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Abstract

Carbon fibre (CF) composites are becoming more widespread in many applications such
as automotive, aerospace, defence, wind turbines and pressure vessels. CF is produced
from precursor fibre via a series of energy-intensive heat treatments. During
conventional heating processes, the energy is transferred from the source through heat
transfer. Microwave (MW) heating has been identified as a more energy-efficient

alternative due to direct transfer of energy into the material via a susceptor structure.

An alternative carbonisation method has been developed to reduce energy consumption
and environmental impact during manufacture of CF utilising a susceptor assisted MW
heating technique, which is achieved by a layer by layer approach at the nanoscale. The
project goes beyond the state-of-the-art through the carbonisation of PAN and
sustainable precursors via MW heating.

Initially, the technology is applied for conversion of the most commonly used,
petroleum-based precursor — polyacrylonitrile (PAN). The effects of susceptor coating
procedure and MW power level are studied. It is found that addition of even a single
layer of susceptor allows for a successful MW carbonisation. Addition of extra layers
can increase temperatures. Application of susceptor before stabilisation leads to fusion
of the layer and more stable heating. Susceptor layers applied after stabilisation allow
higher temperatures and CF conversion rates, but tend to be more prone to damage
during the process. MW carbonisation at high power enables carbonisation temperatures
within seconds, but promotes development of defects via gas emission. MW
carbonisation at progressive power levels limits overheating, leads to noticeable
improvement of morphology and mechanical properties, especially for lignin-based CF.
The latter approach is used to produce lignin-based CF with properties matching those

of control samples prepared via conventional techniques.

Finally, results of MW heating modelling and life cycle assessment are presented.
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Chapter 1

Introduction

1.1 Carbon fibre composites

A composite is a material consisting of two or more constituents which remain separate
after assembly and possess distinct properties [1,2]. Resulting materials feature superior
mechanical performance or chemical resistance. Common examples of composites are:
concrete — aggregate of stones in a matrix of cement; fibre reinforced polymers -
containing glass fibre (GF) or carbon fibre (CF) as reinforcement embedded in
thermoset or thermoplastic polymer matrix; and wood — naturally occurring composite
of cellulose fibres embedded in a matrix of lignin and hemicellulose. One of the most
important advantages of composite materials is higher strength-to-weight ratio
compared to isotropic materials like ceramics or metals, as shown in Figure 1.1. As a
result, composites find applications whenever a lightweight structure is required in a

design of a product or part.
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Carbon fibre (CF) composites or carbon fibre reinforced polymers (CFRPs) can be
classified by the type of polymer matrix, often called a resin [3,4]. Thermoset resins
include phenolic, polyester, epoxy vinyl ester, epoxide (the most widely used for
CFRPs), cyanate, polyimide and others. Thermoplastic resins include polyamide,
polycarbonate, polyetheretherketone (PEEK), polyetherimide, polyethersulfone,
polyphenylene sulphide and others. They can be used for injection molding or the
prepreg route of CFRP preparation. Some advantages of thermoplastic over thermoset
matrix include relatively quick processing with no curing involved, unrestricted shelf
life, ability to be reprocessed, thermoformed and welded. Thermoplastic resin improves
toughness of the composite through polymer chain slippage which is impossible in a
cross-linked structure of a thermoset. A schematic of a unidirectional CFRP is shown in

Figure 1.2.

Carbonfibre Polymer matrix

/

/

Figure 1.2 Schematic representation of a unidirectional CFRP.

CFRPs are becoming more widespread in many applications such as military,
aerospace, automotive, marine, construction, corrosion resistant equipment, wind
turbines, pressure vessels and sporting goods. As a result, carbon fibre market is
predicted to grow from USD 3.7 billion in 2020 to USD 8.9 billion by 2031 [5].
However, non-aerospace applications of CFRPs are still restricted by relatively low
degree of automation and low-volume processing which translate to higher production

costs compared to metals. The cost is greatly affected by the high cost of CF production



[6], which involves energy-intensive processes and long cycle times [7]. These can be

addressed via developments in alternative raw materials and production technologies.
1.2 Carbon fibre production

By definition, CF consists of at least 92% carbon atoms by weight, mostly in the
turbostratic state. CFs are often classified by their properties: (i) high stiffness —
Young’s modulus (YM) values of about 150 — 300 GPa, with tensile strengths (TS) up
to 7 GPa, which is flaw dependent and improves as the diameter of the fibre decreases;
(if) low modulus — YM values of 100 GPa and low strength; (iii) intermediate modulus
— with values of 275 — 350 GPa and relatively high strength achievable by reduction of
radius down to about 5 um; (iv) high modulus — YM higher than 300 GPa; (v) ultra-
high modulus — YM values larger than 600 GPa.

Cost breakdown of the CF production from polyacrylonitrile (PAN) — the most common
CF precursor, is shown in Figure 1.3. Cost of a precursor fibre and its conversion to CF

are contributing to nearly 90% of the total.

Spooling &
packaging
6%

Surface treatment
4%

Carbonisation &
graphitisation

23% Precursor fibre

51%

Stabilisation &
oxidation
16%

Figure 1.3 Cost distribution of CF production from polyacrylonitrile (PAN) [8,9].

In general, conversion of any precursor into carbon fibre involves three heat treatments:
stabilisation (often called oxidation), carbonisation and graphitisation [3]. These are
followed by surface and sizing treatments prior to spooling. The process of CF

production from PAN is shown in Figure 1.4.
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Figure 1.4 Schematic of CF manufacturing process.

During stabilisation fibres are passed through an oven with a series of heating zones of
increasing temperatures, typically between 200 and 300°C [10-12]. In this step,
filaments are heated in an oxidising atmosphere, which allows further processing,
improves carbon yield and mechanical properties of the final product, by changing a
character of a precursor from thermoplastic to thermoset. Tension or drawing is applied

to prevent shrinkage.

Stabilised fibre is then subjected to thermal pyrolysis in an inert atmosphere called
carbonisation. Reactions such as dehydrogenation, denitrogenation, condensation,
hydrogen transfer and isomerisation take place in this complex process [13]. Initial
heating rates are often low to prevent damage of the fibre by escaping volatile products.
Most of them are evolved in the range of 200-1000°C. At this stage carbon content of
the fibre exceeds 90%. Fibres are often heated up to 2000°C to allow for additional

reactions and increase C content to over 99%.

In the final stage called graphitisation, CF is heated in an inert atmosphere to
temperatures of up to 3000°C. This leads to orientation of the graphite crystallites along
the fibre axis, which increases Young’s modulus (YM), but decreases tensile strength
(TS) of the fibre.

After that fibre is subjected to surface treatment in electrolytic bath and application of

sizing which preferably matches the matrix used in the composite.

During conventional heating processes, the energy is transferred from the source via
radiation, convection or conduction. This decreases efficiency of the heating and

increases the cost of production. On the contrary, microwave heating occurs via
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conversion of energy in the material which significantly reduces heat transfer
limitations of conventional heating. Furthermore it results in different heat gradient
compared to conventional processing where heat propagates from the surface of the
sample. Thus, the MW processing offers some important advantages: (i) high heating
rates; (ii) selective heating; (iii) volumetric heating; (iv) cost reduction; (v) high
potential for automation [14]. MW assisted processing has attracted significant attention
of researchers as a more energy-efficient alternative for material processing, synthesis
and waste treatments [15]. However, it has not yet been successfully applied to CF
production. Schematic comparison between conventional and microwave heating

mechanisms is shown in Figure 1.5.

Conventional heating Microwave heating
High
Conduction Radiation Microwaves
«— T
Low
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Figure 1.5 Conventional vs Microwave heating mechanism.
1.3 Theory of microwave heating

Microwaves (MW) are electromagnetic waves with frequencies between 300 MHz and
300 GHz [16]. MW heating of a material depends on its response to the alternating
electric and magnetic fields [17]. Heating under the electric field, proceeds through
either relaxation of polarised molecules (polarisation loss) or conduction of free
electrons (conduction loss). Energy conversion under magnetic field involves
mechanisms such as the hysteresis loss, eddy current loss and domain wall/electron spin
resonance loss. The response to an electric field is determined by the ability to store



electric energy — represented by permittivity or dielectric constant (¢”), and the ability to
convert that energy to heat — represented by dielectric loss (¢”). Similarly, storage and
conversion of the magnetic energy are measured by the permeability (1) and magnetic
loss (u”), respectively. These properties are usually presented relative to the free space

permittivity and permeability (o = 8.854 x 10 Farad/m and o = 4171 X 10 Henry/m):

, w, =5 and u". =% (1-4).

&, =
Dielectric loss due to conduction is given by:

&= (5),

= %
where o is the conductivity of the material and f is the frequency of the radiation.

Penetration depth of electromagnetic field into a given material is the depth at which the
intensity of the electromagnetic field decreases to 1/e (=0.368) of the initial amplitude,

and is given by
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where ¢ = 1/\/% =3 x 108m/s. In the above, the important parameters are the
frequency, permittivity, permeability and loss tangents tand, and tandm, given by

tand, = ‘Z— and tans,, = i— (7-8).

For most materials processed by MWs such as ceramics, glasses and polymers, tandy,, —
0 and therefore loss tangent values of tande or penetration depth are used for MW
absorption comparison. Materials can be classified as reflectors, transparent and
microwave absorbing, depending on the magnitude of the penetration. Reflectors are
materials with MW penetration depths of the order um. Microwaves cannot penetrate
further and are reflected back from the material. MW absorbing are highly lossy
materials with penetration depth of the order of cm and loss tangent >0.1. These
materials readily convert MW radiation into heat. Transparent are low lossy materials
with penetration depth of the order of meters and loss tangent <0.01. MW radiation can
travel though such materials without significant absorption. Most ceramic and polymer
materials fall into this cathegory, including CF precursors. Energy efficiency of the
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microwave heating is significantly reduced when it is applied to microwave transparent
materials. Furthermore, successful utilisation of microwave heating and its benefits
requires dealing with phenomenon of temperature-dependent properties. The dielectric
properties of the material may change with temperature and therefore some materials
which are microwave transparent may become absorbing materials at elevated
temperatures. For example, alumina couples with 2.45 GHz microwaves at temperatures
greater than 1000°C. This phenomenon could lead to thermal runaway and
uncontrollable heating of the material. In order to overcome the above challenges,

microwave susceptors are used.
1.4 Microwave susceptors

Susceptors are highly microwave absorbing materials, which readily heat in the
electromagnetic field even at room temperature. Some applications of MW susceptors
for material processing include: (i) sintering of ceramics such as alumina, zirconia,
silicon nitride yttria-stabilised zirconia and others using silicon carbide (SiC) as
susceptor [18-21]; (ii) silica and pyrex glass processing using SiC as susceptor [22,23];
(iii) polymer joining using carbon powders as susceptors [24,25]; (iv) SiC-assisted
sintering of metals and alloys [26,27]; (v) ore processing [28]; (vi) semiconductor
processing using SiC or carbon based susceptors [29,30]. In most cases susceptor-
assisted MW processing reduced energy consumption and/or time of processing [15], as

illustrated in Figure 1.6.
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Figure 1.6 Comparison between microwave hybrid sintering (MW) and
conventional sintering (HP) of yttria-stabilised zirconia. Reproduced with

permission from Elsevier [21].



Susceptors can be applied on the surface so that the composition and the structure of the
material remains unaltered. The heat is transferred to the sample via conventional
modes of heat transfer, which mimics conditions of the conventional furnace until it
couples with the microwaves at higher temperatures or (in case of CF production)
enough carbon phase is developed. At that point the sample is heated by microwaves
from the centre and by the susceptor from the surface. This results in a more uniform
heating compared to conventional or direct microwave heating of the material.
Furthermore, application of the susceptor on the surface will significantly reduce cost of
such modification. It is therefore the most favourable approach for CF production.
Carbon materials such as carbon black, graphite, carbon fibres and carbon nanotubes are
all classified into the group of MW absorbing materials [31]. They offer very good MW
absorption and limit chemical contamination which could diminish mechanical
performance of the CF. Therefore they are very good candidates for MW carbonisation

susceptors for production of CF.

1.5 Carbon fibre precursors

1.5.1 PAN

The most common precursor for CF production is poly(acrylonitrile) (PAN). It was
firstly used for making of CF by Shindo [32] and an improved process was later
patented by Johnson et al. [33]. Currently, PAN is a starting material for about 90% of
CF production. Structure of an acrylonitrile unit is shown in Figure 1.7.

N
Figure 1.7 Molecular structure of acrylonitrile unit [34].

A typical PAN-based precursor should possess the following properties:

1. Acrylonitrile content between 85 — 95% of a copolymer. Co-monomers such as
methyl acrylate (MA), methyl methacrylate (MMA) act as plasticisers and
improve quality of precursor spinning whereas monomers such as acrylic acid
(AA), methacrylic acid (MAA), itaconic acid (ITA) are used to reduce



stabilisation time and improve carbon yield in addition to their plasticising
effect. Homopolymers are not used commercialy.

2. The number average molecular weight (M,) in the range of 40,000 — 70,000
g/mol.

3. The weight average molecular weight (M,,) of 90,000 — 140,000 — too high
could make spinning difficult.

4. A polydispersity index of 1.5 — 3 (My/M,).

PAN is produced via wet-spinning from highly polar organic solvents to avoid ion
contamination from inorganic solvents. Polymer concentration in the solvent is typically
about 15 wt. %. Precursor fibre is then converted to CF through the process described
previously in this chapter and shown in Figure 1.4. During stabilisation, the fibre
increases in density from 1.18 g cm™ to about 1.36 — 1.4 g cm™. Gases such as HCN,
H.0, CO,, CO, NHg; are produced in the process and are continuously removed using an
inlet of fresh air. Temperature and tension are closely monitored to control
exothermicity, accommodate for the phases of fibre shrinkage, prevent breakage and
ensure good quality. Stabilised fibre is then subjected to low temperature carbonisation
in a multizone electrical furnace where temperature of different zones is gradually
increased to about 1000°C or lower (heating above 950°C leads to decomposition of tars
and fibre stickiness). The furnace is purged with N, to provide inert atmosphere and
remove gases evolved in the process. Fibre may be subjected to high temperature
carbonisation to increase its YM. However, the strength of the fibre is reduced if
temperatures are increased above 1500°C, as the structure becomes graphitic and more

oriented. Typical carbonisation of PAN is generally assumed to occur via the following:

1. evolution of HCN, CO,, CO, H,O from about 300°C onwards

2. evolution of NHs, cross-linking via H,O emission at about 400°C

3. cross-linking via dehydrogenation — suggested by increased H, evolution
in the range of about 500 — 700°C

4. cross-linking via denitrogenation — suggested by increased N, evolution

from about 800°C onwards.

Carbonisation leads to development of a characteristic turbostratic carbon phase in
which graphite-like layers (sp? carbon) are connected via tetrahedral bonds of sp*-
hybridised C atoms. Even fibre carbonised at 1400°C can have a residual nitrogen

content of up to 4%. Figure 1.8 summarises structural changes involved in carbonisation



of PAN-based PF. Additional heat treatment called graphitisation results in CF with
high YM through an alignment of graphite crystallites. CF with highest values of YM is
usually produced from mesophase pitch precursor.

Currently, PAN is a starting material for about 90% of CF, the remaining 10% being
petroleum pitch or rayon. There are significant disadvantages associated with
petroleum-based precursors such as PAN. The majority of the precursor fibre is
produced via wet-spinning which requires the use of highly polar solvents. Significant
costs of production and environmental problems encourage researchers to look for
alternative CF precursors [9,35,36]. To address dependency on petroleum extraction and
its price variation, bio-based precursor systems are being developed from bio resources
such as cellulose [37] or lignin [35,38].
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Figure 1.8 Schematic representation of structural changes in PAN during CF

production. Reproduced with permission from John Wiley and Sons [39].
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1.5.2 Lignin

Lignin is one of the most abundant biopolymers on the planet. It is a highly cross-linked
alkyl-aromatic heteropolymer synthesised in the cell wall of plants from three
monolignol units: sinapyl alcohol (S), coniferyl alcohol (G), and p-coumaryl alcohol
(H) [40]. The synthesis occurs via enzymatic dehydrogenation and creation of phenoxyl
radicals which polymerise randomly to create 3D network of corresponding
phenylpropanoid moieties: syringyl (S), guaiacyl (G) and p-hydroxyphenol (H) [41].
This leads to creation of linkage units such as: aryl ether (B-O-4), resinol (B -B),
phenylcoumaran (B -5), biphenyl (5-5), spirodienone, B -1, 4-O-5, a-O-4 [40,42].
Schematic representation of lignin structure, showing S/G/H units and linkages is

shown in Figure 1.9.
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Figure 1.9 Schematic representation of lignin including syringyl (S, blue), guaiacyl
(G, green), and p-hydroxyphenol (H, red) phenylpropanoid moieties, and lignin—
lignin linkages. Reproduced from [43].

Respective amounts of building units and linkages vary with lignin source and

separation method used. Lignin content is typically in the range of 25 — 35% in
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softwood (gymnosperm trees e.g. pine, spruce), 20 — 25% in hardwood (angiosperm
trees e.g. beech, oak) and 15 — 25% in herbaceous plants [44], and is usually determined
by the Klason acid hydrolysis method [44,45].

Summary of different lab-scale and industrial methods used for lignin separation is
shown in Figure 1.10 The most common methods of extraction involve the following

processes [46—49]:

1. Alkaline pulping: otherwise known as the Kraft process which involves
treatment of wood fibers in a 1 M NaOH and 0.25-0.70 M Na,S aqueous
solution at 165-175°C. Depolymerisation proceeds through the cleavage of non-
phenolic p-ethers and then through entrapment of quinone methide
intermediates. The latter mechanism is an important improvement over the soda
pulping process (NaOH only), which prevents additional condensation by
formation of styryl ethers and diphenylmethane structures. However, sulphide
introduces significant sulfur content into the Kraft lignin, and this impedes the
subsequent valorisation of lignin. The Kraft process leads to replacement of C-O
bonds of native lignins with C-C bonds inducing higher bond dissociation
energies. Black liquor, contains highly complex and cross-linked lignin, is
incinerated to recover Na,S and to produce steam for power generation [49].

2. Organosolv treatment which involves pulping of wood chips (1 part solid for 4
to 10 parts liquid) at 180-195°C in a solvent/water solution at 35-70% wt/vol
with or without acidic catalyst. The lignin, recovered by precipitation, has a high
degree of purity: it is sulphur-free with low carbohydrates and ash content.
Organosolv lignins are readily soluble in organic solvents however, this leads to
lignin with a high level of a-O-4 and B-O-4 cleavages while the biphenyl (5-5)
content is increased, affecting the reactivity of the lignin. One of the best known
organsolv lignins is Alcell lignin (from the ethanol based process) and it is
expected that once these lignins are valorised to high end applications such as
for example carbon fibres, the level of investment required for the
implementation of the organosolv process at scale will be justified [49].

