23 + 0.01 when the take-up speed increased from 0 m/s to 8.61 m/s. However, this value

decreased to 0.21 + 0.07 when the rotation speed increased further (12.3 m/s).

The effect of the drawing on Herman’s orientation factor has also been studied by Brennan et
al. [84], though their results show that the electro-spun PAN nano-fibre has a negative
orientation factor. A higher drawing ratio increases the orientation factor from —0.377 (2.8
mm/s) to —0.054 (7.7 mm/s). Brennan et al. contend that the negative orientation factor
indicates that the PAN chain of their electro-spun nano-fibre shows a kinked lamellar structure
(see Figure 2.3.8) obtained by the steric and dipolar repulsions of the nitrile group in the

polymer [84]. This folded lamellar structure caused the chain to be oriented perpendicularly
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to the fibre axis. Drawing the fibre can unfold the chain and align it along the fibre drawing
direction. So far, most results show that the PAN fibre produced has a positive Herman’s
orientation factor [166, 279, 288, 289]. More experiments are needed to prove this

conclusively.

Fiber type Orientation  Related

factor backbone
angle
Draw ratio1 |-0.377 £ 0.063 | 73°
'Draw ratio2 | -0.301 +0.156 | 69
' Draw ratio3 |-0.191£0.132 | 63°
Draw ratio4 -0.054+0.158 |57
' Conventional | 0372+ 0.042 |40.5°
microfiber

— Orientation factor equation
A Microfiber

® Automated-track

Figure 2.3.8 The table shows Herman’s orientation factor values for PAN nano-fibres
collected at different draw ratios. Herman’s orientation factor for automated-track nano-
fibre and conventional microfibres plotted against the predicted backbone angle from fibre
axis. Herman’s orientation factor equation is plotted against the changing angle between the

polymer chain backbone and the fibre axis [84].

Wu et al. [229] produced aligned PAN nano-fibres using a high-speed rotating mandrel. A fibre
sheet 4 cm wide and 10 cm long, with a thickness of 17 um, was made. The samples were also
hot-stretched using a metal weight (75 g) above the glass transition temperature (Tg) of PAN
(approximately 95 °C) at 135 °C for 5 minutes along the fibre alighment direction. In contrast

with as-spun fibre, hot-stretched fibre has higher crystallinity (from 7.92% to 31.8%) and
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orientation factor (from 45.6% to 55.4%), with a smaller crystallite size (from 2.51 A to 2.26
A). Wu et al. used a universal testing machine to characterise aligned electro-spun PAN nano-
fibre yarn; the dimensions of the tensile specimen were 5 mm x 20 mm. Comparing the tensile
test results of as-spun with hot-stretched fibres, they observed that hot-stretched fibres
exhibited a Young’s modulus that was five times higher and that the ultimate tensile strength
doubled [229]. Similar results were reported by Wang et al. [35]. They stretched the aligned
PAN nano-fibre yarn by 100%, 200% and 300% of its original length. They reported that the
tensile strength and modulus increased to 372 MPa and 11.8 GPa, respectively. The elongation
at break decreased dramatically when comparing the drawn and as-prepared fibre yarn,
where it dropped from 88.6% for as-prepared to 12.6% for the post-drawn specimen.
Increasing the drawing ratio from 100% to 300% only lowered the elongation at break by 1%.
The degree of crystallinity for the as-prepared and post-treated samples were 16.93% and

49.20%, respectively [35]. Similar findings have been reported by Liu et al. [290]

As reviewed above, both crystallinity and molecular orientation have been reported to
improve after post-drawing of the fibre. As is common knowledge, a semicrystalline polymer
(such as PAN) contains both crystalline and amorphous regions [291]. The fraction and the
orientation of these two phases influence the strength and stiffness of the polymer material
[234, 239, 278, 282]. The high tensile properties achieved by PAN fibres can be attributed to
the planar-zigzag conformation in crystalline chains. Drawing the fibre increases the
uniformity of the chain across the fibre axis, and the chain mobility is confined as the fibre
diameter reduces [288]. Lopez-Barron et al. [292] showed that cold-drawing the semi-
crystalline fibre can extend the distance of the amorphous region between two adjacent

crystalline regions. As is shown in Figure 2.3.9, only tie-chains in the amorphous region were
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stretched and remained aligned without significant relaxation after being drawn. Based on
computer simulations, Petrov et al. [293] have argued that semi-crystalline polymer chains
align themselves when undergoing cold-drawing. Overdrawing results in chain slippage, which
causes failure. The degree of polymer chain entanglement in relation to fibre length is crucial
for improving the mechanical properties through drawing. Petrov et al. report that the optimal
ratio between the total polymer length (N) and the entanglement length (Ne) necessary to

obtain fibres with the highest degree of chain orientation is 2/5.

loose loops \

dangling —
chain ends (cilia)

Figure 2.3.9 Schematic of the molecular alignment during cold-drawing of a semicrystalline

polymer, as proposed by Lopez-Barron et al. [292].

It should be noted that the studies mentioned above also report that the polymer fibre
produced from electro-spinning has relatively low strength and Young’s modulus, compared
to commercially available micro-fibres. Arinstein et al. [278] have suggested that, when the
fibre diameter is low, the mechanical properties may be entirely dependent on the amorphous

region in the fibre. Using XRD, Zussman et al. [242] showed that Herman’s orientation factor
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of electro-spun PAN nano-fibre is 0.34, almost half the values of fibres fabricated by melt-
spinning and wet-spinning (0.6 and 0.66, respectively). To maintain a high degree of molecular
orientation during electro-spinning, the relationships between strain rate, chain relaxation
time and solvent evaporation rate need to be controlled carefully. The relaxation time and
strain rate are reported to be 0.1-0.01 s and 103-10° s}, respectively [119, 294]. Although the
polymer chain can be stretched and oriented in such conditions, the residual solvent trapped
inside the fibre core could significantly increase the relaxation speed [295], resulting in lower

polymer chain orientation compared to those of other spinning methods [40].

2.4. PAN-based Carbon Nano-fibres

Fibrous carbon materials have long attracted the attention of scientists and engineers. Over
the last 50 years, carbon fibres have become an essential industrial material due to their
superior specific strength and modulus, chemical resistance, and low density, which are ideal
for high-performance applications [296]. They have been applied in various fields, especially
as a reinforcing material for resin composites. Carbon nano-fibres are carbon fibres with a
diameter in the micron to nanometre range. They are typically produced by either chemical
vapour deposition (CVD) or through the pyrolysis of organic precursor fibres. Because of the
slow processing rate, CVD has generally been used to produce carbon nanotubes or to
synthesise carbon fibres with diameters ranging from several microns down to 10 nm [242].
However, CVD cannot produce continuous fibres, only short lengths of around 150 mm [297].
Longer fibres can be made by pyrolysis from a precursor. The precursor materials can be
isotropic and anisotropic mesophase pitches [298, 299], polyacrylonitrile (PAN) [248, 300,

301], polyimides (Pls) [302], poly(vinyl alcohol) (PVA) [303], polybenzi-midazole (PBI) [304],
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poly(vinylidene fluoride) (PVDF) [305] and phenolic resins [306], or even biological precursors
such as cellulose [307] and lignin [308]. PAN co-polymer is commonly used due to its high
carbon yield, high tensile strength, and ease of processing. Dissolving the polymer into an
appropriate solvent system makes it possible to use a variety of polymer fibre manufacturing
processes, such as wet spinning to produce conventional fibres, and electro-spinning to create
nano-fibres. After that, the precursor fibres are treated at elevated temperatures to convert
them into graphitic carbon [309]. This section reviews the manufacturing process of carbon
nano-fibres (CNFs) based on electro-spun PAN. The chemistry of the pyrolysis process and

influences on the CNF tensility will be summarised briefly in the following section.

2.4.1. Manufacture and Pyrolysis of PAN-based CNFs

PAN-based nano-fibres are generally produced using electro-spinning [308-310]. PAN polymer
powders are typically dissolved in polar solvents such as DMF, DMAc, or DMSO to a
concentration around 10 wt% [43, 84, 242, 311, 312]. The dissolution process is carried out at
temperatures between 60 °C and 80 °C to reduce viscosity for easier mixing [15]. A detailed
summary of literature-reported electro-spinning conditions using a PAN-based precursor can

be found in the first part of Appendix B.

2.4.1.1. Stabilisation

In order to convert PAN nano-fibre into CNFs, the precursor fibre is treated at high
temperature (250-3000 °C) to obtain a graphitic structure [313]. This process involves two

distinct stages: stabilisation (or oxidisation) and carbonisation [314].
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Stabilisation is carried out at 180—-350 °C in air. During stabilisation, PAN undergoes cyclisation,
partly dehydrogenation, aromatisation, oxidation and cross-linking, forming a ladder structure
that makes it denser and more stable [315]. Lee et al. [314] reported a dramatic weight loss
of the PAN fibre from 295-325 °C, where the cyclisation occurs. Cyclisation of the nitrile
groups in the acrylic molecule influences the fibre’s thermal stability. The chemical reaction

path suggested by Donnet et al. [316] shown in Figure 2.4.1.

Cyclization =N C=NC=N -Hzo‘ Dehydrogenation

Dehydrogenation H,0 Cyclization
NN N N XN ™

Figure 2.4.1 Proposed reaction pathways for PAN during stabilization [316].

However, Frank et al. [296] suggested that the stabilisation process is more complex. Multiple
chemical models have been proposed in recent decades, such as those shown in Figure 2.4.2
[317-320]. Furthermore, the intermolecular cross-linking reactions during stabilisation can
occur even without intermolecular cyclisation being completed. This means that intra- and
inter-molecular stabilisation reactions can occur simultaneously. During this stage, the
decomposition of organic compounds and the formation of denser structures results in a gross
colour change from white to brown, or even black [310, 321]. Parameters such as heating rate

and end-temperature holding time are also crucial for stabilisation: because PAN undergoes a
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thermally induced cyclic reaction before its melting point, a slow heating rate is needed for
the process to complete [296]. The fibres can fuse or even burn off when the temperature or
heating rate is too high. However, if the stabilisation temperature is too low, the reactions will

be slow and incomplete, leading to a fibre with poor mechanical properties [311].
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Figure 2.4.2 Proposed structures of oxidised PAN: (a) bridging ether links; (b) carbonyl
groups; (c) donation of lone pair electron to an oxygen atom; (d) hydroxyl and carbonyl

groups [315].

Various ideal stabilisation temperatures are identified, between 270 °C and 400 °C [242, 322-
327]. Stabilisation can take place in both air and nitrogen [309]. Stabilising PAN-based
precursor fibre in air can result in a skin-and-core structure, due to the diffusion of oxygen

from the skin into the core [328]. In this case, the higher oxygen content at the surface can
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result in more crystallinity in the skin. The skin—core structure has not been detected in fibres
stabilised in a pure nitrogen atmosphere [329]. Bashir [317] indicated that oxygen initiates the
cyclisation reaction because its lower activation energy makes the process easier than in the
pure nitrogen atmosphere [317]. The presence of oxygen also helps dehydrogenation, forming
double bonds that stabilise the carbon chain [330]. However, evidence shows that the
dehydrogenation reaction can also occur after cyclisation. Oxygen is not involved in this
reaction. The cyclisation reaction converts the C=N bonds into C=N bonds to cross-link
between PAN molecules. The chemical structure changes result in thermally stability, so that

melting does not occur [331].

2.4.1.2. Carbonisation and Graphitisation

Carbonisation involves multiple changes, and the degree of carbonisation is usually measured
by aromatic growth and polymerisation, which occurs from 400 °C to 3000 °C in an inert
atmosphere, typically nitrogen or argon [330]. Carbonisation usually entails two steps. The
first step occurs between 400-600 °C with a low heating rate to minimise mass transfer due
to unstable structure, such as through the loss of low molecular weight components and
gaseous by-products [315, 332]. Dramatic shrinkage occurs at this stage. The second step
takes place above 600 °C [310]. However, an excessive heating rate can result in greater
shrinkage [333]. To control the shrinkage, progressive and multi-stage heating procedures
were developed [333], another option is to introduce tension during pyrolysis [334-336]. Low-
modulus carbon fibre is produced at around 1,000-1500 °C, where the polymer starts to cross-
link and form a structure called ‘turbostratic’ carbon [337]. The tensile strength also increases

as the processing temperature increases due to increased carbon content. Fitzer et al. [332]
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observed volatilisation during heat-treatment. They report that HCN was the main by-product
below 700 °C, alongside CO,, CO, and H;0. Above 700 °C, N; was the main by-product [332].
Maximum strength is typically achieved around 1500-1700 °C [248]. Figure 2.4.3 illustrates

the structural change for PAN during carbonisation [338].
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Figure 2.4.3 Chemical changes for PAN precursor during carbonisation [338].

Graphitisation is a high-temperature process, typically taking place around 1,600-3,000 °C.
During this stage, the preform is converted from carbon to a graphitic structure, with a large
number of small molecules being released, and the gaps between turbostratic carbon are
reduced [339]. Higher graphitisation temperature can result in larger clusters of carbon rings,
which act as initiating points for generating larger crystalline graphitic structures. Zhu et al.
[340], show that the fibre shrank gradually over this temperature range, reducing in diameter
from 8.0 um at 1800 K to 6.6 um at 2800 K, while the density increased from 1.746 g/cm? up
to 1.858 g/cm3. The carbon content, measured by XPS, was 98.55%. Meanwhile, changes in
the molecular structure result in axially oriented graphitic layers with increased crystalline
extension, and the obtained carbon fibres have substantially improved mechanical properties.
Due to the loss of molecular interaction between graphitic layers, graphitisation will reduce

the tensile strength but improve the fibre’s Young’s modulus and electrical conductivity [341].
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2.4.2. Factors that Influence the Tensile Properties of CFs and CNFs

CNFs fabricated from PAN precursor nano-fibres through stabilisation and carbonisation have
been studied over the past decade. A typical way to demonstrate how well the fibres have
been heat treated is through their mechanical properties. Commercial carbon fibres typically
have a tensile strength of around 5-7 GPa and a Young’s modulus of 230-440 GPa [315].
Theoretically, a thinner fibre generally has better mechanical properties. However, the tensile
test results (summarised in Appendix C), show that none of the reported PAN-based CNFs
displays mechanical properties similar to those of commercial CFs, even those CNFs reinforced
with carbon nanotubes. The diameter and tensile properties are ten times lower than the

commercial ones.

2.4.2.1. Chain Orientation in Precursor Fibres

One factor influencing the tensile properties could be the chain orientation of PAN precursor
fibre. The carbon structure becomes more ordered in the precursor fibre, with a higher
orientation after inter-chain cyclisation and dehydrogenation. This helps form a larger area of
aromatic lamellar structure [342]. As described in Section 2.3.2.1, the orientation of the
polymer chain can be affected by production parameters and the drawing process. The
orientation of the polymer chains during pyrolysis is preserved by strong intermolecular
hydrogen bonding and by the rigidity of the ladder structure [296]. When preparing the PAN-
based precursor fibre under different drawing ratios, Chen et al. [343] realised that the
polymer chain orientation determined the mechanical properties of the resultant CFs in the
skin regions of precursor fibres. They also illustrated that the chain orientation in the skin

region increases when the draw ratio increases. However, an excessive drawing ratio could
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lead to lower crystallinity, and a sharp drop in crystal size in the skin. They suggest that the
skin region may be replaced by other kinds of deformation that result in disorientation.
Applying tension to the precursor fibre during pyrolysis is crucial. The mechanical properties
of both low-temperature and high-temperature carbonised samples show an increasing trend

when the applied tension increases [344].

Gutmann et al. [345], studied the shrinkage of the PAN precursor material under heat-
treatment, finding that the length change can be distinguished into two temperature ranges:
250-450 °C and 450-1,000 °C. The shrinkage rate reaches 0.028% /°C at 300 °C in the first
region and 0.039% /°C at 730 °C in the second region. They also showed that applying stress
during heat-treatment can reduce shrinkage, with the sample length reduced by 11.8% under
3 MPa, in contrast to 16.8% when 0.5 MPa was applied. Their results also demonstrate that
loading the material during pyrolysis can improve its overall mechanical properties. However,
the tensile properties were maximised when a stress of 1 MPa was applied [345]. Therefore,
from the result reported above, it can be seen that obtaining a high orientation of the polymer
chains within the precursor material and maintaining the chain orientation during heat-

treatment is crucial for manufacturing CFs with desirable mechanical properties.

However, no papers were found that described tensioning during the pyrolysis of PAN nano-

fibre, and this, therefore, was investigated in the current study.

24.2.2. Heat-treatment Conditions for CFs and CNFs

The mechanical performance of CFs and CNFs may also be affected by the heat-treatment
conditions. Many researchers have confirmed that the mechanical properties of PAN-based

CFs are highly dependent on the large number of processing parameters involved in the
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stabilisation and carbonisation process such as heating rate [346], stabilisation temperature
[332], stabilisation time [347], carbonisation time [348] and carbonisation temperature [342].
Furthermore, controlling the tensile holding time as well as temperature during stabilisation
could also affect the density of the CFs due to cyclisation reactions [349]. Increasing the
stabilisation temperature can result in higher tensile performance. The tensile strength is
generally higher at a heat-treatment temperature of around 1,600 °C. Yang et al. [350],
investigate the effect of amorphous carbon on the tensile behaviour of PAN-based carbon
fibres. The tensile behaviour depended highly on the microstructural development of
amorphous carbons containing sp? carbon structures. They stated that It cross-linked the

larger crystalline graphitic planes, making it difficult for cracks to propagate [350].

Tensile strength and moduli can also be affected by the heat-treatment duration. Excessive
holding time leads to lower tensile properties [314]. Xiao et al. [348], investigate the effect of
heat-treatment temperature and time on tensile properties during high-temperature
carbonisation. As they increased the carbonisation temperature from 1400 °C to 2840 °C, they
observed a significant decrease in tensile strength and an increase in tensile modulus. The
strength dropped from 4.6 GPa to 2.6 GPa, and Young’s modulus increased from 238 GPa to
390 GPa. However, increasing the holding time from 1.2 minutes to 6.0 minutes at 2500 °C
leads to a decrease in tensile strength from 3.71 GPa to 3.64 GPa, and an increase in Young’s
modulus from 316 MPa to 380 MPa. They suggest that the reason could be that the degree of
covalent cross-linking between the graphitic planes in the carbon fibres decreases as
temperature increases, but remains almost constant with heat-treatment time [348]. Liu et al.
[308] similarly point out that larger crystalline graphitic structures were formed along the fibre

directions when temperature increased above 1600 °C [308]. Due to the lower level of
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amorphous sp? carbon, these graphitic structures become mobile under tensile load. Any
defect-induced failure can propagate quickly through the grain boundaries, reducing the

tensile strength [327].

The mechanical properties of CNFs follow a similar trend to those of CFs during heat-
treatment. Arshad et al. [248], stabilised the PAN precursor nano-fibre at 300 °C for 1 hour in
air and carbonised at 800, 1100, 1400 and 1700 °C in nitrogen, then evaluated single fibres
using a MEMS testing platform. They report an increasing trend in Young’s modulus as the
carbonisation temperature increased. The tensile strength peaked at 3.52 GPa at 1400 °C, then
decreased to 2.05 GPa when the temperature reached 1700 °C [248]. However, a different
result has been reported by Zhou et al. [312], who carbonised the aligned electro-spun PAN-
based nano-fibre precursor bundles up to 1000, 1400, 1800 and 2200 °C in a nitrogen
atmosphere. The tensile properties of aligned CNF bundles were investigated using a nano-
tensile testing machine. They reported that both tensile strength and Young’s modulus
increased with increasing carbonisation temperature. However, the highest tensile strength
and Young’s modulus obtained at 2200 °C, were 542 MPa and 58 GPa, respectively [312],
significantly lower than reported by Arshad et al. [248] when testing a single CNF. This could
be due to the fact that they tested fibre bundles, which may result in friction and interactions
between adjacent fibres, causing damage during testing [351]. Moreover, heat-treating nano-
fibre bundles at a higher temperature may result in stronger binding at fibre contact points
among entangled nano-fibres, thus preventing the nano-fibres from separating and slipping
with each other. Therefore, the properties of individual fibres may be higher than the fibre-

bundle results reported.
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Summary of the Key Findings and Issues in the Literature Review

In general, the majority of the researchers use solvents that are toxic to dissolve and
electro-spin PAN. A number of innovative and elegant electro-spinning methods have
been used to produce aligned nano-fibres. However, these techniques do not permit
the aligned fibres to be extracted continuously. The extraction of the nano-fibre in an
efficient manner is necessary to use them in manufacturing techniques where they are
used as reinforcements. In the future, it may be possible to weave the aligned fibres

into fabrics or subject them to operations such as filament windings or pultrusion.

The preparation of electro-spun fibres and their evaluation is not standardised.
Therefore, comparing data from different sources is not practical. Moreover, sample
preparation methods for tensile testing, are also not standardised, in particular, the

end-tabbing of tensile specimens.

The issue of measuring the cross-sectional area of electro-spun nano-fibre arrays
remains to be a major problem. This is because any measurement technique that
applies a force or pressure to the sample will distort it and give erroneous data. Until
such a time that a method is developed to measure the cross-section area of electro-
spun nano-fibres, pragmatic way forward is to obtain the measurements using

conventional means, such as a digital micrometre and image analysis.

The another significant issue that was identified in the literature was that the fibre
volume fraction of the randomly oriented nano-fibre mats or aligned fibre bundles
were not a addressed. The fibre volume fraction will have to be quantified when the

nano-fibres are used as reinforcements in composites. Information on tensile test
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sample preparation and end-tabbing methods were not addressed in any detail in the

literature.

e Whilst the use of nano-reinforcements were covered in some depth in the literature,
the post-processing of aligned electro-spun fibres, with a view to increasing the tensile
properties was not addressed. A key issues that remains unsolved is the observation
that the mechanical properties of electro-spun fibres and the associated crystallinity

are significantly lower when compared to melt and solution-spun fibres.

The following chapter gives a detailed account of the experimental procedures that were used

to address some of the above-mentioned issues.
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3. EXPERIMENTAL

3.1. Materials

(i) Polymer: Polyacrylonitrile (PAN) used in this study was sourced from two suppliers. The
first one, in powder form, with a weight average molecular weight of 230,000 g/mol, was
purchased from Goodfellow (GF), UK. The second one was also supplied in powder form, with
a molecular weight of 150,000 g/mol, and was purchased from Sigma-Aldrich (SA), UK. In order
to ascertain the effect of molecular weight on fibre formation, both PANs were electro-spun
into nano-fibres. Carbon nano-fibres (CNFs) were produced through pyrolysis of the electro-

spun PAN supplied by GF.

(ii) Solvent: The solvent selected to dissolve the PAN was 99% purity anhydrous dimethyl
sulfoxide (DMSQ) from Fisher Scientific, UK. DMSO with a purity of 99.9%, was purchased from
Sigma-Aldrich, UK and used for some of the experiments when the product from Fisher
Scientific was discontinued. The solvents from the two suppliers were used without further
purification. Due to the hygroscopic nature of DMSO, a silicone rubber septum was used to

cap the container and the solution was withdrawn using a hypodermic needle and syringe.

(iii) Sample preparation for infrared spectroscopy: Potassium bromide (KBr) was used as-
received (FTIR grade, 299% trace metals basis), and it was obtained from Sigma-Aldrich, UK.
The KBr was dried at 80 °C for 4 hours prior to grinding it with the required material (as-
received polymer, and electro-spun, oxidised and carbonised fibres) using a ceramic pestle
and mortar. 200 mg of KBr was ground with 2 mg of the required material. Approximately 202

mg of the ground material was transferred to a 13 mm die set (Specac 3000, UK) and pressed
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into a disk under an applied pressure of 10 tons. The analysis of the material was carried out
using a transmission infrared spectrometer (Section 3.5.12). A 4-digit analytical balance

(Analytical Plus, OHAUS, UK) was used to weigh all the samples used in this study.

(iv) Electrical conductivity of the calibration solution: Sodium chloride solution (HI7033),
which was a calibration solution for the electrical conductivity measurements, had a
conductivity of 84 uS/cm at 25 °C. This solution was purchased from HANNA Instruments, UK.

The details of the equipment are described in Section 3.5.2.

(v) Silica gel: This item was purchased from Bluestar Packaging Suppliers Ltd, UK, and it was
supplied in the form of 2-5 mm beads where the colour changed from yellow to green when
it absorbed moisture. A batch size of 1 kg was purchased, and 50 g of the dried material was

used in the electro-spinning chamber.

(vi) High-temperature adhesive: A high-temperature adhesive, Resbond™ 931, was used to
bond the graphite components in the rig during pyrolysis (covered in Section 3.3.2). The
product was manufactured by COTRONICS Co-op, USA and distributed in the UK by FINAL
Materials. The adhesive (product code 931) was a two-component system that consisted of a
powder and a binder. Each heat-treatment batch consisted of three samples. The total weight
of the two components was approximately 1 g, and they were transferred to a 3 mm
polypropylene (PP) cup (Wordmo, UK) using a 1 ml disposable pipette and spatula (Philip-
Harris, UK) for the binder and powder, respectively. They were mixed manually for five
minutes using a disposal wooden spatula until a thick and homogeneous paste was observed.
The adhesive was applied to desired locations of the graphite rig and fibres (see Section 3.3.2)

using a polytetrafluoroethylene (PTFE) spatula provided by the supplier. The adhesive was
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cross-linked at 100 °C for four hours in an air-circulating oven (Memmert, UK) before it was

placed in the tube furnace for subsequent heat-treatment.

(vii) Silicone oil: The silicone oil that was used in the liquid trap was obtained from Sigma-
Aldrich, UK (product code 1003261003). This product had a viscosity of 20 Pa.s at 25 °C, with
an operating temperature range from —40 °C to 200 °C. 300 ml was used in the liquid trap (see

Section 3.3.3), and it was replaced when it discoloured.

(viii) Sodium carbonate: The outlet from the silicone oil liquid trap (see Section 3.3.3) was
connected to a sodium carbonate liquid trap. This chemical was purchased from Sigma-Aldrich,
UK, in powder form with > 99.5% purity. It was dissolved in 300 ml water to form a 23 wt%
concentrated solution. The solution was used in the liquid trap located at the outlet of the
tube furnace to trap gaseous by-products generated during the pyrolysis of PAN fibres, such

as CO, COy, HCN, H;z and NHs.

(ix) Furnace tube: The tube was made from high-purity alumina (99.9%), and it was supplied
by Almath Crucibles Ltd, UK. The dimension of the tube was 46 mm (OD) x 38 mm (ID) x 1200
mm (Length). The alumina tube was rated to operate to a maximum of 1750 °C. The maximum

heat-treatment used in the current study was 1200 °C.

(x) Graphite: The rig for securing the tensile test specimens for heat-treatment experiments
was made using high-density graphite (1.77 g/cm3) and they were provided by Rongxing
Carbon, China. They offered a cut-to-size service, and the detailed dimension of the rig are
presented in Section 3.3.2. The thermal expansion coefficient of the graphite used was 4.3 x

1076 /°C. The material was rated to 427 °C in the air and 2760 °C in an inert atmosphere without
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degrading or decomposing. In the current study, the operating temperatures in air and a

nitrogen atmosphere were 300 °C and 1200 °C, respectively.

(xi) Grounded electrode for electro-spinning: The grounded electrode was crafted from
copper sheet obtained from Metals4U LTD., UK, with a diameter of 10 cm and 0.9 mm
thickness. The electrical wire that connected the grounded electrode to the ground terminal
of the high-voltage power supply was soldered to the centre of the grounded copper sheet;

this was done by the University Workshop.

(xii) Needles and syringes for electro-spinning: The syringes (SSO5SE1) were supplied by
Terumo, UK. It was made of PP and had a male Lure-lock tip with a capacity of 5 ml. The
needles (AD725025) were purchased from Adhesive Dispensing Ltd, UK. The size of the needle
was 25 gauge (0.515 mm OD, 0.26 mm ID) with a length of 6.35 mm, and it had a flat tip with
a female Lure-lock base. This was the smallest size needle that was found to be suitable for

the 14 w/v% PAN/DMSO solution (the viscosity at 55 °C was 18 Pa.s) used for electro-spinning.

(xiii) Aluminium foil: The foil was obtained from Kirkland, UK, in a roll of 300 mm width x 200
m length with an 18-micrometre thickness. The foil was used as the substrate to collect the
randomly oriented electro-spun nano-fibres when using the rotating mandrel. Rectangular
strips with a dimension of 12 cm x 25 cm were sectioned using a rotary cutter (18 mm diameter,
Olfa, UK). The foil was wrapped tightly around the mandrel and secured using masking tape

(2090, 3M, UK).
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3.2. Electro-spinning Polyacrylonitrile/DMSO Solutions

PAN nano-fibres were fabricated via electro-spinning. PAN powders were used in the as-
received state from the supplier. The following sub-section details the procedures that were

developed to produce carbonised PAN nano-fibres in both random and aligned forms.

PAN with two different molecular weights was dissolved in DMSO separately. The PAN
solutions were prepared in a 250 cm?® 3-neck round bottom flask under reflux. The polymer
concentrations made were 2, 4, 6, 8, 10, 12, and 14 wt/vol% (w/v%) in DMSO. A schematic
illustration and photograph of the experimental set-up are shown in Figure 3.2.1a and b,

respectively.

In addition to using a magnetic stirrer to agitate the polymer solution, dry nitrogen gas
bubbled into the liquid. The top centre neck of the round-bottom flask was attached to a
condenser, and the other two were used to accommodate a digital thermometer probe
(Dostmann electronic, NTC thermometer P300, UK) and a needle to introduce the nitrogen
gas to the solution at 10 ml/hour. The refluxing was carried out for 6 hours at 60 °C. After the
refluxing period, the solution was permitted to cool to room temperature naturally whilst the
flask was purged with nitrogen gas. The solution was filtered using a 1 um pore size disposable
syringe filter (Xtra PTFE-100/25, CHROMAFIL, UK). The filtered solution was transferred to four
individual glass vials, labelled and sealed with Parafilm (M996, Bemis, UK). The sealed glass
vials were stored in a cabinet with silica gel. The solutions in the vials were used within three
days of production, and a vial each was used for conductivity, viscosity, and surface tension

measurements, and one was reserved for electro-spinning.
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Figure 3.2.1 (a) Schematic illustration and (b) photograph of the reflux system that was used

to dissolve PAN in DMSO: (i) water inlet; (ii) water condenser; (iii) metal stand; (iv) digital
thermometer; (v) water outlet; (vii) nitrogen gas inlet; and (viii) magnetic stirrer heating

mantle.

3.2.1. Electro-spinning PAN Nano-fibres

3.2.1.1. Electro-spinning of Randomly Oriented PAN Nano-fibre Using a Static and

Rotational Electrode

(i) Electro-spinning apparatus: A schematic illustration and photograph of the custom-built
conventional electro-spinning set-up are shown in Figure 3.2.2a and b, respectively. Figure
3.2.2c shows a schematic illustration of the electro-spinning rig with the door closed, and the
routing of the positive and negative wires can be found in Figure 3.2.2d. The custom-built

electro-spinning apparatus consisted of a polymethylmethacrylate (PMMA) chamber of
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dimensions 400 mm (width) x 400 mm (length) x 400 mm (height); the thickness of the PMMA
sheet was 5 mm. In order to improve the thermal insulation, the inner wall of the chamber
was lined with black cardboard paper with a thickness of 4 mm (Ryman, UK), and it was
secured in position using 5 cm wide black polyvinylchloride (PVC) electrical insulating tapes

(GTSE, China).

The diameter and thickness of the circular grounded copper electrode were 10 cm and 0.9
mm, respectively. Aluminium foil (Kirkland, UK) with a 10 cm diameter was placed on the
grounded copper electrode. The foil was cut using a rotary blade. Due care was taken to
ensure that it was wrinkle-free and in intimate contact with the copper electrode. In the first
set of experiments, this experimental set-up and electrode configuration were used to collect
the randomly oriented fibre mats. However, it was established that this method of producing
the nano-fibres was not suitable for producing the tensile test specimens because the
thickness, for a given electro-spinning time, was not uniform from the centre (directly below
the needle) to the outer perimeter. Instead, a slowly rotating mandrel was used to produce
tensile test specimens. In this case, the sample was produced using the slow-rotating mode
(50 rpm) (see Figure 3.2.3), which resulted in randomly oriented nano-fibres with relatively
even thickness across the rotation direction within a certain width. A detailed analysis of the
variation in thickness is presented in Section 4.3.1. The grounded aluminium mandrel had a
diameter of 10 cm and a length of 25 cm, and its rotation rate was computer-controlled. The

mandrel was grounded using a copper wire that touched the inner surface of the mandrel.
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Figure 3.2.2 (a) Schematic illustration and (b) photograph of the conventional electro-
spinning set-up: (i) solution dispensing unit; (ii) syringe; (iii) electro-spinning chamber; (iv)
PTFE tube; (v) positive terminal; (vii) IR heating lamp; (viii) conventional collector; (ix) high-
voltage power supply; (x) ground wire; (xi) static storage heater; (xii) silica gel. The insert in
Figure 3.2.2 (a) shows a magnified view of the circular grounded collector. The insert in
Figure 3.2.2 (b) shows a magnified view of the connection between the needle and the
positive terminal of the power supply. (c) Schematic illustration of the set-up (a) once the
door is closed. (d) Schematic illustration of the wire routing used to produce both positive

(red) and grounded terminals (green) inside the electro-spinning chamber.
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Figure 3.2.3 (a) Schematic illustration and (b) photograph of the rotating mandrel set-up for producing randomly oriented PAN nano-fibres: (i)
solution dispensing unit; (ii) syringe; (iii) electro-spinning chamber; (iv) PTFE tube; (v) positive terminal; (vi) needle; (vii) IR lamp; (viii) rotating
manderel; (ix) high-voltage power supply; (x) electric motor; (xi) computer; and (xii) silica gel. The insert in Figure 3.2.3 (a) shows a transparent
view of the ground connection between the wire (green) and the inner surface of the mandrel. The insert in Figure 3.2.3 (b) shows a magnified

view of the connection between the needle and the positive terminal of the power supply.
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(ii) Electro-spinning: The PAN/DMSO solution was transferred to a 5 ml syringe (Terumo, UK),
and it was secured to the liquid dispenser (NE-300, World Precision Instruments, UK). The
liquid was dispensed at 0.3 ml/hour. A flat tip 25-gauge needle (AD725025, Adhesive
Dispensing Ltd, UK) with a bore and outer diameters of 0.3 mm and 0.5 mm, respectively and
a length of 20 mm was attached to the syringe via a PTFE tube (Masterflex transfer tubing,
Cole-Parmer, UK). The connection used between the syringe and the tubing was a PP female
Lure lock adapter to a 1/8" hose barb fitting (Cole-Parmer Item # UY-45508-34, UK); and the
connection used between the needle and the tubing was a PP male lure adapter to 1/8" ID
hose barb fitting (Cole-Parmer Item # WZ-45518-26, UK). A 1 mm metal ring of dimensions 0.5
mm ID, 0.8 mm OD and thickness of 1 mm was attached to the needle, which in turn was
connected to the positive output of the high-voltage DC power supply (73030, Genvolt, UK).
The routing of the positive terminal and the grounded wires are illustrated in Figure 3.2.2d;
the cables were secured with the PTFE tubing using a red zip-tie during electro-spinning. The
applied voltage was in the range of 11-13 kV. The distance between the tip of the needle and
the centre point of the collector was set at 100 mm. The electro-spinning operation was
carried out in air where the air temperature within the chamber could be controlled between
25 °C and 55 °C. The temperature inside the chamber was regulated using a 175 W infrared
lamp (IR 175R E27 Infrared Bulb, Phillips, UK). The infrared lamp was situated on one side of
the chamber, and it switched on during electro-spinning. A 40 cm portable storage heater
(Dimplex, UK) was used to pre-heat the chamber before the electro-spinning experiments; it
was removed from the chamber just prior to electro-spinning. Silica gel was placed inside the
chamber to lower the relative humidity (RH) to within 20 + 2%. During the electro-spinning of

PAN/DMSO solutions, the temperature within the chamber was maintained at 55 + 2 °C. The
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temperature and RH were monitored using a digital thermometer-hygrometer (RS Pro, RS
Components, UK). The RH during electro-spinning was kept between 8-20%. The randomly
oriented electro-spun fibres were collected for 10 minutes using the experimental set-up

shown in Figure 3.2.2.

With regard to the fibre produced using the rotating mandrel, aluminium foil (Kirkland, UK)
was wrapped tightly around the mandrel, and it was secured in position using masking tape.
The rotation rate was set at 50 rpm. The rotation rate was measured using a digital camera by
checking the rotation frequency of a marker on the mandrel. The working distance between
the tip of the needle and the surface of the mandrel was 10 cm. All the other parameters were

kept the same as the flat-plate collector. The experimental set-up is shown in Figure 3.2.3.

