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Abstract 
 

Carbon fibres (CFs), characterized by a carbon content of 90 wt.% or above, derived from 

polymeric precursors, have garnered considerable interest since their discovery by Shindo in 1961. 

Their unique properties have led to widespread applications in sectors such as energy, aerospace, 

medical, and sports, where lightweight structures with excellent mechanical attributes are essential. 

Anticipated growth in demand for CFs over the next five years underscores the need for a 

substantial reduction in manufacturing costs. 

Currently, the main precursors for carbon fibre (CF) production are poly(acrylonitrile) 

(PAN), pitch, and cellulose. However, the substantial costs associated with these raw materials 

and production methods present significant challenges. Alberta oilsands asphaltene (AOA), the 

heaviest fraction of Alberta Oilsands Bitumen, stands out as a promising alternative precursor. It 

is estimated to be one to two orders of magnitude less expensive than PAN, and it possesses 

favorable attributes such as high carbon content, high aromaticity, and abundant reserves. Despite 

these economic advantages, the brittleness of AOA limits its processing capabilities, impeding the 

widespread utilization of CFs derived from AOA. 

Polymer blending proves to be an effective method for enhancing the physical and 

chemical properties of polymer materials. This process enhances the melt spinnability of polymers, 

resulting in improved manufacturing efficiency and enhanced mechanical performance. The 

effects of polymer blending on the spinnability of AOA, subsequent post-treatment processes, and 

the ultimate properties of carbon fibres remain poorly. Investigating the behaviors of AOA with 

and without polymer additives is crucial, as it can provide meaningful insights for the 

manufacturing of carbon fibres derived from AOA. The manufacturing process for CFs involves 
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melting precursors and processing them into spun fibres, followed by post-treatment processes like 

stabilization, carbonization, and graphitization. Stabilization process accounts for the most cost 

and determine the properties of the final carbon fibre products. Better and more efficient 

stabilization processes account for better performance of carbon fibres. The conditions to stabilize 

and carbonize AOA fibres, behaviors, and mechanism of the post-treatment remain unclear.  

This research focuses on the potential of AOA as a CF precursor, emphasizing (1) 

preprocessing AOA feedstocks, (2) modifying AOA using polymer additives, (3) designing a melt 

spinning process for AOA fibres, and (4) employing conventional thermal treatment for post-

treatment including stabilization and carbonization processes. Solvent preprocessing and strategic 

additive use aim to enhance the viscosity and spinnability of AOA. Polystyrene and poly(styrene-

butadiene-styrene) are employed and compared as polymer additives for blending with asphaltene, 

with the anticipation of enhancing the performance of AOA. Melt spinning is proposed for 

preparing fibres tailored for various applications. Melt spinning system, including extruder, melt 

pump, and godets, are designed for processing asphaltene sample. Thermal post-treatment, 

including stabilization and carbonization processes, were performed for stabilizing and 

carbonizing AOA fibres with or without polymer additives.  
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CHAPTER 1. INTRODUCTION 
 

Carbon fibres (CFs) or graphitized fibres (GFs) are generally defined as fibres with carbon 

content higher than 90% [Pusch et al. 2018]. Ever since their original finding [Shindo 1961], there 

have been broad and intense interests in CFs for their unique and advantageous properties [Minus 

et al 2005].  Due to their excellent strength, stiffness, biocompatibility, and low weight, CFs have 

been widely used in various fields including aerospace [Tang et al. 2017], energy [Hiremath et al. 

2020], medicals [Trabelsi et al. 2019], and others [Chand 2000]. In fact, CFs now represent a 

rapidly advancing and expanding manufacturing and research filed, as reflected by the large need 

for industry and increasing number of publications. 

Diverse precursor materials have been utilized in the manufacturing of carbon fibres. 

Traditional precursors, which involves using a carbon fibre-grade PAN precursor, constitutes a 

significant portion, exceeding 50% of the overall production cost of carbon fibres. This cost 

encompasses pre-treatment and handling expenses [Warren 2011]. The primary precursor material, 

polyacrylonitrile (PAN), constitutes 90% of all precursor materials used for carbon fibre 

production [Morris 2016]. Prominent carbon fibre industry players such as Toray, Hexcel, along 

with others, have successfully commercialized PAN-based carbon fibres, showcasing remarkable 

mechanical properties. These fibres find applications across diverse sectors, particularly in 

aerospace.  Another notable precursor material is pitch, utilized to manufacture high-performance 

carbon fibres, particularly those with elevated Young's modulus [Emmerich 2014]. Beyond these, 

several other precursor materials have been employed in carbon fibre production, encompassing 

cellulose [Spörl et al. 2017], rayon [Rong et al. 2003], and others [Huang 2009]. 
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The spinning process is the method employed to transform a raw precursor substance into 

unbroken strands of fibres. This step holds significant importance in the creation of diverse fibre 

types, encompassing individual fibres and woven configurations. Various spinning techniques, 

such as centrifugal spinning [Zhang et al. 2014], dry spinning [Tian et al. 2017], wet spinning 

[Paul 1968], electrospinning [Mao et al. 2013], and melt spinning [Pelzer et al. 2020], have been 

utilized to craft fibres from a range of source materials. Notably, melt spinning stands out due to 

its ability to produce large-scale filaments from thermoplastic raw materials. In this approach, the 

polymer is melted and subsequently forced through a spinneret, resulting in the formation of 

continuous filaments. As these filaments undergo cooling, they solidify into fibres. Distinct 

designs of screws, barrels, spinnerets, and related components are employed to facilitate the 

spinning of polymers possessing diverse attributes. 

Stabilization entails the transformation of thermoplastic fibres into thermoset ones [Rani 

et al. 2023]. Through chemical alterations, a thermally resilient structure is established, offering 

protection against decomposition or ignition during later exposure to elevated temperatures. 

Oxygen from the surroundings participates in oxidative cyclization with the polymer, fostering 

interconnections amid the polymer chains. This sequence may involve an initial weight gain as 

oxygen is assimilated, followed by a weight reduction through dehydration reactions [Derbyshire 

et al. 2001]. However, inadequate stabilization, or incomplete oxidation, contributes to subpar 

mechanical attributes in CFs. This inadequacy causes the development of a core-shell structure of 

large fibre diameter (normally larger than 20 μm), inducing defects within the final CFs [Zhao et 

al. 2016]. 

Carbonization involves a thermal treatment subsequent to the stabilization process, 

executed within an inert gas environment at temperatures surpassing 1000 ℃. Throughout this 
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phase, non-carbon constituents are removed from the stabilized fibres, leaving behind a carbon-

enriched framework with carbon-carbon bonds [Havigh et al. 2022]. This is achieved through 

procedures such as non-carbon removal by means of pyrolysis and volatilization, leading to the 

enhancement of mechanical attributes. In pursuit of elevated mechanical prowess for CFs, the 

inclusion of graphitization is imperative. Manifesting at temperatures beyond 2000 ℃ [Havigh et 

al. 2022], this procedure advances the alignment of carbon atoms, instigating the creation of a 

more organized crystalline structure reminiscent of graphite. The refinement of anisotropic traits 

harmonizes with the heightened mechanical performance of CFs.  

Alberta Oilsands Asphaltene (AOA) emerges as a compelling contender for substantially 

curbing the cost of CFs. AOA represents the weightiest constituent within bitumen, boasting a 

wealth of carbon-rich and aromatic structural attributes. The bitumen reservoirs in Alberta 

encompass a significant volume of 180 barrels, while the region's output amounts to 3 million 

barrels per day, marked by a notably economical value (below 1 USD per kilogram) [Alberta 

Innovates 2023]. Notably, within the bitumen composition, asphaltene comprises 15 – 20%, 

signifying the fraction of petroleum that resists dissolution in n-alkanes but readily dissolves in 

toluene. Capitalizing on its economical price point, abundant carbon content, pronounced aromatic 

structure, thermoplastic nature, and appropriately calibrated softening point [Alberta Innovates 

2023], AOA emerges as a prime candidate for the economically efficient production of CFs. 

Melt spinning stands out as the primary approach for achieving large-scale production of 

CFs. The intricacies of melt spinning design are pivotal, tailored to the unique attributes of the raw 

materials. This encompasses factors such as the configuration of screws, screw type, screw length, 

barrel design, spinneret type, hole count, spinneret channel design, hot air chamber, and the godet 

system. The precise selection of each design element not only ensures successful spinning but also 
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plays a role in yielding finer diameter and extended length of the spun fibres.  In the context of 

melt spinning, the twin-screw extruder garners prominence owing to its superior blending 

capabilities. Moreover, when dealing with asphaltene materials, the twin-screw extruder, coupled 

with a spin pack, facilitates the seamless blending of additives to modify the properties of 

asphaltene, enhancing their suitability for the desired application. 

 

1.1. Motivations and Problem Statement 

The production of CFs faces significant challenges tied to pricing and energy expenditures. 

These constraints consequently limit the broader applicability of CFs. Notably, the precursor 

materials of CFs contribute to over half of the overall prices [Warren 2011]. Hence, achieving 

cost-effective CF manufacturing necessitates the utilization of economical, abundant, and stable 

precursor materials, alongside the development of manufacturing processes.  

AOA, a byproduct of the oil industry, presents a cost-effective solution boasting substantial 

carbon content, a notable aromaticity degree, and ample reserves and production capacity. These 

attributes position it favorably as a prime contender for the production of cost-efficient CFs. Yet, 

the inherent brittleness of AOA curtails its seamless integration into the continuous processing 

stages of CF manufacturing [Wang et al. 2021]. Simultaneously, there remains room for 

enhancement in both the chemical and physical properties of AOA, imperative for the pursuit of 

crafting high-performance CFs. 

Achieving thorough stabilization is essential when transitioning from thermoplastic to 

thermoset fibres, ensuring a defect-free conversion. For fibres with a diameter exceeding 7 μm, 
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relying solely on thermal processes falls short of ensuring complete stabilization [Liu et al. 2018]. 

Conventional post-treatment methods, including thermal stabilization, carbonization, and 

graphitization, account for more than 40% of the costs in the production of CFs. It is essential to 

assess the manufacturing conditions for producing AOA CFs. Simultaneously, the analysis and 

characterization throughout the processes must be examined. 

In this study, AOA is employed as the precursor material for the production of CFs. The 

physical and chemical characteristics of AOA were subjected to thorough analysis. Different 

polymer additives, including polystyrene and poly(styrene-butadiene-styrene), were evaluated to 

improve the processibility of AOA by characterization including rheology analysis. A melt 

spinning system was meticulously devised and established to facilitate the spinning of AOA. The 

design of components like the screw, barrel, spinneret, chamber, and godet systems was tailored 

to the specific properties of AOA.  Post-treatment processes involving thermal stabilization and 

carbonization of AOA fibres, were conducted. Following the carbonization process, an assessment 

and analysis of the properties of the resulting AOA CFs were conducted. The preparation process 

mechanism for AOA CFs and potential strategies to enhance CF performance were also discussed. 

 

1.2. Objectives 

 The main novelties in this work are associated with development of cost-effective 

manufacturing of CFs from AOA by using thermal processes. AOA is also characterized, modified 

by using polymer additives, and melt spinning system is designed for spinning AOA fibres. The 

primary challenges are processibility of AOA and optimization of post-treatment processes. To 

support the investigations, the following main objectives are made.   
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1.2.1. Characterization of AOA and Polymer Blending 

In order to comprehend the characteristics and processability of AOA, various techniques 

are employed for its analysis. These methods encompass elemental analysis, FTIR, XPS, Raman, 

XRD, TGA/DSC, and rheology testing. The temperatures required for spinning and stabilization 

are confirmed through TGA/DSC and rheology tests. Additionally, polymer additives are 

examined with the aim of enhancing the processability of AOA. The rheology analysis is 

performed to investigate the processibility of asphaltene. The morphology analysis was conducted 

through SEM. 

1.2.2. Fabrication of AOA CFs 

The melt spinning system has been meticulously designed, incorporating components such 

as a pair of twin screws, barrel, melt pump, and spinneret. This setup is specifically tailored for 

the production of AOA fibres. These AOA fibres can be spun either in their pure form or with 

additional additives. Subsequently, a godet system is employed to stretch these fibres, thereby 

reducing their diameter.  For the purpose of stabilization, several methods are employed. The 

conventional approach involves subjecting the fibres to heat treatment within a tube furnace using 

air. The degree of oxidation in the stabilized fibres is assessed through various characterization 

techniques including FTIR, XRD, and elemental analysis.  Moving on to the carbonization phase, 

the stabilized fibres undergo thermal processes within a tube furnace, conducted under an inert gas 

atmosphere. To evaluate the extent of carbonization achieved in the fibres, a comprehensive 

analysis is conducted using techniques like XRD, Raman spectroscopy, and elemental analysis. 

SEM was utilized to perform the morphology analysis. 
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1.2.3. Testing and Verification 

Following the carbonization process, the tensile properties of the fibres are assessed using 

an ASTM-standard tensile testing apparatus. A comparison between the mechanical characteristics 

of the newly produced pure AOA CFs, polymer modified AOA CFs, and those of commercially 

available CFs is conducted to demonstrate the viability of the AOA CFs. 

 

1.3. Organization of Thesis 

The thesis comprises six chapters, each serving a distinct purpose. In Chapter two, a 

comprehensive literature review of various precursor materials is undertaken, coupled with an 

examination of prior research endeavors within the realm of CFs manufacturing. The discussion 

spans thermal methods, all of which are harnessed for stabilizing, carbonizing, and even 

graphitizing fibres originating from diverse precursors. Furthermore, historical endeavors 

encompassing PAN-based, pitch-based, and alternative approaches are meticulously reviewed, 

while also delving into the panorama of CFs applications.  Chapter three is dedicated to elucidating 

the experimental processes of the work. And chapter four focused on the AOA characterization 

and detailing the extruder's design employed in this study. This apparatus serves to melt the raw 

materials and subsequently mold them into fibre form. Transitioning to Chapter five, which 

reserved for the presentation of the outcome of the post-treatment process applied to the fibres. 

This encompasses a spectrum ranging from mechanical testing to microscopic and spectroscopic 

analyses, along with mechanical properties measurements. Meanwhile, the as-prepared AOA CFs 

were compared with commercialized CFs and other asphaltene CFs. Concluding the scholarly 

journey in Chapter six, a synthesis of the thesis is undertaken. This involves a recapitulation of the 
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scientific contributions made, an exploration of the underlying assumptions, and a contemplation 

of the future prospects that lie ahead. 