3. Sulphite process called acidic pulping which involves treatment with aqueous
(bi)sulphite with Na-, Mg-, Ca- or NHy4-hydroxide. Lignin is extracted from

black liquor as water-soluble lignosulphonate.
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Figure 1.10 Schematic representation of the industrial and lab-scale methods used

for lignin separation [49].

4. Steam explosion process which involves short-period steam pre-treatments at
temperatures >200°C and subsequent fast decompression. This is followed by
lignin extraction with organic or aqueous alkali solvents from the exploded

lignocellulosic material.

Successful lignin valorisation of highly cross-linked lignin structure often requires
preceding chemical modification or fractionation step. In the latter process, fractions of
lignin with different M,, are separated by organic solvents, selective precipitation,
ultrafiltration or enzymatic treatments. Individual fractions with different chemical and
physical properties can be separated from each other sequentially, as illustrated in
Figure 1.11. Fractionation has been found beneficial for mechanical performance of CF

derived from Kraft lignin [50].

As a low value by-product of the pulp and paper industry, most of lignin is burned for
onsite electricity generation. Hence, lignin is a perfect renewable feedstock candidate

for wide range of engineering applications [49] such as energy storage devices [51],
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Figure 1.11 Schematic representation of sequential fractionation of lignin.

Reproduced with permission from Elsevier [52].

hydrogels [53], resins [54], adhesives [55], antioxidants [56] and most importantly as
cost-effective precursor for carbon fibre production due to its aromatic structure
[9,35,57,58]. Lignin can be formulated to enable processing via melt spinning of
precursor fibre. An important advantage of melt spinning over wet spinning process
used for PAN precursor production is that no solvent is required. Instead, melt spinning
involves melting of the polymer which eliminates the need for subsequent solvent

recovery. Comparison of the three main types of spinning is shown in Figure 1.12.
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Figure 1.12 Schematic representation of Reproduced with permission from
Elsevier [59].

1.6 Objectives

This project aims to reduce energy consumption during manufacturing of CF through a
microwave carbonisation, utilising a microwave susceptor technology at the nanoscale.
The project goes beyond the state-of-the-art through the incorporation of this
technology in sustainable lignin-based precursor materials as well as PAN-based
precursor materials for energy-efficient and cheaper carbon fibre production. The

objectives can be summarised as follows:

1) Application of susceptor assisted MW heating for carbonisation of PAN and
lignin-blend precursor.

2) Investigate the effects of susceptor coating thickness, sample preparation
sequence and MW power level on maximum achievable conversion rate to CF,
morphology and mechanical properties (modulus and tensile strength).

3) Life cycle analysis and modelling of temperature distribution during MW
carbonisation.

4) Low energy, low carbon emission process utilising a modified domestic

microwave system.
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Summary of Chapters

A chapter map is illustrated in Figure 1.13, which outlines the methodology behind this
thesis.

In Chapter 2, recent advances in lignin precursor systems and alternative conversion

methods are summarised.

In Chapter 3, starting materials, sample preparation, characterisation and experimental
methods are detailed.

Chapter 4 deals with susceptor technology used for MW heating and their

characterisation.

In Chapter 5, susceptor assisted MW carbonisation of PAN is studied. The effects of
susceptor coating thickness, route of preparation and microwave power are investigated
in order to find optimal carbonisation conditions for enhanced mechanical properties of
produced CF.

In Chapter 6, susceptor assisted MW carbonisation of bio-based and sustainable
lignin/TPU blend has been investigated. Similarly, the effects of susceptor coating
thickness, sample preparation sequence and MW power level on maximum achievable

temperatures, conversion to CF and mechanical properties have been investigated.

In Chapter 7, results of a model of microwave heating and LCA analysis are presented,
where data from previous chapters was utilised to model the heating mechanism.
Furthermore, microwave carbonisation is applied to carbonise other lignin-based
materials: foams and carbon nanofiber (CNF) mats, to show the transferability of this

technology.

Finally in Chapter 8, conclusions have been drawn and future work has been proposed.
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Chapter 2

Literature review of alternative CF conversion methods

2.1 Optimisation of conventional process

To reduce cost and time of CF production, the conventional conversion process has
been optimised and modelled over the years [7,60—63]. Stochastic modelling of
carbonisation [64] and heuristic modelling of stabilisation [65] were demonstrated.
While Artificial Neural Network (ANN) and Support Vector Regression techniques
were compared in a study to optimise the stabilisation process [66]. It was reported that
ANN offered better accuracy and achieved up to 48.6% energy savings at a density
constraint of 1.27 g/cm® < p < 1.29 g/cm®. In another study [67], it was concluded that
the Recurrent Neural Network outperformed other models in predicting CF tensile
strength (TS) and modulus (YM) from precursor information and process parameters.

2.2 Alternative stabilisation methods

Alternative stabilisation treatments or pre-treatments have been investigated in the past.
Effects of electron beam (EB) pre-oxidation/cyclisation are reported in several studies.
Dietrich et al. reported reduction in stabilisation time to one-third for EB-irradiated
PAN precursor fibre, but at the expense of up to 50% of relative tensile strength [68].
Miao et al. noticed that pre-irradiation of PAN decreases the onset temperature of
stabilisation and increases char yields [69]. (Yuan, Wang, Liu, et al. reported EB-
induced cyclisation at room temperature, which similarly led to lower onset temperature
of stabilisation, but resulted in formation of skin-core structure of the fibre [70].
Interestingly, Seo et al. demonstrated EB-crosslinking of electrospun PAN/lignin
nanofiber (NF) mats in nitrogen atmosphere, which resulted in an increase of relative
tensile strength even up to 480% [71]. Yu et al. studied the effect of EB irradiation,
which could reduce stabilisation time and increase fibre density, but provided no data of
its mechanical performance [72]. Park et al. reported shortening of stabilisation of PAN
even at low doses (200kGy) of EB-irradiation [73]. Derived CF had TS and YM of 2.3
and 216 GPa, respectively. Yoo et al. showed that EB irradiation could prevent fusion
of fibres and reduce thermal stabilisation by up to 64% [74]. Zhang et al. monitored
degree of pre-oxidation by measuring polyene radical concentration in the samples [75].

EB-irradiation of 400kGy reduced the original stabilisation time to a quarter. Gohs et al.

18



investigated reactions induced by EB in PAN copolymer (Co-PAN) powder [76]. The
effects of air and nitrogen atmosphere on properties such as gel content, radical content,
extent of cyclisation and the residual mass at 800°C were studied.

The effect of y—irradiation is described by several authors. Tarakanov reported that y—
rays decrease duration of PAN oxidation until fibre with a given density is obtained
[77]. Zhao et al. concluded that y-irradiation of PAN reduces the onset and heat
evolution of thermal reactions [78]. Liu et al. studied y-rays irradiation of Co-PAN
fibres in vacuum, which led to similar conclusions: low dose of radiation induces
crosslinking, reduces the onset temperature of cyclisation, alleviates the exothermic
behaviour and hence accelerates the stabilisation process [79]. In another publication,
Liu et al. compared the effects of vacuum, air and oxygen atmosphere on y—irradiation
of PAN and its thermal curing [80]. More recently, Zhao, Lu, Wang, et al. investigated
radiation-induced crosslinking of PAN/Co-PAN in their publications [81-83]. They
reported that apart from previously mentioned effects, the use y—rays give rise to fewer
defects, increased crystallite size/orientation and hence improve tensile strength and
modulus by 13.2 and 2.6 %, respectively. Naskar et al. described UV-irradiation and
thus accelerated stabilisation of melt-processible Co-PAN [84]. Yuan, Wang, Yu, et al.
studied the effect of UV on stabilisation of PAN [85]. They indicated that the treatment

increases fibre density, crystallite size/orientation and reduces skin-core effect.

There are few reports of plasma processing and pre-treatments as an alternative to
conventional stabilisation. Xu et al. demonstrated that radio frequency (RF) plasma pre-
oxidation improved morphology and oxidation uniformity of fibres [86]. Lee et al.
reported that RF plasma stabilisation occurs at faster rate and can enhance tensile
strength and modulus of CF by up to 30% and 4%, respectively [87]. Kim, Lee, et al.
described continuous RF plasma-assisted stabilisation of PAN [88]. CF with TS and
YM of up to 2.6 GPa and 148 GPa, respectively, was reported for the sample stabilised
in 45 min. Finally, the same group demonstrated combined plasma-assisted
stabilisation of EB-irradiated PAN, managed to reduce total stabilisation time to 13.3
min and produce CF with TS of 2.4 GPa and YM of 196 GPa [89]. CF properties were
improved to 2.9 GPa and 224 GPa by increasing stabilisation time to 33.3 min. Elagib et
al. described microwave stabilisation of PAN incorporated with CNTs and titania
nanoparticles [90]. The proposed approach reduced onset and exothermic rate of
cyclisation, but involved addition of MW susceptors into the spinning solution.

Recently, Zhao et al. showed that MW heating can shorten time and reduce temperature
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of stabilisation by about 20°C [91]. Wang et al. demonstrated molecular dynamics
simulations of MW heating of PAN in the frequency range of 20-100 GHz [92]. They
suggested that predicted selective heating of -C=N groups could be exploited for MW
stabilisation of PAN.

2.3 Alternative carbonisation methods

There are fewer reports of alternative carbonisation methods. White et al. patented a
continuous system for Microwave Assisted Plasma (MAP) conversion to CF [93]. Kim,
Kim, Choi, et al. described MAP carbonisation and showed that addition of short low
power carbonisation treatment improved tensile strength of the CF [94,95]. Schematic
representation of the MAP system is shown in Figure 2.1. Norris, Jr et al. evaluated
feasibility of carbonisation via MAP, atmospheric pressure plasma torch, induction
heating, capacitively-coupled RF plasma [96]. The team (Oak Ridge National
Laboratory) managed to scale-up the MAP carbonisation for up to five tows at about
48in/min. However evolution of volatile products during the initial stages of
carbonisation is a challenge for the MAP system which operates in the low-to-medium
vacuum regime in order to maintain stable plasma. Jin et al. compared conventional and
MW carbonisation of PAN samples heated at the same rate of 5°C min™, which resulted
in heating times of over 3h to get to 1000°C [97]. Furthermore, control rings used in the
study could act as MW susceptors. Cho et al. patented MW carbonisation using carbon-
based heating element on the surface of a polymer fibre [98]. Lam et al. reported MW

Microwave
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Figure 2.1 Schematic representation of the MAP system. Reproduced with

permission from Elsevier [95].
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pyrolysis of cellulose-rich bamboo fibre with coconut-based activated carbon as MW
susceptor [99]. Unfortunately, the susceptor application method would be difficult to
apply for continuous production of CF.

Alternative pre-treatments, stabilisation and carbonisation methods are summarised in

Table 2.1. It is evident that most of the research up to date focused on alternative

Table 2.1 Summary of alternative conversion methods and pre-treatments found in
the literature. Conv: conventional stabilisation/carbonisation reported; “-“: no

treatment/conversion step reported.

Pre-treatment  Stabilisation Carbonisation Precursor Material Reference
Technigue Technique
EB Conv - PAN [68]
EB - - PAN [69]
EB Conv - PAN [70]
EB - Conv PAN/lignin [71]
EB Conv - PAN [72]
EB Conv Conv PAN [73]
EB Conv Conv PAN [74]
EB Conv - PAN [75]
EB - - Co-PAN [76]
% Conv - PAN [77]
% - - PAN [78]
% Conv - Co-PAN [79]
% - - PAN [80]
% Conv - Co-PAN [83]
% Conv Conv Co-PAN [82]
% Conv Conv PAN [81]
uv Conv - Co-PAN [84]
uv Conv - PAN [85]
- RF plasma - PAN [86]
- RF plasma Conv PAN [87]
- Atmospheric Conv PAN [88]
plasma
assisted
EB Atmospheric Conv PAN [89]
plasma
assisted
- MW - PAN [90]
- MW - PAN [91]
- MW - PAN [92]
simulation
- Microwave Microwave - [93]
Assisted Assisted Plasma
Plasma (MAP) (MAP)
- Conv MAP PAN [94,95]
- - MAP, PAN [96]

atmospheric

plasma torch,

induction

heating, RF

plasma
- - MW PAN [97]
- - MW - [98]
- - MW (activated Cellulose-rich [99]

carbon) bamboo fibre
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stabilisation techniques and treatments that could shorten stabilisation time. Alternative
carbonisation methods are scarce and not easily transferable to continuous CF
production. MW was already reported as a viable alternative for PAN stabilisation [90—
92], whereas application of MW susceptor technology enables achievement of higher

temperatures required for successful carbonisation [15].
2.4 MW heating in CFRP processing

It is worth noting that MW heating has already been considered as an alternative method
for composite curing, offering volumetric heating at reduced time and cost of
processing. Although reports of microwave curing date back quite a long time [100—
102], it still receives much attention in the context of CF reinforced composites [103—
108]. Most of these studies compared conventional autoclave and microwave curing of
CF/epoxy systems, reported reduction of curing time and temperature gradients.
Homogeneity of MW curing was further improved by development of the “Hephaistos”
MW curing system [14]. Selective heating of CF during MW can lead to improvement
of mechanical properties via enhanced adhesion between the fibre and the matrix
[104,108,109]. On the other hand, this prevents penetration of MW radiation and could
result in uneven heat distribution in thicker sections of the composite [110]. Recent
reviews discuss these issues in detail and emphasize the need for production of real-

world components for full potential realisation of MW curing [111,112].

Recently, MW assisted recycling of CF reinforced composites has been reported [113],
which is an important aspect in view of growing composite market [114,115]. This also
indicates a potential for MW heating as a versatile heating method to be employed at

various processing stages, including recycling of waste CF.
2.5 Choice of MW susceptor and application method

Carbon nanotubes are known for their excellent conductivity and absorption of
microwave energy [116-119]. Conventional conducting fillers require the filler content
to be as high as 10-50%. Due to the high aspect ratio of carbon nanotubes, the
percolation threshold required for transition from an insulator to a conductor is achieved
at a lower concentration of the conducting filler [117]. Thus the susceptor cost fraction
of the microwave heating is reduced and introduction of defect-inducing impurities into
the carbon fibre is limited. The amount of the susceptor used can be reduced further by

application only at the surface of the material, which reduces the problem of uniform
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dispersion of CNTs in the precursor fibre. CNTs grown on CFs by chemical vapour
deposition (CVD) were reported to improve mechanical performance of the fibres and
their composites [120-123]. This approach involves growth on already carbonised
material, usually above 700°C and in the presence of reactive atmospheres which can
lead to fibre degradation. The problem of uniform distribution of CNTSs at the surface of
the precursor fibre can be solved by a layer-by-layer method proposed by other
researchers [124-127]. Culebras et al. reported layer-by-layer deposition of thin films of
nanocomposite with multiwalled carbon nanotubes (MWCNT) [127]. This technique
involves electrostatic self-assembly of highly conductive nanolayers from aqueous
suspensions and at room temperatures, which is very important from an energy usage

perspective.

Although MW absorption of carbonaceous materials was studied over wide range of
MW frequencies [31,128], the frequency of 2.45 GHz was chosen for this study as it is

most commonly used for heating in industrial, scientific and medical applications.
2.6 Choice of precursor

As described in the previous chapter, PAN is currently the most common precursor for
CF production. Due to drawbacks associated with PAN and petroleum-derived
chemicals in general, renewable precursors have attracted increasing attention, in
particular lignin [58,129]. Properties of lignin are strongly dependent on the source
(plant species) and extraction methods used. Latest developments in lignin utilisation
have been summarised in a review by Collins et al. [49]. Processing of lignin for CF
production is challenging due to its brittleness and lack of melting. Lignin fractionation
[130], modification or blending with other polymers [38] have been proposed to
overcome these issues. Lignin blends with thermoplastic polyethylene oxide (PEO),
polypropylene (PP) and polylactic acid (PLA) have been investigated in the past [58],
but proved to be difficult to carbonise or not compatible with lignin. Recently, melt-
processible blend of Alcell organosolv hardwood lignin (lignin) and thermoplastic
polyurethane (TPU) has been identified as a promising precursor for sustainable carbon
fibre [38]. The work reported promising results for the 50:50 lignin:TPU blend, with TS
and YM values of 1.1 and 80 GPa, respectively. The work presented here was a part of
the same H2020 “LIBRE” consortium and therefore the material was readily available
for investigation of MW susceptor technology for CF production from sustainable

lignin-based precursor.
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Chapter 3

Materials and experimental methods

3.1 Materials

Wet spun PAN fibres were obtained from Dralon GmbH, Germany. A blend of Alcell
organosolv hardwood lignin (lignin) with a M,, = 3950 g/mol, PDI = 4.7 (supplied by
Tecnaro, llsfeld, Germany) and thermoplastic polyurethane (TPU; Pearlthane ECO
12T95, obtained from Veltox, France, manufactured by Lubriozol) was developed at UL
and prepared via melt-spinning into precursor fibre in a ratio of 50:50. Fibres were
extruded using an xplore MC15 microcompounder. Materials were compounded during
the first run, and precursor fibres were produced in the second run of extrusion. The
spinneret diameter was 1.5 and 0.5 mm for compounding and spinning, respectively.
The screw speed was 100 and 50 rpm for compounding and fibre spinning, respectively.
The processing temperature profile used was 155/180/190/180°C. Elicarb™ Multi-
Walled Carbon Nanotubes (MWCNTS) with an average diameter of 10 - 12 nm were
obtained from Thomas Swan and Co. LTD. The following were purchased from Sigma
Aldrich (St. Louis, MI, United States): Poly(diallyldimethylammonium chloride)
(PDADMAC), with a molecular weight of 100,000 - 200,000 g/mol; sodium
deoxycholate  (SDOC)  (CxHzgNaOy);  Tolylene-2,4-diisocyanate;  n-hexane;
Poly(ethylene glycol) diglycidyl ether (PEGDGE) with M,, = 500 g/mol.

3.2 Susceptor coating

Prior to the coating, surface activation by corona treatment of the precursor fibre was
performed using BD-20AC Laboratory Corona Treater (Electro-Technic Products) in
order to improve wettability and hence the quality of the subsequent susceptor coating.
This was done by placing prepared lengths of precursor fibres on the desk and treatment
of the fibre bundle a few times on each side before coating. Precursor fibres were then
coated with a microwave susceptor coating containing multi-walled carbon nanotubes
(MWCNTS) following similar procedure to previously described in the literature [127].
Cationic solution of 0.5 wt% of PDADMAC in DI water was prepared. Anionic
suspension of MWCNTSs was prepared via manual grinding of 0.05 wt % MWCNTSs
with an agate mortar and pestle and dispersing in an aqueous solution of 2 wt% SDOC.