(iii) Background to the design of the Electro-spinning rig for producing aligned PAN nano-
fibres: As mentioned in the literature review Section 2.2, the main issue for producing
oriented electro-spun nano-fibres was continuous production of highly aligned electro-spun
fibres that could be spooled and post-processed. The post-processing aspect refers to axial
stretching during spooling to enhance the degree of molecular orientation of the polymer
chains. The aligned fibres also allow a relatively uniform tension to be applied to the electro-
spun fibre bundles during heat-treatment for precursors such as polyacrylonitrile (PAN) in
order to compensate for shrinkage [345]. Applying uniform tension to the fibres will be simpler
if they are oriented in one direction and plane. Moreover, aligned nano-fibre stacks can be
subjected to axial stretching to control the residual fabrication stresses [352]. The mechanical
testing of carbonised nano-fibres using conventional bundle-testing [35] will be significantly

more straightforward if the filaments are aligned in one direction (described in Section 2.3.1).
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With all the benefits mentioned above, an electro-spinning set-up that can hall-off aligned
nano-fibres along the alignment direction is required. The design of such an electro-spinning

set-up needed to meet the following requirements:

(a) Ability to produce highly aligned electro-spun fibres with a controlled trajectory during

electro-spinning.

(b) A simple set-up that can be retrofitted to any existing conventional electro-spinning set-

up.

(c) A facility to spool the aligned nano-fibre array continuously along the fibre alignment

direction.

(d) Ability to apply tension whilst spooling.

The rationale for the electro-spinning rig that was designed was as follows. Previous
researchers [10, 353] had shown that the flow of current was detected during electro-spinning.
This was considered as the movement of charged species from a positively or negatively
charged terminal to the grounded collector. Therefore, it was assumed by the author that
using insulating materials could be used to shield and control the movement of the charged
species, thus controlling the trajectory of the fibre jet. Another benefit of using the insulating
dielectric material is that no secondary electric field (power supply and auxillary electrodes) is
required to control the fibre trajectory. The proposed set-up is significantly simpler and
practical when compared to other methods that have been reported in the literature for
producing aligned electro-spun fibres. Furthermore, the proposed method enables the fibres
to be extracted for post-processing. The following section describes the design and

construction of the proposed fibre alignment technique.
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3.2.1.2. Electro-spinning of Oriented PAN Nano-fibre Using the Vee-shield Collector

A custom-designed grounded collector, referred to as the Vee-shield collector, was used to
produce aligned PAN nano-fibres. The primary difference between the conventional flat-plate
electro-spinning (Figure 3.2.2), and the Vee-shield methods (Figure 3.2.4) is the presence of a
Vee-shaped fixture on the grounded electrode. The insert in Figure 3.2.4a shows a magnified
view of the Vee-fixture. The Vee-shield was constructed from a sheet of PTFE (Direct Plastic,
UK) with dimensions of 10 cm width, 25 cm length and 3 mm thickness; the angles of the Vee-
shield were varied as required, but they generally ranged from 45° to 75° about the vertical
plane. The flat section of the Vee-shield was generally 6 mm wide and 100 mm long. A black
craft paper (80 gsm, Ryman, UK) strip with dimensions of 0.6 cm x 10 cm x 0.1 mm was used
as the static substrate for collecting aligned nano-fibres. The fibre alignment direction is
shown by the arrow in the insert of Figure 3.2.4. The solution feed rate when using the Vee-
shield was maintained at 0.01 ml/hour, and the applied voltage was kept at 14 kV, and the

chamber temperature and RH were maintained at 55 + 4 °C and 13 + 4%, respectively.

The static Vee-shield grounded collector shown in Figure 3.2.4 was modified to enable
continuous spooling of the electro-spun nano-fibres. The spooling (tape winding) rig was
custom-built with a length and width of 350 mm and 150 mm, respectively. A schematic
illustration of this continuous spooling rig is shown in Figure 3.2.6. The chassis of the rig is
made of PMMA, and all rollers were made of PTFE. The rollers had a 0.65 mm gap width to fit
6 mm craft paper tape width. The inner surface of all rollers was covered with rubber to
maintain the friction between the roller and the paper substrate. The take-up roller was driven

by a speed-adjustable step motor (Charged Labs, UK) which was capable of a linear speed from

116



0.01-1 mm/minute. Figure 3.2.5 shows how the craft paper was threaded through the two
slots in the flat section of the PTFE Vee-shield. The main purpose of this rig was to feed the
paper substrate continuously to the Vee-shield collector and to collect the aligned nano-fibre
preformed in one direction. A video of the spooling can be seen from the link provided

(https://www.nature.com/articles/s41598-021-99890-w).
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Figure 3.2.4 (a) Schematic illustrations and (b) photographs of the custom-designed Vee-
shield grounded electrode configuration for producing aligned nano-fibres: (i) solution
dispensing unit; (ii) syringe; (iii) electro-spinning chamber; (iv) PTFE tube; (v) positive
terminal; (vii) IR lamp; (viii) Vee-shield collector; (ix) high-voltage power supply; (x) ground
wire; (xi) static storage heater; and (xii) silica gel. The insert in Figure 3.2.4 (a) shows a

magnified view of the Vee-shield collector and the fibre alignment direction.
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Figure 3.2.5 (a) Schematic illustration and (b) photograph of the custom-designed spooling

set-up for continuous producing aligned nano-fibres using a Vee-shield collector: (i) solution
dispensing unit; (ii) syringe; (iii) electro-spinning chamber; (iv) PTFE tube; (v) positive
terminal; (vii) IR lamp; (viii) Vee-shield collector; (ix) high-voltage power supply; (x) ground

wire; (xi) winding motor; (xii) silica gel; and (xiii) tape winding rig.
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Figure 3.2.6 Schematic illustration of the custom-designed continuous spooling set-up: (i)

levelling roller; (ii) feeding roller; (iii) take-up roller; (iv) main chassis; (v) winding motor.

3.2.2. Recovery and Storage of the As-spun Fibres

(i) Randomly oriented PAN nano-fibres: As discussed in Section 3.2.1.1, the conventional
static grounded plate electrode was not used for producing the tensile test specimens because
the thickness was not uniform across the area where the fibres were deposited. Instead, the
randomly oriented fibres were manufactured using a rotating mandrel collector to produce
the tensile test specimens and for further characterisation. After electro-spinning, the
aluminium foil substrate was removed from the mandrel. A strip with dimensions of 6 mm x
315 mm was cut from the centre of the foil using an 18 mm rotary cutter (Olfa, UK). A

photograph of the electro-spun PAN nano-fibres on the aluminium foil is shown in Figure 3.2.7,

121



where the length inscribed (315 mm) represents a width of 6 mm around the circumference
of the mandrel that was directly below the needle (spinneret). The rotary cutter for sectioning
was adopted as normal blades and scissors caused significant crinkling of the aluminium foil.
It was also observed to reduce the deformation that was induced on the PAN fibres. The 6 mm
x 315 mm strip was cut into four individual lengths with lengths and widths of 65 mm x 6 mm,

respectively.

Figure 3.2.7 Photograph showing the randomly oriented PAN nano-fibres that were

deposited on an aluminium foil substrate that was wrapped around the mandrel. The

rectangle shows the location where the strip was cut out for preparing the tensile specimens.

(ii) Aligned PAN nano-fibres: The aligned nano-fibres were prepared using the Vee-shield as
the collector during electro-spinning. Before removing the nano-fibres and paper substrate
from the collector, an 18 mm rotary cutter was used to cut along the edge of the 6 mm x 65
mm paper substrate. Removing the substrate without this step was observed to cause the
degree of alignment of the nano-fibre to be interfered with by those that were deposited

outside the area of the substrate.
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Both the as-spun random and aligned nano-fibre strips/bundles with dimensions 65 mm x 6
mm were delaminated from their substrates and transferred to a paper frame (see Figure
3.2.8b) with dimensions shown in Figure 3.2.8a prepared in advance. In order to enable
alignment of the strip/bundle and easy sectioning, a 20 mm grided paper (100 gsm, VIZAL, UK)
was used. The outer frame was sectioned with a steel craft knife (Olfa, UK). The inner frame
was cut using a hand-held cutter punch (CUT50-18, My-Accessories, UK) that enabled
reproducible dimensions of the frame to be produced. Next, two 24 mm x 8 mm double-sided
tapes (GTSE, China) were placed on the top and bottom of the paper frame. The as-spun nano-
fibre sample was attached to the frame with the fibre-side down and the craft paper on the
surface, as shown in Figure 3.2.8d. Then, the craft paper substrate was peeled carefully off the
nano-fibre bundle (see Figure 3.2.8e). A 20 mm wide sellotape (Ryman, UK) was placed at the
top and bottom of the frame and gentle manual tension was applied to the fibre bundle as it
was adhered to the sellotape (see Figure 3.2.8f). After that, another paper frame of the same
dimensions but with double-sided tape was placed on top of the original frame to form a
sandwich structure (see Figure 3.2.8g). Finally, the excess sellotape outside the frame was cut,
and the sample with frame assembly was stored in a desiccator until required. The paper
frame was observed to keep the tension in the aligned fibre bundle during storage and it also

prevented it from curling during subsequent operations.
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Figure 3.2.8 (a) Sechmatic diagram showing the dimensions of the nano-fibre strip/bundle
(grey) and the paper frame (green); the dimensions are in mm, and (b—g) photographs of the
sample transfer procedure of the as-spun random and aligned nano-fibres (see text for

details).
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3.2.3. Drying Regime for the Electro-spun Nano-fibres

It was necessary to remove any residual solvent in the electro-spun fibres prior to subsequent
heat-treatment and characterisation. The random and aligned fibres were cut, sectioned and
then transferred onto a paper frame before drying as described in Section 3.2.2. The electro-
spun nano-fibres were placed on a non-stick Teflon-coated baking tray (ProChef, UK) and
transferred into a vacuum oven (Gallenkamp, UK) (see Figure 3.2.9) that was operated at 1
bar. Light manual tension was applied to the fibre bundle in the paper frame, and it was fixed
onto the tray using a heat-resistant tape (3M, 8992, UK), see Figure 3.2.10a. Photographs of
the nano-fibre before and after heating are presented in Figure 3.2.10b and c, respectively.
The samples were heated from ambient temperature at 10 K/minute to 100, 120 or 140 °C
with a dwell time of 6 hours, after which the vacuum oven was permitted to cool naturally to
ambient temperature. The fibre samples with the paper frame were stored in a desiccator

until required.
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Figure 3.2.9 Photograph of the vacuum oven set-up for drying the electro-spun nano-fibre: (i) vacuum pump; (ii) silica gel bottle; (iii) liquid

nitrogen container; (iv) set temperature switch; (v) cut-off temperature switch; (vi) main switch; (vii) pressure gauge; (viii) gas inlet; (ix) gas

outlet; (x) vacuum oven; and (xi) thermometer.
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Figure 3.2.10 Photograph of (a) the nano-fibre bundles with the paper frame been adhered on a tray for drying. (b) A magnified photograph of

electro-spun nano-fibres before drying. (c) A magnified photograph of electro-spun nano-fibres after drying in the vacuum oven.
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3.3. Pyrolysis of the Electro-spun PAN Nano-fibres

3.3.1. Temperature Gradient Within the Tube Furnace

The pyrolysis experiments were conducted in an alumina tube furnace (PYRO THERM Furnaces,
UK). An alumina tube (ALM4638, Almath Crucibles Ltd., UK) with inner and outer diameters of
38 mm and 46 mm, respectively and a length of 1,200 mm, was inserted into the tube furnace.
A schematic illustration of the experimental set-up for the gas inlet and furnace assembly is
presented in Figure 3.3.1. Two adjustable aluminium stands were manufactured by the
University Workshop, and they were used to support, level and position the alumina tube at
the centre of the furnace tube. Nitrogen gas or dried compressed air was supplied to the
alumina tube via a flange that was bonded to the gas inlet side of the furnace using a high-
temperature resistant adhesive (CIA, Technicqll silicate 1200, UK). The gas flow rate was
regulated by a gas flowmeter (PLATON, UK). The temperature gradient profile within the
alumina furnace tube was determined using a Pico TC-08 datalogger (Pico Technology, UK).
The temperature was measured using an 80 cm long platinum-rhodium thermocouple (R-Type)
and recorded using Pico TC-08 and Picolog Data Logging Software (Pico Technology, UK). The
centre of the furnace tube was defined as the reference position ‘0’. In order to determine the
effective heating length of the tube from the centre of the tube, the temperature gradient
was measured from the centre in 5 cm increments as the tip of the thermocouple was
withdrawn. The flow rate for the nitrogen gas (BOC, UK) through the furnace was set as 50
ml/minute. The temperature controller was programmed to heat from room temperature to
300 °C at 2 K/minute, then to 1,200 °C at 5 K/minute, and the heating rate curve was also

obtained. The temperature was recorded after a dwell of 5 minutes at each desired position
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Figure 3.3.1 Schematic illustration of the experimental set-up for the furnace, nitrogen and dry compressed air supply: (i) gas regulator and

switches; (ii) compressed nitrogen cylinder; (iii) compressed air cylinder; (iv) gas flow meter; (v) inter steel flange; (vi) alumina tube; (vii) tube

stand; (viii) tube Furnace; (ix) temperature program display; (x) main switches; (xi) thermocouple; (xii) datalogger; and (xiii) computer.
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along the alumina tube. In these experiments, the flange at the gas output-end was not used
to enable the withdrawal of the thermocouple. The data from these experiments are

presented in the Result and Discussion Section 4.2.1.

3.3.2. Custom-designed Rig and Sample Preparation for the Thermal

Treatment of the Electro-spun PAN Nano-fibres

The inner bore diameter of the alumina furnace tube that was available for this research was

38 mm. A rig was custom-designed and manufactured to fulfil the following requirements:

(i) To apply tension, minimising the shrinkage of the nano-fibres during oxidation and

subsequent carbonisation.

(ii) To simplify the loading and unloading of the rig with the samples into and out of the

alumina furnace tube.
(iii) To apply a uniform temperature over the length of the samples in the rig.
(iv) To provide a simple method for weight-control that could be applied to each specimen.

(v) To allow for heat-treatment of multiple specimens where each specimen is loaded

independently.

A photograph and schematic illustration of the various components of the custom-designed
rig is shown in Figure 3.3.2a and b, respectively, along with their relevant dimensions. Figure
3.3.3 shows the sequence of practical steps that were involved in attaching and loading the
electro-spun samplesin the rig. A photograph of the assembled rig with the electro-spun fibres

attached (without weights (rods)) is presented in Figure 3.3.2a.
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I

Figure 3.3.2 (a) Photograph and (b) schematic illustration of various components of the
custom-designed heat-treatment rig. The dimensions are in mm. (i) Nano-fibre bundle; (ii)

graphite fixture; and (iii) graphite weight holder.
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Figure 3.3.3 (a—d) lllustration of the sequential steps that were taken in attaching and loading the electro-spun fibres on the heat-treatment rig.

The insert in Figure 3.3.3 (b) shows a magnified view of the graphite weight.
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After the fibres were dried and removed from the vacuum oven as described in Section 3.2.3,
they were transferred to an A4 graph paper. The tension of the fibres was observed to be
maintained where heat-resistant tape was used (see Figure 3.3.3a). Figure 3.3.3b shows the
process where the left and right side of the vertical portion of the paper frame was cut for
easier operation of the following steps. Two high-density graphite ‘weights’ of dimensions 40
mm x 70 mm x 170 mm were bonded to the bottom sides of the fibre bundles using the high-
temperature graphite adhesive mentioned in Section 3.1. This was carried out in two stages,
where Figure 3.3.3c and d show the graphite weights being positioned and bonded on the
fibre bundle, respectively. The adhesive was cross-linked in an air-circulating oven at 100 °C
for 4 hours. The sample was placed horizontally, and a 5 g weight was placed on top of the
graphite weight to create a relatively uniform bond-line. The protruding fibre bundle below

the graphite weights was removed carefully using a rotary cutter.

From the remaining sample, a section 30 mm long, was cut and removed. As shown in Figure
3.3.2a, the fibre bundle with the graphite weight was transferred to the 38 mm diameter
graphite fibre holding rig with a length of 50 mm and a wall thickness of 1 mm. A thin layer of
the high-temperature adhesive was applied to the outer surface of one wall of the slot. The
fibre bundle with the graphite weight was fastened to the slotted graphite tube using a piece
of adhesive tape; the width of the fibre bundle was positioned to coincide with where the
adhesive was applied. The fibre bundle was impregnated with the adhesive by massaging the
fibres carefully and gently. Another layer of high-temperature adhesive was placed on top to
ensure all fibres were fully impregnated and secured. The base of the pre-bonded graphite
weights was positioned to be suspended a fraction above the inner bore of the graphite tube.

The high-temperature adhesive was cross-linked at 100 °C for four hours. The excess fibre
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bundle that was secured to the top surface of the graphite tube was cut carefully and removed.
The graphite tube could accommodate three individual fibre bundles, with a pair of graphite
weights on each. A photograph and schematic illustration of the assembly (without weights

(rods)) are shown in Figure 3.3.2a and b, respectively.

The graphite weights, where the thickness was 2 mm (see the insert in Figure 3.3.3b), were
manufactured with five 5 mm deep cavities with a diameter of 2 mm. The weight of each
graphite block was approximately 0.5 g, and the function of the cavities was to enable
additional weight to be added using rods manufactured from zirconia, tungsten carbide or
alumina. The rods were supplied in lengths of 20 mm each, which give weights corresponding
to approximately 0.42 g, 1 g and 0.13 g for each zirconia, tungsten carbide and alumina rod,
respectively. The additional weights were intended to be used to compensate for the
shrinkage of the PAN during oxidation and carbonisation. The fixture support was necessary
to maintain the spatial orientation of the graphite rig when it was loaded into the tube furnace.

A photograph of the final assembly (with weights (rods)) is shown in Figure 3.3.4b.
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Figure 3.3.4 Photograph of (a) weight rods made of zirconia, tungsten carbide and alumina

and (b) the assembly of nano-fibre loaded on the graphite fixture with four alumina weights.

3.3.3. Oxidation of the Electro-spun PAN Fibres

The oxidation of the dried PAN fibres (discussed in Section 3.2.3) was carried out using the
furnace set-up that was discussed in Section 3.3.1 for establishing the temperature gradient
within the furnace tube. However, in this instance, after the graphite heat-treatment rig with
the sample was positioned at the centre of the alumina furnace tube, a pair of porous alumina
disks of dimensions 33 mm OD, 5 mm ID and 50 mm length were inserted into the gas outlet-
end of the alumina furnace tube. A steel flange with a gas outlet was attached to the alumina
tube. The temperature at the gas outlet of the flange when the furnace was operated at 600,
900 and 1200 °C was 45, 53 and 61 °C, respectively. The flanges were connected to a silicon
rubber tube with outer and wall thickness of 10 mm and 2 mm, respectively, and attached to

the gas outlet, this, in turn, was secured to a liquid trap (BS2461, Pyrex Quickfit, UK) that was
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part-filled with Silicone oil (1003261003, Sigma-Aldrich, UK). The gas from the furnace tube
was bubbled into the silicone oil and the effluent gas was directed to a second liquid trap that
was filled with a 22 wt% of sodium carbonate (Sigma-Aldrich, UK). The outlet from the second
liquid-trap was directed to a fixed air extractor system. The function of the calcium carbonate
was to trap gaseous by-products produced during heat-treatment. The silicone oil was
replaced when discolouration was detected visually. The calcium carbonate was replaced after
every 10 experiments. Both ends of the alumina tube were sealed with high-temperature-
resistant seals, and the flanges were tightened and fixed with metal screws. The presence of
any leaks around the seal was checked using a detergent spray (Teepol, UK). This was done
every time the gas outlet-ends of the furnace tube were disassembled and resealed. A
schematic diagram and photograph of the PYRO THERM furnaces assembly with the metal

flanges are presented in Figure 3.3.5a and b, respectively.

The oxidation of the electro-spun fibres was carried out in a dry compressed air environment
where the flow rate was 50 ml/minute. The gas flow was switched on 5 minutes before the
furnace was turned on. The sample was heated from room temperature to 100 °C with a dwell
of one hour, and then the temperature was increased to 300 °C and held for one hour. The
heating rate was 2 K/minute for both cases. A schematic illustration of the heating and dwell
regimes is shown in Figure 3.3.6. After the final dwell period, the sample was cooled to
ambient temperature naturally and the rig with the sample was removed carefully from the
furnace. In order to remove the graphite rig with the sample, both flanges were disassembled
from both ends of the tube. A 1.3 m long metal rod with a diameter of 2 mm was inserted
from one end of the tube to push the graphite fixture out gently. The oxidised PAN nano-fibre

samples were disassembled from the rig by cutting the top and bottom end of the nano-fibre
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bundle using a rotary blade, the cut-lines are indicated by the dotted lines in Figure 3.3.7a. It
was observed that the nano-fibre array remained straight without any curvature in the length
or width directions when the tension was released (Figure 3.3.7b). Each sample was weighed
using an analytical weighing balance described in Section 3.5.7. Samples were stored in a
capped glass vial and labelled (see Figure 3.3.7c) until required for further characterisation.
With regard to the carbonisation of the oxidised fibre bundles, the sample was not removed

from the graphite fixture.
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Figure 3.3.5 Cont.
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Figure 3.3.5 (a) Schematic illustration and (b) photograph of the gas supply cylinders, flow controller, furnace and liquid-trap bottles: (i) gas
regulator and switches; (ii) compressed nitrogen cylinder; (iii) compressed air cylinder; (iv) gas flow meter; (v) inter steel flange; (vi) alumina
tube; (vii) tube stand; (viii) tube furnace; (ix) temperature program display; (x) main switch; (xi) porous alumina brick; (xii) outlet steel flange;

(xiii) silicon oil liquid trap; and (xiv) sodium carbonate liquid trap.
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Figure 3.3.6 lllustration of the heating rate and dwell periods that were used for the
stabilisation and carbonisation processes. The red circles represent the time when samples

were removed for characterisation.
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Figure 3.3.7 Photograph of (a) an oxidised sample where the dotted lines indicate the cut-line for removal of the fibre from the fixture. (b)

Graphite fixture and nano-fibre assembly after stabilisation. (c) The stabilised nano-fibre sample was stored in the capped glass vial.
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3.3.4. Carbonisation of the Oxidised PAN Nano-fibres

The carbonisation of the fibre bundles was carried out directly after the stabilisation process
without taking the sample from the tube furnace. After the nano-fibre bundles were stabilised
at 300 °C for one hour, the gas was switched from compressed air to nitrogen, where the gas
flow was maintained at 50 ml/minute. The tube furnace was programmed to heat at 5
K/minute from 300 °C to 600, 900 or 1200 °C as required, with one hour of dwell at those
temperatures. After the final dwell period, the sample was cooled to ambient temperature
naturally, and the rig with the sample was removed carefully from the furnace using the same
method as described in Section 3.3.3. Six samples were prepared from each carbonisation
temperature. The pyrolysed samples were characterised using SEM, XRD and Raman

spectroscopy. The details of the characterisation tests are described in Section 3.5.

It was observed that fibres carbonised at 1200 °C were not able to sustain any imposed load
from the graphite weight. Carbonisation of the fibre bundle at 1200 °C was obtained by
heating the fibre carbonised previously at 900 °C in the fixture shown in Figure 3.3.7 and then
transferring the sample to an 8 cm alumina boat crucible (SRX115, Almath Crucible Ltd., UK),
see Figure 3.3.8a. In order to avoid the fibre been blow off by the nitrogen gas flow, a 38 mm
OD 30 mm ID graphite fixture (Rongxing Carbon, China) was used to protect the fibre during

carbonisation at 1200 °C. A photograph of this assembly is shown in Figure 3.3.8.
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Figure 3.3.8 Photograph of: (a) an alumina boat crucible with two aligned PAN nano-fibre

bundles that were pre-carbonised in the fixture shown in Figure 3.3.7; and (b) alumina boat
crucible placed in the graphite fixture for carbonisation at 1200 °C. The pointed-end of the

fixture faced the gas flow inlet.

3.4. Preparation of Tensile Test Specimens

Tensile tests were carried out on the as-spun, oxidised and carbonised PAN nano-fibre bundles
where the orientation of the electro-spun fibres was either random or aligned. The following

procedure was used to prepare the tensile test specimens.
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3.4.1. End-tabbing the As-spun Nano-fibre Bundles

With reference to Figure 3.3.3a, the dried nano-fibre sample with the frame was removed
from the desiccator and placed on 2 mm grid graph paper. The free-ends of the paper frame
were secured to the graph paper using masking tape (Ryman, UK). A polyethylene
terephthalate (PET) frame (dimensions shown in Figure 3.4.1e and g), was positioned carefully
underneath the nano-fibre bundle such that the fibres were parallel to the left and right sides
of the inner vertical edges of the PET frame (Figure 3.4.1a). The edges of the paper frame were
lifted gently with a pair of plastic-tipped tweezers to ensure that the fibres did not rub against
the plastic frame at any stage during sample preparation. After verifying the relative positions
of the various items, approximately 28 ul of UV resin (Norland optical adhesive 68, USA) was
evenly dispensed across the width and length of the intended end-tab bonding area at the top
and bottom of the test frame using a micro-pipette (m100, Biohit, UK), (see Figure 3.4.1b).
Due care and attention was paid to ensure that the impregnation was thorough and without
any visual signs of under-impregnation or the presence of air bubbles. Special attention was
also given to ensure that the adhesive did not wick into the gauge length of the test specimen.
After the end-tab region was impregnated, another identical PET frame was placed on the top,
precisely over the frame below, with the fibres sandwiched in between. Two thickness-gauges
(spacers) of 0.3 mm were placed on either side of the paper frame, and a glass sheet
(dimensions of 26 mm, 76 mm and 2 mm thickness with a weight of 2.4 g) was placed on top
of the whole assembly, and two 100 g weights were placed on the top of the spacers; this
assembly is shown in Figure 3.4.1c. This assembly was permitted to stand for one minute

before a UV light with an intensity of 40 mW and wavelength between 300—425 nm (Thorlabs
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560 UV-75, UK) was used to cross-link the adhesive. Due to the thickness of the UV resin, the
UV irradiation was carried out in three cycles, with 30 seconds per cycle. After the adhesive
had cross-linked, the fibres that were protruding outside the PET frame were cut using the
rotary blade (Figure 3.4.1d). The samples were labelled and stored in a desiccator until

required for testing.

3.4.2. End-tabbing the Oxidised and Carbonised Nano-fibres Bundles

As mentioned before, the shape and alignment of heat-treated nano-fibre samples could be
maintained without the need for external tension. Therefore, a paper frame was not required
to keep heat-treated nano-fibre bundles under tension during the preparation of the tensile
test specimen. In other words, the heat-treated nano-fibre samples could be placed directly
onto the PET frame. The end-tabbing method and the storage for the samples were the same
as that described above. However, due to the fact that the sample shrinks as the heat-
treatment temperature increase, the overall length of the carbonised fibres treated at 600 °C
and 900 °C was approximately 17 mm and 16 mm, respectively. Therefore, a smaller sized
frame with a smaller gauge length was used. The dimension of the small frame is shown in
Figure 3.4.1g. In order to keep the consistency of the frame, the inner frame was cut using a
6.7 mm x 6.7 mm puncher (xs, Vaessen Creative, UK) and the outer frame was cut by a die
puncher with 15 mm x 15 mm (CUT15-15, My-Accessories, UK). A photograph of an end-

tabbed window assembly of the carbonised fibre bundle is shown in Figure 3.4.1h.
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Figure 3.4.1 (a—d) Photographs showing the sequential steps that were taken to manufacture
the tensile test specimens. (e) Schematic diagram of the dimension of the tensile test frame
used for as-spun and stabilised nano-fibre specimen, units in mm. (f) Photographs showing

the stabilised aligned fibre specimen on its test frame. (g) Schematic diagram of the
dimension of the tensile test frame used for carbonised specimen, unit in mm. (h)

Photographs showing the carbonised aligned nano-fibre specimen on its test frame.
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3.5. Materials Characterisation

3.5.1. Rheometry

The rheological properties of the PAN/DMSO solutions were determined on a cone-and-plate
rheometer (Discovery Hybrid Rheometer, model HR-1, TA instrument, UK). A photograph of
the rheometer that was used is shown Figure 3.5.1. The diameter of the plates was 40 mm
with a cone angle of 4°. The shear viscosity was determined using shear rates between 1-1000
s7!, whereas, during the oscillation tests, the strain was kept at 25% whilst the angular
frequency was changed from 0.1-500 rad/s™*. Complex viscosity was obtained from the
oscillation tests. The gap between the plates was set at 1.05 mm, and the experiments were
carried out at 55 °C with a solvent evaporation-controlled function. The viscosity of each
solution was measured three times using three fresh solutions. PAN/DMSO solution with
concentrations of 2, 4, 6, 8, 10, 12, and 14 w/v% from the two PAN suppliers was characterised,

including neat DMSO.
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Figure 3.5.1 Photograph of the TA HR-1 Rheometer.
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3.5.2. Electrical Conductivity

The following section is adapted from Section ‘Characterising of polymer solution’ of a co-

authored paper published by the author; Shao et al. [15].

The electrical conductivity of the PAN/DMSO solutions was determined on a bench
conductivity meter (Model 4510, Jenway, UK). A photograph of the electrical conductivity
meter is shown in Figure 3.5.2. Before the measurements were taken, a sodium chloride
conductivity standard solution (HI7033, Hanna Instrument) was used to calibrate the
instrument at 25 °C. A temperature-controlled water bath (GD100, Grant, UK) was used to
maintain the temperature during the measurements. The conductivity of each PAN/DMSO
concentration was measured at 55 °C and repeated three times to obtain an average.
Approximately 10 ml of each solution was used for each measurement. In order to prevent
the sample from absorbing moisture during each measurement, the solution was placed in a

30 ml glass vial, and the top was sealed with a rubber stopper through which the measurement

Figure 3.5.2 Photograph of the JENWAY 4510 liquid conductivity meter and a Grant GD 100

water bath that was used for temperature regulation.
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probe was inserted. The conductivity data were recorded over five minutes after the set

temperature was reached.

3.5.3. Surface Tension Measurements

The surface tension of the solutions were measured on a KRUSS K100 force tensiometer
(Germany), as shown in Figure 3.5.3. Each experiment was repeated three times using the
platinum Wilhelmy plate test geometry. 50 ml of the PAN/DMSO solution was required to
maintain a minimum liquid height of 1 cm. In order to equilibrate the solution to 55 °C, it was
placed in a capped glass vial and preheated in a water bath. Since the boiling point of DMSO
is 189 °C, it was deemed safe to heat it in a capped glass vial. After 30 minutes, the solution
was poured into a 20 cm diameter glass container and transferred into the equipment. The
inbuilt heater controller of the tensiometer was used to maintain the PAN/DMSO solution at
55 °C. Three repeat experiments were conducted per solution and an average value was

calculated.

Figure 3.5.3 Photograph of the KRUSS K100 force tensiometer.
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3.5.4. High-speed Camera

The following section is adapted from Section ‘Characterisation of the electro-spun fibres’ of

a co-authored paper published by the author; Shao et al. [15].

A high-speed camera (Mini Ax 50, Photron, UK) was used to image the polymer jet during
electro-spinning when using the conventional and Vee-shield set-ups. The equipment that was

used is shown in Figure 3.5.4. The high-speed camera was operated at 100,000 frames/second

with a resolution of 300 x 300 pixels.
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Figure 3.5.4 Photograph of the Photron Mini Ax 50 high-speed camera.

3.5.5. Differential Scanning Calorimetry

A Perkin-Elmer DSC 7 was used to characterise the as-received PAN powders, as-spun random
PAN/DMSO fibres, as-spun aligned PAN/DMSO nano-fibres and cold-drawn aligned
PAN/DMSO nano-fibres are shown in Figure 3.5.5. The weight of each sample was
approximately 5 mg and placed in a 3 mm diameter aluminium pan (PerkinElmer, UK). Two
0.1 mm holes were punched on the 2.9 mm aluminium lid (PerkinElmer, UK) using a stainless-

steel pin, and the lid and pan assembly were crimped using a standard sample pan crimper
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press (Part number 02190048, PerkinElmer, UK). The experiments were conducted under a
nitrogen environment where the gas flow rate was 10 ml/minute. An empty aluminium pan
and lid were used in the reference compartment of the calorimeter. The temperature of the
samples and reference was held isothermally at 20 °C for 1 minute and then increased to
350 °C at 10 K/minute. Calibration of the calorimeter was carried out using pure indium and
tin at a heating rate of 10 K/minute from RT to 170 °C and 260 °C, respectively. The onset
temperatures of these two materials were 156.61 °C and 231.90 °C, respectively. The baseline
for the instrument was obtained by placing two near identical empty pans in the calorimeter,
and it was programmed to perform the same heating routine as described above. The baseline

was subtracted from the dataset for each batch of samples.

solvents ao’

Figure 3.5.5 Photograph of the PerkinElmer differential scanning calorimeter 7.

151



3.5.6. Thermo-gravimetric Analysis

Thermo-gravimetric analyses (TGA) were used to determine the DMSO content in the
PAN/DMSO nano-fibres. The TGA analyses were carried out on a NETXSCH STA 449C in an
argon gas atmosphere where the gas flow rate was set at 50 ml/minute. A photograph of the
equipment used is shown in Figure 3.5.6. Approximately 10 mg of the sample (as-received PAN
powder, as-spun nano-fibres and dried electro-spun nano-fibres) was heated from room
temperature up to 400 °C to determine the weight loss of DMSO, and to 1200 °C to study the
high-temperature stability of the electro-spun fibres. The heating rate for both regimes was

10 K/minute.
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Figure 3.5.6 Photograph of the NETXSCH STA 449C.

152



3.5.7. Weight of the Electro-spun PAN Nano-fibres

The feasibility of using the density of the nano-fibre samples to normalise the fibre volume
fraction for each of the tensile test samples was investigated. The density of each nano-fibre
bundle was calculated using the bulk volume of the fibre sample and the weight of the nano-
fibres. The weights of the electro-spun fibre bundles were measured individually using a
Perkin-Elmer AD2Z Auto-balance, which has a measurement accuracy of 0.01 mg. A

photograph of the auto-balance is shown in Figure 3.5.7.

Figure 3.5.7 Photograph of the PerkinElmer AD2Z Auto-balance.

3.5.8. Scanning Electron Microscopy

The following section is adapted from Section ‘Result and discussion’ of a co-authored paper

published by the author; Shao et al. [15].

The thickness, surface and cross-sectional morphology of aligned fibres were inspected using
a Hitachi TM3030plus tabletop scanning electron microscope (SEM) (see Figure 3.5.8). The
instrument was operated at 15 kV and the working distance was 8 um. The electro-spun fibre
mats were mounted onto a circular SEM aluminium stub using double-sided conductive

carbon adhesive tape. The fibres were sputter-coated with gold/palladium alloy for 3 minutes
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using an Emscope SC 500 vacuum sputter-coater to render the sample conductive. The
thickness of aligned nano-fibre mats was measured from the SEM micrographs using Image-J
software (NIH, USA). After electro-spinning of each batch of polymer solution, 3 out of the 10
samples were selected randomly from each batch to determine the sample thickness. Five
micrographs were taken across the cross-section of the sample and 10 measurements were
taken from each micrograph; this represents 50 individual measurements per sample. With
regard to fibre diameter measurements after the electro-spinning of each polymer solution,
one batch represents five individual samples. Two samples were selected randomly, and three
micrographs were taken from three random spots from each of these samples. 100
measurements were taken from each micrograph; this represents 600 individual
measurements per batch. The degree of fibre alignment for the PAN fibres obtained using the
Vee-shield was also carried out using the Image-J software (Version: 2.1.0/1.53c Build:
5f23140693 Copyright 2010-2021 (https://imagej.nih.gov/ij/). The same protocol as that
mentioned above for measuring the diameter of the fibres was used to quantify the relative
orientation (600 measurements per batch of the sample). The micrographs were imported
into the Image-J software to quantify the degree of alignment. The images were resliced to
allow the border of the image to be parallel with the longitudinal edge of the substrate. A
zero-degree reference line is drawn in the vertical plane that is parallel to the edge of the
substrate. The orientation of the electro-spun fibre, in relation to the reference line, was
obtained by drawing a line manually from one end of a fibre to the opposite end; this was
performed for each of the randomly selected fibres, and the data are logged within the Image-

J software.
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Figure 3.5.8 Photograph of the HITACHI TM3030plus tabletop SEM.