  



 9 

CHAPTER 2. LITERTURE SURVEYS 

  

 CFs represent a category of materials recognized for their exceptional mechanical prowess 

and lightweight properties. The raw materials from which CFs originate primarily encompass PAN, 

pitch, and other sources, contributing to the elevated expense associated with CF production. The 

manufacturing techniques applied in CF production also contribute to the overall cost. The 

production of CFs involves a conversion process wherein thermoplastic fibres are transformed into 

thermoset fibres, followed by polymer fibre carbonization achieved through high-temperature 

thermal treatment in an inert gas environment, leading to the partially elimination of heteroatoms.  

Efforts to produce cost-effective CFs involve utilizing AOA as a precursor material, sometimes 

with the incorporation of polymer additives. In this context, a melt spinning system is devised to 

extrude the raw constituents. Various subsequent treatments, encompassing both traditional 

thermal methodologies and innovative electromagnetic approaches, are explored to facilitate the 

carbonization progression. 

 

2.1. Carbon Fibre Materials 

2.1.1. Precursors of CFs 

Different precursors have been used for manufacturing CFs, including poly (acrylonitrile) 

(PAN), pitch, cellulose, and others [Frank et al. 2012], which have been widely used in many fields 

including energy, aerospace, electricity, automobiles, and others [Das et al. 2016] as shown in 

Figure 2.1. 
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Figure 2.1 Precursors and applications of CFs. 

 

PAN is a synthetic polymer comprised of repeating units derived from the monomer 

acrylonitrile (AN). The molecular structure of acrylonitrile includes a vinyl group (CH2=CH-) and 

a nitrile group (CN). AN can undergo polymerization through bulk, suspension, solution, or 

emulsion methods using free radical, ionic, or atom-transfer radical mechanisms. At present, 

solution polymerization and suspension polymerization are the predominant techniques for 

creating PAN-based copolymers, particularly for CF production (refer to Figure 2.2) [Duan et al. 

2018]. PAN is classified as a thermoplastic polymer, endowing it with the ability to be melted and 

reprocessed repeatedly with minimal deterioration of its properties. This versatility allows for 

utilization in a range of processing techniques including extrusion, injection molding, and melt 

spinning. These methods find application in various sectors including textiles, plastics, and fibres. 

The suitability of PAN as a precursor material for CFs was initially identified by Shindo in 1961 
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[Shindo 1961], and presently, it holds more than 90% of the market as the primary starting material 

for CF manufacturing [Choi et al. 2019]. 

 

Figure 2.2 Synthesis process of PAN. 

 

Toray Industries, Inc. stands out as a renowned manufacturer of PAN-based CFs. Their 

product range encompasses distinct series that span standard, intermediate, and high modulus 

variations, each boasting exceptional tensile strength and highlighted in Figure 2.3. Notably, the 

pinnacle of tensile strength is achieved by T1100GC/T1100SC, registering an impressive 7000 

MPa, while the zenith of modulus is embodied by M60J, reaching 588 GPa [Toray Inc. 2023]. 

Hexcel Corporation, SGL Carbon SE, Teijin Limited, among others, are some of the primary 

manufacturers of PAN-based carbon fibres, which account for most of CFs market. 
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Figure 2.3 Mechanical properties of CFs from Toray Industries, Inc. [Toray Inc. 2023] 

 

Pitch refers to viscous substances that exhibit a near-solid state at room temperature, 

characterized by a high carbon content. Isotropic pitch can originate from natural sources such as 

petroleum fractions, coal hydration, or asphalt, and anisotropic pitch can be synthesized through 

processes like pyrolysis of polyaromatic compounds and polymers, such as naphthalene [Maeda 

et al. 1993]. Pitch is a complex and heterogeneous substance with relatively low molecular weights, 

around 1000 g mol-1, as illustrated by a representative pitch precursor molecule in Figure 2.4. 

Comprising an array of diverse species, predominantly polyaromatic with occasional methyl side 

groups, the quality of resulting carbon fibres generally improves with heightened aromaticity. 

Irrespective of the source material, whether it's for creating isotropic or anisotropic pitch-based 

carbon fibres, a pitch precursor needs to possess certain characteristics. These include a tightly 

controlled distribution of molecular weights, minimal presence of volatile components, suitable 

viscosity at the temperature of spinning, low levels of inorganic impurities, and a high yield of 
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carbon [Mora et al. 2002]. Moreover, the pitch's softening point needs to strike a balance between 

favorable spinning performance (which benefits from a lower softening point) and a brief 

stabilization phase (which benefits from a higher softening point). As a result, the initial pitches, 

be they derived from petroleum or coal tar, must undergo adjustments through separation and/or 

chemical reactions to attain the desired properties. 

 

Figure 2.4 Typical pitch precursor in pitch (left) and stacking arrangement of mesophase pitch 

molecules [Burchell 1999]. Reproduced with permission from [Burchell 1999]. 

In the pursuit of high-performance CFs characterized by tensile strengths surpassing 2 GPa 

and notably high Young's moduli exceeding 350 GPa, the favored approach involves anisotropic 

pitch [Mora et al. 2002], as depicted in Figure 2.4. The transition from isotropic to mesophase 

pitch necessitates a series of chemical and physical treatments, exemplified in Figure 2.5. The 

resulting mesophase pitch, also referred to as anisotropic pitch, must meet specific criteria: it 

should possess purity with minimal particle content and ash concentration below 1000 ppm, 

exhibit orientability during spinning, demonstrate heightened reactivity for stabilization to prevent 

filament fusion (with oxidation-based stabilization temperature below the melting point), and 

attain high carbon yields. Various techniques, encompassing thermal decomposition (pyrolysis) of 

pitch, solvent extraction, and catalytic modification, have been explored over time for the creation 

of mesophase pitch [Frank et al. 2014], as outlined in Figure 2.5. 
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Figure 2.5 Processes of manufacturing CFs from pitch [Frank et al. 2014]. Reproduced with 

permission from [Frank et al. 2014]. 

 

Several companies, such as Solvay S.A. and Nippon Graphite Fibre Corporation, have been 

actively involved in the development of pitch-based carbon fibres (CFs) and have achieved 

noteworthy outcomes. In comparison to PAN-based CFs, pitch-based CFs exhibit superior average 

modulus, along with enhanced thermal and electrical conductivity. Notably, Nippon Graphite 

Fibre Corporation's XN100 pitch-based CFs demonstrate exceptional thermal conductivity, 

reaching approximately 1000 W/mK, a significantly higher value than conventional PAN-based 

CFs and even surpassing copper (Figure 2.5). These distinctive attributes render pitch-based CFs 

suitable for specialized applications like thermal solutions in electronics and satellite systems 

[Nippon Graphite Fibre Corp]. In addition to PAN and pitch, various alternative precursors are 

utilized in the production of carbon fibres, including lignin [Kadla et al. 2002], cellulose [Spörl et 

al. 2017], rayon [Rong et al. 2003], and several others [Frank et al. 2014]. 

2.1.2. Asphaltene and Asphaltene CFs 

Asphaltene is characterized as the portion of crude oil that remains insoluble in n-alkanes 

while being soluble in toluene, as referenced. It stands out for being the most concentrated and 

possessing the highest molecular weight among crude oil components, displaying a significant 
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aromatic makeup. Its molecular structure falls into two categories: saturates (including naphthene 

and paraffins) and unsaturated compounds (aromatics). Due to its considerable carbon content and 

pronounced aromatic nature, asphaltene emerges as a compelling contender for the production of 

CFs. Alberta Oilsands Bitumen is a type of high carbon content waste from oil industry in Alberta. 

It reserves 180 billion bbl and produces 3 million bpd. Currently, more than 90% of the bitumen 

were used for low value combustion products and only 10% of it was used for manufacturing high 

value non-combustion products. AOA represents the heaviest constituent within bitumen, 

showcasing the most potential for generating valuable non-combustion products derived from 

Alberta Oilsands bitumen. AOA offers a pathway towards producing CF, which emerges as a 

promising outcome. CF derives from the solubility fraction of petroleum that resists dissolution in 

n-alkanes but dissolves in toluene. The molecular weight of AOA ranges from 400 to 1000 Da, 

predominantly comprising about 78-80% carbon, alongside trace amounts of hydrogen, sulfur, 

oxygen, and nitrogen. These compounds exhibit a thermoplastic and glass-like solidity at standard 

room temperature. The majority of their structures (Figure 2.6) exhibit robust aggregation 

(constituting 80-90% by weight), while a smaller portion exhibits weaker aggregation (making up 

10-20% by weight) [Alberta Innovates 2023]. 
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Figure 2.6 Molecule structures of AOA [Alberta Innovates 2023]. 

 

 Chen and colleagues employed both thermal treatment and melt spinning techniques to 

produce CFs from AOA. The bulk asphaltene was subjected to thermal treatment in a nitrogen 

environment for several hours. This treatment resulted in an increase in the softening point of the 

asphaltene and an enhancement in its processibility [Chen 2021]. Zuo et al., on the other hand, 

utilized the melt spinning method to create CFs from AOA. They adjusted the spinning 

temperature in accordance with the temperature of the thermal treatment. Additionally, they 

introduced an acid treatment to enhance the materials' spinnability [Zuo et al. 2021]. Ni et al. 

incorporated styrene-ethylene-butylene-styrene (SEBS) into the asphaltene to modify its 

spinnability and achieve CFs with superior mechanical properties [Ni et al. 2019]. In a similar vein, 

Wu et al. introduced styrene-butadiene-styrene (SBS) into the asphaltene, resulting in a copolymer 

with improved thermal and mechanical characteristics [Wu et al. 2016]. 

2.1.3. Modification of Asphaltene by Polymer Additives 

A polymer blend is characterized as a close combination of two polymers lacking covalent 

bonds, aiming to attain desired characteristics or properties by creating a new material. This 

process, in contrast to intricate chemical procedures, employs straightforward physical processes, 

offering a cost-effective approach. The key determinants influencing polymer blend performance 

include morphology, miscibility, and compatibility.  Completely miscible blends are called 

homogeneous blends and display a one-phase morphology. Immiscible blends on the other hand 

can have different kinds of morphologies: spherical drops, cylinders, fibres, sheets or co-

continuous phases (Figure 2.7) [Ragaert 2017]. In the realm of immiscible polymer blends, 

morphology is shaped by various parameters such as blended material concentration, viscosity 
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ratio, compatibility among blend polymers, and interfacial tension between the polymers. 

Miscibility, a thermodynamic term, delineates the number of phases in polymer blends. These are 

categorized into completely miscible polymers, partially miscible polymers, and completely 

immiscible polymers. The miscibility of polymer blends is ascertained by the glass transition 

temperature (Tg) and morphology. In the case of miscible polymers, a singular Tg value is observed, 

while for partially immiscible blends, the Tg value shifts towards one polymer. Completely 

immiscible blends exhibit two distinct Tg values for each material.  Compatibility serves as a means 

to enhance the inherent properties of miscible and partially miscible polymer blends [Ramesh 

2022].  

 

Figure 2. 7 Morphologies of immiscible polymer blends: droplets (a) cylinder (b) laminar (c) and 

co-continuous (d) [Ragaert 2017]. Reproduced with permission from [Ragaert 2017]. 

Asphaltene is defined as the fraction of crude oil that remains insoluble in n-alkanes but 

can be dissolved in toluene [Alberta Innovates 2023]. It is notable for being the most concentrated 

and having the highest molecular weight within crude oil. The inherent brittleness of asphaltene at 

room temperature poses limitations on its ability to be spun, a critical process in CF manufacturing. 
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To enhance the processability of asphaltene for CF production, various additives like polymers 

and carbonaceous materials are employed. An example of this is showcased in a study by Wu H. 

et al., where they introduced asphaltene to modify the mechanical properties of poly(styrene–

butadiene–styrene) (SBS) copolymer [Wu et al. 2016]. The formation of a polystyrene (PS) 

domain through the physical aggregation of PS blocks contributes to an intermolecular crosslinked 

network, imparting rigidity to the copolymer in the glassy region. This network's rigidity could 

potentially overshadow the stiffness of asphaltene within this ordered molecular structure. 

However, this crosslinked network disintegrates as the PS domains dissociate at higher 

temperatures [Zhu et al. 2014]. Consequently, the reinforcing effect of asphaltene becomes more 

prominent in the disordered and segregated rubbery region. A similar reinforcement phenomenon 

has been observed in the SBS system with the addition of substances such as polyaniline [Leyva 

et al. 2002] and carbon black [Leyva et al. 2003] (Figure 2.8). 

 

Figure 2.8 Schematic illustration of heterogeneous phases in asphaltene/SBS composites [Wu et 

al. 2016]. Reproduced with permission from [Wu et al. 2016]. 
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Numerous studies have explored the utilization of polymer additives to enhance the 

spinnability and various characteristics of asphaltene materials across diverse applications, as 

outlined in Table 5.6. In their work, Ni et al. demonstrated the fabrication of spinnable pitch 

through the oxidation polycondensation of asphaltene with SEBS [Ni 2018]. SEBS exhibits 

promise in hindering the formation of quinone insoluble fractions, which can adversely impact the 

manufacturing of carbon fibres from asphaltene. The resulting carbon fibres exhibited superior 

mechanical properties compared to alternative methods. Additionally, SEBS has found application 

as a polymer additive in asphaltene for road paving, albeit considered a lower-value application of 

asphalt [Polacco 2006].   

Zapien-Castillo et al. observed an enhancement in the physical and rheological properties 

of asphalt through the incorporation of nanocomposites as modifying elements, surpassing the 

characteristics of pure asphalt and SEBS-modified asphalt [Zapien-Castillo 2016]. Siddiqui 

reported a significant improvement in the thermal stability and viscoelastic properties of 

polystyrene composites by incorporating asphaltene as a filler [Siddiqui 2015]. However, it was 

noted that introducing asphaltenes into polystyrene negatively impacted tensile strength, possibly 

attributed to structural heterogeneities and the plasticizing effect of asphaltenes. Such composites 

found utility in low duty insulating articles from foamed polystyrene and in polystyrene concrete 

for construction applications.   

Wu et al. highlighted the gradual improvement of Young's modulus, tensile strength, strain, 

and toughness in SBS matrix with the introduction of asphaltene particles at lower filler 

concentrations [Wu 2016]. Siddiqui also reported a nearly 10% enhancement in tensile strength 

and elastic modulus in polypropylene with the addition of 5 wt% asphaltene, though a decline in 

these properties was observed at higher asphaltene concentrations (i.e., 10%–15%) [Siddiqui 2015]. 
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In summary, the literature primarily focuses on utilizing asphaltene as additives to enhance 

composite properties rather than employing polymers as additives.   

Notably, there is a paucity of reports specifically addressing the enhancement of 

mechanical properties of asphaltene carbon fibres through the use of polymer additives. Existing 

studies concentrate on improving composite properties with asphaltene additives, leaving 

uncertainties about the interactions between asphaltene and polymer additives, especially under 

the rigorous post-treatment conditions during carbon fibre manufacturing. 