It was then sonicated for 20 min, followed by 15 min sonication with a 15 W tip in an
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ice water bath, and another 10 min of bath sonication for homogenisation. The
suspension was then centrifuged at 4000 rpm for 5 min and the supernatant was
decanted. Fibres were immersed into a cationic solution for 5 min, followed by rinsing
and drying using a gentle stream of compressed air, and then dipped into an anionic
suspension for another 5 min. This process results in one deposition cycle of a susceptor
coating, as illustrated in Figure 3.1. Immersion in PDADMAC solution deposits a layer
of positively charged polymer on the precursor fibre surface. This is followed by
immersion of the fibre in MWCNT aqueous suspension in SDOC. Electrostatic
interaction between negatively charged SDOC and positively charged polymer leads to
deposition of MWCNTSs. By repeating this procedure, a MWCNT-based thin film is
grown incrementally with each cycle.

Rinse and dry

++ + LBL cycle

+ + T Y

+ u
HaC o
2_{ Rinse and dry H ; ;
Aer
n HO™
Poly(diallyldimethylammonium Sodium Deoxycholate
chloride) +
Multi-Walled Carbon Nanotubes

(MWCNT)

Figure 3.1 Layer-by-layer cycle of susceptor coating deposition.

After the initial cycle, all subsequent cycles were completed with 2 min dip times. This
was repeated to deposit desired number of susceptor layer cycles. Subsequent samples
are referred to as Xc, where X signifies the number of cycles. Fibre samples with
deposited multilayer films were air-dried overnight and then stored in a desiccator prior
to further processing and characterisation. Two routes of sample preparation were
investigated: (i) susceptor coated before stabilisation, (ii) susceptor coated after
stabilisation. The experimental process and two routes of sample preparation are

illustrated in Figure 3.2.
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Figure 3.2 Summary of the experimental process, including two routes of sample

preparation (i) and (ii).

3.3 Thermo-oxidative stabilisation

PAN samples were stabilised by heating in air at a ramp of 1°C min™ until 250°C,
followed by 1h isothermal at 250°C. All stabilisation was performed in a BINDER
convection heating oven, where fibre samples were stretched using paper clips, as

shown in Figure 3.3.

VU R W .

Figure 3.3 PAN precursor fibres prepared for stabilisation in a convection oven.
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Lignin/TPU blend samples were dipped for 5 min in a cross-linker solution of 10 wt. %
of Tolylene-2,4-diisocyanate (2,4-TDI) in n-hexane prior to stabilisation. Cross-linking
of lignins using diisocyanates such as TDI was reported in the past [131] and is known
to proceed by reaction of the isocyanate group (-N=C=0) with the hydroxyl (-OH)
group of lignin with the formation of a urethane bond [132]. Schematic representation

of 2,4-TDI and the cross-linking of lignin via the —OH group is shown in Figure 3.4.

Lignin

o]

\

/C:O
N=C=0 HN
HsC i H3C
+ ngmn\/OH — ﬁ
C
N=C=0 NH 07 Lignin

Figure 3.4 Simplified representation of cross-linking of lignin with TDI.

Stabilisation of lignin/TPU samples was performed in air at a ramp of 1°C min™ until
250°C, with 2h isothermals at 100, 150, 170, 200 and 250°C. The samples were hanging
more loosely compared to PAN samples shown in the image above, to prevent breakage
and fusion of fibres during shrinkage. Individual fibres of each lignin/TPU sample were
separated manually before dipping in a cross-linker solution and after each isothermal to
prevent build-up of fused fibres during stabilisation (Figure 3.5). If too many of
individual fibres in the strand were fused, the sample lost its flexibility and it was very

difficult to mount it for MW carbonisation, which is explained in the following parts.

Figure 3.5 Image showing fused lignin/TPU fibres.
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3.4 Conventional carbonisation

Stabilised PAN and lignin/TPU fibres were placed on a stainless steel holder inside a
quartz tube reactor of an electrical LENTON tube furnace. Reactor was then closed and
vented with N, for 30 min. After that samples were carbonised by heating to 1000°C at
10°C min™ with a 30 min isothermal at 1000°C. Schematic of a tube furnace used for

conventional carbonisation is shown in Figure 3.6.

Quartz tube Heating element
I /
N, in ( l ]N2+volatiles
( _— J
I
Temperature control Stainless steel
sample holder

with fibre sample
Figure 3.6 Schematic of a tube furnace and a stainless steel sample holder used for

conventional carbonisation.
3.5 Microwave carbonisation

Prepared fibre samples were carbonised in a custom-made setup designed by the author
of this thesis based on a domestic microwave oven, as illustrated in Figure 3.7. Firstly,
locations of hot spots in the oven were estimated using food products. Accordingly, a
hole was drilled in the top cover of the MW oven, above the hot spot location, to allow

for temperature reading and ventilation of the flask.
A holder for an Erlenmeyer flask was designed by the author to ensure the following:

1) The precursor fibre sample could be positioned about 10 cm below the infra-red
(IR) temperature sensor to enable focusing of the IR radiation through its lens.

2) The inside of the flask could be sealed off and vented with N, gas.
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Figure 3.7 Schematic representation of the microwave heating setup used in this

study.

Figure 3.8 shows three designs of the flask holder prepared for this study. First design
(Figure 3.8 A) was adapted to IR sensor with a lower temperature range (0-1000°C) and
machined from Polytetrafluoroethylene (PTFE). Figure 3.8 B shows the second holder
adapted to IR sensor with broader temperature range (250-1800°C). The holder was
machined from Al-alloy, but this resulted in no heating of the fibre, possibly due to
absorption of MWs by the holder and hence this design was abandoned. Therefore, the
third holder (Figure 3.8 C) was made from PTFE and allowed recording of MW

carbonisation heating profiles presented in this work.

A B C N, + volatiles out

IRsensor |
By e nl
5*4_// O
@ \\ @
—C—— s ¥ g“%
o

Figure 3.8 Solidworks designs of the flask holders prepared in this study. A —

design used during the first tests (PTFE), B — unsuccessful design made for high
temperature sensor (Al-alloy), C — the most successful design for high temperature
sensor (PTFE).
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Images of MW carbonisation setup are shown in Figure 3.9. The choice of materials for
the sample support, the flask (Figure 3.9 A) and the holder (Figure 3.9 B) was dictated
by experimental conditions and properties of microwaves at 2.45 GHz. Initially,
samples supports made from alumina plates and flasks from borosilicate glass were
used, but the former shattered during heating and the latter were prone to overheating
and even melting, especially during carbonisation of lignin/TPU precursor.
Consequently, microscope slides and flasks from fused quartz were used due to their
excellent thermal shock resistance, MW transparency (loss tangent of 0.0003 -
[133,134]) and high operating temperatures >1000°C. Microscope slides were cut to
appropriate lengths to support the fibre sample at the correct position below the IR
sensor. Polytetrafluoroethylene (PTFE) was used for making the flask-sealing holders,
due to the low loss tangent value of 0.00048 [133,134]. The holder was covered with
layers of aluminium foil and electromagnetic shielding box which prevented leakage of
MWs during operation.

A B C D

FigUre 3.9 Images of MW carbonisation setup used in this study. A — Quartz flask

and sample support, B — flask holder (PTFE wrapped with aluminium foil) with IR

sensor and gas inlet/outlet tubing, C — fibre sample prepared for MW
carbonisation, D — image of the domestic microwave.

Fibre samples were wrapped around a piece of microscope slide, placed in an
Erlenmeyer flask and sealed with the top part of the flask holder. N, gas was allowed to
flow through the flask for 30 min after insertion of the sample (Figure 3.9 C) and during
the heating. Microwave heating was performed in a modified domestic microwave
(Figure 3.9 D) with a maximum output power of 700W. The microwave was operated in
two modes: (a) high power level - at full power; (b) progressive power levels — where
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input voltage was increased progressively from 165V to 230V. The voltage was
increased incrementally from 160-165V to provide five progressive levels of MW
power, with the final one at 230V (700W). The power was not changed until the sample
temperature was stable, which resulted in differences in carbonisation times of
progressive carbonisation. Total heating time was up to 20 min for mode (a) and 30 - 40
min for mode (b). MW carbonisation heating profiles were recorded using an IR
pyrometer Calex PyroUSB PUAS8 with a temperature range of 0-1000°C or Optris CT
3M with a temperature range of 250-1800°C. Experimental estimation of the emissivity
was performed using a setup shown in Figure 3.10. Stabilised fibre was heated from
below and the surface temperature was measured using Type K thermocouple. IR sensor
recorded the surface temperature and the emissivity was adjusted to match the reading
of the thermocouple. It was in reasonable agreement with values found in literature

[135,136], and the emissivity was assumed to be constant at 0.9.

0.94

0.84

T T T T T
310 320 330 340 350
Tc (°C)

Figure 3.10 A - Setup used for emissivity estimation, B - Emissivity (€) adjusted as

a function of thermocouple temperature (T+c).

After heating, the fibre was allowed to cool down to at least 250°C in an N, atmosphere
prior to storage and characterisation. Periodic signal noise/vibration was present in
some of the recorded heating profiles, which is due to periodical change of the
electromagnetic field of the microwave [92]. These profiles were smoothed for clarity

in Origin software.
3.6 Material characterisation

SEM was performed utilising a Hitachi TM1000 at 15 kV for general imaging of the
produced CF and a Hitachi SU70 microscope at 10 kV for higher magnification
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imaging. Samples were mounted on 15 mm aluminium stubs using carbon and copper
conductive tapes prior to analysis. Fibre diameter was calculated from SEM images, as
an average of at least 12 separate measurements.

RAMAN spectra were recorded by utilising a Horiba LabRAM 1A spectrometer in a
backscattering configuration, equipped with a 514.5 nm laser source, calibrated with the
spectra of a silicon sample before each session. It was focused onto the sample surface
using a 50x objective through a 200 um confocal hole, which results in magnification of
70x and collection of signal from an area of 2.9 um. The 10% density filter was used to
avoid damage of the sample. The spectra were accumulated over 40-50 s and averaged
over five scans to improve signal-to-noise ratio. Fits of the spectra were obtained using
a Pseudo-Voigt function in Origin software. The graphite particle size (L,) was
calculated using a Tuinstra and Koenig proportionality improved by Cancado et al. for

any laser in the visible range [137,138], given by:
_ 560 (Ip) ™!
Lo(nm) =32 (2) (9),

Where excitation energy of the laser used in the experiments is E; = 2.41 eV and Ip, I
are the integrated intensities (areas) of the D and G bands observed at 1350 and 1580

cm’, respectively. Raman was performed on samples prepared for SEM imaging.

Thermo-gravimetric analysis (TGA) was performed using a Seteram Labsys DSC-TGA.
TGA samples were heated in an N, atmosphere at a rate of 10-20°/min to 1000°C and
then held for a 5 min isothermal. Fibre samples were ground manually using an agate
mortar and pestle prior to analysis. Al,O3 crucibles (100uL) were used and background
runs were subtracted from all spectra before data interpretation. CF conversion rate has

been evaluated as the percentage remaining mass at 1000°C.

Tensile testing of fibre samples was performed on the FAVIMAT single-fibre tester,
using a clamping length of 12 mm and a speed of 0.5 and 1 mm/min for PAN and
lignin/TPU samples, respectively. Measurements were carried out at DITF in
Denkendorf, Germany.

Atomic force microscopy (AFM) images were recorded in contact mode, in air, using
Thorlabs EDU-AFM1/M microscope. The measurements were performed using
monolithic silicon AFM probe with aluminum reflective coating (ContAl-G,

Budgetsensors), at room temperature and ambient pressure. The experiments were
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conducted on square areas of 20 um x 20 um, in 250 x 250 pixels resolution, at a scan
speed of 75 pixels s*. Height calibration was performed using a silicon dioxide
calibration standard (HS-100MG, Budgetsensors) with a step height of 100 nm. AFM
images were analysed with Gwyddion 2.56 software.

Thickness measurements were performed using profilometer (P6 Stylus Profiler, KLA-
Tencor Corporation, Milpitas, CA) and represent an average of 5 separate

measurements. Measurements were carried out at the University of Valencia, Spain.

The electrical conductivity has been determined using the Van Der Pauw method (4-
point probe) with custom-made equipment, where four contacts are used to eliminate
the effect of the contact resistance, as shown in Figure 3.11. For the first resistance
measurement, a current lag was driven between two contacts, A and B, and the potential
difference V¢p between the other two contacts, C and D was measured, giving the first
resistance Ry = Vcp/lag. The second resistance, R, =Vgp/lac, was obtained by driving
the current between A and C and measuring the voltage between B and D. The voltage
and current values were then plotted giving a lineal trend according to Ohms law. The
conductivity of the sample was obtained by solving the Van Der Pauw equation [139]:

e TR0 4 o~TR20 = 1 (10),
where d is the sample thickness. A Keithley 2400 current source was used and
measurements were carried out at the University of Valencia, Spain.

R R
! 2cm g Vip

IAB
VCD
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Figure 3.11 Contact configurations to measure R; and R,.
3.7 Alternative applications of MW carbonisation

Susceptor assisted MW carbonisation was used for carbonisation of other materials to

obtain preliminary data on potential applications of the technique presented in this
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study. MW heating was applied for preparation of lignin-based porous carbon materials:

foams derived from hydrogel and electrospun carbon nanofiber mats.
3.7.1 Lignin-based hydrogel

8g of lignin was dissolved in 20 mL of 3.3M NaOH solution. The solution was
magnetically stirred for 24 h at 60°C. After that, the solution was loaded with PEGDGE
cross-linker (in 1:1 lignin to cross-linker ratio) and magnetically stirred for another 15
min. The solution was then poured into 4 cm Petri dish. After completion of the cross-
linking reaction (24 h), the cross-linked hydrogel was moulded in 1 cm cylinders and
rinsed several times with DI water until neutral pH. The hydrogel was coated with MW

susceptor according to 3.2 and carbonised using MW in nitrogen atmosphere, as per 3.5.
3.7.2 CNF mat preparation

A custom-built electrospinner, composed of a syringe driver (Harvard PHD 2000) and a
power source (SIMCO Eurocharger Master), was used for producing the nanofibres.
The samples were produced at an infusion rate of 30 uL min*. The substrate distance
between the needle and the aluminium collector foil was set to 10 cm, and the
electrospinning was performed at 7.7 kV. The needle was connected to the power
supply, and the aluminium foil was ground to the power supply. The electrospun
lignin/PLA were collected over a carbon coated quartz electrode attached to the
aluminium foil. Schematic representation of the electrospinning process is shown in
Figure 3.12. After 1h of electrospinning, the electrodes were removed from the
aluminium foil for the subsequent steps. The CNFs were stabilised in air as follows: the
temperature was ramped from 25 to 150°C at 1°C min * and kept at 150°C for 14h.
Then, the temperature was raised from 150 - 200°C at 1°C min"*, kept at 200°C for 1h,
ramped again from 200 - 250°C at 1 °C min* and kept at 250°C for 1h. The stabilised
lignin/PLA nanofibres were coated with MW susceptor, according to 3.2 and carbonised

using MW in nitrogen atmosphere, as per 3.5.
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Figure 3.12 Schematic of the electrospinning process [140].
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Chapter 4

Susceptor coating

4.1 Introduction

Due to MW transparency of precursor fibres, a conductive nanocomposite susceptor
coating containing MWCNTS is applied on the surface according to procedure described
in 3.2, utilising layer by layer (LBL) deposition. This approach improves homogeneity
of dispersion of nanoparticles, which is a common problem in fabrication of conductive

polymers containing CNTs [117,141].

Immersion in PDADMAC solution deposits a layer of positively charged polymer on
the precursor fibre surface. This is followed by immersion of the fibre in MWCNT
aqueous suspension in SDOC. Electrostatic interaction between negatively charged
SDOC and positively charged polymer leads to deposition of MWCNTSs. Similar layer-
by-layer approaches were previously used to prepare multilayer assemblies containing
CNTs for preparation of thin films with improved electrical properties and high
thermoelectric power factors [124-127,142,143].

In this chapter the effects of the increasing number of coating cycles and the sequence
of sample preparation on the visual appearance, morphology and properties of the
susceptor layer are presented. In order to find the thickness and electrical conductivity at
each interval, glass microscope slides were coated with 1 — 5 cycles, then analysed by

AFM, profilometry and 4-point probe measurements, as described in 3.6.
4.2 Results

First tests showed that stabilised PAN and lignin/TPU fibres, without susceptor coating,
reach maximum temperatures of about 250°C in the first 20 min of MW heating.
Although higher numbers of cycles were tested, preliminary data showed that 5 cycles
of susceptor coating are sufficient for rapid heating of PAN precursor to desired

temperatures >1000°C and therefore it is used as a maximum in other sections.

PAN and lignin/TPU precursor samples are shown in Figure 4.1. The coating resulted in
discoloration of the PAN fibre (Figure 4.1 A). The higher the number of LBL cycles,
the darker the sample, which is attributed to the colour of MWCNTSs. After the
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stabilisation step all samples appeared black in colour and the difference in shade was
no longer observable with the naked eye. After drying individual fibres do not stick and
were easily separated. Lignin/TPU precursor fibres are almost black in appearance both
before and after stabilisation; therefore no change is observable with naked-eye during

sample preparation (Figure 4.1 B).

3‘ 4‘
1.8 re B -

Figure 4.1 PAN precursor fibre coated with 0-5 cycles of LBL susceptor coating
(A). Stabilised lignin/TPU precursor (B).

An SEM image of PAN precursor fibre surface coated with 5 cycles of MW susceptor
deposition is shown in Figure 4.2. A relatively uniform network of MWCNTS can be
observed, which is beneficial for even heat distribution during carbonisation. Bright
contrast particles are observed, which might indicate presence of dust or some entangled
MWCNTSs.

Figure 4.2 PAN precursc;r fib}’e su c after 5 cycles of LBL susceptor coating.

Comparison of susceptor coating on CF prepared via two different coating sequences is
illustrated in Figure 4.3. It is observed that coating before stabilisation (A) results in
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incorporation of the susceptor layer on the surface of the fibre, most likely due to
degradation or melting during stabilisation step. Susceptor coating applied after
stabilisation (B) tends to be more fragile and peels off from the fibre surface. This is
possibly due to it remaining as an individual layer that is not fused or melted during

stabilisation.