3.5.9. Transmission Electron Microscopy

A JEOL JEM-1400 transmission electron microscope (TEM), see Figure 3.5.9, was used to
determine if the electro-spun fibres had a circular cross-section and to estimate the fibre
volume fraction. The aligned nano-fibre samples in the tensile test frame were placed in a
PTFE mould with dimensions of 25 mm x 32 mm x 20 mm. The fibres were impregnated using
a mixture of 3 ml Araldite CY212 resin, 5 ml AGAR 100 (Epon substitute), 13 ml DDSA
(hardener), 0.6 ml DBP (plasticiser) and 0.5 ml DMP 30 (Accelerator) to obtain a total of 22 ml
of the liquid resin. The assembly was placed in a vacuum oven (Gallenkamp, UK) for 6 hours
to degas the resin and to impregnate the fibres. Finally, the mould with the impregnated fibres
and resin were cross-linked in an oven at 60 °C for twenty-four hours. The sample was
microtomed (ULTRACUT, UK) into 100 nm sections using a diamond blade (Ultra 1436,
DIATOME, Switzerland) with a 1 mm/s cutting speed. Each section was deposited onto a

copper TEM grid (Agar scientific, UK) that has a 200 Mesh. 10 micrographs were captured per
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sample, and thirty micrographs were recorded. Image-J software was used to measure the

fibre volume fraction and the diameter of the fibres.

Figure 3.5.9 Photograph of the JEOL JEM-1400 TEM.

3.5.10. X-Ray Diffraction

X-ray diffraction was used to identify the crystal structure of the as-spun and carbonised
electro-spun nano-fibres. The electro-spun fibre bundle of two cm in length was placed onto
a twenty-five mm circular (shallow) sample holder (Proto, UK) and secured in the instrument.
The holders were placed in an AXRD Benchtop diffractometer (Proto, UK) using Cu-Ka
radiation (V =30 kV, | =20 mA, and A = 1.541874 A) with a 1 mm filter. The diffraction data 26
were collected between 5-50°. Due to the fact that the sample was in a fibre form, the stage
was not rotated. Two repeat experiments were performed on each sample. A photograph of

the diffractometer is shown in Figure 3.5.10.
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Figure 3.5.10 Photograph of the PROTO AXRD benchtop diffractometer.

3.5.11 Raman Spectroscopy

The degree of carbonisation of the pyrolysed PAN nano-fibres was measured using a Raman
spectrometer (Renishaw RE-04, UK) that was equipped with a diode-pumped solid-state laser
(532 nm) operating at 50 mW. A photograph of the RAMAN spectrometer is shown in Figure
3.5.11. The sample was transferred onto a glass slide and placed onto the optical microspore
inside the chamber. The analysed area was observed and focused through an optical
microscope at a magnification of 20x with a 1.15 mm working distance. A total of 10
accumulations per sample were collected at 10% laser power in the range of 500-2000 cm™
over an exposure time of 10 seconds with a cosmic ray removal setting. Two tests were carried

out on different positions for each carbonised sample. The intensity of two broad peaks

around 1370 cm™ (D-band) and 1590 cm™ (G-band) was investigated.
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Figure 3.5.11 Photograph of the RENISHAW RE-04 Raman spectrometer.

3.5.12. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify and analyse the functional
groups present in the as-received PAN/DMSO solutions. It was also used to determine the
presence of DMSO before and after the fibre bundles were dried in a vacuum oven under
various temperatures. FTIR spectroscopy of the PAN/DMSO samples was carried out using a
Thermo Scientific Nicolet 870 spectrometer, UK (see Figure 3.5.12a). 200 mg of pre-dried
potassium bromide (KBr) and 2 mg of PAN/DMSO nano-fibre samples were ground and
pressed into a disc with a diameter of 13 mm and a thickness of 0.6 mm under force of 10 tons
using a desktop hydraulic press (Specac, UK). All the samples were analysed in the
transmission mode. The FTIR spectra were acquired using an average of 100 scans at a
resolution of 4 cm™ in the wavelength range of 4,000-400 cm~. Omnic 8.1 software was used

to analyse the spectra.
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Figure 3.5.12 (a) Photograph of Thermo Scientific Nicolet 870 FTIR. (b) shows the

transmission stage that was used.

3.5.13. Tensile Testing

The tensile properties of the nano-fibre bundles were evaluated using an Instron (US) 5566
universal testing machine with a 10 N load-cell. A photograph of the equipment is presented
in Figure 3.5.13a. The grips used was a fibre filament micro tensile grip (2711-006 series,
Instron, UK) to grip both ends of the tensile test sample. The gripped area was 36 mm? and it
had an adjustable clamping force and self-aligning hard rubber-coated faces which had a
maximum capacity of 5 N. The tests were carried out in an temperature regulated laboratory
at 24 £ 2 °Cand RH at 20 £ 4%. The rectangular and framed test specimen, described in Section
3.4, were used for the tensile tests. Before the tensile test, the length and width of each fibre
sample were measured from photographs using Image-J. Each sample was measured five
times and the data were averaged. Although the thickness was measured using the transverse
sections on the SEM, a digital micrometre screw gauge was also used to measure the thickness

of each test specimen. During the tensile test, attention was paid to ensuring that the fibres
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were parallel to the principal loading direction. Before starting the tensile loading, the sides
of the plastic frame were cut to ensure that only the fibres were held in the grips (as shown in
Figure 3.5.13b). The load and the displacement were zeroed, and the cross-head displacement
rate was set to 1 mm per minute with the load/displacement data were recorded. A limited
number of experiments were also carried out to assess the effect of the rate of loading on the
tensile strength. The gauge length for the tensile test specimen of as-spun and 300 °C
stabilised fibres was 15 mm. Whereas the gauge length of the tensile specimen of 600 °C and

900 °C were 6.7 mm. Bluehill 3 software was used to record the load/displacement data.

Figure 3.5.13 Photograph of (a) the Instron 5566 universal testing machine; and (b) tensile

test sample mounted on the grips of the tensile tester.
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3.5.13.1. Pre-stressing the Electro-spun Nano-fibre Specimens and Tensile Testing to

Failure

The pre-stressing of the tensile test specimens to specified loads was carried out to investigate
if it could increase the tensile properties of the electro-spun fibre bundles — this was deemed
to be similar to cold-drawing of semi-crystalline polymers. In the first instance, the samples
were loaded to a specified load, held at this load for 120 minutes, and unloaded prior to testing
the sample to failure. In a second set of experiments, the sample was loaded to a specified

load and held for 120 minutes prior to testing it to failure.

A typical load/displacement trace for an electro-spun and aligned PAN nano-fibre bundle is
shown in Figure 3.5.14. The cross-head displacement rate was 0.1 mm/minute, and all the
tests were carried out at ambient temperature 23 + 2 °C. It was observed that the extension
of the samples, without an increase in the load, commenced at approximately 4 mm, with
failure initiating approximately after an extension of 6 mm, where the load decreased as a
function of extension. It is worth mentioning at this stage that the purity of the DMSO was
seen to have a significant effect on the tensile properties of the electro-spun PAN nano-fibre
bundles. The bulk of the research in the current project was undertaken using DMSO from
(Sigma-Aldrich, UK) where the purity was 99.9%. The supplier discontinued this solvent and
99% purity DMSO from (Fisher Scientific, UK) used for some of the tensile experiments. When
this discrepancy was identified, a different supplier (Sigma-Aldrich, UK) was used for the

majority of the experiments, as summarised in Table 3.1.
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Figure 3.5.14 Typical load/displacement traces for electro-spun randomly oriented and

aligned PAN nano-fibre specimens.
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(i) Preloading to an extension of 4 mm, unload and reload to failure: With reference to the
load/displacement trace shown in Figure 3.5.14, the first batch of tensile samples were
extended to 4 mm and unloaded. The sample was reloaded to failure without removing it from

the grips of the tensile test machine. A typical trace for of this loading, unloading and reloading

to failure is shown in Figure 3.5.15.

2.0
—— Preload
—— Unload
—— Tensile
1.5 4 -
Z 1.0+
o
()
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-
0.5 1
N
0.0 H
1 N I N 1 M 1 v T N 1 M 1 N 1
0 2 4 6 8 10 12 14

Extension (mm)

Figure 3.5.15 Example of a typical loading sequence where the aligned nano-fibre sample

was loaded to an extension of 4 mm, unloaded completely and reloaded to failure.
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(ii) Pre-loading to an extension of 2 mm followed by holding for 2, 4 and 6 hours prior to
loading to failure: In this series of experiments, the electro-spun and aligned PAN fibre
bundles were loaded to an extension of 2 mm and held for 2, 4 or 6 hours whilst the load-
decay was monitored. The samples were loaded to failure after each load-hold period. This

loading sequence is shown in Figure 3.5.16.
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Figure 3.5.16 Cont.
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Figure 3.5.16 Example of loading sequences where the aligned nano-fibre sample was loaded
to an extension of 2 mm, held for 2 hours and reloaded to failure. (a) Load-displacement

graph and (b) Load-time graph.

3.5.13.2. Assessing the End-tabbing Methods

Prior to commencing the tensile tests, a series of experiments were undertaken to determine
the best method to end-tab the fibre bundles. The methods investigated were double-sided
tape, super-glue (Loctite 403, UK) and UV-cure resin (Norland optical adhesive 68, USA). The
end-tabbing was carried out as described in Section 3.4. The use of double-sided tape was
assessed as a number of the publications in the literature used this method to end-tab nano-

fibre bundles.
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Table 3.1 Summary of the tensile test specimens used in the current study. The RH and the spinning temperature were kept at 13 + 4% and 55 +

4 °C, respectively.

Heat-
Sample Alienment Gauge treatment End-tab DMSO Purity Test Rate Pre-Stretch Holding Stress
Code & Length (mm) | Temperature (%) (mm/minute) rate Time (hour) Release
(°c)

R1-10 Random 15 N/A uv 99 1 N/A N/A N/A

Al1-10 Aligned 15 N/A uv 99 1 N/A N/A N/A
A21-23 Aligned 15 N/A uv 99.9 1 N/A N/A N/A
A24-26 Aligned 15 N/A Super-glue 99.9 1 N/A N/A N/A

. Double-

A27-29 Aligned 15 N/A sided tape 99.9 1 N/A N/A N/A
AP1-10 Aligned 15 N/A uv 99 1 0.1 2 Yes
AP11-13 Aligned 15 N/A uv 99.9 1 0.1 1 No
AP14-16 Aligned 15 N/A uv 99.9 1 0.1 2 No
AP17-19 Aligned 15 N/A uv 99.9 1 0.1 4 No
A300 1-3 Aligned 15 300 uv 99.9 1 N/A N/A No
A600 1-3 Aligned 6.7 600 uv 99.9 1 N/A N/A No
A900 1-3 Aligned 6.7 900 uv 99.9 1 N/A N/A No
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3.6. COMSOL Modelling

In order to investigate the mechanism responsible for fibre alignment when using the Vee-
shield method, a COMSOL AC DC model with electric current physics was used (COMSOL
Multiphysics, Version 5.3a, UK). All the simulations were conducted in stationary mode. The
geometry of the modelling was completed using Fusion 360 education package. A three-
dimensional drawing was generated using Fusion 360 (Autodesk, version 2.0, Education
license, UK) using dimensions that were exactly the same as that in the set-up used in the
practical work. The needle, Vee-shield fixture and metal collector were included in the

geometry. The 3D geometry after importing it into COMSOL is shown in Figure 3.6.1.

All the sharp edges of the geometry were filleted by 1% to minimise the high density of
meshing at sharp corners and edges. After the geometry was imported into the COMSOL
software, a sphere with a radius of 40 cm was created where the centre of the sphere was
positioned at the centre of the geometry. This sphere was identified as the boundary of the
simulation, and the material of the sphere was designated as air. All other components in the
geometry were set to be equivalent to the material used in the experimental set-up. A
summary of these materials and their relevant properties is presented in Table 3.2. This

information was imported from the COMSOL material database (Version 5.3a).
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Figure 3.6.1 A screenshot of (a) conventional collector and (b) Vee-shield collector geometry imported into COMSOL.
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Table 3.2 Summary of the relevant parameters that were used in the COMSOL simulations.

These parameters were obtained from the COMSOL materials database, Version 5.3a.

Property

Relative permittivity

Electrical conductivity
Coefficient of thermal expansion
Mean molar mass

Bulk viscosity

Relative permeability

Dynamic viscosity

Ratio of specific heats

Heat tapatity at constant pressure
Density

Thermal conductivity

Speed of sound

Refractive index, real part
Refractive index, imaginary part
Parameter of nonlinearity

Property

Relative permeability

Electrical conductivity

Coefficient of thermal expansion
Heat capacity at constant pressure

Relative permittivity

Variable

epsilonr_iso ; epsilonrii = epsilonr_iso, epsilonrij = 0
sigma_iso ; sigmaii = sigma_iso, sigmaij = 0
alpha_iso ; alphaii = alpha_iso, alphaij = 0
Mn

muB

mur_iso ; murii = mur_iso, murij = 0

mu

gamma

Cp

rho

k_iso ; kil = k_iso, kij = 0

c

n_iso ; nii = n_iso, nij = 0

ki_iso ; kiii = ki_iso, kiij = 0

BA

Variable

mur_iso ; murii = mur_iso, murij = 0
sigma_iso ; sigmaii = sigma_iso, sigmaij = 0
alpha_iso ; alphaii = alpha_iso, alphaij = 0
Cp

epsilonr_iso ; epsilonrii = epsilonr_iso, epsilonr] = 0

Density rho
Thermal conductivity k_iso : kii = k_iso, kij = 0
Young's modulus E
Poisson's ratio nu
Reference resistivity rhoQ
Resistivity temperature coefficient alpha
Reference temperature Tref
Property Variable Value
Electrical conductivity sigma_iso ; sigmaii = sigma_iso, sigmaij = 0 1e-23
Relative permittivity epsilonr_iso ; epsilonrii = epsilonr_iso, epsilonrij = 0 2.55

The applied electrical potential at the needle was set as 15 kV, and the collector terminal was
set as the ground. In this study, a three-dimensional tetrahedral ultra-high meshing density
was selected for all the simulations. The simulation results are mainly focused on a two-
dimentional cut-plane along the YX and YZ directions, which can be seen in Figure 3.6.2a and
b, respectively. The electrical potential, normalised electric field strength, normalised current
density and current density vector plots were generated and compared between the Vee-

shield set-up and the conventional set-up. The effect of the angle of PTFE was also modelled

and compared using COMSOL.
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Value

1

Te-4[S/m]
alpha_p(pA,T)
0.02897
muB(T)

1

eta(T)

14

Cp(M
rho(pA.T)

k(T)

cs(T)

1

0
(def.gamma+1)/2

Value

1
5.998e7[S/m]
17e-6[1/K]
3850)/(kg*K]]

1

8960[kg/m" 3]
A00[W/(m*K)]
110e9[Pa]
0.35
1.72e-8[chm™m]
0.0039[1/K]
298[K]

Unit
S/m

Unit

1

S/m
1/K
kg/maol
Pas

1

Pa's

1
JfikgK)
kg/m?
W/(m-K)
m/s

1

1

1

Unit

1

S/m
1/K
J(kg'K)
1

kg/m?*
W/ (m-K)
Pa

1

Qm
1/K

K

Property group
Basic

Basic

Basic

Basic

Basic

Basic

Basic

Basic

Basic

Basic

Basic

Basic

Refractive index
Refractive index
Monlinear model

Property group
Basic
Basic
Basic
Basic
Basic Copper
Basic

Basic

Young's modulus and Poisson's ratio
Young's modulus and Poisson's ratio
Linearized resistivity

Linearized resistivity

Linearized resistivity

Property group
Basic

PTFE

Basic



Figure 3.6.2 Schematic illustration showing the YX-(a) and YZ-(b) cut-plane used for the

simulation. (a’) and (b’) showing a magnified image of (a) and (b), respectively.
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4.RESULTS AND DISCUSSION

4.1. Electro-spinning of Highly Alighed PAN-based Carbon

Nano-fibres

This chapter reports on a novel approach for producing highly aligned electro-spun
polyacrylonitrile (PAN) nano-fibres using dimethyl sulfoxide (DMSO) as the solvent. The
electro-spinning conditions and processing parameters for PAN/DMSO were optimised to
produce bead-free fibres with a circular cross-section. A standardised method was established
to dry the electro-spun fibres. A novel electro-spinning alignment rig, referred to as the ‘Vee-
shield’ collector, was designed and built to allow the aligned fibre arrays to be produced
continuously along the fibre alignment direction. The alignment mechanism was studied by
investigating the electrode and electric field configurations using COMSOL simulation
software. The electro-spun fibres were evaluated using scanning electron microscopy and

image analysis to estimate the degree of fibre alighment and their diameters.

4.1.1. Reasons for Selecting PAN and DMSO

(i) PAN: The majority of carbon fibres produced globally use PAN as the precursor fibre. Whilst
the parameters for extrusion, oxidation, carbonisation and graphitisation of PAN have been
optimised in commercial production processes, the same cannot be said for electro-spinning.
For example, at the time of writing, the author was not aware of any electro-spinning

technique allowing aligned fibres to be hauled off and spooled continuously. In situations
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where post-processes such as stretching or cold-drawing are required, it is essential for the
fibres to be unidirectional. The fibre alignment technique described here could have been
developed using any class of polymer but PAN was chosen because of its commercial
importance in carbon fibre production. Since the target was to electro-spin unidirectional
fibres continuously, the opportunity was taken to investigate whether post-processing could

be used to improve its mechanical properties.

Two PAN suppliers, Sigma-Aldrich (SA) and Goodfellow (GF) were chosen as each offered a
different molecular weight. Moreover, they have been used in previous studies [261, 321, 354-
359]. GF PAN was chosen for the majority of the characterisation and tensile tests due to its
higher molecular weight (230,000 g/mol) and its ability to withstand a higher draw ratio [360,

361].

(i) Solvent: Solubility of a polymer depends on various factors such as the degree of
polymerisation [362], molecular weight distribution [363], tacticity [364], and solvent
properties [77]. Although binary solvent systems (generally DMF with acetone) have been
used to dissolve PAN [365-368], a single-solvent system was considered here in order to
reduce their complex behaviour during electro-spinning. For example, significantly different
boiling points can result in void formation during drying [369], premature evaporation at the
pendant drop (or Taylor cone when an electrical potential is applied), and clogging the needle
[65]. Solvents with different dielectric constants may result in the formation of multiple jets

and beaded fibres [370].

It is clear from Table 2.2 (Section 2.1.2) that a number of solvents can dissolve PAN. The

primary reason as to why DMSO was selected is because the use of chlorinated and toxic
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solvents were not permitted in the author’s lab. This therefore ruled out DMF, THF and DMAc.
A binary mixture of acetone and DMSO was not considered because of the low boiling point
of acetone (56 °C). Furthermore, given that the boiling point of DMSO is 189 °C, it meant that
the electro-spinning had to be carried out above room temperature to permit some of the
DMSO to evaporate from the surface regions, thereby creating a ‘skin’ which contributes to
the retention of circular cross-section. In the current study, the electro-spinning was carried

out at 55 °C, and therefore this ruled out the use of acetone in DMSO as the binary solvent.

Awareness has grown, over recent years, of the environmental impact of many industrial
chemicals and solvents, and cleaner and sustainable production methods have been sought.
Whilst the majority of papers reviewed used DMF and DMAc for dissolving and electro-
spinning PAN [354, 371-377], an increasing number of authors have switched to DMSO

because it is currently classified as non-toxic [354, 371-377].

Overall Summary

e PAN was selected because of its commercial significance as a precursor for the

production of reinforcing carbon fibres.

e The solvent, DMSO, was chosen as it is non-toxic whereas other suitable solvents for

dissolving PAN are toxic.

4.1.2. Morphology of the As-received PAN and Dissolution in DMSO

The PAN powders were used as-received, without further purification or modification. The
morphology of the as-received powder was examined using Scanning Electron Microscopy

(SEM). Representative micrographs from the two suppliers (Goodfellow — coded as GF) and
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(Sigma-Aldrich — coded as SA) are shown in Figure 4.1.1. On the whole, the GF PAN particles
were elliptical and not agglomerated. On the other hand, the SA PAN was more irregular, and

agglomerated. The micrographs in Figure 4.1.1a” and b’ are magnified images representing the

SA and GF PAN powers, respectively.

300 um 2018-10-05 16:40 AL D80 x1.0k 100 um

2018-10-05 16:38 AL D8.1 x250

2018-10-05 16:33 AL D81 x1.0k 100 um

2018-10-05 16:31 AL D8.1 x250 300 um

Figure 4.1.1 SEM micrographs of as-received PAN: (a) SA PAN; (b) GF PAN; and (a’ & b’)

higher magnification images of SA and GF PANs, respectively.

As discussed in Section 3.2.1, PAN from the two suppliers was dissolved using DMSO at 60 °C
for 6 hours. Visual inspection showed that both SA and GF PANs were dissolved fully under

these conditions.
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The molar masses of the SA and GF PANs were 150,000 g/mol and 230,000 g/mol, respectively.
Solutions were made at concentrations of 2, 4, 6, 8, 10, 12, and 14 w/v% from both suppliers.
‘W’ represents the weight of PAN and ‘v’ is the volume of DMSO. The 16 w/v% GF PAN solution
was too viscous, at room temperature, for electro-spinning. Solution parameters such as
viscosity, conductivity and surface tension were characterised for the concentrations listed

above. The fibre morphology after electro-spinning at each concentration was determined.

Overall Summary

e Whilst the morphology of the PAN supplied by two suppliers was different, it did not

influence their dissolution in DMSO at 60 °C.

4.1.3. Viscosity

Figure 4.1.2a and b show plots of shear viscosity against shear rate for the SA and GF PANs as
a function of polymer concentration. It is seen that the shear viscosities are similar at low
concentration, but an order of magnitude greater for GF PAN at the higher concentrations.
The complex viscosity was also measured using the same equipment under oscillation mode.
As shown in Figure 4.1.3a and b, the complex viscosities are again comparable at low
concentrations, and an order of magnitude higher for GF PAN at the higher concentrations.
Shear thinning can be observed in Figure 4.1.2a and b, at higher polymer concentrations for
both polymers. In addition, the onset points of shear thinning decreased with increasing
concentration for both test methods. This is in agreement with that reported by Skvortsov et
al. [368]. Furthermore, shear thinning becomes more obvious for the higher molar mass GF

PAN, which can be attributed to the entangled chains tending to disentangle at a high shear
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rate in the flow mode [109, 360, 378]. The polymer chains are oriented more or less parallel
to the direction of the shear, resulting in elongation, which increases flowability, and therefore,
decreases the bulk viscosity [109, 294, 360, 379-381]. Similar results were reported by Tan et
al. [360] and Tenchurin et al. [381]. Tan et al. [360] reported that the shear viscosity of
PAN/DMSO solution increases with increasing molecular weight due to higher chain
entanglement. Shear-thinning behaviour was found with increasing shear rate (from 0.01-250
s1). Thus, a higher-molecular weight PAN will have an improved elasticity, which in turn can
enable the polymer to withstand a high draw-ratio [360]. Tenchurin et al. [381] increased the
molecular weight of 6 wt% PAN from 240,000 g/mol to 700,000 g/mol and reported that it
resulted in an increase in the shear viscosity from 2.74 Pa.s to 11.4 Pa.s. The shear-thinning
behaviour of the solution was also observed, where the shear rate offset point for shear-
thinning became lower as the concentration and the molecular weight of the solution
increased. This trend was also observed in the current study. Shear-thinning behaviour is more
obvious when the solution is operated under shear mode than under oscillation mode. The
complex viscosity shows a decrease when the angular frequency reaches 300 rad/s, at which
point it begins to increase. Liu et al. [382] reported on the shear-thinning behaviour of PAN
solution when the angular frequency was increased from 0.1 rad/s to 100 rad/s. The increase
in the complex viscosity at angular frequencies above 300 rad/s has not been reported in the
other papers reviewed. This may be due to the polymer chain becoming re-entangled at a
higher angular frequency; more experiments are required to enable a definitive conclusion to
be reached. During electro-spinning, the stretching of the polymer chains is unidirectional
[171, 287, 383]. Therefore, the shear viscosity is more salient than the complex viscosity. In

addition, the actual shear rate during electro-spinning is extremely high (approximately 103-
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10° s1) [119, 171]. Such shear rates cannot be attained using conventional parallel-plate
rheological equipment. The relevant literature on polymer rheological studies report on the
relationship between viscosity and shear rate up to a maximum shear rate of only 1000 s
[360, 380-382, 384-386]. As the shear rate increases, a polymer solution with shear-thinning
rheological properties typically exhibits three regions: a lower Newtonian region (low shear
rate), a shear-thinning region (medium shear rate), and an upper Newtonian region (high
shear rate). The solution will behave like a Newtonian fluid in both the lower and upper
Newtonian regions [378, 387]. Due to the restrictions in the shear rate test range, the viscosity
measured in this experiment shows a low Newtonian and partial shear-thinning region of the
PAN/DMSO polymer solution, which can only indicate the level of chain entanglement, not
the actual viscosity of the solution during electro-spinning. However, due to the fact that
polymer chains cannot be elongated beyond the high Newtonian region [387], it can be
anticipated that, although the shear thinning behaviour is more obvious when the polymer
solution has higher molecular weight or concentration, the actual viscosities of polymer
solutions at the electro-spinning shear rate may still exceed those of solutions with lower

molecular weight or concentration [368, 388, 389].

Figure 4.1.4 a and b identify the turning points of the viscosity as approximately 10.9 w/v% for
the SA PAN and 10.4 w/v% for the GF PAN, with the shear viscosity at those two
concentrations being 0.77 Pa.s and 5.06 Pa.s, respectively. The gradient of the
viscosity/concentration plot, after reaching the turning point, is significantly higher for the

material with the higher-molecular weight GF polymer. This turning point in the
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viscosity/concentration plot was explained previously in Section 2.1.3; it is known as the

critical entanglement concentration (C*).

Varying the PAN/DMSO concentration, as reported by Grothe et al. [374] showed that the
turning point was between 16 wt% to 18 wt% (the effects of molecular weight were not
reported). Beadless fibres were formed at 18 wt% where the room-temperature shear
viscosity was around 18 Pa.s [374]. Nasouri et al. [390] studied the viscosity (in mPa.s) of PAN
(Mw = 100,000 g/mol) in DMF as a function of concentration (from 4 w/v% to 20 w/v%) at
22 °C. The concentration at the turning point is not reported, however, beadless nano-fibres
could be spun from 10 w/v% where the viscosity at this concentration was 314.4 + 13.2 mPa.s

[390].

Kim et al. [391] used the same polymer—solvent combination and found the turning point to
be around 544 cP (544 mPa.s), between 8-10 wt% polymer concentration. The molecular
weight of the polymer was not given. Wang and Kumar [379] reported on entanglement the
concentration of PAN/DMF solution, with PAN molecular weights of 100,000, 250,000, and

700,000 g/mol, and found them to be 5.1, 3.1, and 1.5 wt%, respectively.
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Figure 4.1.2 Shear viscosity against shear rate plot for specified (a) SA PAN and (b) GF PAN concentrations in DMSO. The experiments were

conducted at 55 °C. Concentrations are in w/v%.
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Evidently, it can be observed that the entanglement concentration strongly depends on the
polymer molecular weight. In this study, the lower-molecular weight SA PAN has a higher
critical concentration than GF PAN, however the difference between these two
concentrations appears to be negligible. It should be noted that this may be due to the
experiments being carried out at 55 °C, whereas, as shown by Grothe et al. [374] PAN/DMSO
solutions at room temperature show a greater shift in viscosity as the concentration is varied.
Compared with the PAN/DMSO viscosity/concentration results reported by Grothe et al. [374]
at room temperature, the low critical concentration difference obtained from this current
study between SA and GF PANs is possibly due to the viscosity increment between each
concentration having been reduced when the test was carried out at a higher temperature
(55 °C). The relationship between fibre morphology and solution viscosity will be discussed

further in Section 4.1.6.

Overall Summary

e The shear and complex viscosities for the SA and GF PAN/DMSO solutions were
characterised as a function of polymer concentration and frequency.

e The viscosity for the GF PAN, with its higher molecular weight, was higher than that of
SA PAN, which had a comparatively lower molecular weight.

e Shear thinning was observed for the two polymers at higher shear rates.

e The critical shear viscosity for the SA and GF PANs were 0.77 Pa.s and 5.06 Pa.s,

respectively, where the data were obtained at 55 °C.
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4.1.4. Electrical Conductivity

Since the electro-spinning process is initiated when the Coulomb force of the charged polymer
exceeds the surface tension of the polymer solution, understanding the electrical conductivity
of the solution is important. This was discussed in Section 2.1.4 of the literature review. As
shown in Figure 4.1.5, at 55 °C, the electrical conductivity of the SA and GF PANs show an
increase with increasing polymer concentration. Budtov [392], indicated that the conductivity
of the polymer solution is proportional to the mobility of the charge carriers. From this
conclusion, the polymer solution with higher molecular weight will tend to have lower ionic
mobility [393, 394]. From the experimental results generated in the current study, the solution
with the lower molecular weight polymer has a higher electrical conductivity; this follows the
trend mentioned and observed by Budtov [392]. The electrical conductivity increases with the
polymer concentration for the SA and GF polymers. The increase in the conductivity as a
function of concentration is more obvious for the SA PAN. In Figure 4.1.5, the slope of the SA
PAN is 3 times higher than that of the GF PAN. There are no turning points that can be seen in
the conductivity results as the polymer concentration increases. This suggests that the

electrical conductivity is not affected by the level of chain entanglement.

The effect of concentration of PAN/DMF solution on electrical conductivity as reported by Qin
et al. [126] showed a slight increase in conductivity when concentration increases from 4-10
wt%. Kalayci et al. [395] reported that conductivity of 8 wt% and 13 wt% PAN/DMF were 39
uS/cm and 50 uS/cm, respectively. Lin et al. [396] suggested that conductivity increase is
attributed to the higher content of polar nitrile groups in the PAN molecules. Similar findings

were also described by Wang et al. [143].
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Figure 4.1.5 Relationship between conductivity and concentration for the SA and GF PANs in

DMSO. The conductivity was measured at 55 °C.

Overall Summary

e The electrical conductivities for the SA and GF PAN polymers showed a linear
relationship with polymer concentration.

e The electric conductivities of the SA and GF at 12 w/v% PAN/DMSO were 124.2 uS/cm
and 42.1 uS/cm, respectively.

e The higher mobility of the SA PAN, with a lower molecular weight, may be one of the

reasons for its higher electrical conductivity when compared to GF PAN.

184



4.1.5. Surface Tension

As stated previously, in addition to the influence of the polymer solution, the surface tension
has a major influence on the ability of PAN solutions to be electro-spun. Figure 4.1.6 shows
that increasing the polymer concentration results in a linear increase in the surface tension
for the SA and GF PANs. The surface tension of GF PAN, with a higher molecular weight when
compared to SA, has a higher value at all the concentrations investigated. The linear regression
equations for the SA and GF PANs were y=8.57x+38.19 and y=11.75x+39.17, with
corresponding R? values of 0.989 and 0.977, respectively. The surface tension of a polymer
solution is mainly determined by hydrogen bonding, dipole—dipole forces and electrostatic
interaction [397, 398]. The polar nitrile group in the PAN repeat unit, when increasing the
concentration and the molecular weight of PAN, can provide higher inter-molecular attraction
and result in higher cohesive energy, therefore increasing the surface tension of the solution.
However, Wang et al. [143] reported that the change in the surface tension as a function of
the polymer concentration for PAN/DMF solution was low and that is why relatively

independent of the PAN concentration.

Overall Summary

e Alinear relationship was observed between the surface tension and the concentration

of PAN for the SA and GF polymers.

e The surface tension for the SA and GF PANs at 12 w/v% PAN/DMSO were 39.2 mN/m

and 40.6 mN/m, respectively, at 55 °C.
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e The GF PAN, with its higher molecular weight, had a higher surface tension when

compared the SA PAN at all concentrations studied.
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Figure 4.1.6 Relationship between surface tension and concentration for SA and GF PANSs in

DMSO as a function of concentration where the measurements were obtained at 55 °C.

4.1.6. Fibre Formation and Morphology of Electro-spun Fibres

The following section is adapted from Section ‘Results and discussion’ of a co-authored

paper published by the author; Shao et al. [15].

In the first set of experiments, a conventional electro-spinning set-up using a static grounded

electrode (Figure 3.2.2) was used to identify the optimum solution concentration and
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processing parameters. The assessment and acceptance criteria were that the electro-spun
fibres had to be unfused, be circular in cross-section, and be continuous and without beads.
The vast majority of existing studies on PAN have been concerned with spinning at ambient
temperature [36, 85, 87, 372, 374], but with two exceptions; Chen et al. [371] and Wang et al.
[143] who conducted their experiments at 80 °C and 130 °C, respectively. They found that the
fibre diameter decreased when the electro-spinning temperature increased. As noted in
Section 4.1.1, the boiling points of DMSO and DMF are 189 °C and 153 °C, respectively, so
DMSO requires a higher temperature to evaporate from the fibres within the electro-spinning

chamber.

Controlling the chamber temperature was identified as a critical parameter for electro-
spinning PAN/DMSO solutions. As seen in Figure 4.1.7a and b, fibres electro-spun using a 12
w/v% GF PAN/DMSO at 25 °C showed significantly more fibre fusion than those processed at
55 °C. This is because the boiling point of DMSO is 189 °C, and its volatilisation is a prerequisite
for the formation of a ‘skin’ on the electro-spun fibre. The thickness of the outer skin on the
fibres, as they are deposited on the grounded plate, and the overall solvent content will
dictate whether the initially circular cross-section is retained. In instances where the
temperature is below some critical level (as a function of the processing conditions and
environment), electro-spun fibres will fuse. Therefore, the results shown in Figure 4.1.7a and
b, demonstrate that electro-spinning PAN/DMSO cannot be conducted at room temperature
because (a) the majority of the solvent is retained in the fibre when it is deposited on the
grounded electrode; and (b) the lack of a polymer skin on the fibres make it difficult to

maintain a circular cross-section.
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Figure 4.1.7 SEM micrographs of electro-spun GF PAN/DMSO fibres obtained at (a) ambient
temperature (23 + 3°C and 40% + 3% RH) and (b) 55 °C and 13% + 4% RH. (a’) and (b’) are the

magnified images of (a) and (b), respectively.

The lowest voltages needed to electro-spin SA and GF PAN/DMSO solutions are shown in Table
4.1. With reference to the conductivity results in Figure 4.1.5, the effect of electrical
conductivity of the solution on the critical applied voltage for electro-spinning is unclear. In
addition, the minimum voltage required for electro-spinning was observed not to increase
with increasing viscosity or surface tension. This finding is at odds with Lee et al. [399], who

found that the critical voltage increased with increasing solution surface tension, and with
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Yarin et al. [400], who reported that the critical voltage decreased with increasing solution
conductivity. Other researchers [10, 51, 401, 402] have reported that the critical voltage
increased with increasing viscosity. A detailed investigation will be required to determine the
mechanics of this phenomenon. In the current study, the voltage was maintained at 13 kV as
this was the minimum voltage required to maintain the shape of the Taylor cone when electro-
spinning with a feed rate of 0.1 ml/hour. A larger Taylor cone was observed when applying a
voltage below 13 kV, because the production speed is affected by the applied voltage. A higher
applied voltage increases the electric field strength, increasing the force on the polymer
solution towards the collector [130]. In the current study, it was concluded that the applied
voltage and the solution dispensing rate had to be tuned and controlled carefully in order to

produce uniform electro-spun fibre over a long period (more than 30 minutes).

The micro- and macroscopic appearances of the electro-spun fibres produced, as a function
of the polymer concentration, are shown for the SA and GF PAN in Figure 4.1.8 and Figure
4.1.10. For SA PAN, Figure 4.1.8a and b represent cases where the polymer concentration was
2 w/v% and 4 w/v%. Evidence for electro-spraying can be seen in Figure 4.1.8a and b, where
the electro-sprayed beads range in diameters from 20 nm to 1150 nm and 40 nm to 1000 nm,
respectively. The bead features observed in this micrograph suggest conventional Plateau—
Rayleigh instability [403]. The bead spacing makes it unlikely that they are due to intermittent
overflow of the pendant drop from the needle tip. The 4 w/v% solution showed a larger
average particle size and more obvious ‘beads-on-string’ phenomena [374, 379]. These
features were also observed when the concentration reached 6 w/v% (Figure 4.1.10a), but a
higher portion of strung beads was observed when compared to the 4 w/v% solution.