Table 2. 1 Comparison of our AOA carbon fibres with other asphaltene or asphaltene carbon fibres 

with polymer additives. 

Precursor Additives Application Preparation UTS a Modulus b Reference 

Asphaltene SEBS CFs Thermal 800 - [Ni 2018] 

Asphalt SEBS Paving Melt mixing - - 
[Polacco 

2006] 

Asphalt 
SEBS/ 

montmorillonite 
- Melt mixing - - 

[Zapien-

Castillo 

2016] 

Asphaltene PS - Thermal - - 
[Siddiqui 

2015] 

Asphaltene PS Building Thermal - - 
[Ignatenko 

2019] 

Asphaltene SBS Filler Melt mixing ~700 13 [Wu 2016] 

Asphaltene PP Filler Melt mixing ~28 - 
[Siddiqui 

2015] 

a the unit of UTS is MPa. 

b the unit of Modulus is GPa. 
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2.2. Spinning of Fibres 

Three primary spinning techniques are employed in the production of synthetic fibres: wet 

spinning, dry spinning, and melt spinning (Figure 2.9) [Sobuj 2015].  

 

Figure 2.9 Schematic illustration of melt spinning, wet spinning, and dry spinning [Imura et al. 

2014]. Reproduced with permission from [Imura et al. 2014]. 

2.2.1. Wet Spinning 

Wet spinning represents the most ancient, intricate, and high-cost approach to crafting yarn. 

This method is employed for polymers that can be dissolved in solvents, particularly those that are 

non-volatile and heat resistant. It finds utility in the creation of various fibres such as aramid, 

Lyocell, PVC, Vinyon (PVA), viscose rayon, spandex, acrylic, and modacrylic.  Within the wet 

spinning procedure, a non-volatile solvent is harnessed to transform the raw material into a solution. 

Subsequently, this solution is extruded through a spinneret, achieved either by simple rinsing or 



 22 

through a chemical reaction involving a reagent within the spinning bath. Following extrusion, the 

solvent is removed using a liquid coagulation medium. Eventually, the filament yarn is either 

immediately wound onto bobbins or subjected to further treatment to attain specific desired 

attributes or designated applications.  Although the wet spinning process allows for the handling 

of substantial tows, the spinning velocity is notably slow. A necessary step involves washing away 

impurities. An additional drawback lies in the challenges related to the recovery of solvents and 

chemicals.  

 

Figure 2.10 (A) SEM images illustrating the assembly process of the Graphene Oxide (GO) fibre 

by spinning 10 mg/mL of GO dopes into CTAB coagulation solution of 0.05 mg/mL. (a) A 

single GO fibre. (b–e) Magnified SEM images corresponding to the different parts of the single 

fibre of (a). (B) Schematic illustration of the typical apparatus of wet-spinning GO fibres. (C) 

Schematic illustration of the assembly mechanism of the GO fibre [Cong 2012]. Reproduced 

with permission from [Cong 2012]. 

Various fibres were created using wet spinning techniques. Cong H. et al. achieved the 

production of pristine and sizable graphene fibres with excellent mechanical strength and electrical 
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conductivity. These fibres were efficiently spun from common graphene oxide (GO) suspensions 

on a large scale, followed by chemical reduction (Figure 2.10). They proposed a mechanism 

involving the formation of curls and folds in the GO fibre. This wet-spinning method not only 

enables the creation of multifunctional macroscopic graphene-based fibres, incorporating diverse 

organic or inorganic elements, but also allows for an easy in-situ or post-synthesis approach. This 

lays a strong foundation for the development of an innovative range of advanced composite 

materials, holding great promise for future practical applications [Cong 2012]. Eom W. et al. 

introduced a direct and continuously controlled method for producing pure MXene fibres through 

large-scale wet-spinning assembly, without the need for additives or binders. The resulting MXene 

fibres were seamlessly integrated, exemplified by their application in electrical wires to power a 

light-emitting diode and transmit electrical signals to earphones. This underscores their potential 

for use in various electrical devices [Zhang et al. 2008]. 

2.2.2. Dry Spinning 

Dry spinning is employed for polymers necessitating dissolution in a solvent. Among fibre 

production methods, 30% encompass solvent spinning, including both dry spinning and wet 

spinning. In the process of dry spinning, a volatile solvent is utilized to dissolve the raw materials, 

forming a solution subsequently purified through filtration. This solution is then extruded through 

a spinneret into a warm air chamber, where the solvent undergoes evaporation, leading to the 

solidification of delicate filaments. Ultimately, the resulting filament yarn can be immediately 

wound onto bobbins or subjected to additional processes to achieve specific desired properties or 

end applications.  Dry spinning finds application in the manufacture of acetate, triacetate, and 

select acrylic, modacrylic, spandex, and vinyon (PVC, PVA) fibres. Noteworthy advantages of 

this method include the absence of yarn purification requirements. However, it is accompanied by 
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drawbacks such as the potential hazards of flammable solvents, challenges related to solvent 

recovery, and a relatively slow spinning speed. 

Dry spinning is a fibre formation technique that converts a high vapor pressure polymer 

solution into a solid fibre through controlled evaporation within the spinning process. Critical 

factors in dry spinning include heat and mass transfer, as well as the stress exerted on the filament. 

The spinning fibre's velocity and denier stabilize when the force applied to the filament no longer 

reduces its diameter. Solvent evaporation typically starts at the fibre's surface and progresses 

inward, often resulting in a skin-core structure where solvent is trapped within the fibre's interior. 

The migration of this residual solvent can cause the cylindrical fibre to collapse into the 

characteristic 'dog bone' shape commonly linked to dry spun fibres. This shape also contributes to 

enhanced comfort and fabric coverage [Imura et al. 2014]. Tian Q. et al. successfully produced 

continuous graphene fibres (GFs) through dry spinning, which exhibited remarkable toughness 

and flexibility. The dry spun pristine GFs exhibited impressive toughness of up to 19.12 MJ m−3, 

surpassing the toughness of their wet spun counterparts [Tian et al. 2017]. Xu Y. et al. employed 

dry spinning to create polyimide fibres, initially forming precursor fibres from a polyamic acid 

solution and subsequently converting them into polyimide fibres through heat treatment. Dynamic 

mechanical analysis (DMA) revealed subglass and glass transitions in the stretched polyimide 

fibres, with activation energies of 346 and 981 kJ mol−1, respectively [Xu et al. 2013]. Zhang M. 

et al. accomplished fibre production using the dry spinning method, utilizing acetylated softwood 

kraft lignin as a precursor. The resulting carbon fibres exhibited exceptional tensile strength, 

surpassing values reported in previous studies on lignin-based carbon fibres. Dry-spinning induced 

solvent diffusion, leading to a distinctive crenulated surface that offers an expanded specific 
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interfacial area, advantageous for reinforcing fibre/matrix bonding in composite applications 

[Zhang 2014]. 

2.2.3. Melt Spinning 

 Melt spinning employs heat to liquefy the polymer, rendering it viscous enough for 

extrusion. This spinning technique is chosen for polymers that can withstand the necessary 

extrusion temperatures without decomposition or degradation. A significant majority, accounting 

for 70% of fibre production, relies on melt spinning [Sobuj 2015].  In melt spinning, the polymer 

is subjected to heat, causing it to melt and form a liquid spinning solution. Polymer pellets are 

introduced into a heated hopper, equipped with a base grid or sieve that permits only the molten 

liquid to pass through. The molten polymer is then extruded under high pressure and a consistent 

rate through a spinneret into an air stream with comparatively cooler temperatures, causing the 

filaments to solidify. Subsequently, the filament yarn can be either immediately wound onto 

bobbins or subjected to further treatments to achieve specific desired attributes or final applications.  

For instance, melt spinning finds application in the production of polyester, nylon, olefin, saran, 

and glass fibres. The technique boasts several advantages, including high-speed production, the 

absence of solvents, minimal purification challenges, and the ability to incorporate a distinct 

drawing step [Sobuj 2015]. The advantages of melt spinning process compared with wet or dry 

spinning methods are listed in Table 2.1. 

Table 2. 2 Comparison of different spinning methods [Sobuj 2015]. 

Topics Wet Spinning Dry Spinning Melt Spinning 

Fibre Type Filament and staple Filament Filament and staple 

Productivity Low High High 
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Cost Low High Low 

Solvent Both organic & 

inorganic solvent 

Only volatile organic 

solvent 

Not required 

Hazard Toxic Toxic Nontoxic 

Processing Temperature Low Very high High 

Spinning Speed 150-300 ft/min 2500-3000 ft/min 2500-3000 ft/min 

Spinneret Holes 20000-75000 300-900 2000 

Examples Aramid, Lyocell, PVC, 

Vinton (PVA), viscose 

rayon, spandex, acrylic, 

and modacrylic fibres. 

Acetate, triacetate, and 

some acrylic, 

modacrylic, spandex, 

and vinyon (PVC, 

PVA) fibres. 

Polyester, nylon, olefin, 

saran, and glass fibres. 

 

Melt spinning stands out as the most cost-effective spinning method due to the absence of 

solvent recovery or evaporation, and this method boasts a high spinning rate. The typical setup for 

a melt-spinning production line encompasses a screw extruder, a spin pack, and a filament draw-

down unit (Figure 2.11). The procedure involves feeding polymer pellets from a hopper into the 

screw extruder where they are melted and pressurized. A melt pump is utilized to ensure precise 

and consistent throughput. The spin pack is composed of components for polymer filtration, 

distribution, and the spinneret responsible for forming the filaments.  A paramount consideration 

in the design of the extrusion and spinning line is to prevent the stagnation of the melt, achieved 

through gradual tapering and the elimination of dead spots. These conditions could otherwise lead 
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to local polymer degradation and intermittent discharge into the melt stream. Post spinneret exit, 

the extruded strands are directed either into a quenching chamber or a water bath for solidification. 

Once cooled and treated with a spin finish, the filaments are pulled by multiple godets. To enhance 

their drawability, these godets can be heated, or the filaments may be guided across heated plates 

or through stretching ovens. Ultimately, a winding mechanism is employed to spool the filaments 

onto a bobbin. [Hufenus et al. 2020].  

 

Figure 2.11 Schematic assembly of a melt-spinning line [Hufenus et al. 2020]. Reproduced with 

permission from [Hufenus et al. 2020]. 

 

Typically, polymers are transformed from pellets into a molten state within a screw 

extruder, achieved through the application of heat and shear forces. To introduce attributes like 

color or specific properties, additives are often incorporated alongside a carrier resin, commonly 

in the form of a masterbatch. While the utilization of powders and liquids may be unavoidable at 

times, it considerably complicates the processability. Various screw designs play a crucial role in 

ensuring the continuous feeding and effective melt spinning of polymers. Typically, screws are 
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divided into three distinct zones: the feed section, compression section, and metering section, each 

contributing to the precise melting and feeding of the polymers (Figure 2.12). Additionally, twin 

screw and conical screw systems are employed to enhance the extrusion process, particularly when 

blending polymers with additives is the objective. 

 

Figure 2.12 Schematic assembly of a melt-spinning line [Maniruzzaman 2012]. Reproduced with 

permission from [Maniruzzaman 2012]. 

The extruder's role transcends mere melting; it also encompasses the task of homogenizing 

the polymer material and establishing the foundational pressure required for the effective 

functioning of the subsequent melt pump. In larger-scale operations, the melt is frequently fed 

directly to the spinning system from the polycondensation line. The primary objective of the melt 

pump revolves around generating and sustaining the necessary spin pressure, all while regulating 

the flow of the molten material [Maniruzzaman 2018]. Among the most prevalent are gear pumps, 

in which rotating gears are filled from the extruder's inlet and expel the polymer on the downstream 

side (Figure 2.13). The discharge pressure remains remarkably stable, irrespective of fluctuations 

in the inlet pressure, provided that the spaces between the intermeshing gear teeth are entirely 

occupied by the molten polymer and fit snugly within the housing to minimize any leakage [Chung 

2019].   
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Figure 2.13 Working principle of a melt (gear) pump. By way of illustration, the polymer melt is 

represented in yellow [Hufenus et al. 2020]. Reproduced with permission from [Hufenus et al. 

2020]. 

Upon reaching the culmination of the extrusion process, the pressurized polymer melt is 

compelled through minuscule apertures (dies) in the spinneret to yield continuous filaments. The 

spinneret's design and the precision of the dies are pivotal factors influencing favorable spinning 

outcomes. A spinneret might encompass anywhere from one to several hundred fine holes, which 

are notably susceptible to abrasion, corrosion, and obstruction by impurities. Consequently, the 

filtration of the melt becomes of paramount importance. The uniformity of filaments and overall 

production yield are closely tied to the arrangement of the dies and the length-to-diameter ratio 

(L/D) of each die [Yang 2007]. This ratio selection must consider the specific polymer's 

rheological behavior. 

During the passage through the spinneret, the polymer experiences shear flow, leading to 

heightened molecular orientation. Upon emergence from the spinneret, the accrued elastic energy 

is released, and the interplay of surface tension and relaxation of molecular orientation gives rise 

to a phenomenon known as die swell (Figure 2.14) [Tadmor et al. 2006]. Excessive draw-down 
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force can potentially draw the melt out of the die, impeding die swell development and inducing 

unstable spinning conditions. 

 

Figure 2.14 Die swell and fibre drawing [Tadmor et al. 2006]. Reproduced with permission from 

[Tadmor et al. 2006]. 

 

The extent of filament orientation (Figure 2.15) hinges on the magnitude of spin-line stress, 

a metric influenced by variables such as lower melt temperature, heightened molecular weight of 

the polymer, and accelerated quench and stretch rates [Zhu et al. 1996]. However, excessively 

elevated viscosity and rapid cooling can impede filament drawability, inhibiting the requisite 

degree of deformation prior to solidification [Beyreuther et al. 1996]. To address this, materials 

characterized by lengthy relaxation times and limited spinnability are often directed into a post-

heater (hot shroud) positioned beneath the spinneret. This strategy aims to bolster stability, 

diminish pre-orientation, and reduce solidification velocity [Gupta 1997]. Melt-strength, 

contingent upon the polymer's molecular weight, must be sufficiently robust to counteract forces 
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like gravity, inertia, and friction from air or water [Beyreuther 1996]. Yet, significant viscous 

stretching, due to substantial forces applied, can lead to filament failure - a phenomenon where 

surface tension prompts breakup into droplets as the melt seeks to minimize surface area (known 

as Plateau-Rayleigh instability) [Tadmor 2006].  

 

Figure 2.15 Orientation development along spinline in the case of high-speed spinning [Zhu et al. 

1996]. Reproduced with permission from [Zhu et al. 1996]. 