A

5um 1um

5um 1um

Figure 4.3 Comparison of susceptor coating applied before (A) and after
stabilisation (B). A — 5 cycles of susceptor applied before stabilisation with higher
magnification view showing the susceptor incorporated into the structure of the
fibre. B — 4 cycles of susceptor applied after stabilisation with higher magnification

view showing the susceptor remaining as an individual layer.

Glass microscope slides were coated with 1 — 5 cycles of LBL coating and analysed by
AFM, profilometry and 4-point probe measurements.

Figure 4.4 shows that conductivity and thickness increase as a function of LBL coating
cycles. Each cycle increases the thickness by 20 — 40 nm. This confirms incremental
growth of susceptor coating during LBL process. Highest rise in conductivity is
observed between 3c and 4c, probably due to some sort of percolation threshold. This

might be correlated with higher maximum temperatures observed in the next chapters,
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especially for samples coated after stabilisation (5.2.1 and 6.3.1). After 5¢ of deposition,

conductivity and thickness of up to 55.9 S m™ and 223 nm are recorded, respectively.

Figure 4.5 shows AFM image of a boundary between a film created after 5 cycles and
clean surface of the glass. A grainy surface is observed with a broad distribution of
height, mostly in the range of 10 - 210 nm and the average at 76 nm which is lower than
value obtained for the same no. of coating cycles with profilometry measurements.
Small grains with thickness of up to 380 nm are recorded in certain locations, which are
most likely regions with larger bundles of entangled MWCNTS, similar to the ones
observed through SEM (Figure 4.2). Small size and complicated shapes of MWCNTSs
result in inconsistency of results in terms of thickness of the coating. Uncertainty of
AFM measurements is also increased by the presence of the background slope (up to 1
um in height per 20 um in length). Similar observations are made for 4c sample, with

the average height at 65 nm.
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Figure 4.4 Electrical conductivity and thickness of LBL coating as a function of

deposition cycles.

Results of conductivity, thickness and roughness measurements are summarised in
Table 4.1. LBL coatings developed after 1 — 3 cycles were not measured via AFM, due
to difficulty in locating the coating boundary. Average roughness increases with

increasing number of layers.
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Figure 4.5 AFM image of the 5 cycle coating deposited on glass slide.

Table 4.1 Conductivity, thickness and roughness for LBL nanocomposite film after

up to 5 cycles of deposition.

LBL coating Conductivity, o Thick_ness from Thickness from Roughness from
cycles (S mY) ’ profilometry AFM AFM

lc 1.73e-03 97+ 11 - -

2¢ 4.1 138 = 13

3¢ 9.4 175 £ 26 § .

4c 471 193+ 10 65 1

5¢ 55.9 223+8 76 5

4.3 Conclusions

Susceptor used in this study was characterised and the effects of the sample preparation
sequence on its morphology were investigated in order to improve understanding of

MW heating mechanism. The following conclusions can be drawn:

1) Thickness and conductivity of the susceptor layer increase with increasing
number of coating cycles. Thickness of up to 223 nm and electrical conductivity
of up to 56 S m™ are recorded after 5 cycles of LBL coating.

2) Coating before stabilisation results in degradation or melting of the susceptor
nanocomposite layer on the surface during stabilisation. Coating of the fibre
after stabilisation can result in delamination of the susceptor layer during
subsequent handling and processing of the fibre.

3) First experiments showed that 5 cycles of susceptor coating are sufficient for
heating to desired temperatures (>1000°C) and therefore this thickness is used as

a maximum in the following section.
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Chapter 5

Microwave carbonisation of PAN fibres

5.1 Introduction

As explained in the previous chapters, MW heating is more efficient than conventional
heating. Successful application of microwave carbonisation reduces environmental
impact and cost of CF production. In this chapter, MW carbonisation was applied for
PAN, currently the most common precursor material for CF production. PAN is
difficult to heat in MWs, due to its transparency in the wavelength of interest. A
susceptor coating containing MWCNTSs was applied on the surface of the precursor

fibre to absorb MWs to allow carbonisation.

The effect of susceptor coating thickness and coating sequence were evaluated. To
achieve this, PAN precursor fibres were coated with 1-5c¢ (cycles) of susceptor,
following the procedure outlined in 3.2. Preliminary data showed that 5 cycles of
susceptor coating are sufficient for heating of PAN precursor to carbonisation
temperatures. The susceptor layer was applied before or after stabilisation (3.3). Firstly,
samples were carbonised at high power level to ensure repeatability of the process.
After that, an equivalent batch of samples was carbonised at progressive power levels in

order to improve mechanical properties of the CFs produced via MW carbonisation.

5.2 Carbonisation at high power level

5.2.1 Heating profiles

Heating profiles for high power MW carbonisation of PAN precursor are shown in
Figure 5.1. For clarity purposes, only the first 10 min of heating is presented. Most of
the samples experienced extremely fast heating to temperatures above 800°C in the first
30 s of MW heating. Recorded maximum temperatures (Tmax) are in the range of 847-
956°C for fibres coated before stabilisation and 911-1076°C for fibres coated after
stabilisation. Tnax temperatures are summarised in Table 5.1. High efficiency of MW
heating can be attributed to a combination of conduction and eddy current loss in an
electric and magnetic fields, respectively, which are main contributors in heating of

highly conducting materials [15,134].
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Figure 5.1 Heating profiles of high power MW carbonisation of PAN precursor

00 =

coated before (A) and after stabilisation (B).

In general the Tyax iNcreases with the increasing number of coating cycles and is higher
for fibres coated after stabilisation. This is attributed to the lack of degradation/melting
of the coating explained in the previous section. This is most likely the cause for higher
spread of Tnax and general noisiness of the corresponding heating profiles. This coating

responds more efficiently to electromagnetic waves through increased electrical
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conductivity. Also it is more fragile, more readily peeled off by the volatile matter
during carbonisation which may account for the abrupt changes of recorded temperature
during MW heating. Increased difference between 3c and 4c samples coated after
stabilisation suggests that there may be a correlation between electrical conductivity
data (4.2) and Tmax. On the contrary, coating applied before stabilisation undergoes
aforementioned degradation/melting, which results in the decrease of heating response
and in smaller Tnax differences within the group.

Table 5.1 Maximum temperatures recorded during high power MW carbonisation

of PAN precursor.

Maximum temperature, T .y

Sample °C)
Coated before stabilisation

1c 883
2c 956
3c 852
4c 916
5¢ 847
Coated after stabilisation

1c 911
2c 930
3c 984
4c 1076
5¢c 1063

A significant delay in temperature rise (about 1-1.5 min) was observed for two samples
coated before stabilisation (1c and 2c) and can be explained by lower thickness of
susceptor coating, which should decrease absorption of MW radiation. Duration of this
heating lag was previously reported to be dependent on the MW power used for
processing and the moisture content of the granular activated carbon sample [144]. It is
conceivable that the moisture absorbed by some samples during storage was sufficient
to manifest this effect, especially in samples that should display the lowest rate of MW
absorption. Once the moisture is evaporated and samples reach the lower limit of the
IR-sensor (250°C), the heating rates are almost equally high.

All samples experience a series of peaks or signal disruptions, especially during initial
phase of the heating. These features are observed at temperature ranges of 400-750°C
and 300-900°C, for samples coated before and after stabilisation, respectively. In some
cases (especially in samples coated after stabilisation, e.g. 4c), these sharp peaks keep
occurring until several minutes into the MW carbonisation. They are most likely caused
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by volatile products of carbonisation [145], i.e. crosslinking condensation,
dehydrogenation and denitrogenation reactions [3,36], which occur at temperatures
above 400°C. Alternatively, some of the most abrupt peaks can be a sign of plasma
formation [21]. After reaching the maximum temperature at the beginning of the
carbonisation, a gradual fall in the temperature is observed through the remaining
carbonisation time. One reason for this could be shrinkage of the fibres and reduction of
the IR-radiation reaching the sensor. Another plausible explanation is decreased
efficiency caused by overheating of the experimental setup. This could be a result of an
increased absorption of MWs by parts of the setup heated from the sample, decreased
efficiency of overheated magnetron or combination of both. Periodic signal
noise/vibration was present in some of the recorded heating profiles, which is due to
periodical change of the electromagnetic field of the microwave [92]. These profiles

were smoothed for clarity in Origin software.

5.2.2 Morphology

Representative SEM images of CFs produced via high power MW carbonisation from
PAN precursor are shown in Figure 6.2. Average diameter of the fibre is in the range of
6.35-8.51 um for CF coated before stabilisation and 6.59-8.78 um for CF coated after
stabilisation. In both groups, diameter is smaller compared to stabilised fibre (10.62 +
1.05 um) and slightly decreases with increasing maximum temperature of MW
carbonisation. This change is associated with the loss of matter, increase of density and
hence decrease of fibre volume during carbonisation [3,36]. Surprisingly, CF produced
via conventional carbonisation at 1000°C (Conv) presents the highest value of diameter
(9.8 £ 1.21 um), but this may be explained by the biggest deviation in measurements of

this sample.

Cross-sections of CFs show characteristics of brittle fracture. Oval pores/defects of up
to about 1.5 um in the longest (radial) direction are observed in all samples. Pores are
found along the circumference of the fibre’s cross-section and sometimes elongated
radially. Similar features were reported previously by Barnet and Norr in a structural
model of high modulus PAN-based CF [3,36,146]. It was proposed that a radial
structure of disordered crystalline webs and large voids is surrounded by highly-ordered

crystalline skin/sheath. Formation of such a structure was attributed to radial stresses
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and differential shrinkage during carbonisation and cooling of the fibre. These
defects/voids visible in fibres are most likely caused by the high heating rates observed
during MW carbonisation. Development of skin-core structure could lead to stress
between the two zones during shrinkage. It was previously reported that incomplete
stabilisation could result in different orientations of inner and outer zones of the cross-
section [147]. Also, fast carbonisation leads to evolution of large amounts of
decomposition products over short periods of time instead of slow diffusion of volatiles
to the outer surface. This could promote creation of relatively large voids. There is no
tension to ensure no space is left within the structure of the fibre as the volatile products

of carbonisation are released.

In general, voids in cross-sections are slightly smaller in CFs coated before stabilisation.
As mentioned before, this coating sequence results in lower Tnax temperatures (Table
5.1). This limits overheating and ultimately the development of bigger voids. Pores
observed in CF produced via conventional carbonisation are much smaller, which
suggests that the rates of heating and cooling have a predominant effect on their

formation.

Fibres retain their overall shape but there are signs of deformations or scars running in
longitudinal direction on the outer surface (red arrows). These may be characteristic
Mrozowski cracks [36,146,148], which are formed by anisotropic thermal shrinkage of
graphite crystal domains upon cooling of CF. They may also be considered a surface
manifestation of voids visible in cross-sections and volume loss during carbonisation.
Orientation of these features parallel to the fibre axis is most likely the result of CF
structure orientation, whether in crystalline or amorphous form [149], which is induced
already on the spinning stage and by stretching. The cracks are smaller in conventional
sample, so the magnitude is most likely connected to severity of MW carbonisation and
development of voids visible in cross-sections. Bright contrast particles are also visible
on the surface of the fibres and can be attributed to loose fragments of susceptor
coating. This is somewhat more pronounced in samples coated after stabilisation, where
the coating is more prone to damage, and is likely the result of fast evolution of volatiles

during MW carbonisation.
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Figure 5.2 SEM images of CFs produced via high power MW carbonisation from PAN precursor. Red arrows — Mrozowski cracks.
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5.23 TGA

Thermogravimetric analysis of CFs produced via high power MW carbonisation from
PAN precursor is presented in Figure 5.3. Conversion rate evaluated from TGA is in the
range of 86 — 91% for CFs coated before stabilisation and 95 — 98% for CF coated after
stabilisation. This is in agreement with higher Ty temperatures recorded for samples
coated after stabilisation (Table 5.1), which results in fuller conversion to CF.
Conversion rate of CF produced via conventional carbonisation at 1000°C (Conv) is
considerably low at 88.2%. The most probable reason is the temperature gradient inside
the tube furnace used for conventional carbonisation, which results in uneven
carbonisation conditions. It is probable that parts of the fibre never reached 1000°C, and
hence the deviation from the expected 100% value. On the other hand, there is about 3-
4% of mass lost in the temperature range of 30-100°C which can be assigned to
moisture [38,150,151] absorbed from atmosphere due to porosity or grinding prior to
TGA, so the conversion rate is >91%.

Trends are not easily identified for samples with increasing numbers of coating cycles,
because the differences in thickness are nanoscale (20 — 40 nm). Furthermore, the
temperature recorded by IR-sensor may be considered as the average temperature, even
if a temperature gradient, caused by non-uniform electromagnetic field, is present.
Ideally the area covered by fibres should be at least 2 times larger than the spot size, i.e.
the area monitored by IR-sensor. It is therefore not surprising that manual sampling of
CFs produced via MW carbonisation poses similar challenges as conventional

carbonisation and may contribute to a certain degree of error in TGA measurements.
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Figure 5.3 TGA of CF produced via high power MW carbonisation from PAN

precursor coated before (A) and after stabilisation (B).

Data interpretation is further complicated by the noisiness of the TGA traces (especially
for CFs coated before stabilisation). This is caused by smaller sample size due to low

availability of material, and was later increased for all other samples.
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5.2.4 Raman

Raman spectra of CFs produced via high power MW carbonisation from PAN precursor
are shown in Figure 5.4. Characteristic D and G bands are observed in the range of
1344-1360 cm™ and 1580-1590 cm™, respectively. D and G bands of CF produced via
conventional carbonisation at 1000°C (Conv) are in the range of 1349-1350 cm™ and
1584-1588 cm™, respectively. The G band is present in all carbon fibres and is
attributed to the vibration of the graphite crystal cell. The D band is attributed to
breaking of the crystal lattice symmetry which is caused by small crystal size and
structural disorder. The D band is present in turbostratic CFs and disappears at higher
graphitisation temperatures. All samples (including Conv) show overlapping of peaks
which is characteristic for CFs with highly disordered graphitic structure after low
temperature carbonisation [152—154]. Although researchers argue whether samples can
be considered crystalline at this stage of carbonisation and advise caution when CFs
from different precursors are compared [154]. Nevertheless, the Raman can still be a

useful tool for comparison of theoretical L, calculated for CFs from the same precursor.

The calculated graphitic crystallite size (L) is in the range of 6.42-9.23 nm for CFs
coated before stabilisation, 5.12-11.43 nm for CFs coated after stabilisation and 9.61 for
sample carbonised conventionally (Conv). It is generally bigger in samples with higher
recorded Tmax. CFs that reached temperatures close to or exceeding 1000°C display the
particle size comparable with the conventional carbonisation at 1000°C. This is
attributed to the crystallite growth in CFs as the temperature or the duration of the
treatment is increased, which leads to higher L, [154]. The values are somewhat smaller
compared to 15-22 nm and 14-19 nm reported previously for PAN carbonised at
1000°C in microwave and via conventional method, respectively [97]. Although the
same method was used for calculating L, [138], authors used much lower heating rates.
Final temperatures were maintained for 1h, which resulted in total carbonisation time
(incl. ramps) of about 4h 20min [97], which is significantly longer compared to
carbonisation times of about 20min (MW) or 2h 10min (Conv) used in this study.
Furthermore, the result can be affected by application of PAN with different copolymer
composition [154]. For the above reasons, the calculated L, for conventional sample is

regarded as the target (>9.61 nm).
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Figure 5.4 RAMAN spectra of CF produced via high power MW carbonisation

from PAN precursor coated before (A) and after stabilisation (B).

To prevent information loss, the Raman spectra were not normalised. This results in the
visible differences in intensities of individual spectra, but has no adverse effects on

subsequent L, calculations.
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5.2.5 Mechanical properties

Mechanical properties of CFs produced via high power MW carbonisation from PAN
precursor are shown in Figure 5.5. Average TS, YM and strain of samples coated before
stabilisation are in the range of 0.84-0.93 GPa, 75.5-160.7 GPa and 0.6-1.25 %,
respectively. Average TS, YM and strain of samples coated after stabilisation are in the
range of 0.41-0.83 GPa, 76.5-131.75 GPa and 0.64-0.84 %, respectively.

Average TS, YM and strain were benchmarked off control sample, carbonised in
conventional tube furnace (Conv). Measured TS of 1.42 GPa, YM of 114.8 GPa and
strain of 1.24 % are close to values previously reported for PAN carbonised with no
tension applied [97]. At this stage, comparison to commercial CF data would be of
limited use, as the carbonisation temperatures >1100°C and the control of tension are

critical to achieve such performance.

TS (Figure 5.5 A) is generally lower than that of the control, which can be attributed to
premature fracture due to pores observed through SEM and explained above. Defects
are also formed by the thermal decomposition products which are known to have
detrimental effect on mechanical properties during carbonisation at high heating rates
[36]. Overlapping of the error bars indicates that it was possible to produce CF with
properties comparable to control CF (Conv), but they were scarce. This is supported by
promising YM values (Figure 5.5 B) of several samples that matched those of the
control. Tested fibres ruptured at strain values (Figure 5.5 C) lower than that of the

control, but an overlap of the error bars is also visible in this case.

Coating before stabilisation produced CFs with higher TS, YM and strain. This can be
explained by milder conditions of carbonisation observed in this group. Also, highest
values of TS and YM in both groups correspond to median values of Tnax (Table 5.1),
which indicates improvement of mechanical properties when overheating is limited. On
the other hand, heat treatment at higher temperatures should increase L, and and
improve mechanical properties [3,36,97]. Disagreement between L, and mechanical
data (especially TS) presented here suggests that not the microstructure, but the
presence of defects is the main factor limiting the performance of CFs presented here.
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Figure 5.5 Mechanical properties of CFs produced via high power MW
carbonisation from PAN precursor and conventional (Conv) at 1000°C. Tensile
strength — A, Young’s Modulus — B, Strain at break — C, number of fibres
successfully tested - D.
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5.2.6 Summary

Carbonisation conditions and properties of CFs produced via high power MW
carbonisation from PAN precursor are summarised in Table 5.2, where the trends
described above may be easily followed and values compared to conventional

carbonisation at 1000°C. Standard deviation is reported where possible.

MW carbonisation at high power results in high initial heating rates which result in
formation of defects observed through SEM. Coating samples before stabilisation
results in lower Tnax and conversion rate, but produces CFs with superior mechanical
properties compared to the second group. Coating samples after stabilisation results in
higher Tmax and conversion rate, but deteriorates mechanical performance, most likely
due to higher heating rates. Coating samples before stabilisation appears to be more
reliable procedure for MW carbonisation at high power. However, the performance of
the other preparation sequence may be also improved if the MW power is reduced.
Therefore it is decided to continue experimentation with samples coated before and after

stabilisation due to higher Tmax and conversion rates offered by the latter sequence.
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Table 5.2 Carbonisation conditions and properties of PAN-based CFs. Samples carbonized at high power level.