Moreover, the beads were much smaller. Figure 4.1.10b shows that the number of beads
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decreases significantly, and fibre formation was more obvious when the concentration
reached 8 w/v%. Increasing the concentration of the polymer to 10 w/v% further reduced the
number of beads and increased the number of electro-spun fibres; the average fibre diameter
was also seen to increase as a function of the polymer concentration as seen in Figure 4.1.11.

A similar trend was reported by previous researchers [36, 85, 283, 355].

Figure 4.1.83’ represents the case where the polymer concentration was 2 w/v% GF PAN in
DMSO. Electro-spraying is seen in Figure 4.1.8a’, with the diameters of the electro-sprayed
beads ranging from 100—-7000 nm. Both the bead size distribution and the bead size are
greater than when using the lower-molecular weight SA PAN. Beads-on-string structures
appeared when the concentration reached 4 w/v%; this is 2 w/v% lower than seen for the SA
PAN. Figure 4.1.10a’ shows that, as the concentration of the GF PAN is increased to 6 w/v% in
DMSO, the number of beads is reduced significantly when compared to Figure 4.1.8b’.
However, the bead diameter was not reduced. As before, increasing the concentration to 8
w/v% resulted in a significant reduction in the concentration of the beads and their relative
diameters. The majority of the fibres observed in Figure 4.1.10b’ range from 30-150 nm in
diameter, and beads are rare. Table 4.2 shows that the average number of beads per frame
for the 10 w/v% GF PAN was only 0.7. Similar to the case for SA PAN, a higher concentration
of the polymer solution results in a higher average fibre diameter as presented in Figure 4.1.11

and Table 4.2.

190



Table 4.1 Processing conditions and results recorded when electro-spinning specified SA and GF PAN/DMSO concentrations.

Minimum . .
PAN Concentration Voltage to Chamber Production Feed Rate V\{orkmg
. s Temperature Voltage Distance Result
Supplier (w/v%) Start Spinning o (ml/hour)
(°C) (kv) (cm)
(kV)
2% 7.5 Beads
4% 7.0 Beads
6% 6.4 Beads-on-strain
SA 8% 6.1 Fibre + Beads
10% 5.9 Fibre
12% 6.1 Fibre
14% 6.9 Fibre
55 13 0.1 10
2% 6.8 Beads
4% 6.5 Beads-on-strain
6% 6.3 Fibre + Beads
GF 8% 6.1 Fibre
10% 6.2 Fibre
12% 6.3 Fibre
14% 6.6 Fibre
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Diameter (nm)

Figure 4.1.8 SEM micrographs overlaid with bead diameter distributions of electro-
sprayed/electro-spun fibres produced by SA PAN at: (a) 2 w/v%; (b) 4 w/v%,; and GF PAN at:

(a’) 2 w/v%; (b’) 4 w/v% concentration.

With reference to the viscosity and the surface tension results in Figure 4.1.4 and Figure 4.1.6,
the comparison of bead size distributions for SA PAN and GF PAN in Figure 4.1.8, as well as
the average bead diameters summarised in Table 4.2, it can be seen that the average bead
diameter for GF PAN initially decreases but then increases when the concentration is
increased from 2 w/v% to 6 w/v%. The average bead diameter obtained from SA PAN
decreased with increasing concentration. The bead diameter obtained at 6 w/v% was higher

than for SA PAN at the same concentration. In general, increasing the molecular weight at the
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same polymer concentration favours entanglement of the polymer chain, which improves
fibre formation and results in smaller and fewer beads [404, 405]. Surface tension is the
primary factor for bead formation, as it acts to minimise the surface-to-mass ratio. It can thus
be said that high surface tension leads to the formation of large beads and a larger fibre
diameter [111, 396], whereas a low surface tension will allow the polymer to stretch and flow
without forming beads. However, in the current study, due to the high dipole moments, long
solvent bridge and the low solvent evaporation rate of DMSO [77], larger beads were obtained
at the higher molecular weight. Surface tension could have also contributed to the solvent
remaining in the core of the fibre, allowing the polymer chains enough mobility to re-entangle
after stretching [295, 406]. Polymer chain relaxation and surface tension dominate the
formation of beads. With higher surface tension and molecular chain entanglements at higher

molecular weight, GF PAN results in beads with larger diameters.

The SA and GF PANs show better fibre morphology with no obvious beads formed at a
concentration of 8 w/v%. This is because chain entanglement is able to sustain the drawing
during electro-spinning [95-97]. The correlation between the viscosity of the polymer solution
and the shear viscosity agrees with previous findings that a critical viscosity is, indeed,
required for fibre formation [98, 101, 102, 104]. In addition, the ejected polymer jet needs to
have the appropriate ‘strength’ or viscoelastic properties to prevent the jet from fracturing as

it undergoes whipping (bending instability) [12, 13].
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Figure 4.1.9 The average bead diameter obtained from different PAN concentrations in

DMSO.

Figure 4.1.4a and b demonstrate how the increase in viscosity for the SA PAN and GF PAN
commences above 10.9 w/v% and 10.4 w/v% in DMSO, respectively. SA PAN has a molecular
weight of 150,000 g/mol, therefore, the critical polymer chain entanglement concentration
will be higher than for GF PAN, which has a molecular weight of 230,000 g/mol. However, the
SEM micrographs in Figure 4.1.8 and Figure 4.1.10 show beads-on-string morphology when
the concentration reaches 6 w/v% and 4 w/v% for SA and GF PAN, respectively, with viscosities
at those concentrations being 0.121 Pa.s and 0.226 Pa.s, respectively. The experimentally

determined critical concentration is lower than that obtained from the shear viscosity-vs-
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concentration graph in Figure 4.1.4. The data presented in Table 4.2 and Figure 4.1.4a
corroborates the view that a critical polymer concentration is required for fibre formation
during electro-spinning. One possible explanation is that the critical concentration was
obtained from a curve fitted to a number of discrete points going up to a maximum
concentration of 14 w/v%, and therefore does not demonstrate the critical concentration as

taken from the full viscosity/concentration trace. Another possible reason could be use of a

higher ambient temperature, hastening the solvent evaporation and fibre solidification rate,

) 300 600

improving fibre formation at low concentrations [143].
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Figure 4.1.10 SEM micrographs overlaid with fibre diameter distributions of electro-spun
fibres produced by SA PAN at: (a) 6; (b) 8; (c) 10; (d) 12; (e) 14 w/v%,; and GF PAN at: (a’) 6
(b’) 8; (c’) 10; (d’) 12; (e’) 14 w/v% concentration. Bead diameter was not included in the

measurement of fibre diameter distribution for the 6 w/v% SA and GF PANs.
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Figure 4.1.11 The average fibre diameter obtained from different PAN concentrations in

DMSO. All other condition can be found in Table 4.1.
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Table 4.2 Summary of bead diameter distribution, average bead diameter and average fibre
diameter obtained from specified SA and GF PAN concentrations. The standard deviation is

shown with square brackets.

sample (::aa::/fDrzrrI:::‘;t A.verage Bead A'verage Fibre
x10000) Diameter (nm) Diameter (nm)
SA 2% 1048 292.1[209.0] N/A
SA 4% 532 278.6 [183.3] N/A
SA 6% 312 247.7 [142.0] 90.6 [28.1]
SA 8% N/A N/A 116.1 [29.5]
SA 10% N/A N/A 134.9 [32.9]
SA 12% N/A N/A 164.6 [30.5]
SA 14% N/A N/A 198.0 [42.6]
GF 2% 520 436.3 [270.3] N/A
GF 4% 284 252.8 [164.8] 85.8 [28.7]
GF 6% 5 412.5[112.2] 142.2 [29.9]
GF 8% N/A N/A 162.8 [24.6]
GF 10% N/A N/A 276.5 [46.8]
GF 12% N/A N/A 366.1 [51.3]
GF 14% N/A N/A 543.7 [54.7]
Overall Summary

e A series of experiments were carried out to establish the optimal electro-spinning
conditions for the SA and GF PANs in DMSO.
o Bead-free electro-spun nano-fibres were produced from the SA and GF PANs at

concentrations between 10-14 w/v% and 8-15 w/v% PAN/DMSO. At lower
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concentrations, bead formation was observed. At concentrations greater than 14

w/v%, the viscosity was too high for electro-spinning.

e |t was necessary to electro-spin at 55 °C as this was required to enable the DMSO to

evaporate in the surface regions.

e The average fibre diameter was found to increase as the PAN concentration was
increased. The average fibre diameters obtained from SEM micrographs for the SA and

GF PANs at 12 w/v% were 164.6 nm and 366.1 nm, respectively.

e The average fibre diameter for the GF PAN shows an unexpected increase from 366.1
to 544.7 nm when the concentration was increased from 12 w/v% to 14 w/v%. The

mechanism behind this requires further investigation.

4.1.7. The Effect of Drying Temperature on the Residual Solvent in PAN/DMSO

Nano-fibres

Before oxidising and carbonising the electro-spun PAN/DMSO fibres, the DMSO had to be
removed. This is because any residual solvent can lead to the formation of flaws during
subsequent heat-treatment. Previous researchers have also noted that the presence of
residual solvent during oxidation and carbonisation can lead to a reduction in the mechanical

properties [407-410].

The drying experiments were carried out for six hours each at 100, 120 and 140 °C. The electro-
spun 12 w/v% GF PAN/DMSO nano-fibres were heated in a vacuum oven as described in

Section 3.2.3, Figure 3.2.9.
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Figure 4.1.12 Overlaid FTIR spectra for PAN/DMSO fibres dried in a vacuum oven at various

temperatures. The spectra of the as-received GF PAN powder are also provided as a baseline

reference.

The overlaid FTIR spectra in Figure 4.1.12 above shows the changes in absorbance before and

after drying the electro-spun fibres. The spectra of the as-spun nano-fibres show two peaks
located at 952 cm™ and 1044 cm™, neither of which is found in the spectra of as-received PAN
power and vacuum oven-dried electron-spun fibre. These peaks correspond to C-H bending
vibration and S=0 stretching vibration, which is typical for DMSO [314, 361, 411-413]. Drying
the nano-fibres in a vacuum oven at 100 °C and 120 °C for 6 hours was found to remove the

remaining DMSO in the fibres. This was established by inspecting the spectra before and after
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drying, and observing that the two peaks are absent. When the drying temperature was
increased to 140 °C, peaks appeared at 1660 cm™ and 1600 cm™; these relate to C=N
stretching vibration and C=C stretching vibration [314, 414-417]. The rationale for this
experiment was to maximise DMSO removal without oxidising the nano-fibres. Therefore,
based on the FTIR spectroscopy results, drying the fibre at 120 °C for 6 hours was considered

the optimal choice.

In order to demonstrate the effectiveness of the previously mentioned drying process; the
TGA and DTG traces for the as-spun PAN/DMSO nano-fibres and the fibres that were dried at
120 °C for 6 hours in the vacuum oven are overlaid in Figure 4.1.13. It can be seen from the
weight-loss curve for the as-spun fibres that there is a two-stage weight-loss behaviour
beginning at 71.9 °C and 151.9 °C, respectively. The 2.7% weight-loss between 71.9 °C and
151.9 °Cis probably due to the loss of absorbed moisture in the DMSO during electro-spinning
and storage. As the boiling point of DMSO is 189 °C, the second weight-loss step of 1.5%
(between 151.9 °C and 266.9 °C) can be attributed to the weight loss due to DMSO
evaporation. This weight loss cannot be seen in the TGA trace for the vacuum oven-dried fibres,
which demonstrates that drying the fibre at 120 °C in the vacuum oven sufficiently removes
the remaining moisture and DMSO in the electro-spun fibres. A further discussion on the TGA

traces for the PAN fibres is presented in Section 4.2.

The surface morphology of as-spun nano-fibres is displayed in Figure 4.1.14a, and that of
vacuum oven dried nano-fibres can be seen in Figure 4.1.14b—d. The overlaid diameter
distributions shown in Figure 4.1.14a—d for as-spun, 100, 120, and 140 °C vacuum oven dried

fibre have standard deviations of 51.3, 50.7, 49.1 and 43.8 nm, respectively. The average fibre
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diameter decreased slightly as temperature increased. The average fibre diameters were
366.1, 362.5, 361.1 and 361.7 nm, respectively. The fibre surface was not smooth, but
appeared mottled. The surface morphology was not seen to change with increasing drying
temperature. It is possible that the mottled appearance of the surface morphology could be
due to localised shrinkage caused by irradiation under the SEM beam, which appears worse
during image capturing. Another possibility is that the mottled appearance is caused by the
gold coating. The gold coating used has an average particle size of 8 nm which can be visualised

at such high magnification.
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Figure 4.1.13 Comparison of the DTG and TGA curves of as-received GF PAN powder, as-spun

fibre and the fibre dried at 120 °C for 6 hours in a vacuum oven.
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Figure 4.1.14 High magnification SEM micrograph overlaid with diameter distribution of: (a)
as-spun; (b) 100 °C; (c) 120 °C; and (d) 140 °C 12 w/v% GF PAN nano-fibres dried in a vacuum

oven.

Overall Summary

e Experiments were conducted to define a regime to remove any DMSO from the
electro-spun PAN/DMSO nano-fibres.

e FTIR spectroscopy was used to detect the presence/absence of DMSO in the electro-
spun nano-fibres.

e The drying temperature was of importantance, as the intention was to remove the

DMSO, not to cross-link the PAN nano-fibres.
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e TGA was also used to define the drying temperature required to remove the DMSO
from the electro-spun PAN nano-fibres.

e The drying regime chosen consisted of heating the fibres in a vacuum oven at 120 °C
for six hours.

e The dried nano-fibres were stored in a desiccator until required.

4.1.8. Electro-spinning of Aligned PAN/DMSO Nano-fibres

The following section is adapted from Section ‘Results and discussion’ of a co-authored

paper published by the author; Shao et al. [15].

With reference to Section 2.2, a discussion on fibre alignment during electro-spinning was
presented. The methods that control the shape of the electric field were seen to be more
effective and applicable to most polymer solutions. However, none of the electro-spinning
methods reported in the literature are capable of producing aligned nano-fibres in a
continuous manner, where they can be extracted or spooled. The conventional static
grounded electrode was modified by introducing a dielectric material (PTFE) to influence the
electric field lines and the Vee-shield fibre alignment method was developed. In the following
section, the detailed configuration and mode of operation of the Vee-shield set-up and the
mechanism for fibre alignment is demonstrated using COMSOL Multiphysics simulation

software. The degree of fibre alignment was also examined using SEM micrographs.

4.1.8.1. Effect of the Vee-shield Geometry on Fibre Alignment

Based on the schematic illustration of the Vee-shield configuration shown in Figure 4.1.15, a

flat-based V-shaped PTFE dielectric (item i) was placed on the conventional electro-spinning
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collector (item iv). The opposite edges of the copper disk (items ii and ii’) act as the ‘active’
grounded electrodes. The role of the PTFE shield is discussed in the next section. With the aid
of the high-speed camera, Shown in Figure 4.1.16a and b, it was observed that the length of
the straight section of the jet (before whipping was observed) was 1.7 cm for conventional
electro-spinning and 3.6 cm when the Vee-shield was used. Furthermore, the whipping speed
and the trajectory were observed to be slowed and controlled when the Vee-shield was
present. It will be shown later that the presence of the Vee-shield enables the polymer jet to
oscillate between the ends of the grounded electrodes. Aligned electro-spun nano-fibres are
deposited within the narrower rectangular bottom section of the Vee-shield (itemiii) along its
length. A cellulose paper strip was used as a substrate which is placed within the bottom area
of the Vee-shield to ease the removal of the nano-fibres. The effect on the degree of alignment

was studied and is explained in Section 4.1.8.2.

Figure 4.1.15 Schematic illustration of the Vee-shield collector.
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<«— Vee-shield —

Figure 4.1.16 High-speed photographs of the electro-spinning process using: (a, a’)
conventional flat-plate collector showing the cone of the whipping area; and (b, b’) Vee-
shield collector. The blue dotted lines have been drawn to aid in visualisation of the jet’s

path. (a’) and (b’) are the lower areas of (a) and (b), respectively.
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4.1.8.2. Effect of the Vee-shield on Fibre Alignment

In this section, the mechanism of the Vee-shield alignment technique will be illustrated by
comparing the Vee-shield electrode set-up with the conventional set-up using the COMSOL
simulation software. The study will focus on the YX and YZ cut-planes across the centre of
these two geometries. A schematic illustration of the cut-planes for the conventional and the
Vee-shield set-ups are shown in Figure 4.1.17a, Figure 4.1.18a and Figure 4.1.19a. It is worth
mentioning that due to the symmetry of the conventional set-up, YX and YZ planes are
identical during the simulation. Therefore, only one set of simulation results, along the YX

plane, is reported for the conventional electro-spinning set-up.

Figure 4.1.17a—d shows the electrical potential, normalised electric field strength, electric field
streamlines and current density vector simulation results for the YZ cut-plane of the
conventional electro-spinning set-up. The applied potential was set at 15 kV. From the
electrical field strength illustrated in Figure 4.1.17c, the electric field strength at the edge of
the ground copper collector is higher than anywhere else around the collector. Since charge
transport is required for electro-spinning, it is seen in Figure 4.1.17c and d that there is no
preferential route for the charged electro-spun fibres to follow, which is similar to the results
reported by Theron et al. [151] and Deitzel et al. [152]. The electric field leads to the bending
instability and whipping action of the polymer jet, the fibres will be deposited randomly over
a finite area, below the needle, on the grounded electrode [10, 13, 116, 151, 152]. For a
conventional electro-spinning set-up where the dielectric material is not present, the path of
the current density arrows in Figure 4.1.17d is similar to the electric field lines presented in

Figure 4.1.17c.
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Figure 4.1.17 (a) A schematic diagram of the YZ cut-plane for the conventional electro-
spinning set-up. The COMSOL simulation results showing the: (b) electric potential; (c)

electric field; and (d) electric current density along the YZ plane.

When the insulating PTFE Vee-shield is introduced, the simulation results along both YZ and
YX cut-planes are shown in Figure 4.1.18 and Figure 4.1.19, respectively. On comparing the
electric field streamlines as well as the electric field strength of the conventional electro-
spinning set-up (Figure 4.1.17c) and the Vee-shield set-up along the YX plane shown in Figure
4.1.19c, no significant changes can be seen when the Vee-shield is present. Figure 4.1.20a
shows how the field streamline is changed when it passes through the Vee-shield, this is

because the changing dielectric constants affect the configuration of the streamline. The
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dielectric constant of air and PTFE are different, and this results in different directions of the
field lines in the simulation. However, the resultant of electric field lines cannot explain the

mechanism of alignment when a dielectric material is present.
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Figure 4.1.18 (a) Schematic illustration of the YZ cut-plane of the Vee-shield collector. The
COMSOL simulation result showing the: (b) electric potential; (c) electric field; and (d) electric

current density along the YZ plane.

Other than electric field streamlines and field strength, the simulation of electric potential and
the current vector graph illustrate the difference when introducing a Vee-shield (dielectric
material) to the system. Comparing the electric potential plots without and with the Vee-

shield in Figure 4.1.17b, Figure 4.1.18b and Figure 4.1.19b, it can be seen that the PTFE Vee-

209



shield effectively decreases the electric potential between the needle and the collector. This
decrease is smaller along the YX plane than the YZ plane. Since the movement of charge is
more likely to flow along the direction with a higher potential difference, the charge carrier
(charged polymer fibre jet in this case) will move along the YZ plane of the Vee-shield set-up.
This is also verified by the current density plots, shown in Figure 4.1.18d and Figure 4.1.19d.
When the Vee-shield is introduced, the current density at the edge of the grounded copper
along the YX plane is lower than that observed in the YZ plane. The electric current density

arrow vectors on the graph clearly show that the preferred direction for the movement of
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Figure 4.1.19 (a) A schematic illustration of the YX cut-plane of the Vee-shield collector. The
COMSOL simulation result showing the: (b) electric potential; (c) electric field; and (d) electric

current density along the YX plane.
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charges is along the YZ plane. All these simulations support the observation that the electro-
spun fibres will oscillate predominantly between the exposed ends of the grounded electrode.
Magnified electric field streamlines and current density arrow plots in Figure 4.1.20a and b
illustrate the difference when current density is considered in the simulation. This suggests
that current density arrows and the electric potential plots are more suitable for predicting

the movement of the polymer jet during electro-spinning.

Surface: Electric field norm (V/m) Streamiine: Electric field

Surface: Current density norm (A/m?) Arrow Surface: Current densi

Figure 4.1.20 Magnified COMSOL simulation result for: (a) electric field strength; (b) electric
current density arrows in the Vee-shield set-up along the YX plane. The diagonal red line in

(a) and the dark blue line in (b) at the same position represents the Vee-shield.

A comparison of the electro-spun fibres produced with and without the Vee-shield is shown
in Figure 4.1.21a and b, respectively. Both sets of fibres were produced under the optimal
process parameters using the methods mentioned in Section 4.1.6. The spinning time was 10
minutes for each set-up. It can be seen that the fibres are aligned when the Vee-shield is
introduced. The fibre diameter distributions are overlaid in Figure 4.1.21. The average fibre
diameter for the randomly oriented and aligned nano-fibres were 366.1 and 410.7 nm,

respectively, and the standard deviations were 51.3 nm and 105.9 nm, respectively. Although
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the spinning time was kept constant, the fibre density for aligned fibres, when using the Vee-
shield, was significantly lower in contrast with the randomly oriented fibres. Furthermore,
during electro-spinning using the Vee-shield, the dimension of the Taylor cone was observed
to be slightly larger, and some dripping of the polymer solution was observed. With the help
of the simulation and the high-speed camera images presented in Figure 4.1.18d, Figure
4.1.19d and Figure 4.1.16b and b’, it is proposed that under the same applied electric potential,
due to the presence of the Vee-shield, the potential difference and the effective grounded
area are reduced significantly. This slows the movement of the polymer jet, and it results in a
reduced deposition rate and whipping of the polymer jet. This in turn, was seen to cause a 10%
increase in the average fibre diameter and a doubling of the diameter distribution. The degree
of fibre alignment was analysed using Image-J and the results are summarised in Table 4.3.

The alignment distribution is shown as an overlay in Figure 4.1.21b.
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Figure 4.1.21 SEM micrographs, overlaid with fibre diameter distributions (top right) and
alignment distribution (bottom right) of electro-spun PAN fibre obtained using: (a)

conventional flat-plate electrode electro-spinning; and (b) Vee-shield set-ups.
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Table 4.3 Distribution of fibre alignment achieved for PAN electro-spun fibre with and

without the Vee-shield.

Degree of Fibre o o o o o | 10— 20— 45—
Alignment R B B B B P S VT CR

Percentage of Fibre
Distribution
(Vee-shield set-up
without spooling)

42.0 35.1 13.6 7.4 1.1 0.3 0.3 0.2

Percentage of Fibre

Distribution
(Conventional set- N/A
up)
4.1.8.3. Effect of Fibre Deposition (Electro-spinning) Time

As described in the literature review section, the degree of fibre alignment achieved when
using parallel electrode-based electro-spinning can be affected by the deposition time. Due to
the fact that the fibre alignment mechanism in the Vee-shield set-up shears similarities with
the parallel electrode technique, the effect of spinning time on the degree of fibre alignment
was investigated. The electro-spinning was carried out for 1, 5, 10 and 30 minutes to study
the effect of the deposition time on the fibre diameter, aligned fibre density and degree of
alignment. The fibre density was measured as the average number of fibres normal to the
fibre alignment direction within a region of 50 x 50 um, using SEM micrographs that were

obtained at the same magnification.

It is apparent from the SEM micrographs presented in Figure 4.1.22a-d that when the electro-
spinning time was increased from 1 minute to 30 minutes, the fibre density increased from 9

fibres to 288 fibres per 50 um width. The degree of fibre alighment was found to increase with
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the deposition time. Unlike the traditional parallel electrode electro-spinning methods, with
the Vee-shield, a high level of alignment can be achieved even when spinning time is as low
as 1 minute, where 91% of the fibres were aligned to within + 5°. Nevertheless, from the fibre
alignment distribution plot overlaid in Figure 4.1.22 and the results summarised in Table 4.4,
the standard deviation of the distribution also increases. The main reason for these
observations can be attributed to the residual charge that is carried on the surface of the
electro-spun fibres and the rate of charge dissipation [15]. Charges retained on the fibre
surface aid alignment by repelling the incoming fibres from occupying the same space [150].
Interestingly, from the fibre diameter distribution overlaid in Figure 4.1.22, the fibre diameter
was decreased by 23% when the spinning time reached 30 minutes. Also, the distribution
narrows as deposition time increases. One possible explanation for this is that the electro-
spinning temperature inside the chamber was controlled manually using the IR lamp. The
temperature was found to increase from 55 £ 2 °C to 57 = 2 °C over the 30-minute spinning
period. Higher temperatures will reduce the solution viscosity, resulting in a smaller diameter
fibre [108, 142]. However, further investigations and a systematic set of experiments are

required to investigate this hypothesis further.
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Figure 4.1.22 SEM micrographs, overlaid with distribution of fibre diameter (top right) and
distribution of degree of fibre alignment (bottom right) of aligned 12 w/v% PAN/DMSO fibres
obtained after electro-spinning for: (a) 1; (b) 5; (c) 10; and (d) 30 minutes using the Vee-

shield set-up.
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Table 4.4 Summary of the average fibre diameter, degree of alignment of the Vee-shield

aligned 12 w/v% PAN/DMSO fibre with different spinning times. The values in parenthesis

represent the standard deviation.

Spinning Time Number of Fibres Average Fibre % of Aligned Fibre
(min) (per 50 um) Diameter (nm) Between 0-5°
1 9 506.2 [136.7] 91 [2.8]
5 63 501.4 [152.8] 92 [2.9]
10 125 410.7 [105.9] 94 [3.4]
30 288 385.5[80.1] 98 [3.7]
4.1.8.4. Effect of the Angle of Vee-shield Geometry

It was observed that when the width of the bottom rectangular portion of the Vee-shield (see
Figure 4.1.15) was maintained at 6 mm, changing the angle of the PTFE Vee-shield was seen
to have a significant effect on the degree of alignment and fibre deposition location. When
the angle between the PTFE Vee-shield is altered from 60° to 90°, using the grounded copper
plate as the reference plane, under the same electro-spinning condition as mentioned
previously, fibres were not observed on the cellulose substrate; instead, they were deposited
randomly in between the inner faces of the PTFE shield. Based on the simulation results, the
following explanation is offered. When the angle of the PTFE Vee-shield was 90° to the plane
of the base, as shown in Figure 4.1.23b and Figure 4.1.24b, the electrical potential is confined
further than when the PTFE Vee-shield was at 60°, as seen in Figure 4.1.18b and Figure 4.1.19b.
On inspecting the current density vector plots (Figure 4.1.23d), it may be concluded that the
fibres could be aligned along YZ plane. However, it is seen in Figure 4.1.24b that the electric

potential profile is wider near the tip of the needle. This may explain the observation
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where the whipping of the fibre jet was seen to start closer to the upper section of the Vee-
shield. Furthermore, since the width of the rectangular section was only 6 mm, it led to an
increase in the overall diameter of the whipping area and hence, the fibres (~¥99%) were
deposited randomly in between the inner faces of the PTFE shield. No nano-fibres were
collected on the substrate located at the bottom of the Vee-shield. Therefore, no SEM

micrographs are presented.
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Figure 4.1.23 (a) Schematic illustration of the YZ cut-plane of the Vee-shield collector set at
90°. COMSOL simulation result for: (b) electric potential; (c) electric field; and (d) electric

current density along the YZ plane.
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Figure 4.1.24 (a) Schematic illustration of the YX cut-plane of the Vee-shield collector set at
90°. COMSOL simulation result for: (b) electric potential; (c) electric field; and (d) electric

current density along the YX plane.

When the Vee-shield angle is decreased to 0° as shown in Figure 4.1.25 and Figure 4.1.26, the
current density vector plots (Figure 4.1.25d and Figure 4.1.26d) shows that the charge can
flow to both ends. However, due to the presence of the PTFE sheet, and the fact that it is
shorter along the YZ plane, the current density is higher in this direction. On inspecting the
electrical potential plots (Figure 4.1.25b and Figure 4.1.26b), the difference between the YZ
and YX planes can be identified. The electric potential was confined when the PTFE sheet

covered the edge of the grounded electrode along the YX plane. Although the current vector
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Figure 4.1.25 (a) Schematic illustration of the YZ cut-plane of the Vee-shield collector set at
0°. COMSOL simulation showing the: (b) electric potential; (c) electric field; and (d) electric

current density along YZ the plane.

plots suggest that the charge can flow to both ends of the grounded plate, the density of the
fibres that are deposited on the cellulose substrate (see Figure 4.1.27a) will be significantly
lower when compared to the case where the Vee-shield is at 60° as shown in Figure 4.1.22d.
Based on the result reported in Table 4.5, it is seen that more than 70% of the fibres were
deposited on the surface of the PTFE shield as opposed to on the cellulose tape. After 30
minutes of electro-spinning, it is seen that the overall degree of fibre alignment was reduced

significantly (Figure 4.1.27a). Moreover, the fibre density of the nano-fibre deposited on the
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0° PTFE Vee-shield was also reduced. A summary of the fibre alignment distribution is shown
in Table 4.5. Only 28% of the nano-fibre were aligned between 0-5° with the standard

deviation of 2.9. The average fibre diameter also decreased.
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Figure 4.1.26 (a) Schematic illustration of the YX cut-plane of the Vee-shield collector set at
0°. COMSOL simulation result for: b) electric potential; (c) electric field; and (d) electric

current density along the YX plane.

Reducing the Vee-shield angle to 0° can be assumed to be similar to increasing the deposition
width of the rectangular section of the Vee-shield (see Figure 4.1.15). It was found that
increasing the width of the substrate (flat section of the Vee-shield) leads to a decrease in the

degree of fibre alignment along with the number of fibres that were deposited on the
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substrate. Figure 4.1.28 shows an SEM micrograph of electro-spun fibres using a 1.5 cm
deposition width. After spinning for 30 minutes, the percentage of nano-fibres that were
aligned between 0-5° was reduced by 25%. A summary of the % of aligned fibres between

0-5° after 30 minutes and the average fibre diameter is shown in Table 4.5.

600 1200 ‘
Diameter (nm)

60
Angle (°)

A D83 x500 200 um

Figure 4.1.27 (a, a’) SEM micrographs of electro-spun PAN/DMSO fibres with the PTFE sheet
Vee-shield at 0°. The distribution of fibre diameter (top right) and distribution of degree of
fibre alignment (bottom right) for the electro-spun fibres are overlaid in (a). The electro-
spinning was carried out for 10 minutes. The substrate material visible below the fibres is

cellulose (paper).

221



600
Diameter (nm)

60

0
Angle (°)
A D84 x500 200 pum A D84 x3.0k 30 pm

Figure 4.1.28 (a, a’) SEM micrograph of electro-spun PAN/DMSO fibre with PTFE Vee-shield
at 60°; the fibre deposition width was 1.5 cm. The distribution of fibre diameter (top right)
and distribution of the degree of fibre alignment (bottom right) for the electro-spun fibres are
overlaid in (a). The electro-spinning was carried out for 10 minutes. The substrate material

visible below the fibres is cellulose (paper).

The data presented in Table 4.6 support the simulations where it is observed that as the Vee-
shield is changed from 90° to 0°, the mass of the electro-spun fibres that are deposited on the
cellulose substrates increases progressively and reaches a maximum around 60° and then it
decreases along with a decrease in the degree of fibre alignment. It is envisaged that further
optimisation and modification of the Vee-shield, including the introduction of auxiliary

electrodes, will enable the majority of the electro-spun fibres to be deposited on the substrate.
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Table 4.5 Summary of the average fibre diameter and degree of fibre alignment measured

from the aligned PAN/DMSO nano-fibres with different PTFE shield angles and deposition

widths. Standard deviation is indicated by square brackets. In all cases the electro-spinning

was carried out for 10 minutes.

o . . .
PTFE Shield Angle Deposition Width % of Aligned flbres Ave.rage Fibre
) (cm) Between 0-5° after Diameter
30 Minutes (nm)
60 0.6 98 [3.7] 385.5[80.1]
0 0.6 28 [2.9] 480.6 [99.0]
60 1.5 73 [2.6] 411.4[93.3]

Table 4.6 Summary of the approximate weights of the electro-spun nano-fibres that were

deposited on the cellulose substrate and on the Vee-shield over 30 minutes of electro-

spinning. Values for standard deviation are indicated by square brackets.

PTFE Upper-section . . Lower-section On the
. Mid-section Cellulose
Shield (near the needle) (Wt%) (near the Substrate
o 0, o 0,
Angle (°) (wt%) substrate) (wt%) (Wt%)
0 25 [0.71] 34 [1.30] 28 [0.84] 13 [1.14]
30 10 [1.30] 32 [0.89] 32 [1.67] 26 [1.51]
60 2 [0.55] 9[1.14] 36 [1.10] 53 [0.55]
90 44 [1.14] 51 [2.77] 4[1.79] 1[0.55]
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4.1.8.5. Effect of the Vee-shield Material

The results of experiments to demonstrate the Vee-shield concept using different types of
materials for the shield is presented in Table 4.8. SEM micrographs of the electro-spun fibres
aligned using Vee-shield materials corresponding to wood, glass and PS are shown in Figure
4.1.29a-c. It was found that the material used for the Vee-shield has a large effect on the
degree of alignment. According to Table 4.8, although the volume resistivity of wood is higher
than PS and glass, an increase in the degree of alignment was observed when changing the
Vee-shield material from wood to PS. This is likely due to the specification of the wood used
in the experiment not being characterised, which may have lower density and lower volume
resistivity than the value assumed in Table 4.7. Despite this, materials with low relative
permittivity and low volume resistivity are required to obtain the fibre alignment with the
Vee-shield technique. It is clear from this dataset that the ideal material for the Vee-shield is
PTFE. Li et al. [150], reached a similar conclusion with their parallel-plate design, where the
introduction of insulators in between the parallel-plates aided fibre alignment. The
experimentally derived conclusion is that since electro-spinning is associated with charge
transport, using conductive materials such as a metal is not an option for the Vee-shield
material. Budi et al. [418] used column-guided arrays to produce aligned fibres. Accepting that
it is not simple to extract these fibres for post-processing, they stated that using highly
insulating materials or materials with a high dielectric constant in the air gap would increase

the degree of fibre alignment.
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Table 4.7 Summary of the experimentally derived data for the average % of aligned fibres

that were deposited on the substrate between 0-5°, and the wt% of the fibres that were

deposited on the substrate after electro-spinning a 12 w/v% solution of PAN in DMSO for 10

minutes. The relative permittivity and the volume resistivity for the Vee-shield materials are

reported. Values for standard deviation are indicated by square brackets [419-423].

% of Aligned

Aligned Fibre

Material Used . deposited on the Relative Volume
Fibres Between ae s .
as the Vee- 0-5° after 10 Substrate after 10 | Permittivity Resistivity
shield . Minutes of Electro- @ 1MHz (Ohm.cm)
Minutes L
spinning (wt%)
No shield 0 0 1.0005 1x10'8
W -
ood (Species 51 [5.65] 22 [0.61] 2 ~3 x 1017
unknown)
Polystyrene (PS) 69 [2.79] 42 [0.79] 2.7 1x10%
PTFE 94 [3.4] 50 [0.51] 2.1 1x10%
Borosilicate 16
54 [4.98] 32[0.42] 4.8 1x10
glass
Aluminium 0 0 N/A 2.65x 108
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Figure 4.1.29 SEM micrographs overlaid with distribution of the degree of fibre alignment of
electro-spun PAN/DMSO nano-fibre using different Vee-shield materials: (a, a’) Wood; (b, b’)
Glass; and (c, c¢’) PS. In all cases electro-spinning was carried out for 10 minutes. The

substrate material visible below the fibres is cellulose (paper).
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4.1.9. Aligned Nano-fibres Obtained with Other Polymer Solutions Using the

Vee-shield Set-up

The following section is adapted from Section ‘Results and discussion’ of a co-authored

paper published by the author; Shao et al. [15].

In order to demonstrate the versatility of Vee-shield alignment technique, in addition to
electro-spinning PAN in DMSO, the following polymers were electro-spun using the Vee-shield
method: (a) 30/70% PAN/lignin blend in DMSO; (b) 30% polyethylene oxide (PEO) in deionised
(DI) water; (c) 13.5% poly-vinylpyrrolidone (PVP) in ethanol; (d) 14% polyvinylidene fluoride
(PVDF) in acetone/DMSO; and (e) 20% polycaprolactone (PCL) in acetone/DMSO. The purpose
of this study was to demonstrate that the Vee-shield electro-spinning method is not limited
to PAN/DMSO and that it could be used with other classes of polymers and solvents. The SEM
micrographs of aligned polymer nano-fibres can be found in Figure 4.1.30a-f. The
effectiveness of the Vee-shield technique for producing aligned fibres was demonstrated
conclusively with the above-mentioned polymers and the data are presented in Table 4.9. The
properties of the polymers and the solvents used, and the solution properties are presented

in Table 4.8. The outcome of these preliminary studies is discussed briefly.