Solidification of the polymer must transpire through either glass transition or crystallization 

prior to filament contact with the take-up roll. Otherwise, filaments could adhere to each other, 

godets, or the winder. In the high-speed downstream movement of solidified filaments, friction 

with the surrounding air generates static electricity. A well-studied approach to enhance structural 

development in freshly spun fibres involves guiding them through a liquid isothermal bath during 

spinning [Miyata 1998, Avci 2015, Najafi 2015]. This substitution of quenching air with liquid 

accelerates heat transfer, thereby increasing frictional drag and imposing higher spin-line stress 

[Kaburagi 1996].  
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2.3. Post-treatment of CFs 

Following the spinning processes, spun fibres undergo a series of post-treatment steps to 

transform them into CFs (Figure 2.16). These standard post-treatment procedures typically 

encompass multiple thermal stages, such as stabilization, carbonization, and, in some cases, 

graphitization processes (Table 2.2). Once these stages are completed, the resulting carbon fibres 

are ready for subsequent treatments and various applications. 

 

Figure 2.16 Scheme of post-treatment processes. 

 

Table 2.3 Comparison of conventional thermal post-treatment processes. 

 Stabilization Carbonization Graphitization 

Temperature (℃) <300 ~1000 >2000 

Gas air/oxygen/ozone argon/nitrogen argon/nitrogen 

Time (h) 5-10 1-5 <1 

Carbon content (%) <80 >95 >99 
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C/H ratio low medium high 

Mechanical Properties poor medium high 

Thermal conductivity low medium high 

Electrical Conductivity low medium high 

 

2.3.1. Stabilization Process 

 Among the various post-treatment procedures, the stabilization process stands out as a 

particularly time- and energy-intensive step in the production of carbon fibres (CFs) [Sánchez-

Soto 2001]. During this critical phase, thermoplastic spun fibres undergo oxidation and 

transformation into thermoset stabilized fibres, laying the groundwork for subsequent treatments. 

This intricate process involves several chemical reactions, including cyclization, dehydrogenation, 

aromatization, oxidation, and crosslinking, all of which contribute to the development of the 

conjugated ladder structure [Bashir 1991].  

The oxidative stabilization stage is notably complex due to the occurrence of multiple 

chemical reactions that define the carbon fibre's ultimate structure. Achieving complete oxidation 

at this stage is pivotal for subsequent treatments and the eventual mechanical properties of CFs. 

However, a challenge arises as heat is transferred from the outer layer of the fibre to the inner layer, 

causing the outer layer to oxidize first. This can result in the creation of an oxidized layer that 

hinders further oxidation.   

Insufficient stabilization conditions or the use of larger diameter fibres (>8 μm) can impede 

oxygen diffusion during the oxidation process, leading to the formation of a core-skin structure in 

the stabilized fibre (Figure 2.17). Such a structure signifies incomplete oxidation or incomplete 
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thermoplastic-to-thermoset conversion [Liu et al. 2018]. The presence of the core structure (non-

oxidized part) can lead to degradation and the formation of defects in the final CFs, negatively 

impacting their performance. 

 

 

Figure 2.17 Elemental mapping of the fibre cross section of the conventional thermal stabilized 

PAN-fibre (CSFs) [Liu et al. 2018]. Reproduced with permission from [Liu et al. 2018]. 

Numerous studies have documented the utilization of thermal processes under various gas 

environments to stabilize fibres. Dalton S. and colleagues, for instance, detailed the stabilization 

of PAN fibres at different temperatures, reaching up to 300°C, within an atmospheric air 

environment [Dalton et al. 1999]. The extent of the reaction (EOR) was determined by assessing 

the nitrile absorption intensity and the absorption intensity observed through FTIR microscopy: 

𝐸𝑂𝑅 =
𝐼𝑂

𝐼𝑉 + 𝐼𝑂
 

Where IO  is the measured intensity of the conjugated band at 1600 cm-1, associated with the 

developing structure, and IV is that of the nitrile band at 2240 cm-1, belonging to the unmodified 

PAN molecule [Zhu et al. 1996].  

 Hou Y. and colleagues explored the application of ozone for PAN fibre stabilization. Their 

findings revealed activation energies of 161.57 kJ/mol in ambient air and 181.23 kJ/mol in ozone-
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enriched air. Below a heating rate of 5°C/min, intramolecular cyclization dominated the reaction, 

while above 5°C/min, intermolecular crosslinking reactions became more pronounced. To prevent 

overheating, it was recommended to maintain a heating rate below 5°C/min. In ozone-enriched air, 

at heating rates below 5°C/min, chemical shrinkage and density decreased as the heating rate 

increased, with minimal changes observed at rates above 5°C/min [Hou et al. 2008].   

On a related note, Zhang C. and collaborators reported a different approach to stabilization, 

using hydrogen peroxide and microwave assistance [Zhang et al. 2019]. Due to the lower oxygen 

diffusion rate compared to cyclization, the composition and structure of the fibres were unevenly 

distributed along their radial direction, resulting in the formation of an obstructive oxidized skin 

layer. Microwave heating, operating through molecular interactions with the electromagnetic field 

(volume heating), efficiently eliminated the skin-score structure of the stabilized fibres, as 

illustrated in Figure 2.18. 

 

Figure 2.18 Schematic diagram of conventional heating and microwave heating oxidative 

stabilization of PAN fibres [Zhang et al. 2019]. Reproduced with permission from [Zhang et al. 

2019]. 
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 Chemicals, like hydrogen peroxide, is also used in this report for improving the 

stabilization degree. The EOR is calculated from the intensities of C=N and C≡N at the absorption 

peaks from FTIR of 2244 (νC≡N) and 1580 cm-1 (δC=N), respectively. It confirmed that hydrogen 

peroxide and microwave can shorten the oxidation stabilization time and lower the temperature 

(Figure 2.19). 

 In this study, chemicals such as hydrogen peroxide were employed to enhance the degree 

of stabilization. The EOR was determined by analyzing the intensities of C=N and C≡N 

absorption peaks in the FTIR spectra at 2244 cm-1 (νC≡N) and 1580 cm-1 (δC=N), respectively. It 

was established that the combination of hydrogen peroxide and microwave treatment led to a 

reduction in oxidation stabilization time and a decrease in temperature requirements, as illustrated 

in Figure 2.18. 

 

Figure 2.19 FTIR spectra of fibres at different treatment methods: (a) conventional thermal 

treatment (CSFs), (b) conventional thermal treatment with hydrogen peroxide (CSFs-H), (c) 
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microwave treatment (MSFs), (d) microwave treatment with hydrogen peroxide (MSFs-H) 

[Zhang et al. 2019]. Reproduced with permission from [Zhang et al. 2019]. 

2.3.2. Carbonization Process 

Carbonization involves the aromatic growth and polymerization of fibres, achieved 

through a high temperature heating process, usually reaching around 1000°C to attain a 95% 

carbon content, as depicted in Figure 2.20 [Zhu et al. 2002]. Trinquecoste M. et al. additionally 

noted that a heating process at approximately 1000°C resulted in fibres with excellent tensile 

strength, while achieving higher modulus fibres necessitated treatment at even higher temperatures 

[Trinquecoste et al. 1996]. 

 

  

Figure 2.20  Structure changes for PAN precursor during carbonization [Zhu et al. 2002]. 

Reproduced with permission from [Zhu et al. 2002]. 

An inert gas atmosphere is crucial for carbonization procedures, with nitrogen and argon 

being common choices [Rahaman et al. 2007]. Conversely, employing an atmosphere of HCl 

vapors to carbonize stabilized PAN fibre can potentially boost carbon fibre production [Kaburagi 

et al. 2003]. 
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 The carbonization process consists of two stages. In the first stage, thermal pyrolysis up to 

600°C occurs, using a low heating rate (e.g., 5°C/min). This slow heating rate reduces mass 

transfer due to structural limitations [Fitzer et al. 1986]. In contrast, the second stage requires a 

high heating rate to achieve a higher final temperature. The higher heating rate is used in this stage 

because the fibre structure is more stable, minimizing the risk of structural damage [Mittal et al. 

1997]. Therefore, achieving an optimal carbonization process is crucial for producing high-quality 

carbon fibres.   

Stretching during the pyrolysis process is essential for enhancing tensile modulus and 

improving fibre strength during subsequent heat treatment. Studies have shown that fibre strength 

can be restored and improved with high temperatures and appropriate stretching [Ozbek et al. 

2016]. Researchers like Tsai J. et al. [Tsai et al. 1991] and Edie D. [Edie 1998] have emphasized 

the importance of stretching in achieving the necessary modulus and strength of carbon fibres.  

Furthermore, stretching can reduce shrinkage caused by high heating rates [Wu et al. 1987]. 

Therefore, neglecting stretching during the initial stages of pyrolysis can result in length shrinkage 

and the loss of preferred orientation, ultimately compromising the mechanical properties of carbon 

fibres [Tsai et al. 1991]. 

2.3.3. Graphitization and other processes 

 For further improving mechanical properties and carbon content of CFs, graphitization 

process is essential (Figure 2.21). Graphitization process typically happens at temperature higher 

than 2000°C and the mechanism is similar as carbonization process.  



 39 

 

Figure 2.21 Graphitization temperature on (a) tensile strength and (b) tensile modulus of PAN-

based carbon fibres [Liu et al. 2008]. Reproduced with permission from [Liu et al. 2008]. 

 Due to the high cost of high-temperature equipment and the substantial energy 

consumption associated with the graphitization process, alternative methods have been examined 

as potential replacements for conventional thermal processes in achieving the desired 

graphitization temperature. In a study conducted by Wei X. and colleagues [Wei et al. 2022], it 

was observed that the average tensile modulus of carbon fibres (CFs) exhibited a notable increase 

of 23%, rising from 189 GPa to 245 GPa, following a 5-minute microwave plasma treatment 

(Figure 2.22a). Additionally, the tensile strength experienced a relatively modest decrease of 11%, 

declining from 2.26 GPa to 2.01 GPa.  In another investigation by Sha Y. and associates, CFs 

underwent graphitization through CO2 laser treatment, resulting in a significant enhancement of 

the graphitization degree [Sha et al. 2018]. The Young's modulus of the irradiated fibres exhibited 

marked improvements when compared to the as-received ones (Figure 2.22b). 
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Figure 2.22 Mechanical properties after (a) microwave plasma treatment [Wei et al. 2022] and 

(b) laser treatment of CFs [Sha et al. 2018]. Reproduced with permission from [Wei et al. 2022] 

and [Sha et al. 2018]. 

 

2.4. Applications of CFs 

The global CF and carbon fibre reinforced polymer (CFRP) market experienced substantial 

growth, reaching a value of USD 4.66 billion in 2022, and it is projected to continue expanding at 

a compound annual growth rate (CAGR) of 10.9% from 2023 to 2030 [Grand View Research 

2022]. This market caters to customers from diverse industries and sectors that require high-

performance materials with exceptional strength-to-weight ratios and other advantageous 

properties. The key customer segments and geographic regions associated with the CF market: 

Energy: The chemically inert nature of CFs contributes to their exceptional mechanical and 

electrical properties, making them an ideal choice as a base electrode for various applications, 

including electrophysiology, electrochemistry, and biosensing, at both micrometer and nanometer 

scales. CF electrodes possess several unique advantages over other techniques. They offer 
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subsecond monitoring and real-time recording capabilities. CF electrodes can also be modified to 

enhance sensitivity and selectivity for specific analytes of interest, further expanding their utility.  

Sensors: Pitch based CFs, owing to their mechanical properties and high electrical and 

thermal conductivity, find extensive use in sensor applications. Similarly, AOA CFs exhibit 

promise in sensor applications, particularly due to their affordability, allowing for widespread 

utilization. This domain presents exceptional opportunities for incorporating CF-based products. 

Some examples of sensor products include thermal/electrical sensors and mechanical strain sensors. 

Consequently, CFRPs hold the potential for sensing strain, stress, damage, chemical exposure, and 

temperature.  

Filters: CF filters are extensively employed for air purification, specifically targeting the 

elimination of hazardous gaseous pollutants like volatile organic compounds (VOCs). This is 

primarily due to their large surface area and impressive adsorption capacity. CF filters possess an 

exceptionally high surface area, typically exceeding 1000 m2/g. Additionally, they exhibit low-

pressure drops, making them ideal candidates for VOC filtration in HVAC (heating, ventilation, 

and air conditioning) systems.  

Automotive: CFs play a crucial role in the automotive industry, especially in the production 

of high-performance vehicles, sports cars, and luxury automobiles. Manufacturers incorporate CF 

components, such as body panels, chassis, and interior parts, to reduce vehicle weight, improve 

fuel economy, and enhance overall performance. The automotive composites market has witnessed 

significant growth, driven by carbon-reinforced composites that offer weight reduction benefits of 

up to 40% compared to traditional metallic materials. Even a 10% weight reduction in vehicles 

can lead to significant fuel efficiency or increased battery range in electric vehicles. 
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Sports and Recreation: CF is widely utilized in sporting and recreational products that 

demand lightweight and durable materials. Products such as bicycles, hockey sticks, tennis rackets, 

golf clubs, fishing rods, skis, and snowboards heavily rely on carbon fibre due to its exceptional 

strength, stiffness, and impact resistance. These properties contribute to enhanced performance 

and maneuverability in various sports and recreational activities. 

Industrial Filles: CF finds extensive applications as fillers in various industrial sectors, 

including construction, infrastructure, marine, and oil and gas. It is used to manufacture 

lightweight structures, reinforcement materials, pressure vessels, pipes, and offshore equipment, 

thanks to its corrosion resistance and high strength.  

Geographically, the demand for CF is global, with significant consumption in regions such 

as North America, Europe, Asia-Pacific, and emerging markets. Developed countries with 

advanced aerospace, automotive, and industrial sectors serve as major consumers while emerging 

economies are witnessing increasing adoption as their industries grow and technological 

advancements occur. As technology continues to advance and production costs decrease, CF is 

gradually expanding into other sectors and applications. This expansion leads to a broader 

customer base and increased market penetration, opening new possibilities for the utilization of 

carbon fibres in various industries. 

 

2.5. Summary 

CFs have found diverse applications, with their production involving various stages such 

as spinning, stabilization, carbonization, and graphitization. AOA present a promising, cost-

effective option for manufacturing high-performance CFs. However, the feasibility of preparing 
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CFs from AOA has not been explored, partly due to AOA's poor processability, which hinders 

large-scale production. To address this limitation, the addition of polymer modifiers is anticipated 

to significantly enhance the spinnability of AOA for large-scale manufacturing.  Traditional 

thermal post-treatment methods are commonly used for treating AOA fibres. Therefore, 

investigating the optimal conditions for manufacturing AOA CFs is essential. In addition to 

conventional thermal post-treatment, alternative methods such as microwave is being considered. 