Sample temg/«la?:tlmg,m T max Carbﬁ?,:zat'on Fibre diameter Conversion rate L, Tensile Strength Modulus Strain
C) (min) (um) (%) (nm) (GPa) (GPa) (%)

Coated before

stabilisation

1c 883 20 6.35+0.29 89.6 7.34+£0.79 0.93+0.33 160.70 £ 39.41 0.60+£0.11

2C 956 20 6.69 = 0.98 87.8 9.23+1.97 0.84 £ 0.35 133.13 + 20.66 0.64 £ 0.23

3c 852 20 7.36 £0.79 85.8 6.76 £ 0.56 0.84 £ 0.32 92.70 £ 37.70 0.61+0.12

4c 916 20 7.30+£0.42 87.6 6.86 + 2.49 0.92 +0.30 75.50 £ 23.24 125+ 045

5¢c 847 20 8.51+0.41 90.7 6.42+£2.74 0.91+0.46 101.30 +18.97 0.87 £ 0.27

Coated after

stabilisation

1c 911 20 8.78 +0.73 98.2 5.99 + 0.37 0.58 +0.22 83.10 £ 44.09 0.84 £ 0.30

2c 930 20 8.26 + 0.77 94.7 5.12+0.04 - - -

3c 984 20 6.62 +0.58 96.3 11.43 £ 0.69 0.83+0.28 131.75+31.13 0.66 +0.18

4c 1076 20 6.66 £ 0.47 97.8 9.91+£252 0.41+0.18 78.33+41.24 0.64 £0.29

5¢c 1063 20 6.59 £0.43 95.7 6.48 £0.51 0.54 £ 0.36 76.50 + 21.67 0.70£0.42

Conventional 1000 130+ 9.80+1.21 88.2 9.61+1.05 1.42 +0.37 114.80 + 10.79 1.24 +0.32

furnace
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5.3 Carbonisation at progressive power levels

It was found in the previous experiments that high power MW carbonisation leads to
deterioration of mechanical properties due to high heating rates, which lead to formation
of voids. It was decided to continue experimentation with samples coated before and
after stabilisation, despite lower mechanical performance of the latter. It was expected
that reduction of MW power should improve properties of samples coated after
stabilisation, while maintaining higher Trax and conversion rates offered by this coating
sequence. It was also decided not to increase coating cycles to enable easier
optimisation of MW heating.

In this part, an input voltage of the MW setup was adjusted in an effort to reduce high
initial heating rates during MW carbonisation of an equivalent batch of PAN samples
(1-5c coated before and after stabilisation) and improve properties of the produced CFs.
The voltage was increased incrementally from 160-165V to provide five progressive
levels of MW power, with the final one at 230V (700W). The power was not changed
until the sample temperature was stable, which resulted in differences in carbonisation
times. Furthermore, heating lags at low power levels were omitted and only temperature

changes above 250°C have been compared by graphing them from the 0 min position.
5.3.1 Heating profiles

Heating profiles of an equivalent set of PAN samples carbonised at progressive power
levels are shown in Figure 5.6. Noticeably lower heating rates are observed during the
initial stage at lowest power (Figure 5.6 A and B), with temperatures not exceeding
600°C in the first minutes of carbonisation. Increasing the MW power increases the rate
of heating significantly (Figure 5.6 C and D) and heats the samples to temperatures
above 600°C. At a certain point during initial and intermediate stages of heating, sample
temperature suddenly increases from about 400°C to about 500-800°C. This is generally
associated with sharp peaks (see 2c and 3c in Figure 5.6 C), which are analogous to
initial peaks observed in the previous PAN experiments (5.2.1). A significant peak is
usually observed once for each sample and therefore a round shoulder is observed
instead, in heating profiles at subsequent power levels (Figure 5.6 E). The rise is
recorded earlier in the process for samples with thicker susceptor coating and is
followed by a gradual fall to a relatively stable temperature, which scales with MW
power until the final stage at full power, 230V, 700W (Figure 5.6 E and F).
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Figure 5.6 Heating profiles of progressive MW carbonisation of PAN precursor.
A,B -165V; C,D - 170-175V; E,F - 230V.

Recorded Tmax are in the range of 690 — 827°C for fibres coated before stabilisation and

695 - 974°C for fibres coated after stabilisation. Tnax temperatures are summarised in

Table 5.3. Finer tuning of MW power is probably required to reduce the rate further,

especially during intermediate stages where transition to higher temperatures is

observed.
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Wider range and higher values of Tnax are observed for fibres coated after stabilisation.
It was explained in the previous section that this coating sequence results in formation
of susceptor layer which absorbs MWs more efficiently and this increases Tmax. Also,
coating before stabilisation decreases variation in Tmyay, through incorporation of the

susceptor layer during stabilisation.

Heating lags omitted in low level graphs decrease with increasing number of coating
cycles, similarly to lags described for PAN carbonisation at high power level only (5.2).

Temperature changes in the form of peaks are generally more pronounced in the initial
stage of heating. This is attributed to reactions taking place during carbonisation of
PAN (1.5.1) and evolution of corresponding gaseous products. Sharp peaks and periodic
signal noise/vibration is observed in the final heating stage of at least two samples

coated after stabilisation (2c and 5c), as it was observed in the previous section (5.2).

Table 5.3 Maximum temperatures recorded during progressive MW carbonisation

of PAN precursor.

Maximum temperature, T ax

Sample °C)
Coated before stabilisation

1c 690
2c 744
3c 827
4c 735
5¢c 707
Coated after stabilisation

1c 695
2c 974
3c 717
4c 704
5¢ 962

5.3.2 Morphology

Representative SEM images of CFs produced via progressive MW carbonisation from
PAN precursor are shown in Figure 5.7. Average diameter of the fibre is in the range of
7.44-8.6 um for CF coated before stabilisation and 7.45-8.72 um for CF coated after

stabilisation. In both groups, diameter is smaller compared to stabilised fibre (10.62 +
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1.05 um). Diameter of samples coated after stabilisation decreases with increasing Tax
of MW carbonisation (Table 5.3).

Cross-sections of CFs show characteristics of brittle fracture. Oval pores/defects are still
found in majority of cross-sections but they are much less numerous. The length of
defects is up to about 1.3 um but they are narrower, sometimes needle-shaped. This can
be explained by lower heating rates during initial stages of heating and also lower T yax
(Table 5.3) compared to counterparts carbonised at high power only (Table 5.1), which
limits radial residual stress in the fibre and development of cavities. Partial preservation
of defect length could be an indication that the zone of void formation is comparable in
size to the one reported in 5.2, and it is mainly the circumferential dimension that is

limited by slower heating.

Fibres retain their overall shape and there are signs of Mrozowski cracks (red arrows)
running in longitudinal direction on the outer surface [36,146,148]. Similar defects are
observed on fibres from previous section (5.2.2), but here they are much less
pronounced and resemble those found on the surface of CF produced via conventional
carbonisation at 1000°C (Conv). Bright contrast particles on the surface of the fibres,
which might be attributed to loose fragments of susceptor coating are scarce. This is
probably due to reduced heating rates and milder carbonisation conditions in general
(lower Tmax - Table 5.3), which lead to slower evolution of volatiles during MW

carbonisation and restrict damage of the coating.

Generally, it is possible to find similar amounts of defect-free cross-sections within both
sample groups. This is probably due to the methodology used in this section, where
heating was shortened or prolonged on individual basis. Different carbonisation
conditions are used in order to improve mechanical properties, but could also result in
sort of averaged results for samples with different coating numbers and from different
groups. Furthermore, during cross-section preparation used in this study, the CF is most
likely to break at the weakest points along the fibre length (i.e. pores and defects) and
this can lead to apparent higher number of cross-sections with defects observed through
SEM.
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533 TGA

Thermogravimetric analysis of CFs produced via progressive MW carbonisation from

PAN precursor is shown in Figure 5.8. Conversion rate evaluated from TGA is in the

A Coated before stabilisation
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100 L T T T T T T T 1
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Figure 5.8 TGA of CF produced via progressive MW carbonisation from PAN

precursor coated before (A) and after stabilisation (B).
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range of 80.9-86.6% for fibres coated before stabilisation and 81-91.1% for fibres
coated after stabilisation. Increased conversion rate is associated with higher Tmax
(Table 5.3), which is more evident in the group of samples coated after stabilisation (2c
and 5c).

On average, conversion rate is about 8% lower compared to fibres carbonised in MW at
high power only (5.2.3). This is in agreement with lower Tn.x temperatures observed
during progressive heating (Table 5.3). However, it is clear from Figure 5.8, that
significant fraction of mass (4-7%) is lost between 0-200°C, which could be attributed
to moisture content [38,150,151] and bring the final values much closer to their
counterparts (5.2.3). After the initial mass loss below 200°C, the remaining fraction is
evolved from about 750°C, which is explained by evolution of gases during TGA
[3,39]. This is in very good agreement with lower Tyax temperatures observed, which

result in incomplete carbonisation.
5.3.4 Raman

Raman spectra of CFs produced via progressive MW carbonisation from PAN precursor
are shown in Figure 5.9. Characteristic D and G bands are observed in the range of
1339-1357 cm™ and 1577-1589 cm™, respectively. Slight red-shift (compared to 5.2.4)
observed for both bands could be connected to changes in Trmax (Table 5.3) or crystallite
size L, [154], but there is no obvious trend to confirm. This is possibly due to

differences in total carbonisation times.

The calculated graphitic crystallite size (L,) is in the range of 4.65-6.75 nm for CFs
coated before stabilisation and 4.25-7.78 nm for CFs coated after stabilisation. The
values are lower than L, of their counterparts (5.2.4), which is attributed to lower Tmax
(Table 5.3) and the resulting lower degree of orientation in CFs. Higher spread in L, is
observed in fibres coated after stabilisation, which is in agreement with other results for

this coating sequence.
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Figure 5.9 RAMAN spectra of CF produced via progressive MW carbonisation

from PAN precursor coated before (A) and after stabilisation (B).

5.3.5 Mechanical properties

Mechanical properties of CFs produced via progressive MW carbonisation from PAN
precursor are shown in Figure 5.10. Average TS, YM and strain of samples coated
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before stabilisation are in the range of 0.42-0.88 GPa, 60.73-82 GPa and 0.56-1.26 %,
respectively. Average TS, YM and strain of samples coated after stabilisation are in the
range of 0.23-1.18 GPa, 43-100 GPa and 0.34-1.31 %, respectively. The values are
generally lower compared to TS of 1.42 GPa, YM of 114.8 GPa and strain of 1.24 %
recorded for conventional carbonisation at 1000°C. This is attributed to pores/defects
observed through SEM (5.3.2), which are responsible for deterioration of properties [3],
especially of TS. This is also observed for PAN samples carbonised at high MW power
(5.25) and is most likely caused by high heating rates. Although mechanical
performance is in most cases inferior to that of the fibre carbonised via conventional
method (Conv), there some promising exceptions. Good performance of samples 1c
(before and after) and 5c (after) suggests that it is possible to produce CF with

properties comparable to control (Conv).

The values are somewhat lower than those of the counterparts (5.2.5), which can be
explained by lower recorded Tmax temperatures [36,95,97] (see Table 5.3 vs Table 5.1).
Kim, Kim, Choi, et al. also reported that excessive carbonisation of PAN at lower
temperatures leads to decrease in TS [94]. Furthermore, smaller number of samples was
successfully tested compared to 5.2.5. This suggests fibre brittleness and is most likely
caused by an attempt to separate relatively large bundles of these fibres prior to
shipment for mechanical testing, which easily results in breakage of the fibre (Figure
5.11). Also, some damage could have been induced during shipment for testing in

Germany.
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Figure 5.11 PAN based CFs breaking during separation.

5.3.6 Summary

Carbonisation conditions and properties of CFs produced via progressive MW
carbonisation from PAN precursor are summarised in Table 5.4, where the data
described above may be easily followed and values compared to conventional

carbonisation at 1000°C. Standard deviation is reported where possible.

MW carbonisation at progressive power results in improvement of morphology
observed through SEM. This can be attributed to lower initial heating rates and recorded
Tmax-temperatures compared to 5.2.1. Similarly to previous data (5.2.6), coating samples
before stabilisation results in lower Tnax and conversion rate. Coating samples after
stabilisation results in higher Tmax and conversion rates. The lack of clear improvement
in strength over previous samples (5.2.5) and promising properties recorded for sample
5c coated after stabilisation (Table 5.4) suggest that the coating sequence might be less
critical for progressive MW carbonisation of PAN. Instead, reduction of heating rates
through finer tuning of MW power may be required in order to fully eliminate porosity
and compare mechanical performance more reliably. Since the progressive MW
carbonisation results in lowering of recorded Tmax and conversion rates, it is decided to

apply high MW power for subsequent initial tests with lignin/TPU precursor.
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Table 5.4 Carbonisation conditions and properties of PAN-based CFs. Samples carbonized at progressive power levels.

Sample temg/«la?:tlmg,m T max Carbﬁ?,:zat'on Fibre diameter Conversion rate L, Tensile Strength Modulus Strain
C) (min) (um) (%) (nm) (GPa) (GPa) (%)

Coated before

stabilisation

1c 690 30 7.83+0.57 86.6 6.75 £ 0.15 0.88 +0.23 70.40 £ 13.46 1.26 £0.32

2C 744 30 7.90+£0.38 80.9 6.32+1.14 0.42 60.73 0.72

3c 827 35.5 8.60 + 0.36 85.4 4.65+1.35 - - -

4c 735 20 7.44+£0.74 82.0 6.25 = 0.05 - - -

5¢c 707 20 7.68 £0.35 82.1 6.16 + 2.98 0.42 £ 0.04 82.00 £ 16.97 0.56 £ 0.04

Coated after

stabilisation

1c 695 30 8.72+0.38 83.5 4.25+0.07 0.68 + 0.48 100.00 +18.18 0.71+0.44

2c 974 28 7.66 +£1.02 91.1 427 +0.37 0.23 - 0.34

3c 717 30 7.68 £0.50 81.0 7.78 £0.19 0.27 £ 0.07 43.00 + 39.6 1.08 £0.89

4c 704 30.5 8.26 £ 0.25 81.9 6.42 £0.22 - - -

5¢c 962 32 7.45 +£0.69 90.5 496 +1.45 1.18 92.04 1.31

Conventional 1000 130+ 9.80+1.21 88.2 9.61+1.05 1.42 +0.37 114.80 + 10.79 1.24 +0.32

furnace
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5.4

Conclusions

In this chapter, susceptor assisted MW carbonisation of PAN precursor was

demonstrated. The effects of MW power level, sample preparation sequence and

susceptor coating thickness on carbonisation conditions and properties of produced CFs

were investigated. The following conclusions can be drawn from the results:

1)

2)

3)

MW carbonisation at high power (20 min) results in high heating rates and T max
of up to 1076°C. This results in creation of defects detected by SEM, probably
due to differential shrinkage or evolution of volatiles during carbonisation at
high heating rates. CFs produced via MW carbonisation from PAN precursor
results in reduction of fibre diameter down to 6.35 um, conversion rates (TGA)
of up to 98%, L, sizes (Raman) of up to 11.43 nm, TS of up to 1.18 GPa, YM of
up to 160.7 GPa and strain of up to 1.31 %.

Carbonisation at progressive power levels (up to 36 min) results in reduction of
initial heating rates, Tmax temperatures and visible reduction of defect size and
abundance at the expense of diameter reduction, conversion rate and L, size.
Reduction of heating rates through finer tuning of MW power is required to
produce CF with mechanical properties comparable with conventional
carbonisation. Further improvements could also be achieved via carbonisation

under tension.

Coating samples before stabilisation results in lower Tmax and consequently to
lower conversion rate and L, size, but produces CFs with superior mechanical
properties. This is most likely due to the fusion/melting of the susceptor layer
during stabilisation, which results in reduced efficiency in MW absorption.
Coating samples after stabilisation results in higher Tnyax, conversion rate and L,
size. This should lead to improvement, but leads to deterioration of mechanical
properties instead, probably due to more harsh conditions of carbonisation as
suggested by defect-size (SEM). Furthermore, the susceptor layer applied after
stabilisation may be more prone to damage during handling and by the volatile
products of carbonisation, which may result in uneven heating, as suggested by
temperature jumps recorded during MW carbonisation. Coating samples before
stabilisation appears to be more reliable procedure for MW carbonisation at high
power, but the difference is less clear when progressive power is used.
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4) Increasing the number of MW susceptor coating cycles generally improves
absorption of MWs and increases Tmax. These differences are reduced for
carbonisation at progressive power levels and if coating is applied before
stabilisation. Relatively high conversion rates achieved for CF coated with a
single layer of susceptor (1c) lead to a conclusion that even finer tuning is
required. This could be achieved by reduction of susceptor coating thickness or

concentration of MWCNTS in suspension.

Reduction of heating rates through finer tuning of MW power may be required in order
to fully eliminate porosity from PAN based CFs and compare mechanical performance
more reliably. Since the progressive MW carbonisation results in lowering of recorded
Tmax and conversion rates, it is decided to apply high MW power for subsequent initial

tests with lignin/TPU precursor.
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Chapter 6

Microwave carbonisation of lignin/TPU fibres

6.1 Introduction

As previously described, a blend of lignin and polyurethane (50:50 - lignin/TPU) was
recently developed at UL and identified as a promising precursor for CF production
[38]. Melt-spun lignin/TPU precursor fibres were coated with MW susceptor according
to procedure from 3.2. This enabled achievement of carbonisation temperatures during

MW heating and conversion of sustainable lignin/TPU precursor into CF.

It was previously found that coating before stabilisation and progressive MW heating
result in lower Tmax and conversion rates. Therefore, it was initially decided to use high
MW power for carbonisation of samples coated after stabilisation. Also this coating
sequence was preferred due to the ongoing work optimising stabilisation process of
lignin/TPU precursor. First tests showed that 5 cycles of susceptor coating are sufficient
for heating of lignin/TPU fibres and therefore 1-5 cycles were used to enable

comparison to PAN.