With reference to Table 4.1, the electro-spinning parameters were similar for the polymers
except for PAN, where the temperature of the chamber was 55 °C. The electro-spinning time
was 10 minutes in all cases. The frequency plots for the diameter and degree of alignment for
these combinations of polymers and solvents are overlaid in Figure 4.1.30a-f, respectively.

With reference to Figure 4.1.30a-f, the diameter of the electro-spun fibres and their
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respective standard deviations are shown in Table 4.9; the data for the 12 w/v% PAN in DMSO
has been included to enable comparison. A notable feature is this dataset is that the range of
diameters observed for PAN and PVDF is larger. It is not possible at this stage to assign a
particular reason(s) for this observation as more detailed work is required. However,
contributing factors could include the differences in the rate of charge dissipation, variations
in the RH, the electrical conductivity of the solutions, the vapour pressure, the rate of
evaporation of the solvent etc. However, the data presented does demonstrate that the Vee-
shield method can be used with most classes of polymers, accepting that each will have to be

optimised for the intended end-use application.

Table 4.8 Experimentally derived conductivity data for the polymer and solvent combinations

investigated in this study.

Polvmer Molecular Solvent Concentration Conductivity
4 Weight (g/mol) (w/v%) (1S/cm)
PVP 1.3M Ethanol 13.5% 12.5+04
Acet DMSO
PCL 45k e O(Z‘?i) 30% 0.55 +0.03
PEO 600k DI water 7.5% 77.2+0.8
L 7,367/230k Acetone/DMSO
L PAN 249 168 +2
ignin/ (7:3) (2:1) % 68
PAN 230k DMSO 12% 18.9+0.3
A DM
PVDF 534k Ceto(r:;) >0 20% 4.7 £0.08
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Figure 4.1.30 SEM micrographs overlaid with diameter distribution (top right) and
distribution of the degree of alignment (bottom right) of aligned electro-spun fibre using the
Vee-shield using: (a) 30/70% PAN/lignin; (b) 30% PEO; (c) 13.5% PVP; (d) 14% PVDF; (e) 20%

PCL; and (f) 12% PAN,
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Table 4.9 Experimentally derived data for the average fibre diameter and the % of fibre
alignment achieved between 0-5° after 10 minutes of electro-spinning. Values for standard

deviation are indicated by square brackets.

30/70% ] ] ] 13.5% ]
PAN/Lignin 30% PEO | 14% PVDF | 20% PCL oup 12% PAN
Average 352 360 1100 311 787 367
Fibre
Diameter [59] [64] [206] [63] [76] [11]
(nm)
% of Fibre
Alignment 81 82 78 70 64 94
between
0-5° after 10 [2.03] [1.43] [1.68] [1.77] [2.09] [3.4]
Minutes
Overall Summary

e The main hypothesis was that modifying the grounded electrode, using an electrical
insulating material, could alter the charged jet trajectory between the charged needle
and the electrode, causing the electro-spun fibres to be deposited in an aligned
manner.

e This was demonstrated using COMSOL modelling.

e The output from the model was used to construct and evaluate the ‘Vee-shield’
grounded electrode configuration.

e A high-speed camera was used to validate the COMSOL model and from the images, it
could be observed that the presence of the Vee-shield altered the trajectory of the

polymer jet that emanated from the Taylor cone.
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The COMSOL simulation indicated that a Vee-shield angle of 60° was the optimum
angle to produce aligned nano-fibres.

When using the Vee-shield, after electro-spinning for 30 minutes, 98% of the fibres
were aligned between 0-5°. The average fibre diameter was 385.5 nm. The PAN/DMSO
concentration was 12 w/v%.

A range of materials were used to construct the Vee-shield. Materials with low relative
permittivity resulted in a higher proportion of aligned fibres being deposited. PTFE and
polystyrene Vee-shields resulted in 94% and 69% of aligned fibre being deposited,
respectively.

It was demonstrated that the Vee-shield grounded electrode could be used with all
other polymers investigated (PVP, PCL, PEO, lignin and PVDF).

The percentage of aligned fibres between 0-5° after 10 minutes of electro-spinning
was 81, 82, 78, 70, 64 and 94 for PAN/lignin, PEO, PVDF, PCL, PVP and PAN respectively.
Further detailed studies are required to understand the electro-spinning

characteristics of the other polymers (other than PAN) and solvent combinations.

4.1.10. Demonstration of Continuous Spooling in Conjunction with the

Vee-shield

The following section is adapted from Section ‘Results and discussion’ of a co-authored

paper published by the author; Shao et al. [15].

The main purpose for designing the Vee-shield alignment rig was to produce aligned nano-

fibre arrays along the fibre haul-off direction and enable continuous spooling. Based on the

Vee-shield set-up, a motor-driven tape spooling rig was designed (Figure 3.2.6). The
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experimental set-up shown in Figure 3.2.4 can be changed easily from a static and batch
production method to one where the aligned fibres are produced continuously, as shown in
Figure 3.2.5a where a motorised spooling rig was introduced. A photograph of the
experimental set-up can be found in Figure 3.2.5b. Here, a 12 w/v% of GF PAN/DMSO was
electro-spun continuously onto a creel consisting of 100 cm length cellulose tape which was
drawn and spooled. Figure 4.1.31 shows a 12 w/v% of GF PAN/DMSO that was electro-spun
continuously and spooled at 0.07 cm/s; the insert shows a magnified view of a section of the
cellulose reel with the aligned PAN fibres. Figure 4.1.32 shows optical micrographs, and Figure
4.1.33a shows SEM micrographs illustrating the degree of fibre alignment achieved during
electro-spinning using the Vee-shield in conjunction with continuous spooling. A closer
inspection of Figure 4.1.33b shows the presence of some fractured and misaligned fibres. This
is reflected in the frequency distribution plots for the dataset from Table 4.10 that are overlaid
in Figure 4.1.33a, where it is seen that the diameter distribution is narrower for the static Vee-
shield when compared to continuous spooling. The full-width at half maximum (FWHM) from
the histogram for the static and spooling methods are 11 and 31, respectively. Possible
reasons for this observation include: (a) since the electro-spun fibres whip from one end of
the grounded electrode to the other, as the cellulose substrate is hauled off, some of the fibres
are unable to stretch as they are spooled and they fracture; and (b) in order to prepare the
electro-spun fibres for scanning electron microscopy, it was necessary to cut the cellulose
substrate into smaller sections. This resulted in some of the fibres may have lost tension or
fractured, leading to the observed bending and wavy miss-aligned fibres. It is envisaged that

the number of fractured fibres and those that cause misalignment as a consequence may be
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reduced by altering the manner in which the cellulose substrate is introduced to the slots in

the copper electrode.
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Figure 4.1.31 Photograph show

into short sections after spooling. The insert shows the electro-spun PAN fibres that were

deposited of the reel of cellulose paper.
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Figure 4.1.32 Optical microscope images of aligned nano-fibres on the cellulose substrate
when spooling (the overall length of the substrate was 30 cm). The images were captured at

5 cm intervals.
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Figure 4.1.33 SEM micrograph overlaid with distribution of degree of alignment for GF
PAN/DMSO nano-fibres obtained from spooling at (a) 0.07 cm/s. (a’) shows a magnified SEM

micrograph of (a).

Table 4.10 Distribution of fibre alignment achieved for 12 w/v% PAN in DMSO using the Vee-
shield fixture, with and without spooling. The standard deviations for the whole datasets

with and without spooling were 12.13 and 4.14, respectively.

Degree of Fibre o o o o . | 10- 20- 45-
Alignment <1 1727 2737 ) 35T 15107 e | 450 | goe
% of fibre

distribution

42.0 35.1 13.6 7.4 1.1 0.3 0.3 0.2
(Vee-shield set-up

without spooling)

% of fibre
distribution
(Vee-shield set-up
with spooling)

394 30.1 8.1 6.5 3.7 6.4 3.2 2.6
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In the spooling mode, it is apparent in Figure 4.1.34 that the fibre density can be increased by
decreasing the spooling rate to 0.03 cm/s. However, more misaligned and fractured fibres
were observed, resulting in a slightly decreased fibre alignment with 81.2% of the fibre aligned
within 5°, with a standard deviation of 15.3. It is appreciated that reducing the spooling speed
further may not be practical for continuous spooling operations. Low spooling speeds may
cause thicker fibre layers to be formed and possibly increase the number of fibres that are
deposited outside the substrate area; a greater force would be required to remove these
fibres during spooling. If the force required is higher than the friction between the fibre layer
and the cellulose paper substrate, the aligned fibre will separate from the substrate and would

not be hauled-off by the roller. This issue could be addressed by changing the substrate

material to a material with higher surface friction.

HM D84 x1.0k 100 um HM D83 x1.0k 100 um

Figure 4.1.34 SEM micrographs overlaid with distribution of degree of alignment for GF
PAN/DMSO aligned nano-fibres from two random locations within the fibre bundle, obtained

from spooling at 0.03 cm/s.
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4.1.11. Production of Layers of Electro-spun Fibres at Specified Angles

As described in the last section, the fibre alignment can be controlled by the direction of the
Vee-shield in relation to the substrate material. The Vee-shield technique was applied to
produce nano-fibre layers at specified angles. This was achieved by changing the angle
between the substrate and the Vee-shield to produce in situ layers of nano-fibre that were
stacked at - 45°, + 45°, 0°. SEM micrographs presented in Figure 4.1.35a-c show such a multi-
angle in situ laminate stack of aligned fibre arrays. Here, the Vee-shield was rotated manually
to the appropriate angle to achieve the desired fibre orientation in relation to the longitudinal
axis of the cellulose substrate. The fibre alignment shown in Figure 4.1.35a-c demonstrates
that unidirectional, cross-ply quasi-isotropic laminates and preforms for the production of
composites can be manufactured using the Vee-shield technique. Moreover, as described in
Section 4.1.8.3, the fibre density of each laminate can also be altered by the time of deposition.
In other words, the spooling speed can be altered during production (described in the last
section). A schematic illustration of the concept of continuous product cross-ply fibre arrays
is shown in Figure 4.1.36, where multiple Vee-shield collectors can be connected in sequence

to achieve the required fibre angle.
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Figure 4.1.35 SEM micrographs of multilayer aligned fibre arrays stacked at: (a) 0°, 45°; (b)

0°, 90°; (c) 0°, 45°, 90°; and (c’) magnified image of (c).

Overall Summary

e One of the goals of this research was to demonstrate that the Vee-shield could be
retrofitted to existing electro-spinning equipment. For example, those based on flat

plate electrodes. Such a rig was designed, constructed and evaluated.

e The feasibility of spooling or hauling off the electro-spun fibres was demonstrated.
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e When the Vee-shield was used in conjunction with the spooling rig, the percentage of
fibres that were deposited between 0-5° was 84%, whereas that for the Vee-shield
alone was 98%.

e One possible reason for the reduction in the percentage of aligned fibres whilst
spooling with the Vee-shield in place was that some fibres fractured during spooling.

e The feasibility of producing preforms where the fibres are aligned at 0, 45 and 90° was

demonstrated. In future this will enable in-situ laminated fibres to be produced at

different angles.

Figure 4.1.36 Schematic illustration of the concept for continuous production of angle-ply

fibre arrays.
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4.2. Stabilisation and Carbonisation of Aligned PAN Nano-

fibres

After the aligned PAN nano-fibres were electro-spun and dried, they were oxidised and
carbonised to produce carbon nano-fibres. The oxidation or thermo-stabilisation was
conducted in air where the samples were heated from ambient temperature to 300 °C at 2 K/
minute. Carbonisation was then carried out, in nitrogen, at 5 K/minute with dwells at 600, 900
and 1200 °C as described in Figure 3.3.6. The end-tabbing procedures and the graphite rig that

was used for mounting the samples were discussed in Section 3.3.2.

Fibres were removed from the furnace, cooled to ambient temperature (in a nitrogen
atmosphere), and characterised after each of the dwell regions shown in Figure 3.3.6. In this
section, the fibre morphology and crystallinity of the oxidised and carbonised aligned nano-
fibres are discussed. The fixture used to tension the fibre arrays in the graphite rig was

described in Section 3.3.2.

With reference to Figure 4.2.1, the TGA thermogram and the derivative (DTG) for the electro-
spun dried GF PAN/DMSO can be divided into four regions. In region 1 (indicated by the black
numbers), increasing the temperature from 20 °C to 281 °C results in a 1% increase in mass.
However, previous studies show that a small amount of weight loss should be expected in this
region [424, 425]. In the current study, referring to the TGA results for as-spun GF PAN fibre
and vacuum oven-dried fibre shown in Figure 4.1.13 above, a weight increase was found in all
samples. The underlying mechanisms for this phenomenon have not been identified,

therefore, more work will be required to develop a better understanding of this behaviour.
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However, it is possible that this may be associated with either the subtraction of the baseline,
or permanent contamination of the sample holder. Nevertheless the % weight gain is of the
order of approximately 1%. In region 2, between 281 °C and 372 °C, a 24.1% weight loss is
observed. Cyclisation takes place with a maximum of 1.1% weight loss at 298 °C. This matches
the exothermic peak found at 294.6 °C in a DSC thermogram, as shown in Figure 4.2.2. In the
region 3, a further decrease in weight, from 75.9% to 62.8%, was observed as the temperature
increased from 371.3 °Cto 528.9 °C. In regions 2 and 3, ammonia, hydrogen cyanide, methane,
water and carbon monoxide were typically said to be obtained as volatile by-product gases
released from the material [426, 427], resulting in further weight loss. The dehydrogenation
[425] and carbonisation processes occur up to 1200 °C [314, 414]. A continuous reduction in
weight was observed, resulting in a weight-loss of approximately 20.3% [428]. The residual
mass at 1200 °C was 42.5%. The purpose of this experiment was to compare the weight-loss
characteristics for the as-received GF PAN powder and the as-spun fibre (after drying at 120 °C
in a vacuum oven for 6 hours). Another motivation behind these experiments was to
determine whether a correlation could be established between weight loss, temperature and
shrinkage. The weight losses of 120 °C-dried PAN nano-fibres at 300, 600, 900 and 1200 °C

were 8.9%, 39.9%, 48.8% and 57.5%, respectively.
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Figure 4.2.1 TGA and DTG traces for 120 °C vacuum dried GF PAN nano-fibre, heated from

20 °Cto 1200 °C at 10 K/minute.

Overall Summary

e TGA was used to study the weight loss in the electro-spun PAN fibres as a function of
temperature.
e DSC was used as a guide to identify the onset of the cyclisation exotherm, which was

identified to be approximately 293.1 °C.
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Figure 4.2.2 DSC trace of as-received GF PAN powder.

4.2.1. Establishing the Temperature Gradient within the Tube Furnace

The heating rate and the temperature gradient in the tube furnace were evaluated using an
R-type thermocouple and data logger. The details of this set-up was described in Section 3.3.1.
These measurements were taken at the centre of the furnace where the graphite rig would
be located. Figure 4.2.3 and Figure 4.2.4 show the temperature/time traces when the furnace
was programmed to heat from room temperature to 300 °C at 2 K/minute, and 5 K/minute
from 300 °C to 1200 °C. However, the actual heating rate recorded using the thermocouple
was 2.23 K/minute and 4.71 K/minute, respectively. This was possibly because the nitrogen

gas was not heated as it was introduced to the furnace. It was necessary to establish the
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temperature gradient in the furnace in order to design and specify the length of the graphite

fibre mounting rig for oxidation and carbonisation (see Figure 3.3.2).
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Figure 4.2.3 Temperature against time calibration trace for the PYRO THERM tube furnace at
the centre of the furnace from ambient temperature to 300 °C (oxidation) using a heating

rate of 2 K/minute. The air gas flow was set at 50 ml/minute. The dotted line represents the

linear regression.

The temperature gradient with regard to the position about the centre of the tube furnace is
shown in Figure 4.2.5. The temperature measurement was taken from the centre of the
furnace, set as 0 cm, with 5 cm increments. It is apparent in Figure 4.2.5 that the temperature
closer to the gas inlet-end of the tube furnace, marked with a negative distance, is slightly

lower than the opposite end. Since the overall length of the thermocouple was 80 cm, the
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temperature was measured between -20 cm and 60 cm about the centre point of the furnace.
Since the temperature at positions -2.5 cm to +2.5 cm about the centre point was between

1197.2 °C and 1195.4 °C, the graphite fibre loading rig was made 5 cm in length.
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Figure 4.2.4 Temperature against time calibration trace for the PYRO THERM tube furnace at
the centre of the furnace from 300 °C to 1200 °C (carbonisation) using a heating rate of 5
K/minute. The nitrogen gas flow was set at 50 ml/minute. The dotted line represents the

linear regression.
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Figure 4.2.5 Temperature profile with regard to the position about the centre of the tube
used for the oxidation and carbonisation experiments. Position ‘0’ refers to the centre of the

furnace.

Overall Summary

e An R-type thermocouple was used to determine the temperature gradient within the
tube furnace.

e |t was established that 1200 °C could be assured at £ 2.5 cm of the centre point
(position ‘0’) of the furnace.

e This dimension was important in ensuring that the rig for heat-treating the electro-
spun PAN fibres was exposed to the same temperature. Three specimens were heat-

treated in the rig.
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4.2.2. Effect of Weight (tension) on the Stabilisation and Carbonisation of

Aligned PAN Nano-fibres

From the TGA analysis, heat-treating PAN to 1200 °C resulted in a 57.5% weight loss. Other
researchers reported that the PAN fibres would shrink along both the longitudinal and
transverse (diameter) directions during pyrolysis [310, 333, 429], due to cross-linking
reactions [332, 337]. Fixing both ends of the aligned fibres would likely result in fibre fractures
at random positions at the bonding points or within the gauge length, making it unusable for
tensile testing. Furthermore, it is known that restraining the shrinkage of PAN precursor by
applying tension to the fibres can improve the mechanical properties of carbonised fibres [344,
345]. Therefore, the reason for designing and introducing the graphite fibre loading rig were
to: (i) permit the aligned nano-fibres to shrink whilst under load (ii) maintain the tension on
the aligned fibre array during heat-treatment; (iii) to constrain fibre shrinkage during pyrolysis;
and (iv) increase the crystallinity of the carbon nano-fibres. A series of experiments were
conducted to determine the optimum weight that could be added to the graphite weights (see
Section 3.3.2 and Figure 3.3.2) without causing fibre fracture during the oxidation and
carbonisation periods. Four rods made of either alumina, zirconia or tungsten carbide were
paired and positioned on either side of the fibre array to balance the weight (see Figure 3.3.4).
Table 4.11 shows a summary of the lengths of the oxidised and carbonised nano-fibre samples
after specified heat-treatments using different weights. The percentage decrease in the length
was calculated and it is apparent from Table 4.11 that applying a higher weight can restrain

the shrinkage during oxidation.
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Table 4.11 Summary of the length of the sample after heat-treatment using different static

weights. Samples marked N/A represents the case where fibres that fractured after the heat-

treatment.
Heat- . . . .
treatment Graphite + Graphite + Graphite + Weight Loss
Temperature Alumina x4 Zirconia x4 Tungsten Obtained
F()°C) (1.75 g) (2.68 g) Carbide x4 (5 g) from TGA
As-spun (dried
at 120 °Cfor 6 (3.0 cm) 100% 0%
hours)
300 (2.2cm) 26.7% | (2.3cm) 23.3% (2.6 cm) 13.3% 8.9%
600 (1.7 cm) 43.3% N/A N/A 39.9%
900 (1.6 cm) 46.7% N/A N/A 48.8%
1200 N/A N/A N/A 57.5%

SEM micrographs of the cross-sectional view and the surface view of oxidised fibres with
different weights are presented in Figure 4.2.6 and Figure 4.2.7, respectively. Increasing the
static weight significantly reduced the thickness of the aligned PAN nano-fibre bundle by: (i)
eliminating the air gap between the fibres and (ii) fibres fracturing during the oxidisation
process. From Figure 4.2.7, it is clear from the fibre diameter distribution plot that the higher
the applied weight, the lower the average fibre diameter and narrower the distribution; the
standard deviation was also reduced. However, the degree of fibre alignment measured from
the SEM micrographs was found to decrease as the applied weight increased. The results from
this part of the study are summarised in Table 4.12. During these experiments, it was found
that although the fibres with the applied weight survived the oxidative heat-treatment, the

weight on the fibres made them vulnerable to fracture when they were removed from the
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furnace. Possible reasons for this may be that: (i) Whilst the weight constrains the shrinkage,
it significantly reduces the average fibre diameter from 334 + 83 nm to 258 + 65 nm. (ii) Smaller
diameter fibres in the distribution may not be able to support the tension applied, leading to
fibre fracture (see Figure 4.2.7c and d). (iii) The fractured fibres reduce the tensile load that
can be applied to the fibre bundle, and increases the difficulty in handling them. (iv) When
bonding the fibre bundle to the graphite loading rig, it was not possible to ensure that each
filament was aligned perfectly and that the tension and applied load was distributed uniformly.
It is worth noting that at the time of writing, there were no publications on tensioning electro-

spun nano-fibres during oxidation and carbonisation.

It can be seen from Table 4.11 that no sample survived when carbonising the aligned the PAN
nano-fibre array under load at 1200 °C. The reasons for this are similar to that described in
the section above. The fibres became extremely sensitive to handling when they were
carbonised at 1200 °C. It was possible to obtain carbonised fibres at 1200 °C but only if a load

was not applied (see Figure 4.2.8).
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Figure 4.2.6 SEM micrographs of the cross-sectional view and measured average thickness of
oxidised fibres with different static weights using: (a) graphite weight (no extra added

weight); (b) alumina; (c) zirconia; and (d) tungsten carbide added weights.
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Figure 4.2.7 SEM micrographs overlaid with diameter distribution (top right) and distribution
of the degree of alignment (bottom right) of oxidised fibres with different static weights
using: (a, a’) graphite bricks (no added weight); (b, b’) alumina; (c, c’) zirconia; and (d, d’)

tungsten carbide. The total weight for (a), (b) and (c) were 1.75, 2.68, and 5 g, respectively.

Figure 4.2.8 Macroscopic appearance on a PAN nano-fibre bundle obtained after

carbonisation at 1200 °C in nitrogen.
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Table 4.12 Result of average fibre diameter and average % of aligned fibres between 0-5° for

the oxidised fibre with different static weights using: (a) graphite weight (no added weight);

(b) lumina; (c) zirconia; and (d) tungsten carbide. Values for standard deviation are indicated

by square brackets.

Carbide (5 g)

Weight Type and Average Fibre Diameter Average % of aligned fibres
Total Weights (nm) between 0-5°
Graphite (No added weight) 334.1 [83.3] 93 [2.8]
(1g)
Graphite + Alumina (1.75 g) 311.2 [82.7] 91 [3.3]
Graphite + Zirconia (2.68 g) 291.1 [73.0] 67 [10.3]
Graphite + Tungsten 258.2 [65.4] 64 [17.3]

Overall Summary

e Aunique graphite rig was designed, built and evaluated. It was found that electro-spun

PAN nano-fibres could be tensioned during oxidation and carbonisation.

e A graphite ‘end-tab’ was designed and bonded to the bottom-section of the sample.

This end-tab had a facility to introduce weights to keep the fibres under tension. The

top-section of the nano-fibre bundle was bonded to the top outer surface of the

graphite rig.

e The heat-treatment of electro-spun fibres under weight has not been reported

previously.

e The average thickness of the oxidised aligned fibres decreased significantly as a

function of the magnitude of applied weight. For example, without the extra weight,
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the thickness was 92 um. It decreased to 51, 35 and 7.5 um as the weight was
increased from 0 gto 1.75, 2.68 and 5 g respectively.

e Controlling the tension during heat-treatment was shown to be an effective way to
retain the orientation of the fibres, and also to reduce the thickness of the aligned fibre
bundle.

e The average fibre diameter decreased from 334 nm to 331 nm, and from 291 nm to
258 nm as the weight was increased from 1 g to 1.75 g and from 268 gto 5 g
respectively.

e Keepingthe aligned fibres under tension led to a reduction in length by 27, 43 and 47%
when the fibres were heat-treated with a weight of 1.75, 2.68 and 5 g respectively.

e Increasing weight during heat-treatment to 2.68 g and 5 g led to failure of the sample

above 300 °C.

4.2.3. Effect of Heat-treatment Temperature on Aligned PAN Nano-fibres

In order to maintain a consistent applied load during oxidation, only alumina rods were used
for carbonisation up to 900 °C (see Table 4.11). Photographs of the oxidised and carbonised
aligned PAN nano-fibres are shown in Figure 4.2.9. During heat-treatment, both the width and
length of the fibre bundle reduce. From the TGA result, the weight reductions at 300, 600 and
900 °C were 8.9%, 39.9% and 48.8%, respectively. The length of the fibre is reduced from 30
mm (as-spun) to 22 mm (300 °C), 17 mm (600 °C) and 16 mm (900 °C), respectively, which is a
reduction of 26.7%, 43.3% and 46.7%, respectively. It can also be seen from the photographs
shown in Figure 4.2.9 that the fibre bundle after oxidation and carbonisation was dumbbell-

shaped. The width was measured at the narrowest region of the sample. The width was

254



reduced from 6.0 mm (as-spun) before heat-treatment to 3.6 mm (300 °C), 2.4 mm (600 °C)
and 2.1 mm (900 °C), respectively. This corresponds to a reduction of 40%, 60% and 65%,
respectively. The dumbbell shape formed because the ends of the aligned fibre bundle were
bonded to the graphite rig and weight using high-temperature adhesives, preventing free-
shrinkage. Unfortunately, as shown in Figure 4.2.8, the fibres that were carbonised at 1200 °C,
without an applied dead-load, could not be compared with the fibres that were heat treated
with a dead-load because they curled. Manually flattening the fibre array fractured the
samples. Therefore, it was not possible to measure the length and width of the fibre samples

that were carbonised at 1200 °C.

The average fibre diameter and the fibre diameter distributions are shown in Figure 4.2.10
and summarised in Table 4.13. The average fibre diameter was reduced from 382 nm (as-spun)
to 311.2, 246.9, 182.9 and 145.5 nm when treated at 300, 600, 900 and 1200 °C, respectively.
This represents a reduction of 19%, 35%, 52% and 62%, respectively. The diameter distribution
narrows as the heat-treatment temperature increases. The above-mentioned observations
imply that in addition to the intrinsic shrinkage during heat-treatment, the applied weight on
the specimen contributes to a reduction in the fibre diameter due to stretching under load.
The diameter distribution also reduced possibly because, as thinner fibres fracture, only the
thicker fibres remain. Sabantina et al. [430] reported that the average fibre diameter of non-
woven PAN nano-fibres before and after carbonisation (at 800 °C) was not changed (220 + 60
nm and 222 + 57 nm, respectively). A similar result was also reported by Panapoy et al. [431].
However, the reasoning behind the lack of change in the diameter was not explained in either
case. A number of researchers report that the fibre diameter decreases with increasing heat-

treatment temperature [242, 321, 322, 432-434], without a static load being applied.
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Schierholz et al. [432] report that the fibre diameter of a single PAN-based electro-spun fibre
at room temperature and heat-treated at 250, 600, 800 and 1000 °C was 320, 230, 212, 199
and 189 nm, respectively. Gu et al. [322] found that the average fibre diameter and the
standard deviation of the 1000 °C carbonised PAN-based electro-spun fibre reduced from 206
nm to 156 nm and 41 nm to 38 nm, respectively. The diameter reduction reported by Gu et al.
[322] was 41% and 24%, respectively, which is lower than the result obtained in the current
study. The data generated in this current study confirms that the static weight can further
reduce the diameter of the fibre through stretching, which can potentially improve the

molecular orientation [344] and crystallinity [279].

€1 21 11 0T

6.0 mm 3.6 mm

Figure 4.2.9 Photographs of (a) as-spun and samples heat treated at: (b) 300 °C; (c) 600 °C;
and (d) 900 °C using alumina static weights. The number below the photograph represents

the width of the narrowest section of the fibre sample, respectively.
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Figure 4.2.10 Cont.

257



400
Diameter (nm)

A D75 x500 200um

Figure 4.2.10 SEM micrographs overlaid with distributions of diameter (top right) and degree
of alignment (bottom right) when alumina static weights were used on the fibre samples that

were heat treated at: (a, a’) 300 °C; (b, b’) 600 °C; (c, ¢’) 900 °C; and (d, d’) 1200 °C.

Table 4.13 Average fibre diameter and average % of fibres aligned between 0-5° following
heat-treatment at (a) 300 °C, (b) 600 °C, and (c) 900 °C using alumina static weights.
Standard deviations are indicated by square brackets. (* indicates values based on SEM

micrographs that include fractured and misaligned fibres.)

Heat-treatment Average Fibre Diameter Average % of Aligned
Temperature (°C) (nm) Fibres between 0-5°
300 311.2 [82.7] 91 [3.3]

600 246.9 [67.4] 56.5* [13.7]
900 182.9 [48.9] 39.5* [17.9]
1200 131.5 [45.6] 31.5* [19.4]
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Overall Summary

e The fibre alignment distribution broadened, and the degree of alignment was

significantly reduced as heat-treatment time increased (See Table 4.13).

e The loss of alignment as observed from the SEM micrographs is likely due to fibre
fracture caused by (i) manual handling; (ii) uneven bonding of the sample to the
graphitic rig and weights, leading to an uneven loading of the sample; and (iii) non-

uniform impregnation.

e The micrographs shown in Figure 4.2.10 were also used to determine the degree of

fibre alignment after heat-treatment.

4.2.3.1. XRD Charcteristion of Oxidised and Carbonised Aligned PAN Nano-fibres

As mentioned in Section 3.5.10 X-ray diffraction (XRD) can be used to characterise the
material’s crystal structure and degree of crystallinity [435, 436]. Typical PAN XRD spectra
show a strong peak at the 26 angle of 16.8° (1 0 0) and a weak peak located at 28.6° (1 1 0)
[242, 312, 437]. When the PAN precursor undergoes stabilisation, the (1 0 0) (26 = 17°) peak
disappears while a broad diffraction peak centred at 20 = 25° appears. This new peak
represents the X-ray reflections of (0 0 2), which indicate the formation of the crystallographic
plane of graphite crystallites in the stabilised PAN [312]. Further carbonisation results in the
(1 0 0) peak disappearing while a broad diffraction peak at 26 = 25°, representing (0 0 2),

appears [323, 437].

Figure 4.2.11 shows overlaid XRD spectra of GF PAN heat-treated at 300, 600, 900 and 1200 °C.

The as-spun aligned PAN nano-fibres show a sharp peak around 16.7° and a broad peak around
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25°. After the fibres have been stabilised at 300 °C in air, a reduction in the intensity of the
peaks located at 16.7° and 25° can be observed. This is because stabilisation leads to cross-
linking and cyclisation of the polymer chains, which reduces the degree of disorder and the
crystallinity in the fibre. Further temperature increases to 600 °C and 900 °C showed an
increased intensity in the 20 range between 17° to 25°. The two broad peaks located around
18° and 24° can barely be identified. The intensity of the broad peak at 24°, from fibres treated
at 900 °C, is slightly more obvious than those that were treated at 600 °C. The peak intensity
rises even higher at 1200 °C. This may be attributed to the formation of new crystal structures
or to changes in the crystallographic orientation of the polymer chains, as reported by other
researchers [323, 437]. The peak near 24° was expected to be more intense and to occur at a
larger angle with increasing heat-treatment temperature [312], due to decreased the inter-
layer spacing of the crystal, which can be calculated using the Bragg equation [242, 314].
However, due to the small number of samples prepared, the diffraction results are obscured
by a low signal-to-noise ratio. The exact location of the 28 angle was hard to determine. More
experimental iterations would be required to improve upon this. The XRD results do, however,

show the success of the heat-treatment and the formation of a graphitic structure.

Overall Summary

e XRD analysis confirmed that increasing the heat-treatment from 300 °C to 1200 °C

increased the graphitic characteristics of the alighed PAN nano-fibres.
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Figure 4.2.11 Overlaid XRD spectra of the electro-spun PAN/DMSO fibres heat treated at

different temperatures.

4.2.3.2. Raman Spectroscopy of the Oxidised and Carbonised Aligned PAN Nano-

fibres

Raman spectroscopy was performed to investigate the effect of heat-treatment on the
graphitic character development as a function of temperature [324, 438]. Raman
spectroscopy, with a laser wavelength of 516-532 nm, has commonly been used to identify
the graphite structure in CNFs [324, 325]. Two typical peaks, located around 1350 cm™ and
1580 cm™, represent the D-band and G-band, respectively [439]. The D-band is a disorder-

induced vibrational mode that arises from the breathing mode of sp?-bonded carbon atoms
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in a graphitic lattice with topological defects such as vacancies or disordered edges [440, 441].
The G-band represents the Raman-active vibrational mode that arises from the in-plane
stretching of C=C stretching vibrations due to sp?-bonded carbon atoms in a graphitic lattice
[442, 443]. The R-value is the ratio between Ip and lg. The lower the R-value, the higher the
number of sp? (graphite) clusters on the sample [325]. Other sub-bands, such as D, (1200 cm"
1), D” (1500 cm™) and D’ (1600 cm™), are also used to indicate the presence of discorded
graphitic structure [444, 445]. In order to visualise these peaks, the Raman spectra were
deconvolved into the bands mentioned above using a Gaussian and Lorentzian peak-fitting
routine. An example of the peak fitting outcome can be found in Figure 4.2.12. The band
intensity, FWHM and area were obtained from the deconvoluted peaks. The Pearson’s

correlation coefficient of all the curve fittings exceeded 99%.

Raman spectra of the aligned GF PAN nano-fibre heat-treated at 300, 600, 900 and 1200 °C
are presented in Figure 4.2.13. It is clear that, as the heat-treatment temperature increases,
the intensity of the D-band declines, and the intensity of the G-band increases, consonant with
trends reported elsewhere [325, 446-449]. The peak position of the D and G bands of the fibre
heat-treated at 300 °C is narrower than at higher temperatures. This could contribute to the
high intensity of the disordered amorphous graphitic structure of the D"’ sub-band located
around 1,500 cm™* when the heat-treatment temperature is low [444, 445]. The peak position
of the D and G bands, as well as the intensity ratio (Io/lc), full-width at half-maximum (FWHM)
and the ratio of integrated intensity (Ap/Ac) are summarised in Table 4.14. It is seen that the
position of the D and G bands does not change as heat-treatment temperature increases,
which is similar to the result reported by Wang et al. [450]. The R-value (intensity ratio of D-

and G-band) was found to decrease as heat-treatment temperature increases [325, 450]. On
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comparing the data presented in Appendix C which summarises the R-values reported in
literature, the results obtained from heat-treated aligned PAN nano-fibre in this current study
at 900 °C are higher than any other reported values at the same temperature. This indicates
that the carbonisation of the aligned fibre array under load can improve the formation of

ordered graphitic structures [242, 439, 451].
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Figure 4.2.12 Deconvolved Raman spectra for electro-spun GF PAN/DMSO fibres carbonised

at 900 °C.
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Figure 4.2.13 Overlaid Raman spectra for GF PAN/DMSO fibre heat treated at 300 °C, 600 °C

900 °C and 1200 °C.

Overall Summary

e Raman spectroscopy corroborated the conclusions reached through XRD analysis.

e The ratio of the Ip/lg peaks (R-value) decreased from 1.16 to 0.94, 0.87 and 0.85 as the
heat-treatment temperatures increased from 300 °C to 600, 900 and 1200 °C,

respectively.
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e The R-values reported in the current study represent the highest values reported in
literature for fibres treated to 900 °C. This is attributed in part to the tensioning of the

fibres during heat-treatment.

Table 4.14 Summary of the average peak position of D- and G-band, the intensity ratio (Ip/lc),
full-width at half-maximum (FWHM) and the ratio of integrated intensity (Ao/Ac) of aligned
PAN-based electro-spun fibres heat-treat at different temperatures. Standard deviations are

given in square brackets.