A systematic comparison between the production of pure AOA CFs with conventional thermal 

post-treatment and AOA CFs with polymer additives undergoing alternative post-treatments is 

crucial for comprehensive evaluation. This study aims to fill the gaps outlined above and make a 

valuable contribution to the field. 
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CHAPTER 3. EXPERIMENTS 

 

3.1. Introduction 

The whole experiment processes including the pretreatment of the raw materials, blending 

or solvent mixing with additives, spinning of fibres, post-treatment of fibres, and characterization 

of products. The post-treatment processes include stabilization process, carbonization process, and 

even graphitization process by thermal process and electromagnetic methods. 

 

3.2. Pre-treatment of AOA 

The Alberta oil sands constitute the third-largest reserves of oil in the form of petroleum 

fractions, characterized by a viscosity exceeding 105 mPa·s [Gray 2015]. In contrast to 

conventional crude oil, bitumen, the primary component, exhibits a lower H/C ratio, elevated 

levels of heteroatoms such as sulphur, nitrogen, and oxygen, and increased concentrations of 

metals like nickel and vanadium [Strausz 2003]. Asphaltenes, a solubility class within bitumen, 

are soluble in aromatic solvents like toluene but insoluble in paraffinic solvents such as n-heptane 

and n-pentane. Although not a distinct compound class, asphaltenes are distinguished by their high 

aromaticity and molecular weight [Wiehe 2008]. 

Solvent deasphalting (SDA) serves as a separation method wherein asphaltenes are 

precipitated from bitumen through the addition of a paraffinic solvent. The resulting fraction of 

bitumen, post-asphaltene separation, is referred to as deasphalted oil (DAO), constituting a 

partially upgraded product. The asphaltenes obtained from the SDA process have various low 

value applications, including usage as a road-paving material (asphalt binder), gasification for 
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hydrogen production employed in hydrocracking and hydrotreating processes [Speight 2015], and 

treatment through cracking to convert into feedstocks for other conversion processes [Lee 2014].   

However, it's crucial to note that despite these potential applications, asphaltenes have a 

lower value compared to DAO. Bitumen typically contains 14-20 wt% of asphaltenes, and the 

complete removal of asphaltenes from bitumen would result in a significant material loss. 

Therefore, exploring high-value applications for asphaltenes from bitumen becomes imperative to 

utilize these materials effectively and foster more economically viable development in Alberta. 

Solvent pre-treatment processes are imperative to remove the light hydrocarbons and coke 

present in the AOA feedstock. Inadequate pre-treatment can result in flaws in the final carbon 

fibres and negatively impact their mechanical properties. The portion of AOA that is insoluble in 

toluene, known as coke, must be removed due to the risk of potential blockages during the spinning 

process. Additionally, it can introduce defects into the final products, thus diminishing their 

mechanical properties. To achieve this, a combination of Soxhlet extraction using pentane, 

centrifuge and Buncher filtration with toluene is employed to remove the light hydrocarbons and 

coke in the feedstock. Subsequently, an evaporation process is applied to remove toluene, yielding 

the pre-treated AOA solid. To enhance the spinnability and elevate the softening point (a higher 

softening point is advantageous for achieving better stabilization), thermal treatment of the raw 

materials is deemed necessary. 

3.2.1. Solvent Based Pre-treatment 

The definition of asphaltene is based on its solubility and it refers to the fractions that are 

insoluble in n- alkanes but soluble in toluene, which is obtained from the bitumen feedstock of 

Alberta oilsands. The process for extracting asphaltene, as depicted in Figure 3.1, follows the 

standard separation methods outlined in ASTM D6560-17. The Alberta oilsands bitumen is 
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subjected to a pre-treatment process to extract the AOA, where a cellulose thimble containing 50 

g of feedstock is placed in cellulose Soxhlet extraction thimble with the dimension of 33 × 118 

mm. 1 L of pentane was kept in a flask with oil bath at the temperature of 80°C and the condenser 

is running with cooling circulation water during the whole process. The Soxhlet extraction is 

deemed complete when the pentane in the extractor turns light yellow. The dried powder (100 g) 

obtained after the extraction process is then redissolved in 1 L of toluene, stirred at 90°C for 1 

hour, and then centrifuged at 5,000 rpm for 15 minutes. The resulting supernatant is filtered using 

Grade 4 filter paper to remove any residual coke and then transferred to a rotary evaporator to 

remove the toluene at 50°C with 50 torr. The collected toluene can be reused for further pre-

treatment of asphaltene. The final product, the pretreated asphaltene, is obtained after baking in 

vacuum oven at 110°C overnight. The two different pretreated asphaltene samples, P-AOA-S1 and 

P-AOA-S2, are derived from S-1 and S-2, were used in this research, respectively, and the property 

is as shown in Table 3.1.  

 

 

Figure 3.1 Illustration of the pre-treatment process. 

Table 3.1 Element analysis of AOA S-1 and S-2 [Alberta Innovates 2023]. 
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Property S-1 S-2 

Carbon (wt%) 78.9 83.3 

Hydrogen (wt%) 7.9 5.7 

Nitrogen (wt%) 1.2 1.7 

Sulfur (wt%) 8.2 7.1 

Oxygen (wt%) 2.6 1.5 

Asphaltene (wt%) 

(pentane insoluble) 

76 89.7 

Asphaltene (wt%) 

(heptane insoluble) 

60 37.9 

Toluene Insoluble 

(wt%) 

2.5 27.9 

Softening Point (°C) >160 >160 

 

3.2.2. Thermal Pre-treatment 

Thermal processing of asphaltene may be necessary to enhance its spinnability, which 

includes improvements in both the softening point and the aromaticity of the asphaltene. The 

procedure involves placing 5 grams of pre-treated asphaltene in a crucible and subjecting it to heat 

treatment at temperatures ranging from 200 to 300°C for a duration of 1 hour. 
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3.3. Spinning of Fibres 

3.3.1. Melt Spinning of AOA Fibres 

Melt spinning is preferable for spinning fibres because it is beneficial to large-scale 

production. It is a process of producing fibres by melting a polymer and extruding it through 

spinneret orifices to form continuous filaments.  

The extruder used in the study (Figure 3.1) is a EASTMAC SJSZ10/25 twin-screw extruder 

and a TrusTech ASS-9001 metering gear pump with a 1.8kg/h theoretical processing capacity. 

This type of extruder is commonly used in the polymer industry for melting and mixing polymer 

pellets or powders. The twin-screw design allows for better mixing and dispersion of additives or 

fillers in the polymer melt. The extruder is designed to deliver molten polymer at a constant 

pressure to the melt pump and spinneret. The melt pump is used to regulate the flow rate of the 

molten polymer, and it has a capacity of pumping 1 cc of material per revolution. The rpm of the 

melt pump is used to control the flow rate, and the maximum speed of the pump is 40 rpm. The 

spinneret used in the study has two conical screws (Figure 3.3) with a specified length (200 mm) 

and diameter (6/24 mm). The spinneret is the component of the extrusion system that forms the 

polymer melt into fibres. The L/D ratio of the spinneret refers to the length-to-diameter ratio of 

the screws and affects the flow and residence time of the polymer melt. The extruder has three 

heating zones corresponding to the feeding, compression, and metering zones of the screw. The 

temperature of these zones is controlled manually, and it affects the melting and mixing of the 

molten polymer. The temperature of the spinneret with different hole numbers and hole sizes 

affects the diameter and uniformity of the fibres produced. After exiting the spinneret, the fibres 

are stretched and collected using a godet with a maximum speed of 2800 rpm. Stretching the fibres 

improves their strength and orientation. Overall, the extrusion system used in the study is a 
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standard setup for melt-spinning fibres and allows for control over key process parameters such as 

temperature, flow rate, and stretching. 

 

Figure 3.2 Twin screw extruder with melt pump. 

 

Figure 3.3 Conical twin screws of the twin screw extruder. 

 

Due to the similar melting and degradation points of P-AOA-S2, it is not suitable for melt 

spinning. For P-AOA-S1, there is a difference of 100 ℃ between its melting and degradation 

temperatures. Fibres of pure P-AOA-S1 were created using a spinneret with a 0.5 mm hole while 

maintaining the temperatures of the twin-screw extruder, melt pump, and spinneret at 

approximately 240 ℃. The feeding system, twin screw, melt pump, and godet were set at 5, 15, 
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25, and 200 rpm, respectively. The spinneret hole was periodically checked during spinning to 

prevent clogging. Further optimization of the extruder, melt pump, and godet conditions is ongoing 

to produce finer and longer fibres. The spun P-AOA-S1 fibre batch was stored in a vacuum 

chamber for further processing and analysis. 

3.3.2. Melt Spinning of AOA with Polymer Additives Fibres 

Because of the distinct molecular structure of AOA, characterized by a three-dimensional 

cross-linked structure and an amorphous arrangement, AOA tends to exhibit brittleness due to the 

absence of ordered regions. Additionally, AOA, when in a glassy state at room temperature, 

demonstrates a high glass transition temperature, further highlighting its inherent brittleness. 

Different polymer additives were selected for improving the spinnability of asphaltene. Linear 

molecular with high molecular weight can improve the stretchability of the asphaltene. Aromatic 

structure can improve the softening point and mesophase phase in the raw materials. Different A 

better additive candidate should meet the requirements including that (1) the polymer additive 

should have a high decomposition temperature. Based on the melting point of AOA, 

decomposition temperature greater than 350℃ is preferred; (2) the difference between melting 

point and decomposition temperature of the additive should be larger enough for adjusting the 

spinning temperature; and (3) the linear chain of the additive should include some degree of 

aromaticity, which will improve the viscosity for spinning and stretchability of the fibres. Some 

polymer candidates have been selected for further studying, including styrene-ethylene-butylene-

styrene (SEBS), styrene-butadiene-styrene (SBS), polystyrene (PS), and acrylonitrile butadiene 

styrene (ABS), and mesophase pitch. 

Various blending techniques (Figure 3.4), including the twin extruder, ball mill, and 

solvent methods, have been assessed for mixing AOA with additives. The twin extruder approach 
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efficiently melts and homogenizes the mixture, combining and heating it with a limited number of 

samples and across different batches. This method readily facilitates the determination of the 

optimal AOA-to-additives ratio for enhancing spinnability. The ball mill technique is employed to 

mechanically and chemically grind and blend materials, effectively breaking down precursor 

powders and offering scalability. Utilizing solvents with high surface tension, such as toluene, is 

anticipated to dissolve AOA and additives, enabling thorough blending. 

 

Figure 3.4 Schematic illustration of different mixing schemes. 

Typically, polymer additives, either 0%, 5% or 10%, were incorporated using the twin-

screw extruder. The extruder was chosen to replicate ideal mixing conditions due to its capability 

to ensure uniform temperature distribution and consistent screw speeds during the blending 

process. The unique characteristic of the extruder is that it extrudes samples horizontally, without 

relying on gravity to stretch the material, resulting in the production of uniformly blended samples. 

Three key parameters need to be considered when operating the extruder: internal temperature, 

screw speed, and mixing duration. Among these, temperature holds the utmost significance as it is 

the sole parameter transferred between the melt mixing operation and the twin screw extruder 
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operation. Nonetheless, maintaining consistency across all three parameters for each batch is 

crucial. For AOA P-AOA-S1, the following parameters were employed: 260 ℃ for temperature, 

50 rpm for screw speed, and 5 minutes of mixing time. 

Ball mill method is a mechanical chemical process which can break bulk samples into small 

pieces and physically mix them with additives at the same time. Especially for the additive or raw 

materials which are not soluble in solvent, ball mill is an efficient method for mixing which can 

also be scale up easily. A ball mill equipment was employed, featuring a stainless-steel container 

and stainless-steel balls. The crucial factor in determining the energy input in the ball mill was the 

weight ratio of the balls to the material being processed. This ratio played a significant role in 

influencing the milling process and achieving the desired outcomes. For asphaltene materials, the 

ball to materials ratio was kept at 15:1 which contributes to a better mixing condition. Especially 

for additive which have a higher melting point or not soluble in solvent, such as mesophase pitch, 

ball mill is an efficient process to mix samples with additives. 

The ball mill method is a mechanical-chemical process that effectively pulverizes samples 

into smaller fragments while concurrently physically blending them with additives. This method 

proves particularly efficient for mixing when dealing with additives or raw materials that do not 

readily dissolve in solvents. Moreover, it can be readily scaled up for larger quantities. The ball-

to-material weight ratio serves as an indicator of the energy input during the ball mill operation. 

In the case of asphaltene materials, a ball-to-material ratio of 15:1 was employed, enhancing the 

overall mixing quality. Notably, the ball mill method is highly effective for blending samples with 

additives, especially when dealing with additives with higher melting points or those that are 

insoluble in solvents, such as mesophase pitch. 
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Solvent mixing is employed in this study to blend asphaltene with various polymer 

additives. Given that asphaltene is soluble in toluene, polymer additives that can also dissolve in 

toluene are combined with asphaltene in this solvent. Solvent mixing surpasses ball milling and 

blending methods because it allows for the molecular-level integration of polymers.  In a standard 

procedure, 95 g of P-AOA-S1 and 5 grams of PS were dissolved in 500 mL of toluene and stirred 

overnight. Subsequently, the toluene was removed using a rotary evaporator, leaving behind solid 

material referred to as solvent-mixed PS-P-AOA-S1. These solid samples were then subjected to 

overnight heating in a vacuum oven at 110 ℃, followed by grinding into fine powder for 

subsequent spinning process. 

Research findings indicate a significant correlation between the mechanical properties of 

fibres and their diameter. According to Nicoll et al., an increase in fibre diameter corresponds to a 

decrease in both tensile strength and Young's modulus [Nicoll 1972]. Specifically, carbonized 

fibres demonstrate a 14% increase in tensile strength as the diameter decreases from 11 μm to 7 

μm. Simultaneously, Young’s modulus experiences a 13% increase with a reduction in diameter 

from 11 μm to 7 μm. The average diameter of P-AOA-S1 fibres is around 50 μm. The minimum 

diameter we can reach is around 20 μm. But most of the fibres are still 50 μm. The diameter of P-

AOA-S1 fibres poses constraints on the stabilization and carbonization processes, thereby 

restricting the mechanical properties of the resulting carbonized fibres. Further efforts are required 

to enhance the spinnability of the raw materials through rigorous pretreatment. Additionally, 

employing appropriate stretching systems, featuring multiple godets, becomes imperative to 

effectively stretch the fibres before solidification and achieve reduced diameters. 
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3.4. Post-treatment of Fibres 

Post-treatment procedures encompass stabilization, carbonization, and graphitization 

phases. These post-treatment steps were executed using traditional thermal methods, employing 

both a tube furnace (Carbolite TZF 12/65/550 furnace along with a quartz tube measuring 60 mm 

in diameter and 960 mm in length). 