In the first section, high power MW carbonisation is used to convert lignin/TPU fibres
coated after stabilisation, to investigate the effects of increasing number of coating
cycles. In the second part, progressive MW carbonisation is used to convert fibres
coated before and after stabilisation, in order to find optimum conditions and improve

mechanical performance of CFs produced from lignin/TPU precursor.
6.2 Carbonisation at high power level

6.2.1 Heating profiles

Heating profiles of high power MW carbonisation of lignin/TPU precursor are shown in
Figure 6.1. Most of the samples experienced extremely fast heating to temperatures
close to their Tmax, in the first 15 s of MW heating. This was followed by a sudden drop
to 300-500°C and subsequent rise to a stable temperature between 400 - 950°C. This
initial disruption can be attributed to carbonisation reactions and release of gases. This
corresponds well with increased evolution of methane and methanol recorded in the

same temperature range (300-500°C) for the same organosolv hardwood lignin [57].
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The disruption is longer and more pronounced compared to PAN carbonised at high
power (5.2.1), most likely due to fibre diameter difference. Minor signal disruptions
observed at higher temperatures can be attributed to evolution of volatiles (e.g.

increased CO; release), as well as diameter changes due to shrinkage, similarly to 5.2.1.

Temperature (°C)

O - | - | - | - | | - | - | - | - |

00 01 02 03 04 05 06 07 08 09 10
Time (min)

Figure 6.1 Heating profiles of high power MW carbonisation of lignin/TPU

precursor.

Recorded Tmax are in the range of 500 - 1044°C (Table 6.1). Rates and maximum
temperatures were observed to be more dependent on the number of the susceptor
coating cycles compared to MW heating of PAN (5.2). This can be attributed to larger
diameter of lignin/TPU fibres (~100 vs ~10 um). This leads to smaller surface area
covered by MW susceptor coating and smaller number of individual fibres mounted for
MW carbonisation. Consequently, there is less MW susceptor present during heating of
lignin/TPU compared to PAN carbonisation, which results in enhancement of

differences between cycles of susceptor coating and should enable easier optimisation
of the MW heating.
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Table 6.1 Maximum temperatures recorded during high power MW carbonisation

of lignin/TPU precursor.

Sample Maximum temperature, Ty (°C)
Coated after stabilisation

1c 500

2c 677

3c 958

4c 798

SC 1044

6.2.2 Morphology

Representative SEM images of CFs produced via high power MW carbonisation from
lignin/TPU precursor are shown in Figure 6.2. Average diameters of the CFs are in the
range of 67.47-100.42 um. Diameter tends to decrease as the Tyax increases (Table 6.1),

which is attributed to fibre shrinkage during conversion to CF.

Cross-sections show brittle fracture of the fibres with highly porous structures observed
for samples with 2 or more layers of susceptor coating. Porous cross-sections present a
structure of interconnected pores (mostly oval pores with diameter of up to about 20 um
in the longer dimension and some long cavities and cracks with lengths of up to about
50 um) surrounded by a sheath/skin with thickness of up to 3 um. The skin-core
structure could be predefined during stabilisation [155,156] and this is enhanced for

fibres with larger diameters due to incomplete stabilisation [157].

High porosity observed for samples 2c — 5c¢ can be attributed to the release of volatiles
during carbonisation [36,158,159], gasification of oxygen or blending polymers [160].
High heating rate leads to fast release of volatiles such as methane and methanol [57],
which results in highly porous morphology. Similarly, the evolution of volatile solvents
from the fibre can be used to prepare porous fibres via electrospinning [161]. The
porosity is more severe compared to PAN at high power (5.2.2), which could be
attributed to higher volume of released gases.

Smooth and homogeneous cross-sections of samples 1c and Conv (conventional
carbonisation at 1000°C) suggest that the porosity is induced if the temperature is
increases too rapidly above 500°C (Tmax for sample 1c), which is in agreement with the

range of increased gas evolution [57].
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Figure 6.2 SEM images of CF produced via high power MW carbonisation from lignin/TPU precursor. Red arrows — open pores.
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Open pores (red arrows) and waviness of the outer surface are also observed for samples
with 2 or more layers of susceptor coating. This is due to the porosity induced during
carbonisation, which manifests itself in the form of open pores and distorted shapes of
produced CFs. This is confirmed by previous reports, where prolonged heating at higher
temperatures leads to destruction of walls between pores and their appearance on the
surface [162]. Samples 1c and Conv remain straight after the heat treatment.

6.2.3 TGA

Thermogravimetric analysis of CFs produced via high power MW carbonisation from
lignin/TPU precursor is presented in Figure 6.3. Conversion rate evaluated from TGA is
in the range of 84.7 - 87% for samples 2-5¢, which is comparable to conventional
carbonisation, even for sample 2c with recorded Tmax 0f 677°C. This suggests that
during carbonisation most of the mass is lost below this temperature. TGA traces of
samples 2-5¢ and Conv (conventional carbonisation at 1000°C) show a mass loss of up
8% at temperatures below 200°C, which can be attributed to moisture [38,150,151]
absorbed during sample preparation or storage due to high porosity. This is confirmed
by lower mass loss observed in the same range for non-porous sample (1c). TGA trace
of sample 1c presents a significant mass loss at temperatures above 400°C, which is
attributed to gas release during carbonisation [38] and results in the final yield of 55%.
The low yield can be attributed to the lowest Tnax reached by the fibre during MW
heating (500°C), which was not sufficient for carbonisation of the fibre (Table 6.1). The
lack of porosity on SEM images of this sample confirms that it was not exposed to
conditions, experienced by the rest of the group. This also suggests that the pores

observed in other samples were mostly formed at temperatures above 500°C.

Conversion rate values for samples 2-5c are lower compared to PAN carbonised at high
power (5.2.3) and do not follow trends of corresponding Tmax. This is probably due to
larger diameter of lignin/TPU precursor, which leads to incomplete carbonisation of
fibres. Consequently, the presence of fibres with different diameters increases the error
of TGA measurements.
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Figure 6.3 TGA of CF produced via high power MW carbonisation from

lignin/TPU precursor.
6.2.4 Raman

Raman spectra of CFs produced via high power MW carbonisation from lignin/TPU
precursor are shown in Figure 6.4. Characteristic D and G bands are observed in the
range of 1344-1354 cm™ and 1579-1588 cm™, respectively. D and G bands of CF
produced via conventional carbonisation at 1000°C (Conv) are in the range of 1346-
1350 cm™ and 1583-1586 cm™, respectively. Spectra of samples 2-5c and Conv present
overlapping of peaks which is characteristic for CFs with highly disordered graphitic
structure after low temperature carbonisation [152-154]. Both bands are also present in
the spectrum of sample 1c, but the intensity of signal is very low. This is in agreement

with incomplete carbonisation of the fibre (TGA).

The calculated graphitic crystallite size (L,) for samples 2-5c¢ is in the range of 5.32-
6.24 nm compared to 6.71 nm for sample Conv (conventional at 1000°C). This is in
consensus with Tnax temperatures (Table 6.1) and analogous to findings reported for
PAN (5.4), where most of the samples have smaller L, compared to Conv due to
Tmax<1000°C. Although it is possible to calculate L, value (6.58 nm) for sample 1c, it is
only theoretical. The sample is not fully carbonised, as suggested by TGA and low
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intensity of Raman spectrum. Furthermore, the method used here for L, calculation

applies only for crystallite size >2 nm [138,154].

Coated after stabilisation
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Figure 6.4 RAMAN spectra of CF produced via high power MW carbonisation

from lignin/TPU precursor.
6.2.5 Summary

Carbonisation conditions and properties of CFs produced via high power MW
carbonisation from lignin/TPU precursor are summarised in Table 6.2, where values can

be compared to conventional carbonisation at 1000°C.

High power MW carbonisation results in highly porous morphology of samples
produced from lignin/TPU precursor, which is attributed to high heating rates and
release of volatiles. In general, recorded Tnax increases with the coating thickness.
Conversion rates are comparable to conventional carbonisation, even for sample 2c with
recorded Tmax Of 677°C. CFs presented in this section are too brittle for measurement of
mechanical properties. Reduction of initial heating rates is required to produce lignin
based samples for mechanical testing. It was previously found that progressive
carbonisation of PAN improved morphology of produced fibres, but slightly decreased
recorded Tmax and conversion rates. However, due to high porosity, it was decided not
to increase number of cycles over 5 in the subsequent experiments with lignin/TPU

precursor.
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Table 6.2 Carbonisation conditions and properties of lignin/TPU CFs. Samples carbonized at high power level.

Sample Maximum temperature, Carbonisa}tion time Fibre diameter Conversion rate L,
T (°C) (min) (um) (%) (nm)

Coated after stabilisation

1c 500 10 91.39+8.88 55.0 6.58 £1.25
2c 677 10 78.46 £ 12.64 86.0 6.24 £0.43
3c 958 10 86.10 + 15.81 84.7 5.60£0.19
4c 798 10 100.42 £ 16.92 87.0 5.32+£0.20
5¢ 1044 10 67.47 £ 8.63 86.6 6.13+£1.43
Conventional furnace 1000 130+ 66.61 + 16.04 86.3 6.71+£0.10
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6.3 Carbonisation at progressive power levels

MW carbonisation of lignin/TPU fibres at high power level resulted in production of
highly porous fibres. Previous experiments with PAN showed that progressive
carbonisation improved morphology of produced fibres, but it was inconclusive whether
one or the other coating sequence produces better CFs. Therefore both procedures are

also applied in this section.

In this part, an input voltage of the MW setup was changed in an effort to reduce high
initial heating rates during MW carbonisation of lignin/TPU precursor, reduce porosity
and improve properties of the produced CFs. The voltage was increased incrementally,

following similar procedure described for PAN (5.3).

Precursor with slightly smaller diameter was used (~ 72 um) in order to improve
flexibility of samples, simplify mounting of samples for MW carbonisation and prevent
damage by manual handling. Lignin/TPU precursor fibres were coated with 1-5c
(coating cycles) before and after stabilisation (according to 3.2) and stabilised prior to
carbonisation. It was decided not to increase number of cycles over 5 to enable easier
optimisation of progressive MW carbonisation. Promising conversion rates reported in

the previous section (6.2.3) suggested that the thickness should be sufficient.
6.3.1 Heating profiles

Heating profiles of lignin/TPU precursor samples carbonised at progressive power
levels are shown in Figure 6.5. Noticeably lower heating rates are observed during the
initial stage at lowest power (Figure 6.5 A and B). After 5 minutes of heating, most of
the samples reach temperatures between 300-450°C, which is usually higher for
samples coated after stabilisation. This correlates with improved MW absorption
observed previously for the susceptor layer prepared via this sequence (5.2). Increasing
the MW power increases the rate of heating significantly as illustrated in (Figure 6.5 C
and D). It has been observed that at a certain point during initial and intermediate stages
of heating, sample temperature suddenly increases from about 400°C to about 600-
800°C at which it tends to stabilise again. This sudden rise is recorded earlier in the
process for samples with thicker susceptor coating (see 3-5c vs 2c in Figure 6.5 C).
Reduction of heating rate before this transition is probably the key to process
optimisation, as suggested by similar practice for conventional carbonisation of other

hardwood lignin fibres [156]. After this, relatively stable reading of temperature
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(sometimes preceded by a sharp peak instead of round shoulder) is recorded and the
temperature scales with MW power until the final stage at 230V, 700W (Figure 6.5 E
and F).
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Figure 6.5 Heating profiles of progressive MW carbonisation of lignin/TPU
precursor. A,B — 165-170V; C,D - 175V, E,F - 230V.

Recorded Thax are in the range of 1020 — 1259°C for fibres coated before stabilisation

and 1000 — 1346°C for fibres coated after stabilisation. Highest temperatures are

recorded for samples after 4 cycles of susceptor coating (4c). Wider range and higher

Tmax 1S observed for samples coated after stabilisation, which could be explained by
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improved MW absorption of these samples. Similarly to previous findings for PAN
(5.2.1), there is an increased difference of Tmax between 3c and 4c samples coated after
stabilisation, which might be correlated with an increase of electrical conductivity (4.2).

Tmax temperatures are summarised in Error! Not a valid bookmark self-reference..

Finally, sharp peaks and signal vibrations are observed at different stages of heating.
These features are observed in heating profiles of samples with thicker susceptor
coatings and can be explained by one or combination of: evolution of volatiles, coating

damage, plasma formation or noise due to alternating electromagnetic field [21,36,92].

Table 6.3 Maximum temperatures recorded during progressive MW carbonisation

of lignin/TPU precursor.

Sample Maximum temperature, Tmax

(C)
Coated before stabilisation
1c 1020
2c 1040
3c 1037
4c 1259
5¢ 1020
Coated after stabilisation
1c 1010
2c 1056
3c 1000
4c 1346
5¢ 1139

6.3.2 Morphology

Representative SEM images of CFs produced via progressive MW carbonisation from
lignin/TPU precursor are shown in Figure 6.6. Average diameter of the fibre is in the
range of 44.84-50.49 um for CF coated before stabilisation and 43.9-53.87 um for CF
coated after stabilisation. For both sequences, diameter is smaller compared to stabilised
fibre (65.48 + 8.45 um) and in most cases smaller than diameter of Conv (conventional
carbonisation at 1000°C). This is in agreement with Tpnax 21000°C recorded for all
samples (Recorded Tnyax are in the range of 1020 — 1259°C for fibres coated before
stabilisation and 1000 — 1346°C for fibres coated after stabilisation. Highest
temperatures are recorded for samples after 4 cycles of susceptor coating (4c). Wider
range and higher Tmax is observed for samples coated after stabilisation, which could be

explained by improved MW absorption of these samples. Similarly to previous findings
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for PAN (5.2.1), there is an increased difference of Tnax between 3c and 4c samples
coated after stabilisation, which might be correlated with an increase of electrical
conductivity (4.2). Tmax temperatures are summarised in Error! Not a valid bookmark

self-reference..

Finally, sharp peaks and signal vibrations are observed at different stages of heating.
These features are observed in heating profiles of samples with thicker susceptor
coatings and can be explained by one or combination of: evolution of volatiles, coating

damage, plasma formation or noise due to alternating electromagnetic field [21,36,92].
Table 6.3), which enhances shrinkage during carbonisation.

Cross-sections of CFs present evidence of brittle fracture. Majority of observed defects
are small, circular pores of up to 4 um or much smaller. About an equal amount of
cross-sections show a smooth and homogeneous morphology, which is almost identical
to the control (Conv) and very similar to the one reported previously for the same
precursor [38] or other compatible lignin-based precursors [130]. This is a clear
improvement over high power MW carbonisation of lignin/TPU fibre (6.2) and even
over MW carbonisation of PAN fibre discussed in the previous chapter. The main
reason is undoubtedly reduction of heating rates during initial carbonisation stage,
especially in the range of 400-800°C which allows more time for carbonisation
reactions, slower evolution of volatile products [57] and improves morphology. This is
achieved more easily in MW carbonisation of lignin/TPU, most likely due to larger
diameter (almost an order of magnitude compared to PAN) and resulting lower volume
ratio of the MW susceptor to the fibre. Further improvements can be achieved via
reduction of heating rate during intermediate stages (under 600-800°C), reduction of

fibre diameter and carbonisation under tension.

Fibres retain their overall shape and signs of defects or waviness of external surface are
scarcely found. This confirms that distorted shapes observed in 6.2.2 are closely related
to internal porosity of the fibre. Loose fragments of susceptor coating are rarely

observed and usually as a result of fibre breakage to reveal a cross-section.

It is difficult to uncover trends in morphology caused by coating thickness and sequence
order. This is probably due to varying carbonisation times, which has an averaging
effect.
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6.3.3 TGA

Thermogravimetric analysis of CFs produced via progressive MW carbonisation from
PAN precursor is shown in Figure 6.7. Conversion rate evaluated from TGA is in the

range of 91.9 — 94.4% for fibres coated before stabilisation and 78.8 — 98.6% for fibres
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Figure 6.7 TGA of CF produced via progressive MW carbonisation from

lignin/TPU precursor coated before (A) and after stabilisation (B).
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coated after stabilisation. Conversion rates are generally higher than those reported for
carbonisation at high power (6.2.3), which is in agreement with higher recorded T max
temperatures (Table 6.3). This is in agreement with the lack of significant mass loss in
the range of 300-600°C, which is attributed to release of volatiles in the previous section
[57]. Loss of up to 8% is observed below 200°C, probably due to moisture content
[38,150,151], which is also observed in the previous sections (5.3.3 and 6.2.3). This
brings conversion rate of fibre carbonised via conventional method down to only
86.3%. The moisture content is higher in CFs coated after stabilisation, which could
indicate that melting of the susceptor coating during stabilisation reduces moisture

intake of the CF after carbonisation.

Coating before stabilisation results in more consistent results, probably due to the same
phenomenon of the coating fusion/degradation during stabilisation. Highest conversion
rates are observed for coating after stabilisation (especially 4c and 5c), which is in good
agreement with previous findings (5.2.3). Significant improvement over high power
carbonisation of lignin/TPU can be explained by smaller diameter of PF (~ 72 um).
This could change ratio of the MW susceptor and is in agreement with Tnax recorded at
temperatures 21000°C for all samples (Recorded Tmax are in the range of 1020 — 1259°C
for fibres coated before stabilisation and 1000 — 1346°C for fibres coated after
stabilisation. Highest temperatures are recorded for samples after 4 cycles of susceptor
coating (4c). Wider range and higher Tnax is observed for samples coated after
stabilisation, which could be explained by improved MW absorption of these samples.
Similarly to previous findings for PAN (5.2.1), there is an increased difference of Tax
between 3c and 4c samples coated after stabilisation, which might be correlated with an
increase of electrical conductivity (4.2). Tmax temperatures are summarised in Error!

Not a valid bookmark self-reference..

Finally, sharp peaks and signal vibrations are observed at different stages of heating.
These features are observed in heating profiles of samples with thicker susceptor
coatings and can be explained by one or combination of: evolution of volatiles, coating
damage, plasma formation or noise due to alternating electromagnetic field [21,36,92].

Table 6.3).
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6.3.4 Raman

Raman spectra of CFs produced via progressive MW carbonisation from lignin/TPU
precursor are shown in Figure 6.8. Characteristic D and G bands are observed in the
range of 1341-1353 cm™ and 1582-1593 cm™, respectively. For conventional
carbonisation at 1000°C (Conv) they appear in the range of 1346-1350 cm™ and 1583-
1586 cm™, respectively. All spectra present overlapping of peaks which is attributed to
highly disordered graphitic structures after low temperature carbonisation [152,153].
Slight red-shift of D band and blue-shift of G band are observed, compared to high
power process (6.2.4). This could be associated with the structural changes and suggest
fuller carbonisation [154,160].