Heat-
treatment D-band G-band In/lg FWHM of | FWHM of Ao/A
Temperature | Position Position (R-value) D-band G-band pie
(°c)
300 1362 1575 1.16 162.6 125.7 0.7
[2.4] [2.1] [0.03] [6.2] [12.2] [0.1]
600 1342 1578 0.99 166.8 119.7 14
[1.1] [1.2] [0.02] [9.9] [15.6] [0.2]
900 1343 1589 0.87 155.6 92.6 1.5
[0.8] [0.7] [0.04] [10.9] [11.6] [0.3]
1200 1345 1851 0.85 159.0 92.7 1.6
[1.0] [0.5] [0.03] [9.2] [10.7] [0.2]
4.2.3.3. Characterising the Cross-sectional Morphology of Heat-treated PAN Nano-
fibres using TEM

Due to specimen shrinkage as well as the fibre thinning after heat-treatment, the sample
became very difficult to handle and prepare, especially when performing tensile tests. Critical
information for generating tensile test results, such as measuring the thickness of the
specimens using a micrometre screw gauge without destroying the sample, was very difficult.

The same difficulties also apply to weighing the carbonised fibres.
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It is worth pointing out that the micrometre screw gauge does apply pressure when measuring
the thickness of a specimen, and this is problematic when dealing with intrinsically porous and
brittle materials. The major problem in generating accurate tensile test results for the
carbonised PAN nano-fibre bundles was determining the cross-sectional area and the fibre
volume fraction. As mentioned in Section 2.3.1, the density of the randomly oriented and
aligned electro-spun fibres has been reported to be extremely low [38, 452]. Stress and strain
data cannot be calculated accurately using the bulk dimensions for the reasons mentioned

above.

Therefore, finding a way to identify the cross-section of the aligned nano-fibre bundle is crucial.
A variety of attempts were made to investigate ways to determine the cross-section of the
aligned fibre bundles. Keeping the aligned nano-fibres vertical whilst imaging using SEM was
difficult. The main reason was that, after sectioning in liquid nitrogen to inspect the cross-
section, tension was lost and they curled at the tip. Electron beam damage was also prominent

at high magnification.

The problem was part-solved in the later stage of the research using TEM. Out of a batch of
ten specimen prepared, three were randomly selected to be impregnated and cross-linked in
a thermosetting resin as outlined in Section 3.5.9. 100 nm thick cross-sections were obtained
using a diamond-tipped microtome blade (Ultra 1436, DIATOME, Switzerland). This aspect of
sample preparation was carried out by T. Morris of the Electron Microscopy Centre, University

of Birmingham.

TEM micrographs of the cross-section of the heat-treated aligned GF PAN nano-fibres are

presented in Figure 4.2.14a—d. Figure 4.2.14a shows that the as-spun fibres have a near-
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circular cross-section. Previous publications have reported the cross-section of PAN fibres to
be ‘kidney-’ or ‘ribbon-shaped’ [330, 337, 350, 453, 454]. Neither cross-section was observed
in the electro-spun fibres produced in the current study. Fibre bundles with a small level of
fusion at the contact point can be observed, and fibres without any fusion can also be seen
when they are in intimate contact with each other. The fusion is probably due to the slow
solidification of the fibre skin during fibre formation, the skin being too thin when the fibres
come into contact. However, no clear evidence was found to show that fibres fused as the
temperature is increased. The fibres inspected did not show any signs of porosity or internal

flaws.

Figure 4.2.14 Cont.
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Figure 4.2.14 TEM micrographs and diameter distribution of the cross-section of the aligned
GF PAN nano-fibre after heat-treatment at: (a) as-spun (dried at 120 °C for 6 hours); (b)
300 °C; (c) 600 °C and (d) 900 °C. (a’-d’) where the fibre diameter distributions were obtained

from TEM.

The ultra-thin TEM samples showed some microstructural features that warrant future
investigation. Previous researchers have attempted to link the features observed in the TEM
samples to the formation of the graphitic crystalline structures [37, 242, 301, 304, 340, 356,
432]. As the fibre diameter is reduced, as can been seen in Figure 4.2.14c and d, full
impregnation of the fibre bundle (by the resin) becomes difficult. Compared with carbonised
fibre, the shape of the fibre was less irregularity when stabilised at 300 °C. The fibre diameter
distribution, measured from TEM micrographs, is shown in Figure 4.2.14a’—d’ and summarised
in Table 4.15. Compared with the fibre diameter obtained from the SEM, both methods show
a decrease in average fibre diameter as heat-treatment temperature increases. However, the

average fibre diameter obtained from TEM is a few nanometres less than obtained from SEM.

In addition, the distribution in Figure 4.2.14a’-d’ exhibits a smaller standard deviation. The
fibre diameters obtained from the cross-section using TEM is more representative, due to the
fibre sample being at the same height. The cross-sectional image for the 1200 °C sample was
not obtainable. The fibres were too brittle and fractured during resin impregnation. An

alternative method is needed for sample preparation in future work.
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The TEM images of the cross-section of the nano-fibre bundles are presented in Figure 4.2.15a.
Due to the surface tension of resin, the fibres splayed out during impregnation. This was
realised when the thickness of the as-spun fibre, measured using a TEM image, turned out to
be three times higher than the thickness measured using SEM or a micrometer screw gauge.
The supporting evidence for this can be found in Figure 4.2.15b, where the sample thicknesses

visualised by TEM and SEM were approximately 19 um and 5 um, respectively.

The main conclusion from this section is that a reliable method needs to be developed to

measure the cross-sectional area and fibre volume fraction for electro-spun nano-fibres.

Table 4.15 Comparison of the average fibre diameter of aligned PAN-based electro-spun

fibres heat-treated at different temperatures measured using SEM and TEM. Values for

standard deviation are indicated by square brackets.

Heat-
eat Average Fibre Average Average Fibre Average
treatment . . . .
Temperature Diameter Diameter Diameter Diameter
F(’°C) from TEM (nm) | Shrinkage in % | from SEM (nm) | shrinkage in %

As-spun (dried

at 120 °C for 6 326.9 [45.4] 0% 385.5 [80.1] 0%
hours)

300 217.6 [42.4] 33% 311.2 [82.7] 19%

600 170.7 [33.4] 48% 246.9 [67.4] 37%

900 104.5 [18.0] 68% 182.9 [48.9] 53%
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Figure 4.2.15 Cross-sectional views of aligned as-spun PAN nano-fibres obtained by (a) TEM

and (b) SEM.

Overall Summary

e The practical problems associated with measuring the cross-section area of the
electro-spun aligned nano-fibres was discussed previously. The same issues applied to

determining the fibre volume fraction.

e Collaboration was sought with the Electron Microscopy Centre where a TEM-based

method to inspect the cross section of individual electro-spun fibres was developed.

e The cross-section of the fibres was near circular.

e Only a limited number of fused fibres were observed. Even when the fibres were in
intimated contact, a clear boundary between them was observed. This provides
further evidence of the importance of the formation of the ‘skin” on the fibres during

electro-spinning.

e A discrepancy was observed between the average diameter measurements when

using SEM and TEM.
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e Unfortunately, it was not possible to quantify the fibre volume fraction using the TEM
because the fibres splayed when the sample was impregnated, and the resin cross-

linked in preparation for microtoming.

4.3. Tensile Testing of Randomly Oriented and Aligned PAN

Nano-fibres

4.3.1. Preparation of Randomly Oriented PAN Nano-fibres

The randomly oriented electro-spun PAN fibres were initially produced using the conventional
flat-plate electro-spinning set-up shown in Figure 3.2.1a. In order to produce the tensile test
specimens, a thickness of around 4 um is required, from a practical handling point of view.
This thickness of the mat can be obtained by increasing the electro-spinning time. However,
as shown in Figure 4.3.1a—c, it was found that, when using the flat-plate collector, the
deposition area of the randomly oriented nano-fibres increased with the spinning time. This
is because the electro-spun fibres are produced layer-by-layer, and as the thickness increases,
the ability of the grounded electrode to dissipate charge decreases because the nano-fibre
layers are not as conductive as the metal foil. Moreover, as the thickness of the nano-fibre
layer increases, it makes it more difficult for the residual charges on the surface of the fibres
to be dissipated. All these factors result in reduced electric field attraction from the tip of the
needle to the centre of the collector. These issues increase the whipping area of the polymer
jet, thereby increasing the fibre deposition area. This is illustrated in Figure 4.3.1a—c where

the electro-spinning time was increased sequentially from 1, 5 and 10 minutes.
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Figure 4.3.1 Photographs showing the increase in the fibre deposition area after electro-

spinning for (a) 1, (b) 5 and (c) 10 minutes.

In this current study, the dimensions of the tensile test specimen had a length of 65 mm and
a width of 6 mm. Figure 4.3.2a shows a schematic representation of the fibre deposition area
when using a flat-plate grounded electrode. The intended perimeter of the tensile test
specimen is superimposed on Figure 4.3.2a. After 30 minutes of electro-spinning, the
thickness of the mat was measured at the centre and the edge (see Figure 4.3.2b) and it was
6 um and 4.8 um, respectively. This thickness variation between the centre and the edge was
1.2 £ 0.2 um over ten independent measurements. Therefore, this geometry was deemed as
not suitable for the test specimens as the thickness is not uniform. Therefore, in order to
produce randomly aligned fibre samples for tensile testing with a relatively uniform thickness

across the length of the specimen, a rotating mandrel was used.
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100 mm 65 mm KT/ I ﬁ
65 mm

Figure 4.3.2 Schematic illustration of: (a) the dimension of the designated sectioning area of
a tensile test specimen; (b) the cross-sectional view of the thickness of the specimen

measured at the centre and the edge.

Randomly oriented fibres can be collected on a rotating mandrel when the rotation speed is
significantly slower than the whipping speed of the jet [14]. In the current case, the slowest
possible speed was 50 rpm. SEM micrographs of the fibre produced using the flat-plate
collector and the low-speed rotating mandrel are shown in Figure 4.3.3a and b, respectively.
The average diameter of the flat electrode and 50 rpm rotating mandrel were 366.1 and 367.4

nm, respectively, and the standard deviation was 51.3 nm and 50.3 nm, respectively.

The details of how the randomly oriented fibres were sectioned and removed from the

aluminium foil was described in Section 3.3.2.
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Figure 4.3.3 SEM micrographs overlaid with diameter distribution plots showing electro-spun
PAN fibres produced using: (a, a’) the conventional flat electrode set-up and (b, b’) the

rotating mandrel that was operated at 50 rpm.

Overall Summary

e In general, electro-spun nano-fibres mats are produced using a flat plate grounded

collector.

e Inthe current study, it was established that samples produced on a flat plate grounded
electrode had a variable thickness from the centre (directly below the needle) to the

outer perimeter.
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e Arotating mandrel of diameter 10 cm operating at 50 rpm was used to produce tensile

test specimens with a relatively uniform thickness across the gauge length.

4.3.2. Assessment of the Tensile Test Specimen using SEM

A typical cross-sectional image of a tensile test frame and the end-tab region is shown in Figure
4.3.4a. A uniform bond-line thickness is seen where the average UV resin bonding thickness
was 57 £ 6 um. However, only one side of the test frame is shown due to the delamination of
the other side when it was sectioned in liquid nitrogen. Figure 4.3.4b and c show the end-tab
region of the randomly oriented and aligned tensile test specimens that were impregnated
with the UV resin, respectively. A higher magnification micrograph of Figure 4.3.4c is shown
in Figure 4.3.4d, where it can be seen that each nano-fibre in the bundle is impregnated by

the UV resin.

In order to maintain the desired gauge length, it was important for the UV resin not to wick
into the gauge length region. An example where the end-tab resin adhesive wicked into the
gauge length and impregnated the fibres is presented in Figure 4.3.5a, where super-glue was
used as the end-tab resin. In contrast, when the UV resin was used as the adhesive for the
end-tab, the impregnated area could be controlled to prevent it from wicking into the gauge

length region; this is shown in Figure 4.3.5b.

275



End-tab /
bond line

2022-04-12 HM D85 x200 500 um

2022-04-12 HM D85 x5.0k 20 um

2022-04-12 HM D85 x25k

Figure 4.3.4 The SEM micrograph of: (a) the cross-section of the tensile test frame and the
end-tab region; (b) fractured end-tab region of random nano-fibres; (c) fractured end-tab

region of aligned nano-fibres; and (c’) magnified image of (c).

The cut-edge of the specimen was also inspected using the SEM, where a rotary blade was
used to minimise the damage along the cut-edge of the sample. The edges of the aligned, and
randomly oriented tensile test specimen that were sectioned using the rotary blade are
presented in Figure 4.3.6a and b, respectively. As the fibres in an aligned array are all
orientated in one direction with gaps between fibres, the sample can be cut cleanly parallel

to the direction of alignment, whereas cutting a randomly oriented fibre mat results in a
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smeared edge along the cut axis. However, this sectioning method was developed through
trial-and-error, and it was established that it was one of the most efficient ways of sectioning
the nano-fibre arrays when preparing the test specimens. Figure 4.3.6b and ¢ show that the
level of damage to the edges of the tensile test specimens was significantly lower when the

rotary cutter was used when compared to the use of a pair of scissors.

! inrel |

|

Wicked
end-tab
adhesive

Xl ok
500 pm

A D X200 500 um D9.3 x200

Figure 4.3.5 SEM micrographs showing an example of: (a) super-glued end-tab adhesive that
had wicked through the gauge length region; and (b) UV resin end-tab without any evidence

of wicking of the adhesive.
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NL D89 x25k  30um

NL D89 x25k  30um

Figure 4.3.6 Appearance of the cut-edge of the tensile test specimen corresponding to: (a)
aligned; (b) randomly oriented nano-fibres using a rotary blade; and (c) edge of a randomly

oriented fibre specimen that was cut using a pair of scissors.

Overall Summary

e Arotary blade was found to be the ideal tool for cutting and sectioning the randomly

oriented and aligned PAN nano-fibres.

o The fibres were fully impregnated into the UV resin end-tabs and examined using SEM.
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4.3.3. Effect of the End-tabbing Method on the Tensile Test Results

As described in Section 2.3.1, the tensile test results can be significantly influenced by the end-
tabbing method and quality [222, 223]. The effect of three types of end-tab adhesive (double-
-sided tape, super-glue and UV resin) on the tensile test results was investigated briefly. The
sample preparation methods for the double-sided tape and super-glue are described in
Section 3.4. The solvent used to dissolve the PAN in order to produce electro-spun fibres for
the tensile test specimen in this set of experiments was 99.9% high-purity DMSO supplied by
Sigma-Aldrich, and the effect of the solvent purity on the tensile test result is discussed in

Section 0.

The purpose of the end-tabbed region is to evenly distribute the gripping force through the
frame to the specimen to avoid stress concentrations. After the test specimens were produced,
the thickness of the frame and fibre sandwich structure was measured using a micrometre
screw gauge. As shown in Figure 4.3.7, the average thickness of the test specimen for the
double-sided tape was 0.712 + 0.05 mm, and the thicknesses of the specimen bonded with
super-glue and UV resin were 0.650 £ 0.01 mm and 0.652 + 0.01 mm, respectively. The higher
thickness of the double-sided tape prevented it from fully impregnating each fibre. This causes
the sample with the double-sided tape to be significantly thicker than the thickness (0.65 mm)

across the gauge length.
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Figure 4.3.7 Photograph of the end-tab region using different end-tab adhesives.

The end-tab fabricated from super-glue showed an uneven bond-line. Although the super-
glue selected had low viscosity, the curing time was fast, making the bond-line thickness
difficult to control for each sample. A conventional two-part epoxy/amine resin was also
evaluated. However, the curing time was around 20 hours, and preventing the resin from
wicking into the gauge length region was challenging. Applying heat to accelerate the curing
was considered, but it resulted in unacceptable shrinkage. After a detailed study using the
above-mentioned bonding methods for the end-tab, the UV resin was found to be more
controllable with regard to limiting the impregnation to within the end-tab region, and the

shrinkage was negligible.

Figure 4.3.8 illustrates the stress—strain result for the aligned PAN/DMSO fibres with different
end-tab bonding methods. Here, the cross-sectional area of the specimen was obtained
according to the bulk dimensions measured from each specimen using a micrometre screw

gauge. In addition, the width was determined from a photograph using Image-J software.
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Detailed measurements, as well as the test results of each specimen, are presented in Table

4.16.

As shown in Figure 4.3.8b, In this study, Young’s modulus was measured between 0 and 0.015
(1.5%) strain as the stresses caused some specimens to deform plastically at 0.02 (2%). Using
the sample coded as A21 as an example, the linear fit was obtained at 0.015 strain with the
following equation: y=2714.95x+0.26, and R?>=0.996. The Young’s modulus was calculated to

be 2652.45 MPa. The three types of end-tabbing methods are colour-coded.

The results show that the specimen tested with double-sided tape has the highest failure
strain, with an average of 16 + 2.5%. This end-tabbing method has the lowest ultimate tensile
strength (UTS) of all three. The average UTSs of double-sided tape, super-glue and UV resin
adhesive are 67.4 +2.3,68.8 £ 4.4 and 76.7 + 3.3 MPa, respectively. This is possibly due to the
double-sided tape’s inability to bond the aligned nano-fibre effectively throughout the
thickness. In addition, Figure 4.3.8a illustrates that the tensile test for the specimen bonded
using super-glue is variable, possibly because of the lack of bond-line control across the
specimens, as described above. The lowest failure strain is 33%, one-fourth of the highest
value within the same batch. The specimen bonded with the UV adhesive has the highest
average UTS and Young’s modulus and the lowest average failure strain of all three end-tab
bonding methods. This end-tabbing method was selected for all the subsequent tensile test

specimen preparations.

281



804 —— A22

Supen
Super)
Super)
Double)
Double)
Double)

(2]
o
1

A27
—— A28
A29

>
N
&
P P

Stress (MPa)
N
o

20
04
I L 1 ¥ I 4 1 v 1 ¥ 1 y 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain
60 - >
b
40

© e

o e Ll

= v

» —— A21 (UV)

8 / —— A22 (UV)

= % —— A23 (UV)

0 20 4 / —— A24 (Super)

5 —— A25 (Super)
—— A26 (Super)
——— A27 (Double)
——— A28 (Double)
—— A29 (Double)
0 -+
I ' I ' I N 1 N I
0.00 0.01 0.02 0.03 0.04
Strain

Figure 4.3.8 (a) Stress-strain plots for aligned electro-spun PAN nano-fibres that were end-
tabbed using super-glue, double-sided adhesive tape and a photo-curable UV resin. (b)

Zoomed in of the left part of the traces from (a).
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Table 4.16 Summary of the tensile test results for the aligned electro-spun PAN nano-fibre bundles (see Figure 4.3.8) where three methods were

used to end-tab the samples: super-glue, double-sided tape and photo-curable UV resin.

Aligned As-spun Fibres (Effect of End-tab) (Cross-head speed: 0.1 mm/min; 99.9% DMSO)

Gauge . Young's .
Sample End-tab | Width (m) Length Thickness Area (m?) (Weight (mg) Max Load UTS (MPa) | Modulus Falilure
Number (m) (N) Strain (%)
(mm) (GPa)
A21 uv 0.00609 15 3.90E-06 2.38E-08 0.19 1.84913 77.9 2.96 11
A22 uv 0.00618 15 3.70E-06 2.29E-08 0.18 1.81388 79.3 3.15 11
A23 uv 0.00623 15 4.10E-06 2.55E-08 0.20 1.86353 73.0 2.65 9
Average
(A21-A23) uv 0.006168 15 3.90E-06 2.41E-08 0.19 1.84218 76.7 2.90 10
A24 Super-glue | 0.00636 15 4.20E-06 2.67E-08 0.19 1.74610 65.4 1.71 16
A25 Super-glue | 0.00601 15 3.90E-06 2.34E-08 0.18 1.72904 73.8 2.29 12
A26 Super-glue | 0.00644 15 4.20E-06 2.70E-08 0.19 1.81932 67.3 2.15 11
Average
(A24-A26) Super-glue | 0.00627 15 4.10E-06 2.57E-08 0.19 1.76482 68.8 2.05 13
Double-
A27 . 0.00655 15 4.10E-06 | 2.69E-08 0.18 1.79026 66.7 1.32 16
sided tape
Double-
A28 . 0.00611 15 4.00E-06 | 2.44E-08 0.19 1.70723 69.9 1.39 18
sided tape
Double-
A29 . 0.00632 15 4.20E-06 2.65E-08 0.18 1.74164 65.6 1.65 13
sided tape
Average | Double- | 50aq 15 4.10E-06 | 2.59E-08 | 0.18 1.74638 67.4 1.45 16
(A28-A29) | sided tape ' ’ ' ) ’ ' '
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Figure 4.3.9 Summary of the tensile strength, Young’s modulus and failure strain for aligned
electro-spun PAN/DMSO nano-fibres with the end-tabs of super-glue, double-sided adhesive

tape and a photo-curable UV resin.

Overall Summary

e Significant time and effort was dedicated to developing an end-tabbing method which
was consistent and repeatable. A key requirement was to ensure that the resin did not

wick into the gauge length section of the nano-fibre array.

e UV resin with PET end-tabs in the form of a conventional window frame-based fixture

was used for the tensile tests.

284



e There were no indications of slippage during the test.

e A minimum of 3 tensile samples were tested per batch of 10 specimens produced.

4.3.4. Tensile Testing of Randomly Oriented Electro-spun PAN Nano-fibres

A set of ten (R1 to R10) as-spun randomly aligned PAN nano-fibre specimens were prepared
and tested. The width, thickness and weight of the nano-fibre mat were measured prior to the
test, as summarised in Table 4.17. The stress—strain curves for each test are shown in Figure
4.3.12. Asin the previous section, Young’s modulus was measured at 0.015 (1.5%) strain. Using
R5 as an example, the linear fit is obtained at 0.015 strain with an equation of y=587.22x+0.66

with R?=0.979. In addition, the Young’s modulus was calculated to be 586.14 MPa.

Although the processing conditions of the electro-spun fibres was controlled as precisely as
practically possible, the results show significant scatter. Still, the overall trends of most of the
specimens are similar. From Figure 4.3.10, using specimen R5 as an example, the graph can be
divided into four regions. In region 1, a relatively linear elastic behaviour up to 0.02 strain is
followed by a slight drop in stress. The randomly oriented fibre strip starts to neck and
elongate. As the displacement increases, Poisson’s contraction becomes more prominent. The
longitudinal extension and lateral contraction cause some ‘wrinkles’ to form on the specimen,
as shown in Figure 4.3.10b. This was possibly due to one or more of the following: (i) Since the
fibres were oriented randomly, as the loading increased, the off-axis fibres tried to rotate
towards the vertical loading axis. As a result, a variable tension was imposed on the filaments,
leading to non-uniform extension in the axial, lateral and through-thickness directions. (ii)

While the application of the UV resin was controlled each time visually at a microscopic level,
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the possibility of some of the resin wicking into the gauge length region cannot be ruled out

completely, resulting in the non-uniform loading of the filaments.

In region 2, the stress increases slowly to 0.17 strain, where yielding is observed. The sample
extends without an increase in the load. With conventional solid polymers (not electro-spun),
the neck grows in this region. Upon inspection of Figure 4.3.10c, lateral contraction and
extension of the sample occur over the whole gauge length, as opposed to the growth of the
neck at the expense of the un-drawn regions (as seen in commercial polymers). Furthermore,
in region 3, the stress continues to increase as a function of the displacement. The slopes in

regions 1 and 3 are 0.59 and 0.04 GPa, respectively.

An interesting observation in region 3 was the disappearance of the so-called ‘wrinkles’ with
increasing displacement, which is possible because of (i) the significant forced reorientation
of the filaments with increasing displacement and (ii) a considerable reduction in the intrinsic
porosity within the test specimen due to the realignment of the off-axis fibres and Poisson’s
contraction. Evidence for this reorientation of the randomly oriented fibres in a specimen with
applied load in region 3 is presented in Figure 4.3.10d. The SEM micrographs illustrated in
Figure 4.3.11d were obtained after stopping the tensile test at the desired load/displacement
point and unloading the sample from the machine. Therefore, some relaxation could have

taken place after the specimen was unloaded.

Region 4 represents the gradual fracture of the filaments, generally between 0.9 and 1.1 strain
(see Figure 4.3.12a). This gradual decrease in the load with extension is characteristic when
bundles of fibres are tested in tension where the failure is sequential. All specimens were

fractured at either the top or bottom necking point (see Figure 4.3.10f). Throughout the
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process, Figure 4.3.11a—f (which corresponds to Figure 4.3.10a—f) shows that the post-
fractured specimens displayed a higher degree of oriented fibres when compared to as-spun
fibres. Of note, the SEM micrographs taken at the fracture point of the random fibres show a
relatively low degree of alignment. This could be due to some relaxation and recoiling of the

fibres near the fracture point of the specimen.

An expanded graph of Figure 4.3.12a between -0.05 to 0.35 strain is shown in Figure 4.3.12b.
Clearly, samples R9 and R10 do not follow the trend described in the last paragraph. Elastic
behaviour in region 1 is not observed in R10, and a slow increase in stress, typically observed
in region 2, does not occur in R9 or R10. These results may be due to variations in the humidity
during fibre production between each batch. These two specimens (R9 and R10) were
manufactured from the batch with 14-16% RH, whereas others were produced at around 10—
12% RH (owing to weather conditions). Higher humidity has been reported to result in a poor
fibre—fibre connection, causing lower moduli [147]. Furthermore, the low evaporation rate of

DMSO makes it more sensitive to environmental conditions during production.

The average fibre diameter of the randomly oriented nano-fibre before (Figure 4.3.11a) and
after tensile testing (Figure 4.3.11f) decreased from 367.4 nm to 334.0 nm. However, the
standard deviation increased from 50.3 nm to 54.4 nm. Moreover, the median also reduced
from 370.8 nm to 323.4 nm. These values, again, illustrate the uneven stretching of individual

fibres when tensile testing randomly oriented nano-fibre mat.

Figure 4.3.12a shows that the randomly oriented fibre bundles can be stretched by 90-110%
relative to their original length. The average UTS was 28.1 + 3.5 MPa with an average failure

strain of 83 £ 6%. The Young’s modulus was also calculated at 0.015 strain. The average
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Young’s modulus recorded was 0.49 + 0.14 GPa. This is similar to that reported by Karim et al.
[220] when using 10 wt% PAN and 1 wt% MWCNT in DMF where the UTS was 122 MPa and
the Young’s modulus was 0.4 GPa. In addition, Huang et al. [147] reported maximum UTS and
Young’s modulus obtained were 6.25 MPa and 0.095 GPa, respectively, when spinning
PAN/DMF at 20% RH. On the other hand, the maximum Young’s modulus obtained by Balan
et al. [38] for PAN/DMF was only 0.3 MPa, which is significantly lower than those reported by
other researchers. The differences in tensile test results reported by various researchers, as
well as the result obtained from this current study, particularly in Young’s modulus, indicates
the need for a standardised methods for material and solvent selection, nano-fibre production
and the subsequent techniques used for sample preparation and testing. One possible reason
can be a difference in packing density and porosity of the electro-spun nano-fibre mat due to
processing [455, 456] and environmental conditions [147] during fibre production.
Furthermore, because the tensile properties of the random fibre mat are predominantly
affected by the friction and interaction between fibres when they re-orient themselves under
tension [351], the low packing density may lead to lower fibre—fibre interaction and, therefore,
lower tensile properties. Another reason may be the method used to determine the cross-
sectional area, which is neither straightforward nor standardised throughout the literature
reviewed [38, 147, 457, 458]. A detailed summary of the electro-spinning conditions and
characterisation method of specimen density for nano-fibre bundle tensile testing obtained

by various researchers can be found in Appendix B.
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Figure 4.3.10 Stress—strain trace for sample R5. The coded items are described in the text.
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Table 4.17 Summary of the tensile test data for the randomly oriented electro-spun PAN/DMSO nano-fibre samples.

Random As-spun Fibres (Cross-head speed: 0.1 mm/minute; 99.0% DMSO)

Sample . Gauge Length|_ . Crc?ss- . Young’s . .
Number Width (m) (mm) Thickness (m)| sectional | Weight (mg) [Max Load (N)| UTS (MPa) Modulus [Failure Strain
Area (m?) (GPa)

R1 0.005780 15 5.90E-06 3.41E-08 0.18 1.00432 29.5 0.48 0.88

R2 0.006880 15 5.80E-06 3.99E-08 0.18 0.96124 24.1 0.55 0.95

R3 0.005954 15 5.90E-06 3.51E-08 0.16 1.08938 31.0 0.66 0.89

R4 0.006362 15 6.10E-06 3.88E-08 0.17 1.00223 25.8 0.54 0.86

R5 0.007010 15 6.10E-06 4.28E-08 0.17 1.03197 24.1 0.59 0.79

R6 0.006298 15 6.10E-06 3.84E-08 0.17 1.03536 27.0 0.46 0.79

R7 0.006402 15 5.80E-06 3.71E-08 0.17 0.99723 26.9 0.60 0.83

R8 0.005366 15 5.90E-06 3.17E-08 0.17 0.98789 31.2 0.40 0.80

R9 0.005168 15 6.00E-06 3.10E-08 0.17 1.09877 354 0.38 0.75

R10 0.005780 15 6.00E-06 3.47E-08 0.17 0.97392 28.1 0.18 0.78
(ﬁ‘ie_ﬁlgg) 0.006100 15 5.96E-06 | 3.67E-08 0.17 1.01823 28.3 0.48 0.83
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Overall Summary

e The majority of the samples were photographed, and a video was taken during the

tensile tests.

e In the case of the randomly oriented electro-spun samples, typical necking and

extension was observed.

e Aninteresting observation was made in that the degree of fibre orientation was higher
after testing the samples to failure. This is attributed to the randomly oriented fibres

rotating and attempting to align themselves during tensile loading.

4.3.5. Tensile Testing of As-spun Aligned PAN Nano-fibres

This section reports the tensile testing of aligned as-spun PAN nano-fibres. All tensile test
specimens were prepared using the procedures described in Section 3.4, with the Vee shield
in place. The effect of solvent purity when producing the aligned electro-spun fibres and the
cross-head displacement rate on the tensile properties are presented. Figure 4.3.13 shows the
stress—strain traces of ten aligned electro-spun PAN nano-fibre specimens prepared using 99.0%
purity DMSO supplied by Fisher Scientific. The experiments conducted with two classes of
solvents are summarised in Table 3.1 in Section 3.5.13. As described in Section 4.3.3, the
thickness and width of each nano-fibre specimen in this set of experiments were measured
using a micrometre screw gauge and Image-J using micrographs, respectively. The dimensions
and test results for each specimen are presented in Table 4.18. Again, Young’s moduli were

determined at 0.015 (1.5%) strain. The tensile results of the aligned fibres show significant
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scatter with a similar overall trend to the random fibres, possibly caused by the fluctuation of

environmental conditions inside the electro-spinning chamber during production.

As shown in Figure 4.3.13, using A8 as an example, the tensile test trace of the aligned PAN
nano-fibre can be separated into four regions. Region 1 shows a relative linear elastic
behaviour within 0.015 strain, typical behaviour for this. In region 2, the stress increases with
strain, causing the fibre to begin plastic deformation with strain hardening. As described in
Section 2.3.2, strain-hardening (cold-drawing) results in the polymer chains beginning to
stretch and becoming more oriented along the direction of deformation [234, 239, 278, 282,

292].

The lateral contraction caused by longitudinal extension can be observed in Figure 4.3.13b.
However, it is less evident than the contraction observed from random specimens in Figure
4.3.10. The corresponding SEM micrographs (Figure 4.3.14a—d) show that the gap between
each fibre was reduced with fewer misaligned fibres. The likely reason for lateral contraction
observed in this region (Figure 4.3.12b) is that off-axis fibres become reorientated when
intersecting with other fibres. In region 3, as shown in Figure 4.3.13c, the lateral contraction
becomes more evident. Although necking is typically observed in this region, this was not the
case for this experiment, according to the SEM micrographs. Alternatively, fibres might have
started to fail individually. Possible reasons include (i) fibres with small diameters failing
sooner than those with larger diameters or (ii) uneven distribution of stress along the fibres.
Therefore, the failure strain was determined at the UTS. After 0.45 strain, in region 4, most of
the bundle starts to fail simultaneously, but at a random position inside the gauge length (see

Figure 4.3.13d) within a short strain range of 0.4 and 0.6 strain (see Figure 4.3.15a).
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Figure 4.3.13 Stress—strain trace for sample A8. The coded items are described in the text.
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Figure 4.3.14 (a—d) SEM micrographs corresponding to the photo (a—d) in Figure 4.3.13. Fibre

diameter distribution of (a) and (d) are overlaid on the corresponding SEM.

Furthermore, the SEM micrograph of the fractured fibre ends is shown in Figure 4.3.12d. The
diameter distributions before (Figure 4.3.14a) and after (Figure 4.3.14d) tensile testing
indicate a narrowing with standard deviations of 80.1 nm and 47.7 nm, respectively. The

average fibre diameter decreases from 385.5 nm to 327.2 nm.

For equivalent weights of specimens, the thickness of the aligned fibre test specimens was an
average of 30% thinner than the randomly oriented fibre bundles. This show that the intrinsic

porosity in the aligned fibre bundles is reduced significantly. Figure 4.3.15b shows a relatively
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linear elastic region for the aligned fibre bundles, followed by plastic deformation from
approximately 3—30% strain. The stress of the fibre array increases gradually to a maximum
value of around 70 MPa at about 0.3 strain. The average Young’s modulus at 0.015 strain is
2.07 £ 0.14 GPa. The average tensile failure stress and strain for the aligned electro-spun PAN
fibres are 69.2 + 12.0 MPa and 0.26 + 0.04, respectively. A summary of the tensile data for the
aligned electro-spun PAN nano-fibre bundles is presented in Table 4.18. Referring to Figure
4.3.15, in two of the samples, intermittent load drops are observed, leading to their ultimate
failure stresses. After the UTS is reached, the general trend is the stress decreasing gradually,
but stepwise, as a function of the extension. The observed load drops are possibly due to

variable tension in the specimen introduced at the end-tabbing stage.

The UTS and Young’s modulus of the aligned PAN/DMF nano-fibre array using parallel
electrodes reported by Jalili et al. [36] were 99 MPa and 2.79 GPa, respectively. Similar results
were also represented by Moon et al. [39] when using a high-speed rotating mandrel at a
linear velocity of 9.8 m/s, they reported a UTS of 78.5 MPa and Young’s modulus of 4.3 GPa.
The results reported in the literature show higher UTSs and Young’s moduli than that reported
in this current study but with the same magnitude. A likely reason for this is because of the
different solvents used (DMF compared to DMSO used in this study). Recalling the results of
higher-purity DMSO aligned electro-spun fibre (A21—-A23) illustrated in Section 4.3.3, Figure
4.3.8a, the average tensile test result of the aligned fibre can be affected not only by the type
of solvent but also the purity of the solvent. A higher-purity solvent yielded an 11% higher UTS,
40% higher Young’s modulus and 40% lower failure strain, perhaps caused by the impurities
in the solvent, which affect the fibre formation during electro-spinning. Further experiments

are needed to verify this assumption.
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Figure 4.3.15 (a) Stress—strain plots for the aligned electro-spun PAN nano-fibre bundles. (b)

Zoomed in of the left part of the traces from (a).
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Table 4.18 Summary of the tensile test data and properties for the aligned electro-spun PAN nano-fibres.

Aligned as-spun fibres (Cross-head speed: 0.1 mm/minute; 99.0% DMSO)

Sample . Gauge Length|_ . Cr(?ss- . Young’s Failure Strain
Number Width (m) (mm) Thickness (m)| sectional |Weight (mg) [Max Load (N)| UTS (MPa) Modulus (%)
Area (m?) (GPa)

Al 0.006108 15 4.00E-06 2.44E-08 0.17 1.70816 69.9 2.06 21
A2 0.006018 15 3.90E-06 2.35E-08 0.18 1.68891 72.0 2.10 27
A3 0.005970 15 4.20E-06 2.51E-08 0.17 1.69917 67.8 1.90 28
A4 0.005970 15 4.10E-06 2.45E-08 0.17 1.63697 66.9 2.08 27
A5 0.006508 15 3.70E-06 2.41E-08 0.16 1.69998 70.6 2.14 28
A6 0.006310 15 4.10E-06 2.59E-08 0.18 1.85193 71.6 1.85 24
A7 0.005526 15 4.60E-06 2.54E-08 0.17 1.78227 70.1 2.17 23
A8 0.005802 15 4.30E-06 2.49E-08 0.18 1.72052 69.0 1.90 29
A9 0.005476 15 4.40E-06 2.41E-08 0.15 1.59942 66.4 2.16 18
Al10 0.006158 15 4.10E-06 2.52E-08 0.17 1.70726 67.6 2.31 31

Average

(A1-A10) 0.005985 15 4.14E-06 2.47E-08 0.17 1.70946 69.2 2.07 25
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In contrast with the tensile test result of the randomly oriented PAN nano-fibre bundles
reported in Section 4.3.4, the results of the aligned fibres are superior (see Figure 4.3.16 and
Figure 4.3.17). The UTSs of the aligned fibres are 2.4 times higher, and Young’s modulus is four
times greater than the corresponding values for the randomly oriented fibre bundles. As a
result, the failure strains for the aligned and randomly oriented bundles are 0.26 + 0.04 and
0.83 + 0.06, respectively. The failure strain, on the other hand, is higher for the randomly
oriented specimens. This result is reasonable as off-axis fibres can rotate and realign towards

the loading axis, enabling a higher extension to failure.
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Figure 4.3.16 Comparison of the representative stress—strain trace of PAN-based electro-spun

fibre specimens that were randomly oriented (R5) and aligned (A8).
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Figure 4.3.17 Comparison of the tensile properties of the aligned and randomly oriented fibre

bundles.