3.4.1. Conventional Thermal Stabilization of Fibres 

Various oxidation techniques were employed for the stabilization of spun fibres, 

necessitated by their susceptibility to shrinkage and deformation. To address this, the fibres were 

affixed to a ceramic plate measuring 100 × 40 × 4 mm with Kapton tape, (Figure 3.5). The 

stabilization procedure was conducted over a range of temperatures spanning from 200 to 300 ℃ 

with a heating rate of 1℃/min, with dwell times ranging from 2 to 8 hours, all under an 

atmospheric air environment maintained at a flow rate of 400 mL/min. Subsequently, the stabilized 

fibres were subjected to grinding and underwent comprehensive characterization through 

techniques such as FT-IR, elemental analysis, and TGA/DSC. 

 

Figure 3.5 Spun fibres taped on the ceramic plate. 

3.4.2. Conventional Thermal Carbonization of Fibres 

During the carbonization process, heteroatoms are removed from the fibres, and 

crosslinking reactions occur simultaneously, which created carbon-carbon bonds. Typically, the 
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stabilized fibres were placed into ceramic crucibles measuring 100 × 40 × 20 mm and subjected to 

a two-step heat treatment. They were initially heated to 600 ℃ for 30 minutes and then further 

heated to 1100℃ for an additional 30 minutes, with a gradual heating rate of 5℃/min. Throughout 

the entire carbonization process, either nitrogen or argon was utilized with a consistent flow rate 

of 400 mL/min. Following carbonization, the fibres underwent SEM, elemental analysis, and 

mechanical testing for characterization. 

 

3.5. Sample Preparation for Characterization 

3.5.1. Element Analysis, FT-IR, TGA/DSC, Raman, SEM, Rheology, and MALDI-MS 

The asphaltene and fibre specimens underwent initial grinding before undergoing 

characterization. Specifically, 0.5 g of powder or fibres were finely ground using an agate mortar 

and pestle. The resultant powder was then stored in a sealed centrifuge tube for subsequent analysis. 

The oxygen content, determined through combustion elemental analysis, was derived from the 

elemental analysis, assuming the sample only consisted of carbon, hydrogen, nitrogen, sulfur, and 

oxygen. The obtained results were averaged from 5 sets of samples (ten measurements), and all 

data were baselined and graphed using OriginTM or SigmaPlotTM. 

FT-IR absorption spectra were captured using the Thermo-Nicolet Nexus 470 instrument 

with the scanning range from 500 to 4,000 cm-1 with 64 scans. XRD patterns (2θ scans) were 

recorded using a Bruker D8A A25 X-ray diffractometer with a scanning speed of 3°/min working 

with a voltage of 40 kV and a current of 150 mA. TGA/DSC was measured on a Mettler Toledo 

TGA 3+ with a heating rate of 5 ℃/min under 25 mL/min air or nitrogen atmosphere. Elemental 

analysis was conducted using a Elementar Unicube CHNS analyzer apparatus with a precision less 

than 0.1% and theoretical deviation of <0.05% [Kandioller 2022]. SEM imaging was carried out 
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using a Phenom XPro Scanning Electron Microscope. None of the fibers underwent coating with 

any conductive materials for SEM; instead, the measurements were conducted directly. Raman 

spectra were recorded using a Teledyne Princeton Instruments IsoPlane 81 Raman Spectrometer 

with a PSU-H-LED 532 nm laser source. Typically, the LED camera is used to focus on the sample 

before activating the laser. The camera focuses on three distinct locations of the sample, and the 

resulting Raman spectra are recorded for comparison to validate consistency. Rheology tests were 

executed with the help of a Stress-controlled rheometer – Anton Paar 702 equipped with a 

convection temperature device (CTD) to precisely control the temperature of the sample. A parallel 

plate geometry of 25 mm diameter is used as the measuring system. MALDI-MS characterization 

was accomplished using a Bruker Autoflex III Smartbeam MALDI-TOF (Na:YAG laser, 355nm), 

setting in positive reflective mode, was used to acquire spectra. Operation settings were all typical, 

e.g. laser offset 62-69; laser frequency 200Hz; and number of shots 300. The target used was 

Bruker MTP 384 ground steel plate target. 

3.5.2. Mechanical Properties of Fibres 

The mechanical properties of the fibres were assessed using a Mark-10 ESM Motorized 

Force Tester equipped with an M5-05 force gauge with a resolution of 0.0005 N, following the 

guidelines outlined in ASTM D3822/D3822M-14 (2020). All values obtained from the mechanical 

properties test were retained as integers for comparison with a theoretical deviation of 5% [Zheng 

2020]. The diameter of the fibres was determined using a Zeta 20 Optical Profiling Microscope 

and measured 10 times, the average value was employed in the calculation of both the area and 

tensile strength. For the single fibre measurement setup (Figure 3.7), a paper framework was 

employed, with a fibre affixed from the top to the bottom of the framework [Wang et al. 2014]. 

The length of the fibre within the framework was standardized at 20 mm. The stretching speed was 
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set at 2 mm/min, which corresponds to 10% of the fibre's length. The average values of tensile 

strength and Young's modulus, including their deviations, were computed based on the data from 

the top ten fibres. It is worth mentioning that obtaining precise measurements for individual fibres, 

particularly those with lower mechanical properties, can be challenging.  

 

Figure 3.6 Schematic of the fixture set-up for the fibre tensile test [Wang et al. 2014]. 

Reproduced with permission from [Wang et al. 2014]. 

3.5.3 Error Analysis 

The mechanical properties of the fibres were assessed using a Mark-10 ESM Motorized 

Force Tester equipped with an M5-05 force gauge with a resolution of 0.0005 N, following the 

guidelines outlined in ASTM D3822/D3822M-14 (2020). All values obtained from the mechanical 

properties test were retained as integers for comparison with a theoretical deviation of 5% [Zheng 

2020]. The diameter of the fibres was determined using a Zeta 20 Optical Profiling Microscope 

and measured 10 times, the average value was employed in the calculation of mechanical 

properties. 

 



 58 

3.6 Summary 

The chapter outlines the experiment processes in detail, encompassing various aspects. The 

raw materials undergo a standard solvent pretreatment process. The melt spinning system, with its 

different sections, and the corresponding conditions of the melt spinning processes are 

meticulously described. Furthermore, the chapter provides information on polymer candidates and 

blending processes, encompassing different polymer candidates and blending methods such as 

extruder, solvent, and ball milling processes. Post-treatment conditions, specifically the 

stabilization and carbonization processes, are also delineated. Notably, the chapter offers a 

comprehensive explanation of the setup involved in the stabilization process. The characterization 

and measurement of samples, along with the preparation procedures, are itemized, including 

details on error measurement. 
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CHAPTER 4. ANALYSIS OF AOA AND DESIGN OF 

EXTRUDER 

 

Within this chapter, a systematic characterization of AOA is conducted through diverse 

methods, encompassing element analysis, FTIR, XRD, Raman spectrometry, as well as thermal 

and rheological analyses, both with and without the incorporation of polymer additives. The 

outcomes derived from these analyses play a crucial role in assessing the conditions earmarked for 

spinning and subsequent post-treatment processes. Concurrently, the design of the extruder is 

elucidated to provide a comprehensive understanding of the experimental setup. 

 

4.1. Characterization of AOA 

4.1.1. Element Analysis and FT-IR  

AOA S-1 feedstock, with or without pre-treatment, was characterized by FT-IR and 

element analysis. During the pre-treatment process, the volatile light hydrogen carbon in AOA 

feedstock, and the coke, the component of AOA that cannot be dissolved in toluene, are removed. 

The volatile light hydrogen carbon and coke may cause defects in the fibres and clot the nozzles 

of the melt spinning machine during the spinning process. Both pentane (C5) and heptane (C5) 

were used for pretreatment asphaltene for removing different fractions of volatile light hydrogen 

carbon in AOA. 

FT-IR is utilized to examine the functional groups within the molecular structure of 

asphaltene, which primarily appears in the frequency range of 400-4000 cm-1. FT-IR spectra of the 

AOA S-1 before and after pentane pretreatment are shown in Figure 4.1. Feedstock and pretreated 



 60 

AOA are rather similar. All the spectra of pretreated AOA show peaks around 3050 and 1600 cm-

1 which correspond to aromatic stretching of the C-H bond and ring, respectively, and the broad 

peaks from 920 to 850 cm-1 correspond to an out-of-plane of aromatic structure. Various peaks 

from 3000 to 2800 cm-1 are assigned to asymmetric and symmetric stretching, and peak at 1460 

cm-1 is assigned to asymmetric bending of aliphatic structure. The bands at 3450 cm-1 correspond 

to the stretching vibration of O-H.  

 

Figure 4.1 FT-IR spectra of AOA S-1, P-AOA-S1 (pentane), and P-AOA-S1 (heptane). 

 

Heat treatment was utilized to enhance the raw material's processability before the spinning 

process. Specifically, the P-AOA-S1 material was exposed to a temperature of 300°C for a 

duration of 1 hour within an argon atmosphere. Subsequent analysis revealed notable changes in 

the sample's FT-IR spectrum. The peak at 3450 cm-1, associated with the stretching vibration of 

O-H, exhibited a decrease. Conversely, the peak at 1700 cm-1, corresponding to C=O, displayed 

an increase following the heat treatment, indicating an augmentation in unsaturated bonds. Notably, 
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the peaks at 1600 cm-1, representing the aromatic stretching of C=C, remained unchanged after the 

heat treatment.  

 

Figure 4.2 FT-IR spectra of AOA P-AOA-S1 before and after heat treatment (HT). 

 

The elemental analysis results can be found in Table 4.1. To determine the composition, 

solid samples were subjected to combustion at 1800°C, and the resulting carbon, hydrogen, 

nitrogen, and sulfur oxides were identified and quantified as weight percentages within the sample. 

Notably, nitrogen and sulfur are predominantly found within the asphaltene structure rather than 

in the maltenes. Conversely, the decrease in oxygen content is ascribed to the removal of maltenes. 

The carbon-to-hydrogen ratio for S-1, P-AOA-S1 using pentane, and P-AOA-S1 using heptane are 

9.91, 10.21, and 9.83, respectively. This observation indicates that P-AOA-S1 possesses a higher 

level of aromaticity compared to S-1. 

The purpose of this study was to enhance the spinnability of P-AOA-S1 by blending PS 

and SBS polymers with it. The incorporation of these polymers aimed to modify the structure of 
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P-AOA-S1 and improve the overall spinning process. During spinning, the linear configuration of 

PS and SBS facilitated alignment with fibre orientation, contributing to enhanced spinnability and 

reduced brittleness in the resulting fibres.  Furthermore, the unsaturated bonds present in PS and 

SBS acted as potential sites for oxidation and crosslinking reactions. These reactions were 

anticipated to occur during the stabilization and carbonization processes involved in carbon fibre 

fabrication. The addition of 10% PS or SBS, as shown in Table 4.1, resulted in C/H ratios of 10.21 

and 10.18, respectively, comparable to the ratio of neat P-AOA-S1. The increased carbon content 

in both PS and SBS additive samples was expected to promote oxidation and crosslinking reactions, 

influencing the final carbon content of the carbonized fibres—an essential parameter for evaluating 

carbon fibre properties.  Compared to the island or bridged island structure of asphaltene, the long 

linear chains in PS and SBS were anticipated to align within the fibre orientation due to blending 

and reorienting processes. This alignment, facilitated by screws and the spinneret channel, was 

expected to reduce brittleness in the fibres, making them easier to collect on the godet. Additionally, 

the aromatic structure (unsaturated bonds) in PS and SBS was not anticipated to significantly 

impact the final mechanical properties. Instead, these aromatic structures were considered 

beneficial, serving as element sites for creating carbon-carbon bonds that could enhance the overall 

mechanical properties of the resulting fibres. 

 

Table 4.1 Element analysis of AOA before and after pre-treatment and with polymer additives. 

Sample Weight 

(mg) 

C/H C          

(wt %) 

H         

(wt %) 

N                           

(wt %) 

S    

(wt %) 

O    

(wt %) 

S-1 1.5 9.9 79.0 8.0 1.1 7.8 4.1 
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P-AOA-S1 

(pentane) 

1.5 10.2 80.7 7.9 1.2 7.9 2.3 

P-AOA-S1 

(heptane) 

2.6 9.8 80.2 8.2 1.1 7.5 3.0 

P-AOA-S1 

with 5% PS 

a, b 

1.5 10.4 84.4 8.1 0.9 6.3 0.3 

P-AOA-S1 

with 5% 

SBS a, c 

2.4 12.3 85.1 6.9 1.0 6.9 0.1 

a polymer additives were blended with P-AOA-S1 (pentane); 

b Chemical formular of PS is (C8H8)n, the C/H ratio of PS is 12; 

c Chemical formular of SBS is (C20H18)n, the C/H ratio of PS is 13.3; 

 

4.1.2. MALDI-MS 

The solvent pretreatment process aims to eliminate light hydrogen carbon and coke from 

the raw materials, retaining only the purified heavy molecular weight asphaltene for subsequent 

processing. Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) is a 

technique used to assess the molecular weight distribution of polymer samples. As depicted in 

Figure 4.3, it is evident that the average molecular weight of S-1 is marginally greater than that of 

P-AOA-S1, which corroborates the findings from FT-IR and CHNS analysis. This underscores the 

effectiveness of Soxhlet Extraction in removing low molecular weight compounds. Nevertheless, 

the difference in molecular weight is not particularly substantial, owing to the asphaltene's inherent 

tendency to form robust clusters. The molecular weight of both P-AOA-S1 and S-1 falls within 
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the range of 500 to 1000 amu, indicating the presence of monomeric asphaltenes with 1-3 ring 

aromatic chromophores. 

 

Figure 4.3 MALDI spectra of S-1 (lower) and P-AOA-S1(upper). 

 

4.1.3. TGA and DSC 

The oxygen stabilization process is the most time and energy-intensive step in carbon fibre 

production. The temperature at which oxygen is absorbed plays a crucial role in achieving a higher 

degree of stabilization, a fact that can be confirmed through TGA conducted in an ambient air 

environment. In Figure 4.4, you can observe the TGA profiles illustrating the oxygen absorption 

of AOA during the oxidation stabilization process. The heating rate is set at 2℃/min, and the 

experiments are conducted under both atmospheric and pressurized airflow conditions.  For P-

AOA-S1, there is a continuous decrease in weight as the temperature increases, with no distinct 

stages or increments observed. The stabilization process for P-AOA-S1 involves typical reactions 

such as oxidation, dehydration, condensation, oxidation crosslinking, partially elimination of 
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volatile components, and oxidative decomposition. In most cases, the weight of pitch-based fibres 

tends to increase during the stabilization process due to oxygen uptake. Measuring the temperature 

at which this weight increase occurs is a valuable method, and TGA analysis in an air environment 

serves as an effective means to determine this specific temperature.  However, in the case of AOA, 

there is no noticeable increase in weight, as evident from the TGA plot in Figure 4.3. Instead, the 

temperature of the shoulder peak at around 220℃ provides indirect evidence for identifying the 

stabilization temperature. 