The calculated graphitic crystallite size (L) is in the range of 5.12-7.12 nm for CFs
coated before stabilisation, 5.02-6.73 nm for CFs coated after stabilisation and 6.71 nm
for conventional carbonisation at 1000°C. This is an improvement over high power
carbonisation (6.2.4) and is in general agreement with trends observed for Tmax
(Recorded Tmax are in the range of 1020 — 1259°C for fibres coated before stabilisation
and 1000 — 1346°C for fibres coated after stabilisation. Highest temperatures are
recorded for samples after 4 cycles of susceptor coating (4c). Wider range and higher
Tmax 1S Observed for samples coated after stabilisation, which could be explained by
improved MW absorption of these samples. Similarly to previous findings for PAN
(5.2.1), there is an increased difference of Tmax between 3c and 4c samples coated after
stabilisation, which might be correlated with an increase of electrical conductivity (4.2).

Tmax temperatures are summarised in Error! Not a valid bookmark self-reference..

Finally, sharp peaks and signal vibrations are observed at different stages of heating.
These features are observed in heating profiles of samples with thicker susceptor
coatings and can be explained by one or combination of: evolution of volatiles, coating
damage, plasma formation or noise due to alternating electromagnetic field [21,36,92].

Table 6.3). Calculated values are higher than L, size reported for the same precursor,

but this is due to different calculation methods being employed [38].
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Figure 6.8 RAMAN spectra of CF produced via progressive MW carbonisation

from lignin/TPU precursor coated before (A) and after stabilisation (B).

6.3.5 Mechanical properties

Mechanical properties of CFs produced via progressive MW carbonisation from
lignin/TPU precursor are shown in Figure 6.9. Properties are compared to conventional
carbonisation (Conv) at 1000, 1400 1600 and 2000°C.

Average TS, YM and strain of samples coated before stabilisation are in the range of
0.13-0.31 GPa, 51-81 GPa and 0.23-0.5 %, respectively. Average TS, YM and strain of
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samples coated after stabilisation are in the range of 0.08-0.33 GPa, 34.67-64.67 GPa
and 0.21-0.57 %, respectively.

TS of fibres (Figure 6.9 A) carbonised in MW exceeded performance of 0.25 + 0.05
GPa for conventional carbonisation (Conv) at 1000°C. Even a single layer of susceptor
(1c) is sufficient to produce CFs in MW which are comparable with this result.
Furthermore, most of the values overlap with result of 0.36 + 0.06 GPa for conventional
carbonisation (Conv) at 1400°C, with closest values reported for 5 cycles of susceptor
coating. This improvement can be attributed to reduction of heating rates and
temperatures during initial heating stage and is in good agreement with improved
morphology revealed by SEM. Similarly, mechanical properties of CFs produced in
microwave plasma were improved by addition of low temperature pre-carbonisation
step [94].

Values of YM (Figure 6.9 B) match those of samples carbonised conventionally (Conv)
at temperatures of 1400°C or higher, which implies that an improvement of the YM
could be achieved by optimisation of MW carbonisation through power, time or

temperature variation.

Strain at failure (Figure 6.9 C) averaged at values of conventional carbonisation at 1400
— 1600°C, and in some cases was found superior than sample Conv carbonised at
2000°C.

This is an excellent result illustrating that, if proper conditions are used, susceptor
assisted MW carbonisation proposed in this work can be successfully applied for rapid
carbonisation of CFs with mechanical performance comparable with conventional
carbonisation. In this case, progressive MW carbonisation appears to improve properties
more efficiently compared to PAN (5.3.5), probably due to diameter difference.
Reduction of high heating rates observed during intermediate stages of MW
carbonisation (Figure 6.5 C and D) will most likely eliminate pores observed in some of
the cross-sections (Figure 6.6). This will improve reliability of the process and increase

the average mechanical properties.
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Figure 6.9 Mechanical properties of CF produced via progressive MW
carbonisation from lignin/TPU precursor. Tensile strength — A, Young’s Modulus
— B, Strain at break — C, number of fibres successfully tested - D.
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Further improvement of mechanical performance of the presented lignin/TPU CFs
could be achieved by reduction of fibre diameter [3,36,38], as illustrated by reported TS

of 1.1 £ 0.1 GPa for the same precursor with a final diameter of 25 £ 3 um.

On the other hand, the tuning of MW heating conditions and improvement of
mechanical properties achieved more easily for lignin/TPU precursor is mostly
attributed to this larger fibre diameter compared to PAN. As discussed previously, this
leads to lower amount of MW susceptor used and results in milder conditions.
Application of fibre with much lower diameter will require closer control of susceptor

coating thickness, MW power and other process conditions.
6.3.6 Summary

Carbonisation conditions and properties of CFs produced via progressive MW
carbonisation from lignin/TPU precursor are summarised in Table 6.4, where the trends

described above can be followed. Standard deviation is reported where possible.

MW carbonisation at progressive power results in remarkable improvement of
morphology and mechanical properties of CFs derived from lignin/TPU precursor. This
can be attributed to lower initial heating rates to allow carbonisation reactions and
slower evolution of volatiles, especially methane and methanol. The highest conversion
rates are recorded for samples 4c and 5c coated after stabilisation, which is in agreement
with recorded Trmax. Melting of the susceptor layer during stabilisation (4.2) results in
slightly lower, but more repetitive conversion rates observed for samples coated before
heat treatments. Most of the samples outperform conventional carbonisation at 1000°C,
which is in agreement with Tyax Values >1000°C. Good performance of both 1c samples

is very promising from an LCA perspective.
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Table 6.4 Carbonisation conditions and properties of lignin/TPU CFs. Samples carbonised at progressive power levels.

Maximum Carbonisation

Sample temperature, T ax time Fibre diameter  Conversion rate L, Tensile Strength Modulus Strain
C) (min) (um) (%) (nm) (GPa) (GPa) (%)
Coated before
stabilisation
1c 1020 30 50.49 + 6.16 93.3 5.12 +1.33 0.27+0.12 81.00 + 24.56 0.40 £0.20
2c 1040 30 48.14 +5.28 92.9 7.06 £1.23 0.21+0.11 51.00 0.26 £0.15
3c 1037 29 4484 +1.75 94.4 7.12+0.85 - - -
4c 1259 22 46.45 +5.62 93.8 5,51+0.12 0.13+0.09 - 0.23+0.09
5¢ 1020 34 48.41 +5.23 91.9 6.33+1.65 0.31+0.08 77.67 + 26.31 0.50+0.19
Coated after
stabilisation
1c 1010 31 43.90 + 3.06 88.5 5.73+0.77 0.25+0.08 34.67 + 22.37 0.53+0.24
2c 1056 37 47.72 +6.20 84.8 6.21 +£0.89 0.08 £0.03 - 0.21+0.12
3c 1000 25 45.64 +1.73 78.8 5.02 +£0.82 0.28 + 0.06 53.80 + 8.96 0.57+0.13
4c 1346 25 49.08 + 2.28 98.5 6.10 £ 0.62 0.28+0.14 4757 +19.25 0.55+0.12
5¢c 1139 40 53.87 + 15.66 98.6 6.73 +£0.48 0.33+0.08 64.67 +9.79 0.47 £0.16
1000 130+ 48.37 +2.20 86.3 6.71£0.10 0.25+0.05 192.75 + 42.55 0.19+0.10
. 1400 - - 0.36 £ 0.06 80.00 + 27.33 0.40 £0.20
Conventional furnace
1600 - - 0.43+0.06 75.40 + 31.70 0.37+0.19
2000 - - 0.44 £0.13 62.14 + 22.97 0.55+0.29

89



6.4

Conclusions

In this chapter, susceptor assisted MW carbonisation of lignin/TPU precursor was

demonstrated. The effects of MW power level, sample preparation sequence and

susceptor coating thickness on carbonisation conditions and properties of produced CFs

were investigated. The following conclusions can be drawn from the results:

1)

2)

3)

4)

MW carbonisation at high power (10 min) results in high heating rates and T max
of up to 1044°C. This results in brittle CFs with high porosity observed through
SEM. This is attributed to evolution of volatiles during carbonisation at high

heating rates.

Carbonisation at progressive MW power levels (up to 40 min) results in Tmax Of
up to 1346°C at the high power stage. This results in conversion rates (TGA) of
up to 98.6%, L, sizes (Raman) of up to 7.12 nm. Reduction of initial heating
rates results in great improvement of morphology of fibres observed via SEM.
Most importantly, the highest average values of TS, YM and strain of up to 0.33
GPa, 81 GPa and 0.57 % are recorded, respectively. This mechanical
performance is comparable or superior to CFs produced via conventional
method at temperature range of 1000-2000°C. Reduction of heating rate during
intermediate stages (under 600-800°C) is required to ensure reliability of the
process. Further improvements can be achieved via reduction of fibre diameter

and carbonisation under tension.

Coating samples before stabilisation results in slightly lower Tma, but more
reliable conversion rates and higher L, sizes. This can be explained by the
fusion/melting of the susceptor layer during stabilisation, which results in
reduced efficiency in MW absorption and more durable susceptor layer. Coating
samples after stabilisation results in more harsh conditions of carbonisation with
highest Tmax temperatures. Furthermore, the susceptor layer applied after
stabilisation may be more prone to damage during handling and carbonisation.
This results in wider range of conditions, properties and could contribute to

increased absorption of moisture after carbonisation.

Increasing the number of MW susceptor coating cycles generally improves
absorption of MWs and increases Tmax and enables fuller carbonisation to CF.

The differences are reduced for MW carbonisation at progressive power levels
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and if coating is applied before stabilisation. This is probably due to averaging
effects of these heat treatments on MW absortion efficiency. Even a single cycle
of susceptor coating results in Tmax Of up to 1020°C, conversion rate of up to
93.3%, TS of up to 0.27 GPa, YM of up to 81 GPa and strain of up to 0.4%.

5) Higher diameter of lignin/TPU precursor reduces the ratio of the susceptor
coating to the fibre volume. This results in highlighted effect of coating
thickness observed for high power MW carbonisation. Furthermore, it allows
easier optimisation of MW carbonisation leading to improvement of morphology

and mechanical properties of CFs produced from lignin/TPU precursor.

MW carbonisation at progressive power results in remarkable improvement of
morphology and mechanical properties of CFs derived from lignin/TPU precursor. MW
heating model is presented in the next chapter to verify the experimental data and
improve understanding of the differences observed for PAN and lignin/TPU precursors.
This is followed by life cycle assessment, which illustrates benefits of susceptor assisted

MW carbonisation.
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Chapter 7
Linear model, LCA and alternative applications of MW

heating

In this chapter, a linear model of MW carbonisation is described in order to verify some
of the concepts and improve understanding of the heating mechanism. Furthermore, life
cycle assessment is presented to illustrate the breakthrough in terms of energy use and
environmental impact reduction. Finally, adaptability of susceptor assisted MW heating

as preparation method of other carbon materials is briefly evaluated.

This chapter presents results of collaboration of the main author with other researchers.
In collaboration with Timothy J. Conroy a model for microwave heating was developed.
Life cycle analysis was a collaboration with Frida Hermansson, Matty Janssen, and
Magdalena Svanstrom. Finally, MW carbonisation of other materials was a

collaboration with Anne Beaucamp and Mario Culebras Rubio.
7.1 Linear model of microwave heating

In this section, MATLAB calculation results of MW heating model are presented. For
more detailed description of equations used in the model, the reader is referred to an
Appendix A of the thesis. The author of this thesis is not responsible for creation of the
MATLAB code and detailed description of equations. Therefore, a summary of
assumptions is presented below. The author of this thesis is responsible for proposing
assumptions related to MW heating mechanism, provision of necessary information
such as material properties, geometry of the sample and setup, as well as running

MATLAB simulations and creation of plots and figures.
7.1.1 Coupled electromagnetic - heat transfer model

The microwave heating process proposed here involves raising the temperature of
precursor fibres using electromagnetic waves, via a lossy dielectric susceptor coating.
The electromagnetic waves are generated by a 1 kW magnetron operating with an
assumed efficiency of 60-70%. A waveguide then passes the electromagnetic waves into
the microwave cavity with internal dimensions of 0.32 m (height) x 0.45 m (width) x
0.28 m (depth). The electromagnetic fields alternate with a frequency of 2.45 GHz,
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which in turn excite the susceptor material. The susceptor material is a conductive
nanocomposite containing MWCNTSs, which have a high dielectric loss. That means the
temperature increases rapidly upon exposure to electromagnetic waves due to
conduction of delocalised electrons in MWCNTSs. As the temperature of the susceptor
increases, heat conducts to the lower temperature precursor material located at the core
of the fibre. In order to model the transient temperature distribution on the precursor
core, it is necessary to couple the electromagnetic and heat transfer domains.

Recognising the symmetry that exists in heating of the fibre and the size of the
geometry in comparison to the wavelength of the electromagnetic field, the heat
diffusion, for 3D transient heat conduction in cylindrical coordinates, is reduced to a
one dimensional problem by assuming symmetry with respect to the circumferential and
axial coordinates. This simplification may be afforded as the cross section of the fibre
will not experience a significant variation in electric field strength, due to the size of the
fibre diameter relative to the electromagnetic field wavelength (10°-10* m vs 10" m).
For simplicity, the fibre is assumed as suspended in the electromagnetic field, with
temperatures and heat losses to the environment uniform around the circumference and
along the length; embedded in this assumption is the omission of the effects of
neighbouring fibres in a bundle, and that conditions are representative of a fibre at the
outer surface of a bundle. As the model must be able to describe the transient
temperature response of the fibre material as heat is conducted radially through the fibre
via the dielectrically heated susceptor material, the temporal and volumetric heat

generation terms are retained in the formulation of the one dimensional model.

If constant material properties are assumed, then the model can be linearised, as
presented below. Mathematical model for non-linear scheme has also been developed
and can be used in the future, when the temperature dependency of material properties

is fully studied.

In order to deliver a transient temperature profile over the radial coordinate, it is
necessary to define initial and boundary conditions. Upon introduction of the
electromagnetic field to the heat transfer domain, it is assumed that the temperature of
the PAN fibre is equal to the ambient (20°C). Due to symmetry, a zero temperature
gradient exists at the core of the fibre. At the surface of the susceptor, heat losses

through radiation and convection are assumed.
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Volumetric heat generation is assumed in the susceptor coating only, as the precursor
fibre has a negligible dielectric loss. The thickness of susceptor coating is in the order of
100 nm. At such scales, the conventional 'bulk’ heat diffusion model no longer holds, as
the thickness is likely smaller than the mean free paths of the electrons and phonons that
transport heat through the material. In order to circumvent this difficulty in modelling,
the volumetric heat generation term is transformed to a heat flux on the fibre surface.
The susceptor coating is removed from the model, and the precursor fibre is 10 um in
diameter. Utilising a 1 um spatial step permits a time step of 10° s for stability and
accuracy, which is over 10° times larger than the limiting temporal increment for
modelling at 10-100 nm. When the heat generation term is converted to an incident heat
flux on the PAN surface, an energy balance dictates the state of thermal equilibrium of
the fibre. An assumption of uniform temperature across the susceptor material and a

negligible dielectric loss in the PAN fibre is made.

By reducing the heat diffusion to a one-dimensional radial conduction problem, the
transient temperature profile can be solved numerically using implicit finite difference
methods with appropriate initial and boundary conditions. This method is
unconditionally stable, meaning a solution can be obtained using any temporal step size,
and is resolved iteratively with a set of linear algebraic equations. However, the chosen
time increment does influence solution accuracy, so caution must be exercised in this
regard. The equations needed to build the finite difference model are essentially discrete
approximations of the differential terms present in the heat equation, and are formulated
using the second-order accurate central difference scheme.

In order to solve the transient heat conduction problem using the finite difference
scheme, temperatures are evaluated at a new time, rather than in a previous time, as is
the case using conditionally stable explicit solution methods. The Gauss-Seidel iteration
technique is employed here to resolve temperatures in the finite difference stencil at
new times. This method is robust, efficient, and involves solving a linear set of finite
difference equations describing nodal temperatures at new times simultaneously by
iterating towards converged solutions, then marching the solution at each time step by
setting the outputs at time n as the inputs for time n+l. An acceptable error in
temperature of 0.001 K is applied. Due to the cylindrical fibre geometry and imposed
boundary conditions, different coefficients exist for modes at the root, the interior, and

at the surface.
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Maxwell's equations constitute a fundamental model for electromagnetism. These
equations are generally represented in integral or differential form to describe the
electric and magnetic fields in a three-dimensional space. Numerical techniques such as
Finite-difference time-domain (FDTD) and Finite element method (FEM) are
commonly used to solve Maxwell's equations in electromagnetic problems. In the
present model, the term necessary to resolve the transient temperature field in the PAN
fibre is established using a series of analytical expressions that describe peak electric
field strength. This simplification is afforded as the location of 'hot spots' in the
commercial microwave oven are first identified in the experimental analysis, with the
PAN fibre then positioned appropriately. Assuming a fixed input power of 0.7 kW from
the magnetron, the average microwave strength over the cavity cross section is

calculated and the peak electric field strength can then be obtained.
7.1.2 Material properties

Material properties assumed for modelling of MW heating are presented in Table 7.1.

Table 7.1 Material properties assumed in linear model calculations.

Property Precursor CF Susceptor

Thermal conductivity (W/mK)  0.262 1.36 -

Density (kg/m®) 1.16 x 10° 1.80 x 10°

Specific heat capacity (J/kgK)  1.29 x 10° 9.01 x 10?

Thermal diffusivity (m?/s) 1.76 x 10”7 8.40x 10”7 -

Conductivity (S/m) 0 - 10°

Emissivity - - 0.9

Reference [163-165] [166-168] [117,135]
7.1.3 Results

Experimental and modelled MW heating profiles are compared in Figure 7.1.
Application of data obtained in Chapter 4 (for susceptor coating conductivity) results in
extremely slow rise in modelled temperature. Therefore, a value obtained from literature
for MWCNTSs is used. This should mimic the real heating mechanism more efficiently,
as the MWCNTSs should heat in MWs independently, regardless of proximity of other
nanoparticles. Experimental MW heating of PAN samples 1 — 5c is compared to
modelled MW heating using corresponding susceptor thickness (Figure 7.1 A and B). It
is observed that modelled rates are two orders of magnitude higher from experimental
heating rates and that modelled Tmax temperatures (1020 — 1320°C) are higher than

those recorded experimentally (910 — 1060°C). The differences have numerous
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Figure 7.1 Experimental vs modelled MW heating profiles at 2.45GHz, 700W.
Experimental PAN 1 — 5c¢ (A), model for diameter 10 um and susceptor thickness
corresponding to 1 — 5¢ (B), PAN 5c (C), model for PF with 10 um diameter and

100 nm of susceptor (D), lignin/TPU 5c (E), model for PF with 70 um diameter and
100 nm of susceptor (F).
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explanations, such as inefficiency of the domestic MW. In this scenario, there are
several assumptions that could lead to higher predicted temperatures and rates. The
susceptor coating is assumed to be entirely made of MWCNTSs and no heat transfer
occurs within its structure. The peak intensity of electric field is expected to act on each
fibre in the bundle. None of the reactions taking place during carbonisation are taken
into account, which results in higher rates and the absence of peaks/disruptions,
compared to the experimental data. Also, modelled heat loss depends on assumed value

of emissivity (€). The higher the € value assumed, the lower the predicted rate and T max.