Overall Summary

e |t was demonstrated conclusively that the aligned electro-spun PAN fibres have
superior Young’s moduli and ultimate failure stress when compared to the randomly

oriented fibre samples.
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4.3.6. Improving the Tensile Properties of the Aligned Nano-fibres by Cold-

Drawing

4.3.6.1. Effect of Pre-loading the Aligned PAN Nano-fibre Bundles on the Tensile

Properties

As discussed in the literature review in Section 2.3.2, the mechanical properties of polymer
fibres can be improved through cold-drawing [164, 276]. Drawing or pre-stretching the aligned
fibre will increase the molecular alignment primarily in the amorphous regions [40, 285] within
the polymer chain leading to an increase in the tensile properties [35-37, 84, 234, 237, 284].
Ten samples of the aligned nano-fibre were prepared using the lower purity (99.0%) DMSO.
They were pre-stretched to 27% strain which corresponds to a displacement of approximately
4 mm. The cross-displacement rate was 0.1 mm/minute. The temperature and RH were 24 +
2 °Cand 2 + 4%, respectively. The fibre bundle was held under these conditions for two hours.
From the stress-relaxation traces shown in Figure 4.3.19, the stress-relaxation under a
displacement of 4 mm was approximately 30% during the first ten minutes. The average total
stress relaxation after two hours was 39 + 6%. A summary of the relevant parameters for this
series of pre-load tests are summarised in Table 4.19. Samples AP6 and AP4 show the highest
and lowest stress relaxation (55% and 33%, respectively) during the hold-period. When the
sample is loaded and the strain kept constant, stress relaxation occurs at a molecular level
through molecule movement (segmental motion or viscous flow) [459-461], rotation and
rearrangement of the molecule chain when stress is released [462]. The aligned PAN nano-
fibres shows the characteristic of a viscoelastic material [463], and shows a similar trend to

dry-spun and gel-spun PAN fibres as reported by Tan et al. [464].
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Figure 4.3.18 (a) Stress—strain traces for the aligned electro-spun PAN nano-fibre bundles
that were loaded to a displacement of 4 mm and unloaded. The corresponding stress-

relaxation traces are shown in Figure 4.3.19 (below). (b) Zoomed in of the left part of the

traces from (a).
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Figure 4.3.19 Stress-relaxation traces for the pre-loaded samples from Figure 4.3.18 (above).

(b) Zoomed in of the left part of the traces from (a).

304



Table 4.19 Summary of the test specimen details and the pre-loading conditions where the samples were loaded to a displacement of 4 mm,

held at this displacement for two hours before unloading and re-loading to failure.

Preloading and Holding Aligned As-spun Fibres to 4 mm (Cross-head speed: 0.1 mm/minute; 2h holding time) (99.0% DMSO)

Stress Decay|

Gauge . Cross- Max Load | Load Drop | UTS when
Sample . Thickness . . when  [Stress Decay|
Number Width (m) Length (m) sectional |Weight (mg)| when Pre- when Pre-load Holding in %
(mm) Area (m?) load (N) [Holding (N)| (MPa)
(MPa)
AP1 0.006666 15 4.30E-06 | 2.87E-08 0.17 1.72728 0.678 60.3 23.7 39%
AP2 0.006518 15 3.80E-06 | 2.48E-08 0.16 1.56632 0.570 63.2 23.0 36%
AP3 0.006028 15 4.10E-06 | 2.47E-08 0.17 1.65888 0.631 67.1 25.5 38%
AP4 0.006352 15 4.10E-06 | 2.60E-08 0.17 1.69914 0.559 65.2 21.5 33%
AP5 0.005462 15 4.20E-06 | 2.29E-08 0.16 1.64340 0.612 71.6 26.7 37%
AP6 0.006336 15 4.20E-06 | 2.66E-08 0.16 1.66818 0.916 62.7 34.4 55%
AP7 0.005758 15 4.00E-06 | 2.30E-08 0.17 1.55392 0.562 67.5 24.4 36%
AP8 0.005756 15 4.20E-06 | 2.42E-08 0.17 1.67617 0.606 69.3 25.1 36%
AP9 0.006358 15 4.20E-06 | 2.67E-08 0.16 1.56861 0.656 58.7 24.6 42%
AP10 0.005758 15 3.60E-06 | 2.07E-08 0.16 1.45086 0.566 70.0 27.3 39%
Average
(AP1-AP10) 0.006099 15 4.07E-06 | 2.48E-08 0.17 1.62128 0.636 65.6 25.6 39%
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Table 4.20 Summary of the extension for each specimen when the stress was released.

Stress Unload of Preloaded Aligned As-spun Fibres to 0 (Cross-head speed: 0.1
mm/minute)
Stress Unload Stress Unload New Gauge Length

Number Distance (mm) Distance in % (mm)
AP1 0.34447 9% 18.66
AP2 0.39845 10% 18.60
AP3 0.32569 8% 18.67
AP4 0.50850 13% 18.49
AP5 0.36799 9% 18.63
AP6 0.12641 3% 18.87
AP7 0.35197 9% 18.65
AP8 0.37115 9% 18.63
AP9 0.26722 7% 18.73
AP10 0.30656 8% 18.69
Average (AP1-AP10) 0.33684 9% 18.66

At the end of the hold period, the load was returned to ‘zero’ by unloading the sample at 0.1
mm/minute. After the load was returned to zero, the pre-stretched specimens were subjected

to the regular tensile test, where the sample was loaded to failure at 1 mm/minute.

Figure 4.3.20 illustrates the stress-strain traces for the aligned and pre-stretched nano-fibres.
Specimens AP2, AP3, AP4 and AP10 show additional yielding after they were pre-stretched,
unloaded and re-loaded to failure. Table 4.21 summarises the specimen dimensions and
tensile test results for all the pre-loaded specimens after the stress was released. The average
UTS, Young’s modulus and failure strain are shown in Figure 4.3.21. In contrast with the
samples that were not stretched, the average UTS increased by 6%, with the failure strain
being 23% lower. The Young’s modulus of the pre-stretched fibres attained an average of 2.74
+ 4.9 GPa, which is 24.4% higher than un-stretched fibre bundles and 2.25 GPa higher than

the average Young’s modulus of the randomly aligned fibre bundles. Similar findings have
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been reported by a number of researchers, which has been reviewed in Section 2.3.2. They
report that the tensile properties of electro-spun nanofibres can be improved either by
increasing the take-up speed of the rotating mandrel or post-stretching [164, 166, 231, 233,
286, 287] the fibre mat after spinning [37, 84]. The improvement in the tensile test properties
is a result of the increase in uniformity of the polymer chain [288] and molecular chain
orientation during stretching [37, 84, 229, 292]. Thus it follows that pre-stretching the aligned
nano-fibre can improve the tensile properties. However, further work is needed to optimise

this process.
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Figure 4.3.20 Stress—strain traces for the samples from Figure 4.3.18 that were loaded to a
displacement of 4 mm, held for two hours, unloaded (see Figure 4.3.19) and re-loaded to

failure (current Figure). (b) Zoomed in of the left part of the traces from (a).
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Table 4.21 Summary of the relevant data and mechanical properties for the samples that were loaded to a displacement of 4 mm and held for

two hours (see Figure 4.3.20), unloaded and reloaded to failure.

Tensile Test of Preloaded Aligned as-spun fibres (Cross-head speed: 1 mm/minute) (99.0% DMSO)
Cross- Young’s . .
Sample Width (m) Gauge I'engthThickness (m)[ sectional |Weight (mg)[Max Load (N)| UTS (MPa) Modu?us Failure Strain
Number (mm) (%)
Area (m?) (GPa)
AP1 0.006666 18.65553 4.30E-06 2.87E-08 0.17 1.90924 66.6 2.34 28
AP2 0.006518 18.60155 3.80E-06 2.48E-08 0.16 1.85010 74.7 2.74 36
AP3 0.006028 18.67431 4.10E-06 2.47E-08 0.17 1.89978 76.9 2.72 25
AP4 0.006352 18.4915 4.10E-06 2.60E-08 0.17 1.92255 73.8 2.05 17
AP5 0.005462 18.63201 4.20E-06 2.29E-08 0.16 1.87890 81.9 2.65 28
AP6 0.006336 18.87359 4.20E-06 2.66E-08 0.16 2.07383 77.9 3.93 17
AP7 0.005758 18.64803 4.00E-06 2.30E-08 0.17 1.69648 73.7 2.62 15
AP8 0.005756 18.62885 4.20E-06 2.42E-08 0.17 1.84515 76.3 2.56 9
AP9 0.006358 18.73278 4.20E-06 2.67E-08 0.16 1.82168 68.2 2.75 7
AP10 0.005758 18.69344 3.60E-06 2.07E-08 0.16 1.68246 81.2 3.07 21
Average
(AP1-AP10) 0.006099 18.66315 4.07E-06 2.48E-08 0.17 1.85801 75.1 2.74 20
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Figure 4.3.21 Comparison of the tensile properties of the pre-loaded and aligned, aligned

without pre-load and the randomly oriented electro-spun PAN nano-fibre bundles.
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4.3.6.2. Effect of the Pre-load Time on the Tensile Properties

In this set of experiments, due to the discontinuation of the low-purity DMSO solvent, the
electro-spun nano-fibre were produced using higher purity DMSO (99.9%). As described in
Section 0, the nano-fibres made with the higher purity DMSO had a higher Young’s modulus
with lower failure strain. On this occasion, with reference to the result reported in Table 4.16
and Figure 4.3.8 (Sample number A21-A23), the fibre prepared with high purity DMSO
generally reached their UTS around 13.3% strain. Therefore, the pre-stretch displacement was
altered from 4 mm to 2 mm as it was not possible to guarantee that all the test specimens
would survive a displacement of 4 mm. The hold-periods for this set of experiments at a

displacement of 2 mm were 1, 2 and 4 hours.

A further change was made to the test procedure in relation to the previous case where the
load was released before reloading to failure. Here, the sample was not unloaded after the
hold-period. Instead, it was loaded to failure immediately after the hold-period. This was done

to minimise any further relaxation of the pre-stretched samples during the unloading phase.

Figure 4.3.23 illustrates the stress-relaxation during the hold-period at a displacement of 2
mm, which can be used to characterise the viscoelastic properties of the material [464, 465].
The dimensions of each test specimen and the corresponding data are presented in Table 4.22.
As expected, the magnitude of the stress relaxation was higher with increasing time. The stress
relaxation was significant in the first hour, where the average relaxation was 33 + 2% when
compared with corresponding starting values. It dropped a further 2.5%, 1.8% and 1.3% in the

second, third and fourth hour, respectively.
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Figure 4.3.22 Stress—-strain traces for the aligned electro-spun PAN nano-fibre bundles that

were loaded to a displacement of 2 mm and held for 1, 2 and 4 hours from Figure 4.3.23

(below). (b) Zoomed in of the left part of the traces from (a).
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Figure 4.3.23 Stress-relaxation traces for the pre-loaded samples from Figure 4.3.22 (above).

(b) Zoomed in of the left part of the traces from (a).
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Table 4.22 Summary of the test specimen details and the pre-loading conditions where the samples were loaded to a displacement of 2 mm,

held at this displacement for 1, 2, and 4 hours and re-loading to failure.

Preloading and Holding Aligned as-spun fibres to 2 mm (different holding time) (Cross-head speed: 0.1 mm/minute) (99.9% DMSO)

(AP17-AP19)

] Load drop Stress ,
sample Ho.ldlng . Gauge Thickness Cr?ss- Weight Max Load when UTS when| Decay Stress | Young’s
Number Time [Width (m)| Length (m) sectional (m) when pre- holding Pre-load | when Decay | Modulus

(hour) (mm) Area (m?) load (N) (N) (MPa) Holding in% (GPa)
(MPa)
AP11 1 0.00626 15 3.90E-06 | 2.44E-08| 0.19 1.80386 | 0.63575 73.9 26.0 35% 2.67
AP12 1 0.00632 15 4.00E-06 | 2.53E-08 | 0.18 1.74890 | 0.55909 69.2 22.1 32% 2.70
AP13 1 0.00612 15 3.80E-06 | 2.33E-08| 0.18 1.72915 | 0.54920 74.4 23.6 32% 2.52
Average
(AP11—AgPl3) 1 0.00623 15 3.90E-06 | 2.43E-08| 0.18 1.76063 | 0.58135 72.5 23.9 33% 2.63
AP14 2 0.00615 15 3.60E-06 | 2.21E-08 | 0.17 1.84575 | 0.66066 83.4 29.8 36% 2.21
AP15 2 0.00611 15 4.00E-06 | 2.44E-08| 0.19 1.82078 | 0.68166 74.5 27.9 37% 2.50
AP16 2 0.00626 15 4.10E-06 [ 2.57E-08 | 0.19 1.91669 | 0.62507 74.7 24.4 33% 2.44
Average
(AP14—AgI>16) 2 0.00617 15 3.90E-06 | 2.41E-08| 0.18 1.86107 | 0.65579 77.5 27.4 35% 2.38
AP17 4 0.00607 15 3.70E-06 | 2.25E-08 | 0.18 1.80603 | 0.68764 80.4 30.6 38% 2.30
AP18 4 0.00636 15 3.80E-06 | 2.42E-08| 0.19 1.91817 | 0.6995 79.4 28.9 36% 2.31
AP19 4 0.00624 15 4.00E-06 | 2.50E-08 | 0.18 1.88870 | 0.79828 75.7 32.0 42% 2.55
Average | 4 | o0o00622 | 15 |3.836-06|239E-08| 018 | 187097 | 072847 | 785 | 305 | 39% | 239
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Stress—strain plots for pre-stretched aligned fibre specimens at different holding periods are
shown in Figure 4.3.24. The dimensions, test conditions and test results for each of the
samples are summarised in Table 4.23. The tensile test without releasing the stress shows a
significantly lower failure strain when compared to the previous case. Unlike the stress-strain
traces seen in Figure 4.3.25 (reported in the last section), the behaviour seen in Figure 4.3.24
is different where the load drops off after the peak stress is reached. Increasing the hold-
period did not show a clear effect on the failure strain. The failure strain can be influenced by
the environmental conditions during fibre formation. Since the range of failure strains is low,
and all samples show similar behaviour, it is reasonable to assume that this small variation is
due to environmental conditions. Samples A21-A23 were not pre-stretched, and they are
represented in Figure 4.3.26 as 0 hours on the X-axis. Cold-drawing of the fibres and holding
them at a displacement of 2 mm for 1 hour showed a small increase in the UTS. However, the
average value of Young’s modulus was increased from 2.91 + 0.28 GPa to 5.15 + 0.05 GPa. This
represents an increase of 77%. The average value for the UTS and Young’s modulus increase
with holding time to a maximum of 88.97 + 4.22 MPa and 5.80 + 0.31 GPa, respectively, after

4 hours of holding.
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Figure 4.3.24 Stress—strain traces for the samples from Figure 4.3.22 that were loaded to a
displacement of 2 mm, held for 1, 2 and 4 hours (see Figure 4.3.23), and re-loaded to failure

(current Figure). (b) Zoomed in of the left part of the traces from (a).
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Table 4.23 Summary of the relevant data and mechanical properties for the samples that were loaded to a displacement of 2 mm with different

holding time, loaded to failure immediately after the hold-period (see Figure 4.3.24).

Preloaded Aligned as-spun fibres (different Holding time study) (Cross-head speed: 1 mm/minute) (99.9% DMSO)

Holding Gauge . . Starting Young’s .
l\slzr:qpbl:r Time |Width (m)| Length Thlzzlr:‘r;ess Area (m?) V\(l::i;‘t Ma)((l\:.)o ad Stress |UTS (MPa)| Modulus St':il:;;)
(hour) (mm) (MPa) (GPa)
AP11 1 0.00626 17 3.90E-06 | 2.44E-08 0.19 1.89025 46.9 77.4 5.12 1.5
AP12 1 0.00632 17 4.00E-06 | 2.53E-08 0.18 1.96944 46.6 77.9 5.12 13
AP13 1 0.00612 17 3.80E-06 | 2.33E-08 0.18 1.8886 50.2 81.2 5.21 2.0
Average
(AP11-AP13) 1 0.00623 17 3.90E-06 | 2.43E-08 0.18 1.91609 47.9 78.8 5.15 1.6
AP14 2 0.00615 17 3.60E-06 | 2.21E-08 0.17 1.88023 53.4 84.9 5.59 1.7
AP15 2 0.00611 17 4.00E-06 | 2.44E-08 0.19 1.90079 46.5 77.8 5.15 1.5
AP16 2 0.00626 17 4.10E-06 | 2.57E-08 0.19 2.38629 50.2 93.0 5.33 2.9
Average
(AP14-AP16) 2 0.00617 17 3.90E-06 | 2.41E-08 0.18 2.05577 50.0 85.2 5.36 2.0
AP17 4 0.00607 17 3.70E-06 | 2.25E-08 0.18 2.07381 49.6 92.3 6.00 2.0
AP18 4 0.00636 17 3.80E-06 | 2.42E-08 0.19 2.03572 50.4 84.2 5.44 2.0
AP19 4 0.00624 17 4.00E-06 | 2.50E-08 0.18 2.25493 43.5 90.3 5.97 1.6
Average
(AP17-AP19) 4 0.006223 17 3.83E-06 | 2.39E-08 0.18 2.12 47.8 88.93 5.80 1.9
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Figure 4.3.25 Comparison of the tensile properties of the fibre were loaded to a displacement

of 2 mm, held for 1, 2 and 4 hours. Oh stands for the fibres that were not pre-loaded (sample

A21-A23). The colours of the best-fit line equation and R? values between 1 and 4h

Overall Summary

e With reference to one of the original research hypotheses, it was shown that post-

treating the electro-spun PAN nano-fibres by stretching is a viable method to increase

correspond to those indicated in the legend.

Young’s modulus and ultimate tensile strength.
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4.3.7. Tensile Testing of Aligned Heat-treated Nano-fibres

4.3.7.1. Determining the Fibre Cross-sectional Area Using TEM

As described in Section 4.2.3.3, the cross-sectional area of the fibre bundle can be obtained
using TEM. Using these TEM micrographs, the actual cross-sectional area of the fibre bundle
is estimated by multiplying the average cross-sectional area of the fibre by the number of
fibres. Figure 4.3.26 shows a pair of solid lines that represent the thickness boundary of the
test specimen. The two perpendicular dotted lines represent an 8500 nm width boundary. By
counting the number of fibres over a certain distance along the width of the sample and
multiplying the average cross-sectional area of a single nano-fibre, the total cross-sectional
area of the test specimen can be estimated. An average of ten TEM images was evaluated

from each test specimen, as summarised in Table 4.24 and Table 4.25.

To compare the tensile test results of heat-treated fibres to as-spun fibres, the cross-sectional
areas of aligned as-spun fibres A21-A23 were recalculated using the TEM method (T, which
stands for TEM, is added to the sample code). The cross-sectional area measured using the
TEM method was 2.5 times lower than that calculated from the thickness obtained from the
micrometre screw gauge. The UTS and Young’s results show significant increases, reaching

195.1 £ 10.4 MPa and 7.4 £ 0.7 GPa, respectively.

However, Young’s modulus obtained using the TEM method was still 72% lower than that of
a single PAN/DMF nano-fibre obtained by AFM cantilever, as reported by Yuya et al. [241].
The accuracy of the TEM method for determining the fibre volume fraction needs to be

improved in future work.
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Figure 4.3.26 Example showing the fibre counting method, where the desired area is drawn
on the TEM micrograph to determine the fibre volume fraction and cross-sectional area of

the sample.
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Table 4.24 Summary of the specimen details obtained by TEM, the mechanical property results and tensile test data for the samples A21T-A23T.

Tensile Test of Aligned PAN Nano-fibre (Cross-head speed: 1 mm/minute) (99.9% DMSO)

Thickness [Bulk Area Average | Total ,
. Gauge . Number | Number | Average | Cross- Young’s .
Sample Width Obtained of . . . . Max Load Failure
Length . of Fibres | of Fibres |Fibre Area| sectional UTS (MPa)| Modulus .
Number (1um) from TEM|Specimen 2 ) (N) Strain (%)
(mm) (um) (um?) per 25 per (nm?) |Area (m?) (GPa)
H H pum? Sample
A21T 609 15 19.2 11692.8 246 115057 | 86517.6 [ 9.95E-09 | 1.84913 185.8 7.06 10
A22T 618 15 18.6 11494.8 240 110350 | 79672.6 | 8.79E-09 | 1.81388 206.3 8.19 11
A23T 623 15 18.9 11774.7 251 118218 | 81686.3 | 9.66E-09 | 1.86353 193.0 6.85 9
Average
17 1 18. 11654.1 24 114542 2625. A7E- 1.8421 195. 7.37 1
(A21T-A23T) 6 5 8.9 65 6 5 82625.5 |9 09| 1.84218 95.0 3 0
A21 609 15 2.38E-08 | 1.84913 77.9 2.96 10
A22 618 15 2.29E-08 | 1.81388 79.3 3.15 11
A23 623 15 N/A 2.55E-08 | 1.86353 73.0 2.59 9
Average
17 1 2.41E- 1.8421 76.7 2. 1
(A21-A23) 6 5 08| 1.84218 6 90 0
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4.3.7.2. Tensile Properties of Oxidised and Carbonised Aligned PAN Nano-fibres

The stress—strain traces for the heat-treated aligned PAN nano-fibres are shown in Figure
4.3.27. Compared to the stress—strain traces obtained for the as-spun fibres, the yielding
region is no longer observed, and the fibre exhibits brittle fracture. In this case, the Young’s
modulus was measured at 0.009 strain. As shown in the result reported in Table 4.25, the
average failure strain is significantly reduced from 0.1 + 0.01 for the as-spun aligned fibres to
0.02 + 0.002 when fibres were oxidised at 300 °C. Moreover, the samples carbonised at 600
and 900 °C show load drops prior to catastrophic failure. This type of failure is typical of the

weaker fibres failing and the load being imposed on the surviving fibres.

Figure 4.3.27 shows that increasing the carbonisation temperature reduces the failure strain
and improves Young’s modulus from 7.4 + 0.7 GPa (as-spun fibre) to 37.2 + 1.1 GPa
(carbonised at 900 °C). With reference to the TEM and Raman spectroscopy results reported
in Section 4.2.3.2, the formation of ordered graphitic structures is the main reason for this
improvement. Compared with others reported in the literature summarised in Appendix C,
this is the highest value reported at this temperature when the tensile properties are assessed
using a universal tensile test machine. Again, this demonstrates that applying load during

stabilisation and carbonisation can improve the formation of graphitic carbon.
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Figure 4.3.27 Stress—strain traces for aligned PAN nano-fibre samples heat-treated at
different temperatures. The cross-sectional areas of the samples were measured using the

relevant TEM micrographs. (b) Zoomed in of the left part of the traces from (a).
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Figure 4.3.28 Comparison of the tensile properties of aligned PAN nano-fibre samples heat-
treated at different temperatures. The cross-sectional areas of the samples were measured

using the relevant TEM micrographs.

The UTS of the sample was also found to increase with the heat-treatment temperature. The
average UTS, failure strain and Young’s modulus are summarised in Table 4.25. The UTS and
Young’s modulus of aligned PAN-base carbon nano-fibre bundle heat-treated at 1000 °C
reported by Zhou et al. [312] were 325 + 15 MPa and 40 + 4 GPa, respectively, which are
similar to those obtained from heat-treatment at 900 °C in this study. However, the values are
still one-half to one-third of the results obtained from tensile testing of single carbon nano-

fibre [242, 248], as reviewed in Section 2.3.
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The SEM micrograph of the failure point of stabilised and carbonised PAN nano-fibres is
illustrated in Figure 4.3.29a-c. In contrast with the fracture point of as-spun fibres shown in
Figure 4.3.14d, the fracture surface of the fibre stabilised at 300 °C is relatively flat and clean,
with small sectioned broken fibres visible. An increasing amount of smaller broken fibres are
seen along the fracture surface as the temperature increases to 600 °C and 900 °C, which

indicates that the fibre becomes increasingly fragile at increased temperatures.

Overall Summary

e Conclusive proof can be found in Figure 4.3.28 that heat-treating the aligned electro-
spun nano-fibre under tension increases the tensile strength and the Young’s modulus.
These properties increased as a function of the heat-treatment temperature from

300-900 °C.
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Table 4.25 Summary of the specimen details obtained by TEM and the mechanical properties result for the samples with different heat-treat

temperatures.
Tensile Test of Heat-treated Aligned PAN Nano-fibre (Cross-head speed: 1 mm/minute) (99.9% DMSO)
Thlcl(nes Bulk Average | Total Average
Sample Heat- Width | Weight Gauge Obtained| Area of Nur.nber Nurpber Fibre Cr?ss- Max uTsS Young's Fallu-re
treatment Length . of Fibres | of Fibres sectional Modulus| Strain
Number o (um) | (mg) from |Specime Area »|Load (N) [ (MPa)
Temp (°C) (mm) x| per25 per » |Area (m?) (GPa) (%)
TEM | n(pm?) ) (nm?)
um Sample
(nm)
A300 1 300 | 359 | 011 | 15 | 165 |5923.5| 427 [101173[64963.2[6.576-09] 2.0 [ 2992 | 130 [ 27
A300 2 300 |362| 011 | 15 | 16.1 | 58282 441 |[102809 [64242.4l6.60e-00] 1.8 | 2800 | 126 | 2.7
A300 3 300 | 356 | 0.12 | 15 | 159 |5660.4| 455 |103019 [67886.7[6.99e-00] 1.8 | 2557 | 132 | 22
(:gggaf_z) 300 |359 | 011 | 15 | 162 |5804.0| 441 |102334|65697.4l6.72E-09] 1.9 | 2783 | 129 | 25
A600 1 600 | 244 | 010 | 6.7 | 135 [3294.1| 883 |[116344[2288532.66E-09] 0.8 | 2878 | 132 | 20
A600 2 600 | 241 | 0.09 | 6.7 | 13.7 |3301.7| 891 |[117673[213825p.526-00] 09 | 3460 | 172 1.9
A600 3 600 | 237 | 0.09 | 6.7 | 13.4 |31758| 902 |114583[23778.7[.72e-09] 08 | 2762 | 150 | 20
(:gggalg_:) 600 | 241 | 0.09 | 6.7 | 135 |3257.2| 892 |116200|22682.1[2.63E-09| 0.8 | 3033 | 151 | 20
A900 1 900 | 207 | 0.07 | 6.7 | 125 | 2587.5| 1011 [104639| 8576.7 [8.97e-10] 0.4 | 4010 | 384 1.0
A900 2 900 | 214 | 008 | 67 | 12.1 | 2589.4| 1054 |109169 | 7697.7 [8.40e-10] 03 | 393.1 | 36.8 1.2
A900 3 900 | 218 | 007 | 67 | 122 [ 2659.6 | 1004 |106810[10207.0[1.09e-09| 0.4 | 3402 | 36.4 1.1
( :gggaf_‘;) 900 | 213 | 007 | 67 | 122 |2612.2 | 1023 |106873 | 8827.1 [9.42E-10 0.4 | 3781 | 372 | 11
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Figure 4.3.29 SEM micrographs of the fracture surface of aligned PAN nano-fibre array heat-
treated at (a) 300 °C, (b) 600 °C and (c) 900 °C. (a’—c’) Magnified cross-sectional view of (a—c),

respectively.
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5.CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

5.1. Conclusions

(i) Electro-spinning: A new electrode configuration was modelled, designed and constructed
to enable the production of aligned PAN nano-fibre bundles. PAN was selected because it is
the primary precursor for the manufacture of carbon fibres. Unlike the majority of the
research reported in the literature, the solvent that was used in the current study was DMSO.
It was selected because it is non-toxic when compared to other commonly used solvents such
as DMF and DMAc. The current study is the first reported electro-spinning technique where
aligned fibres can be extracted and spooled continuously. This is an important development
because post-processing the aligned fibres is possible. This includes cold-stretching to increase

the degree of molecular alignment of the polymer chains.

(i) Degree of fibre alignment: The degree of fibre alignment was established using image
analysis where approximately 91% of the fibres were deposited to within 3°. This is one of the
highest reported to-date but with an added unique advantage that the aligned fibres can be
extracted continuously in a practical and efficient manner. When the spooling rig was used,

78% of the fibres were aligned to within 3°.

(iii) Enhancing the tensile strength and Young’s modulus of the electro-spun fibres: In the
past, it was assumed that the extensive whipping and resultant stretching of the electro-spun

polymer should enhance significantly the molecular alignment of the polymer chains.
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However, it is now established that the mechanical properties of the electro-spun fibres are
significantly lower than expected. Therefore, in the current study, experiments were designed
to identify techniques for post-processing the aligned electro-spun fibres with a view to
increase their mechanical properties. The post-processing technique used including three
forms of cold-drawing: (i) the specimen was strained to a constant value and the stress
relaxation was monitored for a specified time, the samples were unloaded and reloaded and
tested to failure; and (ii) the specimen was strained to a specific value, held for a specified
time and then loaded to failure; and (iii) the specimen was strained to a specified value, the
hold period was varied and each was tested to failure. The Young’s modulus and the ultimate
tensile strength of the as-spun and cold-drawn fibres were 2.9 £ 0.28 GPa and 76.7 £ 3.3 MPa,

and 8.5 £ 0.3 GPa and 88.9 £ 4.2 MPa, respectively.

(iv) End-tabbing the tensile test specimens: The tensile testing of the electro-spun fibres was
made possible by the extensive trials that were carried out to establish the optimum way to
end-tab the specimens. Reports in literature generally use superglue or double-sided adhesive
tape to tensile test bundles of randomly oriented and aligned fibres. In the current study it
was demonstrated that photo-curable UV resin was the ideal end-tab material because: (i) it
was possible to prevent the resin from seeping into the fibres in the gauge length region; (ii)
the viscosity was such that it could be applied precisely over the end-tab region; and (iii) the

shrinkage upon UV irradiation to cross-link the resin was minimal.

(v) Custom-designed rig for heat-treatment and the application of a load during oxidation
and carbonisation: The oxidation and carbonisation of the electro-spun PAN samples was a

challenge for many reasons. A rig was required to enable the specimens to be secured and a
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defined load applied during oxidation and carbonisation. The load was required to
compensate for the shrinkage that occurs when PAN is oxidised and carbonised. The rig is best
described as a slotted graphite tube where the aligned fibres were bonded to it at one end
using a high-temperature adhesive. The opposite end of the fibre was bonded to two graphite
loading blocks with a series of partially drilled holes. Sections of alumina rods were positioned
in the holes to provide the required load for the electro-spun fibre bundles. This was used for
the oxidation at 300 °C in air and 600 °C and 900 °C in nitrogen. The rig was designed for use
up to 1200 °C but the fibres proved to be too fragile for manual handling at this temperature.

Nevertheless, the rig design was unique.

(vi) Tensile properties of the heat-treated fibres: The Young’s modulus and the ultimate
failure stress increased as a function of the heat-treatment temperature. For example,
Young’s modulus increased from 7.4 + 0.7 GPa (as-spun fibre) up to 37.2 + 1.1 GPa (carbonised
at 900 °C). In the case of the ultimate tensile failure stress, it increased from 195.0 + 10.2 MPa
to 378.1 1+ 33.1 MPa for the as-spun and carbonised samples at 900 °C. These values represent

one of the highest reported in the literature.

(vii) Conventional analytical characterisation: Raman spectroscopy and XRD were used to
characterise the graphitic and sp? characterised of the carbonised PAN fibres. Both techniques

verified that the graphitic characteristic increased as a function of processing temperature.

(viii) Versatility of the Vee-shield technique to produce aligned nano-fibres: The technique
was used with a number of common synthetic and a natural polymer to produce highly-

aligned nano-fibres.
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(ix) In-situ production of unidirectional and angle-ply layers: The feasibility of producing

angle-ply preforms was demonstrated by rotating the Vee-shield manually.

(x) Scale-up: The technology developed on the custom-designed laboratory electro-spinner
can be scaled up to an industrial scale machine that was co-designed with an industrial

company.

5.2. Recommendations for Future Work.

(i) Appropriate advanced analytical techniques, such as 2D WAXD as well as polarised FTIR,
should be used to study the microstructure and to establish the degree of molecular
orientation in the skin and the core of electro-spun fibres. Such a study will also enable the
effects of processing parameters on the subsequent properties of the oxidised, carbonised
and graphitised nano-fibres to be studied. Optical fibre sensors can also be used to enable in
situ spectroscopic analysis to be undertaken to establish as to why the overall crystallinity and
mechanical properties of electro-spun fibres are inferior to those manufactured using

conventional melt and solvent spinning.

(ii) A furnace should be designed to enable continuous spooling and in situ heat-treatment of
the electro-spun fibres in a nitrogen/inert atmosphere under controllable tension. Since the
elimination of oxygen is a prerequisite for carbonisation and graphitisation, a chamber should
be constructed to house a spooling unit. The chamber should be designed to enable easy
loading and unloading of the spools containing the electro-spun fibres. Conventional fibre

tension-controllers can be used to maintain the required tension. The furnace can be
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instrumented with non-contact optical fibres to enable real-time near infrared and Raman

spectroscopy to study the chemical conversion processes.

(iii) A suitable technique needs to be developed to measure the thickness and width of electro-
spun strips where the intrinsic porosity does not interfere with the measurements. This is a
fundamental problem that needs to be addressed because any technique that applies a
mechanical force to an array of the nano-fibres will induce compaction of the as-spun PAN
fibres. The problem after carbonisation is that the fibres become extremely sensitive to
handling. The weight and density of the nano-fibre bundles should be measured, per batch,
and this should be used to normalise the tensile data. Other techniques that should be
considered include gas pycnometry and mercury porosimetry. These conventional techniques
should be used to develop a technique where the sample is vacuum-bagged and where

interferometry is used to compute the thickness as a function of the applied vacuum.

(iv) A practical technique needs to be developed to quantify the fibre volume fraction within
an electro-spun nano-fibre strip. This can potentially be done by creating nano-fibre
composites with fibres pre-loaded under tension and vacuum infusion used to create a
composite. The TEM-based technique developed in this current study can be used to measure

the fibre volume fraction.

(v) Catalysts need to be developed to reduce the carbonisation, and eventually, the
graphitisation temperatures, for example: nickel acetate tetrahydrate (NiAc) [466].
Components such as graphene [467] and multi-walled carbon nanotubes (MWCNTSs) [272, 468]
have been used previously to increase the carbon yield and to increase the crystallinity and

the mechanical properties of carbon fibres. Alternatively, microwave heating can be used to
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reduce the overall energy consumption during oxidation, carbonisation and graphitisation.

Sensors can also be integrated to study the chemical changes in real-time.

(vi) The Vee-shield technique should be applied to natural polymers, such as lignin and
cellulose as petroleum is a finite resource, and there is a global drive to develop bio-based
precursors for the production of carbon fibres. However, there are issues with natural
polymers such as as-received lignin such as: (a) their polymer dispersion index (PDI) is too
large when compared to synthetic polymers, and this needs to be addressed; (b) the effect of
the inorganic content on electro-spinning needs to be studied; and (c) the intrinsic variability,
depending on the source of the lignin, needs to be addressed. The Vee-shield method is
versatile in that the processing parameters can be optimised to produce nano-fibres
continuously. Furthermore, multiple spinnerets can be used to produce fibre arrays in the

required volume.
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APPENDIX A

Table A Summary of the main techniques that have been reported in the literature for producing aligned fibres during electro-spinning.