 

Figure 4.4 TGA plot of P-AOA-S1 in air. 

 

A TGA/DSC analysis was carried out in a nitrogen environment to assess the melt 

spinnability of an asphaltene sample and to determine the appropriate melt spinning conditions. 

Figure 4.5b illustrates the use of a different asphaltene sample, P-AOA-S2, for comparison in order 

to establish the ideal spinning conditions. By examining the TGA/DSC data represented in Figure 

4.5b for the neat P-AOA-S2 sample and Figure 4.5a for P-AOA-S1, it is possible to estimate the 
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operational temperatures for melt spinning. These temperatures fall within the range between the 

melting point (as determined from the DSC data) and the temperature at which the sample 

undergoes degradation (as indicated by the TGA analysis). 

Upon analyzing the data, it becomes evident that the melting region of the untreated P-

AOA-S2 sample is closely aligned with its degradation temperature. Consequently, the neat P-

AOA-S2 sample was found unsuitable for both rheological tests and subsequent melt spinning. 

This is due to the absence of a temperature window within which rheological tests and melt 

spinning can be performed without causing degradation.   

In contrast, as depicted in Figure 4.5a, the melt behavior of P-AOA-S1 starts at 220°C, 

with degradation commencing around 350°C. This affords a suitable temperature range for 

conducting further rheological tests and the melt spinning process, as it allows operations to occur 

between the melting range and the degradation temperature without causing sample degradation. 

 

Figure 4.5 TGA and DSC curves of P-AOA-S1 (a) and P-AOA-S2 (b) in nitrogen. 
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4.1.4. XRD and Raman 

X-ray diffraction analysis is a valuable technique for providing in-depth insights into the 

level of crystallinity in asphaltene. In conjunction with Raman spectra, this method has been 

employed since 1961 to gauge the interlayer spacing within petroleum asphaltene. Figure 4.6a 

displays the XRD patterns of AOA, both pretreated S-1 and coke from the toluene separation 

process. Following pre-treatment, the P-AOA-S1 exhibits broad peaks at approximately 20°, 

indicative of the γ-band and signifying the spacing between alkyl chains or saturated rings. The 

XRD pattern of the coke produced during the pre-treatment of S-1 displays multiple sharp peaks, 

which point to the presence of contaminating salts and metals in the raw materials. The coke was 

successfully removed through the solvent pretreatment process which will cause blockage during 

the spinning process and bad influence on the final mechanical properties of the CFs. As shown in 

Figure 4.6b, polymer additives P-AOA-S1 (PS or SBS) show similar patterns compared with pure 

P-AOA-S1. The peaks around 20° become broader duet to the amorphous structure of the polymers. 
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Figure 4.6 X-ray powder diffraction patterns of P-AOA-S1 and coke (a), and P-AOA-S1 with 

polymer additives (b). 

 

In Figure 4.7, we observe Raman spectra for AOA S-1 and P-AOA-S1. Typically, when 

analyzing carbonaceous materials like asphaltene, the G band at 1605 cm–1 and the D band at 1380 

cm–1 are of particular interest. The G band corresponds to the stretching vibrations of sp2 carbon 

atoms found within both the aromatic hexagonal sheet and the carbon chain. Conversely, the D 

band reflects the presence of disordered or less structured sp3 carbon atoms. In our observations, 

we note that the G peaks in both S-1 and P-AOA-S1 exhibit sharper features compared to the 

broader D peaks. This sharpness suggests a higher degree of short-range order within the aromatic 

structure of asphaltene.  The ID/IG ratio serves as an indicator of the proportion of sp2 carbon atoms 

in the samples, which play a pivotal role in the stabilization and carbonization processes. Notably, 

the ID/IG ratio for S-1 and P-AOA-S1 are 1.17 and 0.78, respectively. These values suggest a 

difference in the content of sp2 carbon atoms, providing insight into the nature of the stabilization 
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and carbonization processes. Meanwhile, it confirms that the solvent pretreatment process not only 

removed the coke and light hydrogen carbon in raw materials, but also contributes to the sp2 ratio 

of the materials, which will benefit the carbon-carbon bonds structure and the mechanical 

properties of the final CFs. 

 

Figure 4.7 Raman spectra of AOA S-1 before and after pre-treatment. 

 

4.1.5. Rheology Analysis 

Rheology is a technique used to understand the flow and deformation of viscoelastic 

materials. In this context, using rheology, we investigated the properties of asphaltene melts, to 

predict the properties of the melt spinning fibre. Because of the brittleness of the asphaltene, 

different polymers are considered to serve as additives for improving the processability of 

asphaltene. Potential polymer additives should include characteristics including high degradation 

temperature and a large temperature gap between melting point and degradation temperature. 
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Meanwhile, high aromaticity may bring higher viscosity, which is better for stretching fibres with 

lower diameter, and better mechanical properties.  

A homemade melt extruder (Figure 4.8) is used for spinning and analyzing rheology 

behaviour of P-AOA-S1. One motor is used to control the speed of the screw and three heaters, 

the maximum temperature can reach 400 ⁰C, and two heaters are attached to one barrel for fully 

melting the feedstock. The spinning capacity of the machine can be controlled by adjusting the 

speed of the motor and the amount of feedstock. The size of the single screw is shown in Table 

4.1. 

 

 

Figure 4.8 A schematic illustration of the extruder for analysis rheology behavior of P-AOA-S1. 

Prior to rheological analysis, the operating temperatures have been obtained from the 

thermal characterization of the samples by TGA and DSC (Figure 4.5). Further, the range of shear 
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rates corresponding to the fibre melt spinning conditions have been estimated theoretically. The 

shear rate in the single screw extruder can be estimated as:        

�̇� =  
𝜋𝐷𝑁

60 ℎ
 

where, �̇� is the shear rate in the channel, D is the screw diameter in mm, N is the screw speed in 

revolutions per minute, and h is the channel depth in mm. A screw with the following diameter 

was used as an example for calculating the shear rate of the spinning process (Table 4.1). Following 

this, the shear rates at various points inside the channel have been calculated as follows. Thus, the 

shear rates are observed to be varying from 1.3 - 1.6 s-1.  

Table 4.2 The shear rate of the channels of melt spinning. 

 No. Outside diameter 

(mm) 

Inside diameter (mm) Channel depth by 

calculation (mm) 

Shear rate 

(s-1) 

From the 

top channel 

to the 

bottom 

channel 

11 13.95 8.05 3.225 1.306 

10 13.95 8.25 3.125 1.382 

9 13.95 8.45 3.025 1.462 

8 13.95 8.65 2.925 1.548 

7 13.95 8.80 2.850 1.616 

6 13.95 8.85 2.825 1.639 

5 13.95 8.90 2.800 1.663 

4 13.95 8.95 2.775 1.689 

3 13.95 8.90 2.800 1.663 

2 13.95 8.85 2.825 1.639 
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1 13.95 8.85 2.825 1.639 

 

The viscosity of pure P-AOA-S1 at various temperatures was determined and depicted in 

Figure 4.9. It is evident from the graph that the viscosity of the undiluted P-AOA-S1 sample 

remains approximately constant at around 103 Pa·s across all the temperatures analyzed under 

typical shear rates for operation. However, when the shear rate is raised to approximately 10 s-1, a 

substantial tenfold reduction in viscosity is observed. 

 

Figure 4.9 The viscosity of P-AOA-S1 at different temperatures. 

Mesophase pitch is a frequently used precursor in the production of carbon fibres and 

exhibits behaviors akin to asphaltene. Comparing mesophase pitch with asphaltene can provide 

valuable insights for determining the manufacturing conditions of asphaltene. 

The steady shear characteristics of MP and P-S1 were examined within distinct temperature 

ranges: 320–350°C for MP and 270–320°C for P-AOA-S1. The results are presented in Figure 
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4.10. The data unequivocally demonstrates the superior shear-thinning behavior of P-AOA-S1 

across the entire range of temperatures and shear rates investigated. While the cause of the 

viscosity increase in MP at an intermediate shear rate (10 s-1) remains unclear, the consistent 

decline in viscosity of P-AOA-S1 with escalating shear rates indicates the sample's remarkable 

ease of orientation. 

 

Figure 4.10 Viscosity as a function of shear rate data of MP (upper) and P-AOA-S1 (lower). 

Furthermore, as depicted in Figure 4.11, within the temperature range, 320–350°C for MP 

and 270–320°C for P-AOA-S1, considered for melt spinning, the viscosity of P-AOA-S1 spans an 

order of magnitude less than that of mesophase pitch. 



 74 

 

Figure 4.11 Viscosity versus temperature as a function of shear rates for MP (upper) and P-

AOA-S1 (lower). 

The first normal stress difference in Figure 4.12, serves as an indicator of the material's 

elastic characteristics. In this context, we have compared the first normal stress difference at two 

distinct shear rates, specifically 1 and 50 s-1. It is evident that within the temperature ranges 

investigated, the normal stress values for the P-AOA-S1 sample are significantly lower than those 

observed for mesophase pitch. This outcome suggests that the fibre produced from the P-AOA-S1 

sample, when subjected to stretching and orientation during the spinning process, exhibits a 

diminished recoil property compared to that produced from mesophase pitch. 
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Figure 4.12 First normal stress difference of P-AOA-S1 (○, red) and MP (□, black) in the 

temperature range is considered at shear rates of 1 s-1 (upper) and 50 s-1 (lower). 

 

4.2. Analysis of AOA with Additives 

Polymer additives play a crucial role in altering the rheological behavior of asphaltene to 

enhance the spinning process. The large molecular weight and linear structure of a polymer 

candidate can contribute to fibre stretching during spinning, while a polymer with high aromaticity 

may contribute to the mesophase of raw materials and ultimately improve mechanical properties. 

Polystyrene (PS), derived from the monomer styrene with a long linear structure and one benzene 

ring, has been utilized in the manufacture of carbon fibres (CFs). Moreover, PS has a melting point 

ranging from 170 to 280 ℃, making it a promising candidate for enhancing asphaltene properties 

in CF production.  In contrast to PS, Poly(styrene-butadiene-styrene) (SBS) contains more 

saturated bonds. The longer linear molecular structure of SBS may particularly benefit the spinning 

and stretching processes. SBS polymer, known for its application in modifying asphaltene 
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composite properties as an additive, was employed in this study for improving the mechanical 

properties of asphaltene composites. This research systematically analyzes and compares the 

blended materials and fibres after post-treatment, shedding light on the modification of asphaltene 

composite behavior using PS and SBS. 

4.2.1. Additives 

Different polymer additives, PS and SBS, were mixed with samples in toluene before 

evaporation. The ratios of polymer additives are 5% or 10% and dried powder after evaporating 

toluene was used for rheology test and spinning polymer additive fibres. 

4.2.2. Rheology Analysis 

In addition, we conducted a thorough analysis of the rheological characteristics of mixtures 

comprising both PS (Figure 4.13) and SBS (Figure 4.14) at concentrations of 0% (pure P-AOA-

S1), 5% and 10%, along with P-AOA-S1. It indicates that the viscosity of all mixed samples falls 

within a similar range (approximately 103 Pa·s) as that of the pure P-AOA-S1 sample, at the 

specified shear rate (approximately 10 s-1). It is noteworthy that the PS-based blend compositions 

exhibit a distinct shear-thinning behavior at higher shear rates compared to the SBS-based blends, 

especially with the 5% sample. This observation highlights the potential to operate at lower 

viscosities while working at higher shear rates. 
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Figure 4.13 Viscosity as a function of shear rate data of P-AOA-S1 with 5% PS (1) and 10% PS 

(2). 

 

Figure 4.14 Viscosity as a function of shear rate data of P-AOA-S1 with 5% SBS (1) and 10% 

SBS (2). 



 78 

Moreover, we assessed the first normal stress difference of the blended specimens and 

compared it with the pristine, pre-treated sample. The first normal stress difference serves as an 

indicator of the elastic properties within the samples. The presented findings at a shear rate of 1 s-

1 are displayed below. As depicted in Figure 4.15a, it is evident that the amalgamation of P-AOA-

S1 with polymers (PS and SBS) resulted in an elevation of the first normal stress difference, 

signifying an augmented elastic component within the samples. This heightened elasticity in the 

blended specimens has the potential to enhance the stiffness of the spun fibres. TGA of the P-

AOA-S1 with or without polymer additives were also evaluated as shown in Figure 4.15b, which 

indicates the similar patterns. At 600 ℃, P-AOA-S1 with polymer additives shows higher weight 

loss indicating the decomposition of the polymer additives of the polymer additives and two phase 

of the blended samples. It also indicates the immiscible behaviours of the P-AOA-S1 with PS or 

SBS. The inhomogeneous behaviours of the materials may cause the defects after post-treatment 

processes, which is negative to the mechanical properties of the final CFs. 
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Figure 4.15 Viscosity versus temperature data as a function of shear rates (a) and TGA plots in 

nitrogen (b) for P-AOA-S1, P-AOA-S1 with 5% PS, and P-AOA-S1 with 5% SBS. 

 

4.3. Design of Extruder for Processing AOA 

Various techniques are employed in the production of filaments, encompassing wet 

spinning, dry spinning, cutting film crack, and melt spinning. Melt spinning is particularly essential 

for the manufacturing of thermoplastic filaments and large-scale production. In the melt spinning 

process, molten materials are propelled to the spinneret through either high-pressure inert gas 

(Figure 4.16a) or a screw mechanism (Figure 4.16b). The use of a screw can enhance the thorough 

mixing of samples, especially when incorporating polymer additives.  

 

Figure 4.16 Illustration of melt spinning driven by inert gas [Rong 2018] and screws [Hufenus 

2020]. Reproduced with permission from [Rong 2018] and [Hufenus 2020]. 

 

To facilitate the melt spinning of P-AOA-S1, a specialized extrusion system has been 

developed and employed in the spinning process. This system comprises a twin-screw extruder, a 

melt pump, a spinneret, and a godet system as shown in Figure 4.17.   
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Figure 4.17 Illustration of twin-screw melt spinning system. 

4.3.1. Twin-Screw Extruder 

In contrast to a single-screw extruder, twin-screw extruders prove more efficient in 

achieving homogeneous mixing of various ingredients such as additives, fillers, and liquids. Both 

parallel and conical twin-screw extruders find application in polymer manufacturing. In a parallel 

twin-screw extruder, two screws are positioned side by side and rotate in the same direction, 

facilitating exceptional mixing and compounding capabilities. The material being processed is 

conveyed forward between the screws, undergoing thorough melting, mixing, and homogenization. 