It is worth noting that modelled rates and temperatures could be even higher if other
heating mechanisms were included, such as dielectric polarisation, eddy current loss and
others [15]. Furthermore, as the carbon phase develops in the fibre, it changes from MW
transparent to absorbing material. This increases its contribution in heat generation,

provided that it is not completely shielded from electromagnetic field by the susceptor.

Figure 7.1 (C and D) shows that the Tnyax closest to experimental (5c) is obtained for
modelled susceptor thickness of 100 nm. This can be compared to results for 70 um
fibre shown in Figure 7.1 (E and F). Modelled temperature rises to 1000°C in 40 and
290 ms for a precursor with a diameter of 10 and 70 um, respectively. This shows that

increasing the diameter of the precursor decreases the rate of MW heating.

Predicted Tmax close to 1030°C is observed regardless of the fibre diameter. The model
does not take into account absorption of MWSs by the precursor material itself and
therefore the modelled diameter has little effect once the temperature reaches the
maximum where equilibrium between the heat generated in the susceptor and the heat
lost through radiation/convection is achieved.

Modelling results for 10 um diameter PF cross-section heated in an electromagnetic
field of a microwave are shown in Figure 7.2. Four points in time are chosen to
demonstrate temperature distribution at approximately 100, 400, 700 and 1000°C. The
maximum edge-to-core temperature difference of nearly 1.5°C is observed at the start of

the heating and decreases over time of 43 ms to a difference of 0.02°C at 1000°C.
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Figure 7.2 Modelled cross-section of PF (10 um diameter and 100 nm susceptor
coating) showing edge-to-core temperature distribution at 2.5, 10, 20 and 42.5 ms
of MW heating, which correspond to fibre temperatures of approximately 100,
400, 700 and 1000°C, respectively.

MW heating simulation of 70 um diameter PF is shown in Figure 7.3. In this case, the
edge-to-core difference at the start of the heating reaches nearly 9.9°C and decreases
over time of 295 ms to a difference of 0.17°C at 1000°C. This illustrates that increase in
diameter results in larger temperature gradient during heating. Addition of heat

generation by developed carbon phase in the model should reveal how it could influence
this gradient.
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Figure 7.3 Modelled cross-section of PF (70 um diameter and 100 nm susceptor
coating) showing edge-to-core temperature distribution at 15, 70, 135 and 295 ms
of MW heating, which correspond to fibre temperatures of approximately 100,
400, 700 and 1000°C, respectively.

7.2 Life cycle assessment of carbon fibre production using

microwave technology

In this section, life cycle analysis of MW heating is presented and quantifies the
environmental and cost benefits achieved via MW carbonisation. A summary of
assumptions is presented below. For more detailed description, the reader is referred to
an Appendix B of the thesis, which includes report provided by an external institution.

The author of this thesis is responsible for collection of data during lab scale

99



experiments (Chapters 5 — 6), estimation of susceptor volume/weight fractions and

energy savings of MW over conventional carbonisation.
7.2.1 Assumptions

It is assumed that the resulting fibres have the same quality and can fulfil the same
function in the final application. The lignin/TPU based fibres are assumed to be
produced from 50% lignin and 50% TPU. The production of CF via conventional and

MW heating is compared and is assumed to take place in Germany.

There is no large-scale production of CFs using MW heating or lignin/TPU precursor,
therefore a prospective approach is needed in the assessment.

This study considers the cradle-to-gate activities of the CF production. This means that
the extraction of raw materials, the processing of the materials and the production of the
CF which leaves the system at the factory gate. The study does not include the
manufacturing of a composite in which the CF is used, the use of the composite or any
end-of-life treatment. These are assumed to be the same for the different types of fibres

considered.

This study considers climate impact and energy use. These are chosen as they are
among the most commonly used impact assessment methods. Also, consideration of the
climate impact is motivated by the replacement of fossil based raw material (PAN) to
bio-based raw material (lignin and TPU). It is also strongly linked to fossil fuel use, e.g.
in electricity generation. The consideration of energy use is motivated by the fact that
previous studies have shown that the carbonisation is highly energy intensive (see
[169]).

The lignin/TPU precursor fibres are spun using melt spinning, whereas the PAN-based
fibres often are spun using wet spinning (Das, 2011). This is followed by CF production
which is the same for both types of fibres. This includes stabilisation and carbonisation
of the fibres. The carbonisation is done either by means of a conventional furnace or

MW technology, followed by subsequent surface treatment and spooling.

The climate impact is assessed using CML2001 and the energy use by cumulative
energy demand as provided by Ecoinvent 3.3 [170]. All modelling is done in OpenLCA.
When ecoinvent processes are referred to below, it refers to Ecoinvent database 3.3.

ELCD refers to the database provided by European Platform on Life Cycle Assessment.
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The inventory for lignin/TPU CF is based on primary data collected within the LIBRE
project. Data for Organosolv lignin production is taken from [171]. TPU production is
based on a polyurethane data set available in Ecoinvent 3.3, where the polyols have

been replaced with bio-based polyols based on data from [172].

When needed and possible, literature data have been used to upscale production
processes within the LIBRE project from pilot to industrial scale, such as for the
spinning process, where the processing electricity for the extrusion is approximated to
0.1 kWh/kg as suggested by Das [173]. Other energy and material inputs related to
heating and cleaning are still based on pilot scale data due to data availability. The CF
production data using a conventional furnace is provided within the project for
industrial scale production of PAN-based CF. However, due to lignin’s inherent
properties, there are indications that the energy consumption in CF production is around
25% lower than for PAN [173]. Therefore, a 25% reduction in energy used by a
conventional furnace for stabilisation and carbonisation is assumed. Blending with TPU

could influence this reduction, but to what extent is still unknown.

The available data for carbonisation using MW technology are for lab scale. For the
purpose of this life cycle assessment, approximations and assumptions were made. The
data provided within the project suggests that the MW carbonisation needs only 6.8% of
the energy used for CF production with a conventional furnace. Therefore, the energy
use for the microwave oxidation, stabilisation and carbonisation of lignin/TPU based
CF production is assumed to be 6.8% of the energy used by conventional furnace. The
material yield after stabilisation and carbonisation process is measured to be 40%. The
order of magnitude for this energy reduction is in line with what is suggested by Lam et
al., who used MW pyrolysis to produce CFs from bamboo [99]. The reduction only
applies to oxidation, stabilisation and carbonisation and not to processes such as
spooling or any surface treatments of the CF. The dataset “Polyacrylonitrile fibres
(PAN), production mix, at plant, from acrylonitrile and methacrylate, PAN without
additives” [174] from the ELCD database is used to model the PAN precursor fibre.
PAN based CF production is based on data provided within the LIBRE project and the
energy consumption when using MW technology is assumed to be reduced to 6.8% of
the energy consumption when using conventional furnace. The yield in the PAN-based
CF production is measured to be 50%. Both carbonisation processes are assumed to use

the same amount of nitrogen produced from compressed air.
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7.2.2 Results

Cumulative energy demand to produce 1 kg of CF from PAN and lignin/TPU precursor

via conventional and MW heating is compared in Figure 7.4.
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Figure 7.4 Energy demand for production of 1kg of CF using different
carbonisation techniques (Conventional vs Microwave) and precursor materials
(PAN vs lignin/TPU).

Using MW technology for CF production shows great potential to decrease the
cumulative energy demand for both PAN and lignin/TPU fibres. It is predicted that
application of MW heating reduces energy demand of CF production by up to 70%.
Application of lignin/TPU blend reduces the energy consumption of PF production by
up to 26% (if lignin is regarded as waste). This results in 47% reduction in cumulative
energy demand if CF is produced via MW heating and from lignin/TPU precursor. Note
that the energy use for the PAN-based fibres produced using MW technology consists
of approximately 4% renewables, whereas the amount of renewable energy sources used
when producing the lignin/TPU fibres using MW technology is between 10% and 44%.
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Figure 7.5 Environmental impact of production of 1kg of CF using different
carbonisation methods (Conventional vs Microwave) and precursor materials
(PAN vs lignin/TPU).

Results in Figure 7.5 show that the climate impact of the CFs production using a
conventional furnace is significantly higher for PAN-based fibres compared to lignin-
based fibres, despite lower carbon yield of the latter material. This is attributed to lower
climate impact of the PF production. Furthermore, lignin’s inherent properties in theory
reduce the energy consumption in the CF production step by 25%. MW technology
reduces CO, emission of CF production by up to 73%. Application of lignin/TPU blend
reduces the climate impact of PF production by up to 37%. This results in 56%
reduction in cumulative environmental impact if CF is produced via MW heating and

from lignin/TPU precursor.

7.3 Alternative applications of microwave carbonisation

7.3.1 Introduction

In this section, susceptor assisted MW heating was applied for energy-efficient
carbonisation of other materials, especially if the porosity induced by the high heating

rates which is detrimental for CF production could be beneficial for other applications.

MW heating was applied for preparation of lignin-based porous materials: electrospun
carbon nanofiber mats for bio-sensing as well as foams (derived from hydrogel) for
structural or energy storage applications. Lignin-based hydrogels were prepared
according to 3.7.1, as previously described by Culebras et al. [175]. In this case the
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susceptor was applied before stabilisation to enable impregnation of the susceptor into
the hydrogel. Prepared samples were carbonised in MW and characterised via SEM,
TGA. Nanofibre mats were prepared according to 3.7.2, similarly to procedure
described by Beaucamp et al. [176]. Nanofiber samples were coated with susceptor after

stabilisation. Samples were then carbonised in MW and characterised via SEM.
7.3.2 Results

Heating profiles for high power MW carbonisation of lignin-based foam and nanofiber
(NF) electrode are shown in Figure 7.6. Maximum temperatures of 542°C and 1028°C
are recorded, respectively. The difference can be attributed to: (i) lower no. of LBL
cycles; (ii) difficulty in susceptor impregnation of the foam sample; (iii) small geometry
of the foam sample, which results in false temperature reading. Partial carbonisation of
the foam sample is confirmed by a conversion rate of 74% (TGA). NF electrode was not

analysed via TGA due to very low amount/weight of electrospun fibres.

SEM images of the carbonised foam and NF electrode are shown in Figure 7.7. It is
observed that samples retain their overall structure after MW carbonisation, but the
susceptor coating could influence the surface area of NF sample by bridging gaps
between individual NFs (Figure 7.7 B).

Foam 5c¢ NF electrode 10c
1100 1T 75T " 1T~ 1§ ""T ""T7T"1T™1T7™7
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Figure 7.6 High power MW carbonisation of lignin-based foam and electrospun

nanofiber (NF) electrode.
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Figure 7.7 SEM images of other lignin-based materials: foam (A) and nanofibre

7.4

electrode (B).

Conclusions

The following conclusions can be drawn from the results of each subsection:

1)

2)

3)

Proposed coupled electromagnetic - heat transfer model predicts that MW
heating rate and Tmax increase with increasing thickness of susceptor
(MWCNTs) and MW power. Predicted initial heating rate is inversely
proportional to precursor fibre diameter due to decreased susceptor to fibre
volume ratio. These results are in good agreement with data from previous
chapters.

Life cycle assessment predicts that MW heating reduces the energy demand and
environmental impact of CF production by up to 70 and 73%, recpectively.
Application of lignin/TPU precursor (lignin considered as waste) is predicted to
reduce energy consumption and climate impact of PF production by 26 and
37%, recpectively. Finally, MW carbonisation of lignin/TPU precursor is
predicted to reduce the cumulative energy demand and environmental impact of
CF production by 47 and 56%, respectively.

MW carbonisation can be successfully employed for rapid carbonisation of
lignin-based materials for other advanced applications, but the application will

determine its effectiveness.
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Chapter 8

Conclusions and future work

Susceptor induced dielectric heating in MW is used for energy efficient carbonisation of
PAN and lignin/TPU precursors. Produced CFs are characterised via SEM, TGA,
RAMAN and tensile testing. The following conclusions can be drawn for MW

carbonisation of PAN precursor:

1)

2)

3)

MW carbonisation at high power (20 min) results in high heating rates and T max
of up to 1076°C. This results in creation of defects detected by SEM, probably
due to differential shrinkage or evolution of volatiles during carbonisation at
high heating rates. CFs produced via MW carbonisation from PAN precursor
results in reduction of fibre diameter down to 6.35 um, conversion rates (TGA)
of up to 98%, L, sizes (Raman) of up to 11.43 nm, TS of up to 1.18 GPa, YM of
up to 160.7 GPa and strain of up to 1.31 %.

Carbonisation at progressive power levels (up to 36 min) results in reduction of
initial heating rates, Tmax temperatures and visible reduction of defect size and
abundance at the expense of diameter reduction, conversion rate and L, size.
Reduction of heating rates through finer tuning of MW power is required to
produce CF with mechanical properties comparable with conventional
carbonisation. Further improvements could also be achieved via carbonisation

under tension.

Coating samples before stabilisation results in lower Ty and consequently to
lower conversion rate and L, size, but produces CFs with superior mechanical
properties. This is most likely due to the fusion/melting of the susceptor layer
during stabilisation, which results in reduced efficiency in MW absorption.
Coating samples after stabilisation results in higher Tnyax, conversion rate and L,
size. This should lead to improvement, but leads to deterioration of mechanical
properties instead, probably due to more harsh conditions of carbonisation as
suggested by defect-size (SEM). Furthermore, the susceptor layer applied after
stabilisation may be more prone to damage during handling and by the volatile
products of carbonisation, which may result in uneven heating, as suggested by

temperature jumps recorded during MW carbonisation. Coating samples before
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4)

stabilisation appears to be more reliable procedure for MW carbonisation at high

power, but the difference is less clear when progressive power is used.

Increasing the number of MW susceptor coating cycles generally improves
absorption of MWs and increases Tmax. These differences are reduced for
carbonisation at progressive power levels and if coating is applied before
stabilisation. Relatively high conversion rates achieved for CF coated with a
single layer of susceptor (1c) lead to a conclusion that even finer tuning is
required. This could be achieved by reduction of susceptor coating thickness or

concentration of MWCNTS in suspension.

The following conclusions can be drawn for MW carbonisation of lignin/TPU

precursor:

5)

6)

7)

MW carbonisation at high power (10 min) results in high heating rates and T max
of up to 1044°C. This results in brittle CFs with high porosity observed through
SEM. This is attributed to evolution of volatiles during carbonisation at high

heating rates.

Carbonisation at progressive MW power levels (up to 40 min) results in Tmnax Of
up to 1346°C at the high power stage. This results in conversion rates (TGA) of
up to 98.6%, L, sizes (Raman) of up to 7.12 nm. Reduction of initial heating
rates results in great improvement of morphology of fibres observed via SEM.
Most importantly, the highest average values of TS, YM and strain of up to 0.33
GPa, 81 GPa and 0.57 % are recorded, respectively. This mechanical
performance is comparable or superior to CFs produced via conventional
method at temperature range of 1000-2000°C. Reduction of heating rate during
intermediate stages (under 600-800°C) is required to ensure reliability of the
process. Further improvements can be achieved via reduction of fibre diameter

and carbonisation under tension.

Coating samples before stabilisation results in slightly lower Tna, but more
reliable conversion rates and higher L, sizes. This can be explained by the
fusion/melting of the susceptor layer during stabilisation, which results in
reduced efficiency in MW absorption and more durable susceptor layer. Coating
samples after stabilisation results in more harsh conditions of carbonisation with

highest Tmax temperatures. Furthermore, the susceptor layer applied after

107



stabilisation may be more prone to damage during handling and carbonisation.
This results in wider range of conditions, properties and could contribute to

increased absorption of moisture after carbonisation.

8) Increasing the number of MW susceptor coating cycles generally improves
absorption of MWs and increases Tmax and enables fuller carbonisation to CF.
The differences are reduced for MW carbonisation at progressive power levels
and if coating is applied before stabilisation. This is probably due to averaging
effects of these heat treatments on MW absortion efficiency. Even a single cycle
of susceptor coating results in Tnax Of up to 1020°C, conversion rate of up to
93.3%, TS of up to 0.27 GPa, YM of up to 81 GPa and strain of up to 0.4%.

9) Higher diameter of lignin/TPU precursor reduces the ratio of the susceptor
coating to the fibre volume. This results in highlighted effect of coating
thickness observed for high power MW carbonisation. Furthermore, it allows
easier optimisation of MW carbonisation leading to improvement of morphology

and mechanical properties of CFs produced from lignin/TPU precursor.

Susceptor assisted dielectric heating is a promising alternative method for carbonisation
of both PAN and lignin-based fibres. Comparison of CFs derived from both precursors
using different power modes is shown in Figure 8.1. It is observed that reduction of
initial heating rates results in improvement of morphology. Improvement of mechanical
performance is achieved more easily for lignin/TPU, most likely due to fibre diameter
difference. Improved control over MW power is expected to improve reliability of MW
carbonisation of PAN and precursor fibres with smaller diameter in general.
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Figure 8.1 Comparison of cross-sections of fibres carbonised in MW using 5 cycles
of susceptor coating. Samples coated before stabilisation, except for lignin/TPU at
high MW power.

Further research may be required before successful application of MW carbonisation in

industry:

1) Real-time tuning of MW power is required in order to achieve finer control over
heating rates and ensure defect free CF. Reduction in coating thickness may be

necessary, especially for precursor with smaller diameter.

2) CF production presented here including coating with susceptor, stabilisation and
MW carbonisation operated on batch basis and involved manual handling of
fibre samples. Small-scale continuous line can improve repeatability of the
process and improve mechanical performance through proper tension control.
This will also provide data for life cycle assessment of continuous MW
carbonisation.
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3)

4)

5)

6)

The effects of porosity/mesoporosity on mechanical properties can be
systematically studied to find optimum MW heating conditions for CF with
desired microstructure and properties.

In the future, the carbonisation chamber could be insulated to avoid overheating

of equipment, prevent heat loss and reduce the cooling rate of CF.

Other LBL techniques and susceptors can be used to optimise MW heating.
Once enough fibre is produced via MW heating, CF can be applied in CFRP.
Especially, the effects of different susceptor coatings on the adhesion between

fibres and the resin can be studied.

MW heating model can be improved by including of other heating mechanisms.

Non-linear material properties can also be evaluated to improve model accuracy.
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