Feed rate | Potential Collector
Set- Material Solvent WD SEM Ref
et-up ateria olven (mi/hour) (kV) (cm) Parameter eference
Mechanical Based Fibre Alignment
Rotating
Collagen HFP 0-25 15-30 10-15 speed: 500— [63]
2500 rpm
Rotating
1 0,
0 ‘I’)"S/ V% DMF 6-78 10-30 10 speed: 500~ [132]
2500 rpm
Rotating
1 9 1
iX’I\tIA’ DMF N/A 8-16 3136”d speed: 3.5— [166]
12.3 m/s
Rotating
0,
> Wi TFE 0.1-0.7 5-15 15 speed: 100- [19]
PLLA
800 rpm
3wt% Rotating
hlorof . 1 12 14
PEO Chloroform 0.3 > speed: 8 m/s [14]
12-21 DMF/aceton Rotating
1 25-30 20 169
wt% PVDF e speed: 16 m/s [169]
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359

Rotating
7:27 g/t Dioxane 0.1-0.5 11 30-70 | speed: 400- [170]
PLA
1000 rpm
15-20
wt% pvDF | DMAC 20
18 Wt % Take-up
W DMF 1 15 20 speed: 0.05 [469]
PVA
m/s
5 wt%
PAN DMF 15
B Take-up
) . 20 wt% | DMF/aceton speed: 50—
N 3 PLGA : 3 21 20 -00 [470]
mm/minute
26-30
Take up
wt% 6000-
PAI/PTAC DMSO/THF 9000 8-15 N/A speed: 1000- [471]
1500 rpm
M
Vortex hole
0.08-0.1 DMAc/aceto dlanr]r?;er: ’
g/ml 1-15 12 10-20 [472]
PVDF ne
Take up
speed: N/A
8 wt% PLA | chloroform 0 0 N/A Spinneret [181]
Rotating




5wt% | Distilled speed: 4000~
PEO water 12000 rpm
8 wt% Distilled
PAA water
0,
14 Wt.A Acetic acid
gelatin
Spinneret
5-6 wt% | chloroform/ Rotating
PLA DMF 0.25 >-30 34 speed: 1800 [473]
rom
Spinneret
20-27.5 | DMF/aceton Rotating
wt% PVDF e N/A 12-15 25-30 speed: 100- [182]
400 rpm
Spinneret
17 wt% Rotating
PAN DMF N/A 40 13-17 speed: 1900 [183]
rom
Spinneret
PS THF N/A 3 2.5 Rotating [180]
' speed: 420
rom
Electro—spinning Under a Controlled Electric Field
OAlg/ml | o hol 0.2 5 7.6 Gap width: 1 [149, 150]
PVP cm
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[184]

[187]

[186]

[204]

[185]

[474]

[475]

4.5 wt% Distilled Gap width: 3—
PEO water N/A 12 40 18 cm
50 v/v% Gap width: 2
PEG:PEO L5 10 3 mm
9 wt% Distilled Gap width: 5—
PVA water N/A 15 10 6cm
16 w/v% Distilled Gap width: 1-
PVA water N/A 20-25 1.6 45 mm
11-19 Distilled Gap width 5-
wt% PVA water N/A >-15 9 20 mm
15 wt% Gap width: 2
PVDE DMF 1.5 25 10 om
0.12 g/ml | Chloroform/
PCL methanol 1 1 =15
12 wt% DMF/aceton Gap width: 1-
PVDE . 0.3 5.5-16 10-30 60 em
Chloroform: Ring gap
9 wt% PCL ' 0.1 15 N/A width: 4-10
Methanol m

[188]
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[476]




Use of
0,
20P\2/EA DMF/MC 0.6 14 1.6 inclined gap [190]
configuration
D 15 wt% 2, 6,10, 60° inclined
PPEK NMP 20 8-18 30 gap electrode [477]
45° inclined
20 wt% gap with
PVDF DMF 0.6 14 0.5 serrated-edge [151]
collector
I Gap width: 1-
3cm
8 wt% Auxiliary
’ LA | Chloroform 5 15-25 N/A lootrnns [18]
: had 6—-15kV
/7 potential
7-15 68 cm long
r__.‘ w/v% PAN DMF N/A N/A N/A metal sheet [478]
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Dlistilled
. 9 M ble flat
25WE% |\ ter/ethan | 0.12-0.3 4-7 10 oveable fia [206]
i PEO | plate collector
Hybrid Alignment Methods
10 wt% Distilled Flat plate
_ 152
I‘ PEO water N/A >-15 20 collector [ ]
C Rotatingal flat
plate
15 wt% collector.
. 195
PVP ethanol 0.48 15 N/A Take-up [195]
speed: 0.5-2
mm/s
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Take-up
0 - -
5wt% PU | 2-propanol 0.6 15 12 speed 0.9 m/s [479]
Take-up
. speed: 1100— | ===
6 wt% waDt:::/I!(tfan 0.025 9 10.5 4000rem 1 s | 193]
PEO ' ' with 3,5 and | ———
ol —————
7emdrum | ——
B diameter.
Rotating diec.
o)
4wt% | Chloroform/ 0.6 7-25 5-30 Take-up [175]
PLLA DMF
speed 8 m/s.
Distilled
4 wt% Take-up
PEO waterc{Iethan N/A 8.5 15 speed 22 m/s. [151, 480]
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10 wt% Take-up
PAN DMF 1.5 22 22 speed 24 m/s. [312]
25 wt% r‘
oly(amic Take-u
p avcid) DMAC 0.25 18-25 20| et 20 ° " | N\ [481]
(PAA) I
15, 20, 25 | Tetrahydrof
wt% PS uran Take-up
15, 20, 25 N/A 5 15-30 | speed 2.5-4.2 [198]
wt% Chloroform m/s.
PMMA
Circular disc
collector.
15 wt% PS THF/DMF 0.2 5-14 4-5 Take-up [199]
speed 9.4—
23.4 m/s.
4 mm
diameter
10 wt% Chloroform/ teflon tube.
PCL methanol 1.2-1.5 20 ! Take-up (201]
speed: 838
rpm
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J
J Dichloromet Take-up
0,
p= 8 ‘;’é‘L’A’ hane/metha 25 23 15 speed: 0.5-4 [202]
' nol m/s
2-50cm
o cylinder
12wt% | DMF/aceton | o 10 5-20 | diameter with [482]
PVDF e
2-10cm gap
width.
10 cm
diameter v
30 wt% mandrel.
PVDE DMF N/A .10 10 Take-up ‘hml ‘ [200]
speed: 1500-
3500 rpm
10
, Disti
13wt% \';;'t'::rd 0.03 3.3,4.5 Take-up
PVA 14 speed: 3-14.9 [7]
1,8,10,12 m/s
Wt% PVP Ethanol 0.96, 0.84 38,4
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Needle

13-15 distance: 13
Wi% PAN DMF 0.293 10.5, 11 20 cm. Take-up [283]
’ speed: 0.375—
1.123 m/s
Needle
distance: 13
13.5 wt% cm.
speed: 0.002
m/s
Gap width:
1.5cm.
O.i\g”/)ml Ethanol 0.5 -10 10 Rotating [484]
speed: 0.075
m/s.
12.7 cm
diameter
0,
20 wt% Formic acid 0.002 20 N/A mandrel. [178]
Nylon-6
Take-up
speed: 1 rpm.
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368

14 cm
diameter T
"il‘ | ‘ d ‘1",”
3 Wt% man.drel. 3cm w!‘ "l.'r) A
DCM 0.06 10 20 fin gap. »4“'; oy [22]
PLLA il ”"{If 1L 8
rake-vp | LA
speed: 7.3
m/s.
18x16 cm
20 wt% PS THF frame
collector.
3 20 8 485
Take-up [485]
N d: 600
> 20wt% | DMF/aceton spe:: m
™ PVDF e P
Other Electro-spinning Methods
Collector
5 wt% Distilled moving
PEO water N/A 1 0.1 speed: 5-15 [216]
cm/s
Collector
7 wt% Distilled moving
PEO water 1e-4 1.5 >00 pm speed: 120 [218]
mm/s
4 wt% Distilled Collector
1 0.1 mm .
PEO/ water N/A moving (217]
15-20 formic acid 2 0.5mm speed: 0.47-5
wt% PA-6 ) cm/s




10-14

wt% PAN DMF
Cot
F:Is;/elDrl 0.001 0.2-0.6 1 mm speed: 120— [214]
1500 mm/s
8 wt%
. Magnets
PVA+0.22 | Distilled N/A 10-18 10 dimension: [20]
wi% water 6.5 cm heigh
Fe304 ' g
22-28 Magents
(wW/v)% HFIP dimension:
PLGA . .
cthy] 0.5-3 15 14 2:5 XczmS <15 [23]
. )
1 LV\V//PVM alcohol/distil Gap width:
led water 0.5-4 cm
10 wt% Magnets ga
PVP+Fe30 |  Ethanol 2 15 20 ABNELS gap [207]
4 width: 2 cm
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APPENDIX B

Table B A compiled list of the literature on tensile test of nano-fibres.

Failure
M ial | inni Testi | | Tensil Tensil
aterials/So Spmr:ll'ng Techniques est'lrfg Samp c'e Data Analysis Sample ensile ensile Strain Refs
vent Condition Condition Preparation Type Strength | Modulus %
(1)
o mimwo e
12 wt% 20 cm; 16 KV; P & Diameter
o Custom fibre; Pt end- . .
PAN/(DMF)- 23°C; 0.5-5.6 . . measured using Single 5.4 GPa 287 GPa 2.4 [37]
MEMS device tabs deposited
CNF m/s take-up TEM;
by FIB; 8
speed.
repeats.
20-G needle; Gauge length .
10 wt% PAN- Diameter
12 kV; 0.6 | it TEM 2.5 um; End-tab . .
CNF/0.12 wt% mi/h; V(/D 20 MrI;If/IUSI device elestr:(;n rk]Jearan measured using Single 7.3 GPa 262 GPa [28]
DWNT/(DMF) ’ o\ TEM;
cm pt deposition;
22-G needle; Cross-head Fibre diameter
0.5 mi/h; WD 35 Gauge length measured usin
4-10 wt% 14 cm; 16 kV; Universal . & & &
- . mm/minut 100 mm; Epoxy SEM; Force and Bundle [224]
PAN/(DMF) 5hdriedin tensile tester .
. . e; 10N glue end-tab; strain graph
air; 300 fibre
load-cell plotted
per yarn
Drawin 95 °C Fibre diameter
Cross-head water with 100 . Bundle 45 MPa 0.8 GPa
10 wt% 9 kV: WD 15 15 mm/minute; measured using
PAN/0.05 wt% ! Universal . ’ SEM; stress and
. cm; 10 . mm/minut annealed at [35]
BTEAC(organi ul/minute; tensile tester e room 130 °C in oven modulus were Random
c salt)/(DMF) ! ! calculated using 14 MPa | 0.03 GPa 13
temp; for 1 h; 30 mm ) . mat
equation provided;
gauge length
°Cdri i i 2.79 GPa
10-15 wt% 9.7 mm Universal Cross-head 70 °C dried for 2 fibre dlamet'er
PAN/ (DMF) diameter tensile tester 30 h; post-treat measured using Bundle 99 MPa 18.37 [36]
needle; WD 94 °C 10 minutes SEM;
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15-20 cm; 9- mm/minut then dried at
11 kv; e; 110 °C; bundle
linear density 60
den; 30 mm
gauge length
Fibre
placed Use the change of
between 2 vibration
12.5 kV; WD AFM- AFM- frequency to
PAN/DMF 20 cm; 0.25 Microcantilev cantilever calculate the Single 26.8 GPa [241]
ml/h er beam by stiffness and
adhesion youngs modulus.
and Equation provided
wrapping.
Diameter
Aligned
Hot stretched in measured' from mat 4>MPa | 425 MPa 20
R cross section of
. oven at 135°C . .
0.5 mm Universal . fibre using SEM;
11 wt% . for 5 minutes .
PAN/(DMF) needle; WD tensile tester under 75 g load; cross sectional [229]
17 cm; 10kV; | Instron 1185 ’ area was Stretche 2943
smmx20mm | ted from | dAligned | 170 MPa 9.5
specimen; ) t MpPa
weights and ma
density of PAN;
Thickness measure
9.394 mm Universal Cross-head Gauge length usm.g |mage.
diameter; 15 . 1,5,10 analysis; porosity
tensile tester . 20,30,40 mm;
10 wt% kV; 1 mi/h; mm/minut . measured use Random
Instron 3369 ) adhesive . . 0.02 MPa [38]
PAN/(DMF) WD 20 cm; . e;1lcm . equation provided; mat
. with 100 N . cushion tape as . .
working temp gripping fibre diameter
- load-cell end-tabs; .
30°C; area measured using
SEM;
21-G needle; Shimazdu EZ- | Cross-head n';lsz:seu(ifdmuesti?\rg
18 wt% 1.5 ml/h; 10— SX tensile speed 3 1x1 cm aligned Aligned
EM; 16. 1
PAN/(DMF) 40 % tester witha 2 | mm/minut fibre sheet; S M; cross mat 354 MPpa 6.5GPa 8 [84]
. sectional area are
humidity; N load-cell e;

calculated from
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45°C; 15 kV;

individual fibre

WD 15 cm times the average
number of fibres;
Youngs modulus of
0.01 strain;
toughness
calculated as the
area of the s-s
curve;
9-14 kV;
1 9 Ali
0 wt% 0.004 lgned | oo Mpa | 43GPa | 254
PAN/(DMF) ml/minute; SEM measured mat
Cross-head . .
WD 14 cm; . fibre diameter;
Universal 2 gauge length 20 .
18-G needle; . . . cross-sectional
tensile tester | mm/minut mm; Manila . [39]
10 % flat and ) ] area determined
. Instron 5564 e; room paper tabs;
PAN/0.1%M | rotating drum temp; from measured 109 MPa | 1.8GPa | 44.5
WCNT/(DMF) with 9.8 m/s ! density 1.1 g/ml;
take-up
speed;
SEM measured
ASTM fibre dl?meter; The
0.4 ml/h; . Young’s modulus
D3039; 5 Specimen .
10 wt% room temp; Tensimeter mm/minut dimention 20 of the samples is Random
PAN/MWCNT 28 kV; WD . derived from the 122 MPa | 400 MPa [220]
. tensile tester e Cross- mm*60 mm; 5 . mat
/(DMF) 20cm; 70 °C head repeats: slope of the initial
dried for 24 h; P ! linear part of the
speed; .
stress—strain
curves.
ASTM
1 9 I
PAI\?/\(%tg)S— Agilent T150 3033; dimes‘:st‘iqopne6 cm
) 0.5 ml/h; 25 universal Cross-head SEM measured Random 1.2-4.7
0.3 kV; dried testin 5 X 2 cm; gauge fibre diameter mat 130 MPa GPa 3571
Wt%)MWCNT/ ’ "8 . length 3 cm; 3
machine mm/minut .
(DMF) o times repeat
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Electric field
strength 0.9

Single fibre

9 -
Cz?/I(DDAI\'\/lIF) kV/cm; 5 cm/s carﬁlizllt\e/lver bgnded to W tip ?:Eb'\r/le?;a:]l;if Single 0.64 GPa [242]
take-up using Hysol glue.
speed;
0.36 mm ASTM
Various needle; 0.2 Universal D638; 5
PAN(ngr.nn ml/minute tensile tester mm/minut Random 810 MPa (486]
combination- feed rate; 15 Instron 5569 e Ccross- mat
CNF/(DMF) kV; WD 100 head
mm speed;
12 wt% SEM measured 61.39
PAN/1%PVP/( fibre diameter; The 3.93 MPa GI.Da 43.7
DMF) 22-G needle; strength calculated
. Cross-head .
0.25 ml/h; 16 Universal . from the equation
12 wt% kV; 100 rpm; tensile tester rate .10 . Specllmen provided; The Random
PAN/1%PVP/0 | WD 18cm; | Instron 5566 m"T/ig';”t d'mi”;'on Tem modulus and mat [226]
.5-2 wt% 22 °C; 30-35% with Ioegd-cell cm; elongation at break 1'3';: 6%5;9 16.78
SWCNT/(DMF RH; were obtained
) from the stress-
strain curves.
0, .
g,\\flpt//?;a'\; 151_52_52';\2’%’\;”3 MEMS Single | 3.52GPa | 172 GPa [248]
SEM measured
fibre diameter;
20-G needle; Gauge length 5- True stress and
811 wt% 10_;3 'Z\r:]'_WD NANO UTM | Strainrate | 10 mm; Epoxy diasgtrr:r': F:\'/IO;TJ?US Single 1750 48 GPa 239]
PAN/(DMF) .' testing system 0.001 /s adhesive end- ) ’ MPa
Annealing tab: toughness was
130°C1 h; ! computed using
engineering stress-
strain.
WD 18 cm; 28 . Specimen
10 wt% kV; 1 ml/h; 70 MI'CFO force dimension 40 SFM m.easured Random 6.25 MPa | 95 MPa [147]
PAN/(DMF) rom; 0-60% | testing system N ] fibre diameter mat
RH; 21-22 °C; mm*6.5 mm;
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Gauge length 25
mm; mass used

22-G needle; Lr;?ziizsf
9% r17n20;ilko\? Universal ASTM specific SEM measured Random 21?)38; [457]
PAN/(DMF) pm; ! tensile tester D882-12; strength, tensile fibre diameter mat
WD 20cm; 1 kg-1m
strength and
ml/h feed rate )
porosity were
calculated with
equation given.
CO-axial with
0.61 mm ID
core and 1.36
1
mm ID shell; mm/minut
core 0.07 Universal 20 mm gauge SEM measured Random 46.45
PAN/(DMF - 2.5 MP 2. 4
/ ) mL/h, shell tensile tester € cross length; fibre diameter; mat > @ MPa 32.5 [458]
head
0.9 mm/h; speed:
12-13 kV; WD peed;
10 cm; 200
rom
2
inut .
2 wt% m;wc/r:;:u 8 mm gauge Sample thickness Random
Collagen/PEO 22-G needle; | Minimat 2000 head length; 5 mm determined by mat 370 kPa 12 MPa [147]
/(HCI) speed: 20N wide profilometer;
load-cell;
TA AR2000 10 mm gauge
16.6 wt% 20-G needle; rheometer 10 um/s length; Random
) ? 1 mL/h; WD . ) cross-head Specimen 2.3 MPa 9.1 [385]
PVP/(DMF) with solid . . mat
20 cm; 18 kV; fixture speed; dimension
15*5*%0.2 mm;
0.04 mi/h; 12 . The The gauge S.EM m.easured
6 wt% incremental length of the fibre diameter;
kV; 160 mm Custom AFM . . . .
PEO/(DI . force fibre is cross-sectional Single 45 MPa [31]
parallel cantilever .
water) applied as calculated from area calculated
electrodes; ) . o .
the fibre is the initial and from diameter;
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stretched is

final stage

calculated positions; fibre
by the attached to
incremental | cantilever using
change in super glue;
resistance
divided by
the
coefficient
of
resistance
change per
unit force
applied
25 wt% Nylon Camcorder
6/(formic recorded imaged Single 230 MPa | 4-5GPa 10-23
. Room temp; . .
acid) The air of fibre movement
45% RH; 14 . .
6 wt% Custom build velocity Use double at 30 fps; SEM
kV; WD 5-20 . . . . 60-70 100-
PEO/(DI air-stream- ranged sided tapes to measured fibre Single 22 MPa
cm; parallel . . . . . MPa 150 [487]
water) assisted set- from 0.16 fix the fibre on | diameter; equation
rods collector .
with 0.5-7 cm up to 7.20 the rods; provided to
18 wt% separation; m/s; convertthe result | . 7MPa | 500 MPa | 14-15
PVP/(ethanol) P ’ into stress strain Ingle a a
and modulus;
100 N load-
cell; 65%
RH;23°C;5 | 50 mm * 10 mm
. Random
12 wt% 24-G needle: Instron 5566 mm/minut *0.03 mm; 3to mat 6.8 MPa | 43.8 MPa 25.7
Nylon- ! € Ccross- 6 repeats; SEM measured
. 0.1 ml/h; WD ! . [227]
6/(Formic head fibre diameter;
. 14 cm; 29 kV;
acid) speed;
AFM-based 3-
point bending Single 30GPa
test
i i 2 E 10.
Custgm build a t\(plcal 0 mm gauge S M mgasured Random 0.45 19.4 MPa 351]
tensile tester micro length; 12 fibre diameter; mat MPa

375




20 wt% Nylon
6/(formic
acid)

0.2 mL/h; 15
kV; WD 8 cm;
2 min;

spring with
stiffness
constant of
3.75mg
(wt)/mm
“0.03823
N/m’’ and
wire
diameter of
100 um to
measure
the force
applied; 7.2
mm/minut
e cross-
head
speed;

repeats; double-
sided tapes as
end-tab; single
fibre picked up
using cardboard
frame;

Single

304 MPa

901.65
MPa

40

10-14 wt%
PCL/(dichloro
methane/DM

F)

23 °C;
74 %RH; 0.6
ml/h; 10 kV;

Nano tensile
testing system

1%/strain
rate; room
temp

10 mm gauge
length

SEM measured
fibre diameter

Single

40 MPa

120 MPa

(31]

PCL/(aceton/
DMF/chlorofo
rm)

Nano tensile
tester

50nN load
resolution;
extension
resolution
35 nm;
10 %/s
loading
rate;

Double sided
tape end-tab;
Trimmed paper
frame;

Instron 5582

10
mm/minut
e Cross-
head speed

3.10x55.12x0.00
8 mm

SEM micrograph to
calculate the fibre
area density is
guantified by
counting the
number of fibres.

Single

55 MPa

280 MPa

Compres
sion
moulded
random
mat

58 MPa

307 MPa

[234]
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50 nN load

12 wt% 22-ga needle; resolution;
PHBV/(Chloro WD 15 cm; Nano tensile within 500 10 mm gauge SEM measured . 268.01
formand 1,2- 0.5 mi/h; tester mN load length; 5 fibre diameter Single MPa 2.67 GPa [233]
dichloroethan 470-940 range; 1% repeats;
e 2:3) m/minute /minute
strain rate;
0.2 ID needle; 500 mN
0.5 ml/h; 10- load range;
7.5&12.5 15 kV; 63 & . 50 nN load
wt% 630 Nano tensile resolution; 20 m‘m gauge S.EM m'easured Single 183 MPa 2.9 GPa 0.45 [231]
PLLA/(DCM) m/minute; tester 25 %/minut length; 5 repeats fibre diameter
annealed at e strain
80 °Cfor 10 h; rate;
50 nN load
resolution;
1wt% . extension
pLLA/(DCM/D | LM/ 12kV; | Nanotensile | | .0 | 10 mm gauge SEM measured Single | 204MPa | 48GPa | 45 | [232]
50-70 %RH; tester length; fibre diameter
MF7:3) of 35nm;
0.1 %/s
strain rate;
oo e
PCL/(chlorofo 0.5 ml/h; 9- Nano tensile O..1 %/s 10 mm gauge diameter: Double Single 40 MPa 120 MPa 200 [235]
rm/methanol 10 kv; tester strain rate; length; A
3:1) sided tape as end-
tab;
0.1 mmID
needle; 5
mL/h; 1.7 Fibre ends fixed
20 wt% Nylon | kV/cm; 30 kV; using Loctite epoxy
6,6/(Formic 20°C; AFM 4 um/s pull glue; deflection Single | 150MPa | 950 MPa | 61 | [244]
acid) 40 %RH; cantilever rate; observed by
Vacuumed microscope;
under 107
Toor for 24 h;
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18 °C; 30—

60%; 15 kV; Cross-head
-4 .
3x107 ml/s; 0'6. Double sided .
8 wt% (1:1) parallel Nano tensile mm/minut tape and Diameter
PLLA/PDLA/(8 electrodes tester e; 500 mN adhes:::/e as end- measured using Single 204 MPa [29]
:2 DCM/DMF) with 30 mm load-cell, tabs: SEM
distance with 12.5nN !
3V potential resolution
difference;
081D needle; 100N | inthe nolder | stress and st
16-20 kV; WD FemtoTool .
22 wt% . load-cell; were placed into were calculated
17.5cm; mechanical . 300-250
PCL/(Chlorofo o . 60 um/s the FemtoTool from geometry Single [221]
24 °C; 40% testing . . . MPa
rm) . displaceme and optical using the
RH; 26 machine . .
. nt rate; microscope equations
uL/minute )
assembly; provided;
nano tensile . 100-300
Pet tester Single MPa [236]
Lateral force,
stress and strain
20 ga needle; stretch the measured and
10 w:v% ! fibres at a calculated using . 10-310
20kV; WD 1 AFM | 2
PCL/(HFP) OkV; > rate of 300 the equation Single MPa 98 [32]
cm; 0.8 ml/h . .
nm/s; provided; Diameter
measured using
SEM;
Dvnamic SEM micrograph
10-30 wt% 22-G needle; me\::hanical L mm Adhesive tapes measured Aligned
Nylon 10-30 kV; WD gauge P diameter and & 345MPa | 5.47GPa | 73 | [256]
L analyser ad end-tabs; ) mat
6/formic acid 5-10 cm length number of fibres
(DMA) )
counted over time.
0.2 m/s take- universal 2 . . SpeFlmen The cross section Aligned 34.9 MPa
up speed; WD . mm/minut | dimension 6 mm | of each sample was mat
16 wt% PA-6/ tensile tester « .
formic acid 120 mm; 0.3 with 20 N e cross- 20 mm; paper estimated by Single [225]
ml/h; 35 °C; load-cell with head frame with 10 measuring the area fib%e 85.5 MPa
40-50% RH; speed; mm gap; tape and weight of the
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0.001 N adhesive end- sample and by the
resolution; tab; gauge known density of
length 10 mm; the bulk material.
80 repeats;
15 wt%
Cellulose Random
21.9 MP 553 MP 8.04
acetate/(DMA > . The thickness were mat a a
23-G needle; mm/minut 10 mm gauge
c) . measured by
1 mL/h; 14.25 Universal € Cross- length; .
15 wt% N . : thickness tester;
cellul kV; 27 °C; 34% | tensile tester head Specimen weight measured [488]
te t”/‘(’;‘il_ RH; WD 25 | Instron 5566 speed; dimension 5*20 | gbalance i
acetate/L. cm; 21°C;65% | mm; 10 repeats; v 40.7 MPa | 1144MPa | 10.46
0.55 wt% RH: 0.01 mg accuracy;
MWCNT/(DM !
Ac)
4 wt% ASTM The volume of
- 12.28MP
PEO/(DI > .55 standard . voids in the 9.96 MPa
uL/minute; . 2 cm wide; 2.54 . a
water) 10-20kV: Universal D4762-04; m eauge random fibrous Random
4 wt% PEO/O- ! tensile tester 25.4 gaug mats was [489]
1kV/cm . length; 7 . mat
3 wt% o Instron 5544 cm/minute calculated using 23.56MP
electric field; repeats; 5.04 MPa
MWCNTs/(DI cross-head Image-J analyser of a
20-G needle; .
water) speed; SEM micrograph;
1.5 cm gauge
length;
Specimen
. . "
20-G needle; 1d5|r:;n:|gr;1mm
12-14 kv; WD ‘measure-d b
6 wt% PEO/3 19.5cm; 7 . Cross-head . ¥ .
"y ml/minute; 5 Universal coeed 10 calliper and Diameter Random
), L tensile tester P . thickness gauge; measured using 17 MPa 250 MPa [284]
MWNT/(GA) h spinning mm/minut . mat
. Instron 5544 cross sectional SEM;
Annealed time; anneal e
. area calculated
in oven at using the
60 °C; &
equation
provided with
porosity
considered.
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9 wt% 250 N load- 30 mm eauge
PVA/(DI 0.1-5 ml/h; cell; room o tgh_ 8 58MPa | 175MPa | 100
water) 0.2 mm ID . temp; g ’
Universal specimen Random
5 needle; WD . cross-head . . [228]
9 wt% PVA/1- tensile tester. dimension 2 cm mat
75% 10-15 cm; speed 50 5 cm * 100—
: - ; i 4MPa | 180 MP 14
MWCNT/(DI 10-20 kV; mm/rTnnut 150 um; 9 a 80 MPa 5
water) &
DMA
measureme
nts used a
constant
frequency
of 1 Hz,
strain
amplitude . .
7% PVA/0O- ) . o 6 mm wide strip;
15% CNs/(DI | 2> needles; | DMAtensile | of0.03%, | "\ o) 00 Random | ) o \pa | 2.0MPa | 033 | [255]
WD 15 cm; mode and a mat
water) length;
temperatur
e range of —
100 to
250 °C
(heating
rate of
3 °C/minut
e).
3 Wi% 50r 10 ml/h; Universal Cross-head 'Samplle Porosity measured Random
PLCL/(HFIP) 15 or 30 kV; tensile tester speed 0.5 dimension by mercury mat 2.2 MPa [490]
WD 20 cm; mm/s 5%20*0.14mm porosimeter
38 uScm The densities of
conductivity; Dvnamic the co-PI
8 Wt% Co- 100 kV/m methanical 3 °C/minut nanofibres were Aliened
N electric field . e; 1 Hzand determined by the & 983 MPa 6.3 GPa 22.2 [230]
PI/DMACc analysis . belt
strength; 15 (DMA) 20 um; weight and
kV; WD 15 volume; Thickness
cm; 24 m/s calculated from
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take-up weight and
speed; density;
1*1cm
grip; 4 cm
5 w:v% 18-G needle; Kawabata gauge Sample Porosity measured
. . . Random
PLGA/(THF/D 18 kV; WD 20 Evaluation length; 0.05 dimension by mercury 323 MPa 23 MPa 96 [491]
. mat
MF) cm; System cm/s 1*10*60 mm; porosimeter;
deforming
speed;
10
21-G needle; mm/minut Thickness
10-20% 2-5ml/h;15- universal e Ccross- Sample measured by Random
PCL/(chlorofo 25 kV; WD tensile testing head dimension 3*1 digital micrometre; mat 2.2 MPa [492]
rm/methanol) 12-16 cm; machine speed; cm; pour size measure
500 rpm 20 °C; 500 by SEM
N load-cell
Thick
4.5 wt% 0.5 mi/h; 25 Instron 5566 Sample detern:(i:nzzsjsing
. () . .
BPDA/ODA/P kV.’ 2200 rpT’ unlvgrsal 100 N load- dimension 4*50 | equations; Density Aligned 1040 10 GPa 13.5 [493]
dried at 70 °C testing cell; . mat MPa
DA/(DMF) . mm; measured using
for 3 h; machine
gas pycnometer;
Thickness
measured by 6
different
10 N load- instruments: SEM,
9-18 wt% an analog
0.84 mm ID . cell; 10 . .
Nylon 66/ needle: take- universal mm/minut 10 mm width; centesimal Random
(TFA/formic ’ testing Gauge length indicator, a digital 36 1071MPa 13 [494]
. up speed 0.39 . € Cross- S mat
acid/chlorofor m/s: machine head 30&45 mm; millesimal
m 1:6:3 v%) ! indicator, an
speed;

analog millesimal
indicator with two
different pressure
configurations, a
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micrometer, a

digital caliper.
10
mm/minut
10-15 wt% universal e cross-
PVC/(THF/DM 8-15 kv; WD testing head Doumbell shape; Random 1.75 MPa 220 [495]
6-15cm . mat
F) machine speed;
room temp;
ASTM D638
Thickness
measured by
WD 25 cm; 22 universal 2.5C:|II\.I (I)o;d— digital micrometer;
PA T/(DMF kv; 1 ID - i Icul R
6(3)T/( ;1 mm testing mm/s 50 mm gauge porosity calculated andom 9.5 MPa | 480 MPa <10 [496]
) needle; 0.01 . length; 5 repeats | from volume and mat
. machine cross-head .
ml/minute; speed: mass of specimen
peed; using the bulk
density of material;
196 mN adhesives used
micro tensile load-cell; 1 as end-tabs; Diameter
BPDA/PPA/(D kV; WD 2 i ) ! 17
/PPA/I S0 kV; > testing mm/minut single fibre measured using Single 08 76 GPa 2.8 [230]
MAc) cm; 2.5 ml/h; . € Cross- MPa
machine mounted on SEM;
head aper frame;
speed; pap !
2w | 7T
PCL/(DCM/Mt ! . 190 MPa | 3200MPa 0.7
43% RH 20— Diameter
OH) . ASTM D3822- 0.001 /s 20 mm gauge . .
25 °C; 01 strain rate: length: measured using Single [165]
6 Wt% 0.3 ml/h; 6 ' / gt SEM;
PCLEEP/(DCM kV; 31-72% 50 MPa 140 MPa 0.6
/MtOH) RH 20-25 °C;
15 wtd 21-G needle; Universal mm/!rsninut 10 mm gauge mTeha:(s:E?ee;SwV;ltisa Random
PCL(THF/DMF | 1 ml/h; 12 kv; . length; . 4000 kPa | 3.8 MPa 170 [30]
1:1) WD 18 cm: tensile tester € Ccross- specimen Kafer Mechanical mat
’ ’ head P Thickness Gauge;
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speed; dimension 3*0.5 porosity
21°C; cm determined by
mercury
porsimetry.
1.07 mm ID
needle; 26 kV;
0.2 . . 0.5 mm/s Specimen Porosity calculated
) Micro tensile h . :
10-30 wt% mL/minute; tester cross-head dimension with known Random
PET/(TFA/CD WD 12 cm; speed; 90*10 mm; 50 weight, bulk 3.5 MPa 60 MPa 40 [497]
M) 20 °C; 900 23°C; 50% mm gauge density, and mat
rpm; 24-50% RH; length; volume;
RH; dried at
30°Cfor16h
0.094
o ) . . mm/minut Diameter
3'5P\:\;tDAMSFNF_ 100 I:]/I//r:’ 0.3 MIC{:SEZ:s”e e cross- 4 Temnggt?ge measured using Rarr;ci(:m f\js: 174 GPa 1.43 [498]
head ! SEM;
speed;
The pore size was
50 determined using
20-G needle; . mm/minut 30 mm gauge capillary flow
PCL/(M)C/DMF 15 kV; 3 ml/h; tehjgill\(;etres:tler € Ccross- length; 12 mm analysis; porosity Ra:qti?m 3.2 MPa 21 MPa [499]
WD 40 cm; head wide; 5 repeats; calculated using
speed; density value with

equation given;
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Table C A compiled list of the literature on the carbonisation condition for CNFs and their characterisation methods.

APPENDIX C

Material/Solution Stabilisation Carbonisation XRD (260) Raman Reference
s00°Cinair; | 0, 1100 1400
9 °C/minute; 2l 248
9 wt% PAN/(DMF) | 5 C/mmt:]te, Hold 1 5 °C/minute; Hold 1 [248]
h.
o oy 1h 750 °C,1h
8 wto% PAN/(DMF) | 220 G 57C/minute; | ) 000¢ s °c/minute 1100 °C (R=0.93) [242]
30 min; air
(N2)
As-spun:
270 °C5 °C/minute 1h 1000°C 17°; 28°
° =3. 305
PAN/(DMF) hold 90min (air) 3°C/minute 1000°C: 1000°C (R=3.5) [305]
24°; 43°
564, 800, 1000 and Zggog ngi'ig
6 w:v% PAN/(DMF) 1200 °C 0.5h o [324]
(vacuum 1076 Torr) 1000°C (R=1.78)
1200°C (R=1.67)
280°Cfor2h 600 °C for 2 h (N2) 25.0°
9 °C (R=1. 44
10 wt% PAN/(DMEF) 2°C/minute 1360 600 °C (R= 1.39) [448)
700°C (R=2.73)
10-20 wt% 280°Cfor1h 700, 800, 900 and 24° 800°C (R=2.26) 325]
PAN/(DMF) (Air) 1000°C for 1h (Ar) 44° 900°C (R=1.95)
1000°C (R=1.39)
10 wt% PAN/ 280°Cfor3 h 1000°C for 1h As-spun: Graph shown with 312]
(DMF/Acetone/dod | 2°C/minute (Air) 2°C/minute (N2) 16.8° no R-value reported
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ecylethyldimethyla

1400°C 1800°C

28.6°

mmonium bromide) 2200°C 2°C/minute Carbonised:
(6Pa vacuum) 25.3°
10 wt%
290 °Cfor3 h 1000°C for 30h 25°-26°
PAN/(DMF/A 439
/ 9.1/) cetone 1°C/minute CAir) 5°C/minute (N2) 44 ° [439]
750-900°C for 0.5 750°C (R=1.03)
280°Cfor2h °=30°
10Wt%PAN/(DMF) | . /minutzr " 5°C/minute 20 43‘2’0 800°C (R=0.97) [449]
(CO2/Ar) 900°C (R=0.92)
As-spun:
2.1-17.4 wt% 230°Cfor2h 1000 °Cfor 2 h 17° 323]
PAN/(DMF) 1°C/minute CAir) 1°C/minute (N2) Carbonised:
24°
700°C (R=3.81)
1000°C (R=3.41)
25° sharpens as the
210°Cfor1h °C- ° ° =1.
PAN/(DMF) or 1000 °C-2800 °C heat-treatment time 1500°C (R=1.51) [446]

CAir)

(N2/Ar)

increase

2000°C (R=1.31)
2500°C (R=0.93)
2800°C (R=0.29)
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