This parallel arrangement allows for higher throughput and greater flexibility in processing 

different materials.  Conversely, in a conical twin-screw extruder, the two screws are arranged in 

a conical shape, tapering toward the discharge end. This design results in a gradual reduction in 

the screw channel volume, leading to increased pressure and enhanced compounding. The material 

is transported and mixed as it moves from the larger end to the smaller end of the conical screws. 
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Compared to a parallel twin-screw extruder, a conical twin-screw extruder can boost pressure and 

compounding capabilities, particularly advantageous for handling heat-sensitive materials. 

Additionally, its compact design requires less space, making it beneficial for lab-scale applications. 

In this research, a conical twin-screw extruder is established and utilized for processing the 

materials. 

The extruder features a motor and is notably capacious, equipped with three distinct heating 

zones. These three heating zones are specifically designed for the feeding, melting, and metering 

stages of the process. To enhance the melting of P-AOA-S1, especially when incorporating 

polymer additives, two conical screws (10/25 mm and 20 mm) are utilized. A circulation function 

is employed to ensure thorough melting and blending of asphaltene samples. By adjusting the 

precision feeding mechanism and screw rotation speed, the molten samples can be efficiently 

transferred to the melt pump for further processing.  

4.3.2 Melt-Pump with Spinneret 

A melt pump is a device that moves a fluid by enclosing a fixed volume and transferring it 

mechanically through a cyclic pumping action. It provides a smooth, pulse-free flow that is 

proportional to the rotational speed of its gears. Melt pumps, in general, are valued for their 

compact size and straightforward design. Their reliability is attributed to a low number of moving 

parts, making them more dependable compared to other, more intricate pump designs. Additionally, 

they often feature self-lubrication as the fluid they pump serves to lubricate the pump's internal 

components. In this research, a melt pump together with a spinneret is designed and used for 

spinning fibres following the extruder. 

The melt pump boasts a capacity of 1.0 cc per revolution and is powered by a stepper motor 

capable of reaching a maximum rotational speed of 40 rpm. For the spinning process, a spinneret 
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equipped with a single 0.5 mm nozzle is utilized. Notably, the temperature of the melt pump and 

spinneret, as well as the rotational speed of the melt pump, can be independently controlled via a 

controller. Achieving the right combination of these parameters in conjunction with the extruder 

is of paramount importance for the efficient and continuous production of spun fibres. Failure to 

strike this balance, depending on the material used, can lead to potential issues, such as excessive 

extruder speed resulting in refilling and leakage. 

4.3.3 Godet 

The diameter of the spun fibre plays a pivotal role in achieving a higher degree of 

stabilization, a critical factor for determining the ultimate mechanical properties. After conducting 

rheology tests and spinning experiments, it was evident that producing pure P-AOA-S1 fibres with 

a diameter less than 50 μm, a crucial requirement for subsequent post-treatment, posed a 

considerable challenge. To address this, various godets with distinct diameters and rotation speeds 

were employed to stretch the spun fibres, ensuring they reach lower diameters without suffering 

breakage. Additionally, hot chambers strategically positioned between the spinneret and godet 

were specially designed to enhance the stretchability of the spun fibres. 

In this study, a godet is employed to stretch fibers with a reduced diameter for subsequent 

post-treatment. However, due to the brittleness of the asphaltene materials, fibers prove 

challenging to capture and stretch with the godet. Only a limited number of fibers were 

successfully collected and stretched using the godet for further post-treatment. Further treatment 

of the raw materials, aimed at improving rheological behavior, is deemed necessary for the future 

spinning of fibers.  Moreover, specific experimental conditions related to the use of a godet, such 

as the distance between the spinneret and the godet, the rotation speed of the godet, and the 

materials of the godet, need exploration in future research. 
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4.4 Summary 

In this chapter, a thorough characterization of AOA is conducted, both with and without 

polymer additives, employing diverse methods such as element analysis, FTIR, XRD, Raman 

spectrometry, and thermal and rheology analyses. The findings indicate that P-AOA-S1 is suitable 

for spinning, while P-AOA-S2 is not. The melt behavior of P-AOA-S1 initiates at 220°C, with 

degradation starting around 350°C, establishing conditions conducive for the spinning process. 

The oxygen uptake temperature of approximately 220°C is identified for the stabilization process.  

The viscosity of undiluted P-AOA-S1 remains relatively constant at around 103 Pa·s across all 

temperatures analyzed at typical shear rates. Notably, the graph illustrates that PS-based blend 

compositions exhibit distinct shear-thinning behavior at higher shear rates compared to SBS-based 

blends. Additionally, a melt spinning system, incorporating a twin-screw extruder, melt pump, and 

godet systems, is designed for the spinning of asphaltene materials. 
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CHAPTER 5. MANUFACTRUING OF AOA CFS 

 

In this chapter, the production of fibres through the melt spinning process is explored. The 

melting temperature used for the spinning process is around 220 ℃, and the oxygen uptake 

temperature, which obtained from the thermal behaviors of the raw materials. The fabrication of 

carbon fibres involves a sequence of post-treatment steps, namely stabilization and carbonization. 

Conventional post-treatment methods, including tube furnace stabilization and tube furnace 

carbonization in a designated section, are employed.  

Polymer additive fibres (PS or SBS) are also generated through the spinning process, 

undergoing subsequent post-treatment procedures. The morphological characteristics and defects 

of the fibres are comprehensively examined using SEM. Comparative analyses are conducted 

between carbonized AOA fibres and mesophase pitch carbonized fibres, elucidating the 

distinctions and underlying mechanisms. Mechanical properties of the produced fibres are assessed 

through standard single fibre measurements.   

Furthermore, a comparative study is undertaken between the obtained AOA carbon fibres, 

commercially available fibres, and other AOA carbon fibres. Detailed discussions on the 

limitations of our study, such as the diameter of the fibers and the need for more thorough 

pretreatment of raw materials, can be found in chapter 6. 

 

5.1. Spinning of AOA Fibres 

Fibres can be produced from their parent polymers using various techniques such as melt 

spinning, dry spinning, or wet spinning. In melt spinning, the process involves transporting the 
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molten polymer to a spinning pack that includes a filtration medium and a spinneret with small 

orifices, typically ranging from 0.1 to 0.6 mm in diameter. The molten polymer is extruded through 

these orifices, drawn away under tension, and simultaneously cooled as it passes through a series 

of rolls or godets before being wound up. This process results in a significant reduction in the 

cross-sectional area of the fibre, typically by a factor of 20 to 100. After this initial spinning, the 

fibre bundles are subjected to a drawing operation to increase the alignment of polymer chains, 

which varies based on the desired tensile properties and the specific polymer and fibre being 

processed [Zimmerman 1989].   

AOA fibres were produced by spinning them through a twin-screw extruder equipped with 

three distinct heating sections: the feeding, melting, and compressing sections. To prepare the 

asphaltene, it was initially subjected to a vacuum oven at 120 ℃ overnight. Subsequently, the pre-

treated sample was ground into a powder before being fed into the extruder. Each run typically 

utilized 50 grams of the ground sample.   

The quantitative feeding system was adjusted to run at a rate of 5-10 rpm. Random checks 

were conducted on the feeding hopper to ensure that there were no blockages caused by samples. 

The three sections of the extruder were maintained at specific temperatures of 100 ℃, 120 ℃, and 

220 ℃, respectively. The melt pump operated within a speed range of 20 to 30 rpm to synchronize 

with the extruder output and, simultaneously, to prevent overpressure leakage from the melt pump. 

The temperature of the melt pump was set to 220 ℃, and the spinneret section was 

maintained at 240 ℃, which was notably higher than the temperature of the melt pump to optimize 

the rheological properties. Periodic monitoring of the melt pump was carried out to confirm that 

the extruder and melt pump were running in sync and to prevent any leakage issues. It is 
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emphasized that the processing conditions for pure P-AOA-S1, both with and without polymer 

additives, are kept identical to avoid discrepancies in subsequent processing stages. 

A paper tube was affixed to a godet to collect the spun fibres. Varied collection speeds 

were employed to regulate the diameter of the fibres. The spacing between the nozzle and godet is 

a critical factor due to the cohesion of the fibres upon reaching the godet. Excessive distance may 

lead to rapid cooling and the resulting brittleness of the fibres, causing them to break before 

reaching the godet. Conversely, if the distance is too short, the material remains in a liquid state 

and cannot be effectively captured by the godets. 

SEM images of the spun fibres are shown in Figure 5.1. By utilizing a 0.5 mm nozzle and 

implementing stretching during the spinning process, the minimum diameter of the spun fibres can 

be reduced to approximately 20 μm. The "groove" structure along the fibres was a result of 

inheriting imperfections from the nozzle. As depicted in Figure 5.1, the as-spun fibres were 

collected and preserved in a vacuum oven to prevent oxidation. 
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Figure 5.1 SEM and picture of P-AOA-S1 spun fibres. 

 

In many mechanical forming processes, such as extrusion and melt spinning, the material 

is extruded through a slot or die. While the fluid condition in the surrounding environment is 

generally stagnant, there is induced fluid flow close to the extruded material due to the movement 

of the surface. Away from the slot or die, the fluid flow can be described as a boundary-layer type 

flow. Understanding the flow patterns and heat transfer in these regions is crucial because the 

quality of the final product depends significantly on factors like skin friction and surface heat 

transfer rates [Pop 2001].   

Similar to mesophase pitch, asphaltene experiences an ongoing transition, and the liquid 

crystals within it have a tendency to transform into coke. However, several challenging factors 
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complicate the spinning process: firstly, asphaltene has a high viscosity, making smooth and 

continuous spinning difficult; secondly, asphaltene exhibits a heterogeneous two-phase structure 

consisting of an anisotropic mesophase and an isotropic region; and thirdly, asphaltene is typically 

spun at higher temperatures compared to isotropic pitch, resulting in the release of gas due to 

additional polycondensation reactions. If the spinneret is not adequately vented, gas bubbles can 

become trapped in the filaments, leading to defects in the final carbon-fibre product. Spinning is 

carried out through an orifice, and a high draw ratio of 1000:1 is required to spin filaments with a 

diameter as small as 10 μm.   

Several crucial parameters influence the spinning process, including spinning temperature, 

the mesophase content of the asphaltene, filament speed, filament diameter, the length-to-diameter 

ratio of the spinneret, and the draw ratio. The transverse structure of the resulting fibres can exhibit 

characteristics such as 'onion skin' (tangential), radial, or random alignment, indicating the 

preferential orientation of anisotropic domains along the fibre axis. This alignment is maintained 

throughout the carbonization process [Roop 1989]. 

Figure 5.2 illustrates spun fibres incorporating polymer additives. In Figure 5.2a, 10% PS-

modified fibres are depicted. In comparison to pure P-AOA-S1 spun fibres, these fibres exhibit a 

larger diameter. This deviation is attributed to the susceptibility of the fibres to break during the 

spinning process, without undergoing stretching by the godet. Unlike pure P-AOA-S1 spun fibres, 

the breakage observed in PS-modified fibres during spinning appears to be linked to the presence 

of different phases and interfaces in the materials. The surface of these fibres reveals varying 

morphologies in different regions, likely stemming from the distinct phases of asphaltene and 

added PS.  Moving to Figure 5.2b, the surface of SBS-modified fibres displays numerous holes. 

This feature is likely a result of the two phases present in SBS and asphaltene. These defects are 



 89 

anticipated to have a detrimental impact after the post-treatment of the fibres. Morphological 

investigations of both PS and SBS-modified P-AOA-S1 fibres suggest a deficiency in crosslinking 

and condensation of molecules between asphaltene raw materials and polymer additives. 

 

Figure 5.2 SEM images of P-AOA-S1 spun fibres with PS (a) and SBS additives (b). 

 

5.2. Stabilization of AOA Fibres 

The stabilization process transforms thermoplastic materials into thermoset materials, 

which is crucial for maintaining the shape of fibres during the carbonization process. Within the 

stabilization process, fibres both absorb oxygen and release gaseous byproducts simultaneously. 

Several parameters influence the effectiveness of stabilization, including the material's 

composition, temperature, gaseous environment, time duration, and the tension applied to the 

fibres.   

The rate of stabilization is determined by the diffusion of oxygen and the rate of chemical 

reactions. The uptake of oxygen results in an increase in weight, as oxygen permeates from the 
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exterior of the fibres to their interior. Consequently, the outer layer of fibres possesses a higher 

oxygen content than the inner layer.   

In cases where the fibre diameter exceeds 50 μm, it may be necessary to intentionally 

subject the outer layer of the fibres to "overoxidation" to ensure that adequate internal stabilization 

is achieved. 

In Figure 5.3a, the TGA plot reveals a broad peak around 220 ℃, indicating the 

temperature at which P-AOA-S1 initiates oxygen absorption. When the temperature exceeds 

350 ℃, the plot displays a sharp reduction in weight, signifying the decomposition of P-AOA-S1 

in the presence of air.  To stabilize the spun P-AOA-S1 fibres, conventional methods were 

employed. In this typical stabilization process, the spun P-AOA-S1 fibres were subjected to a 

sequence of temperatures: 220 ℃ for 4 hours, 290 ℃ for 4 hours, and 350 ℃ for 2 hours, with a 

heating rate of 1℃/min, all under a 500 mL/min airflow. Figure 5.3b illustrates the appearance of 

the P-AOA-S1 fibres after undergoing these conventional methods. In contrast to the spun fibres, 

the stabilized fibres exhibit a smoother and more compact surface due to the substitution and 

cyclization reactions that occur during the stabilization process.  Derived from the thermal analysis 

of the raw materials, 220 ℃ is identified as the oxygen uptake temperature, serving as the initial 

stabilization temperature. Subsequently, a two-step heat treatment at higher temperatures of 290 ℃ 

and 350 ℃ is employed to achieve complete stabilization of the fibers. For comparison purposes, 

the conditions for P-AOA-S1, with or without polymer additives, remain identical. 

The successful stabilization of the fibres necessitates the application of tension, as 

demonstrated in Figure 5.3c. In the absence of tension, the fibres cannot be adequately stabilized 

and may fuse together. The optimization of tension-related parameters is an ongoing endeavor.  At 

present, achieving fibre stabilization involves the individual placement of fibres on a ceramic plate, 
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securing them on both sides with tape for tube furnace stabilization. As the fibres undergo 

stabilization, they become compact and align closely with the direction of applied tension. Future 

efforts will focus on determining the precise tension requirements for fibre stabilization and 

developing a continuous and flexible setup for force application and feeding. 

 

 

Figure 5.3 TGA of P-AOA-S1 in air (a), SEM (b), and images (c) of S-1 fibres. 

 

As shown in Table 5.1, following the tube furnace stabilization, the oxygen content 

increased from 2.20% to 11.8%, signifying the absorption of oxygen by the stabilized fibres. 

Concurrently, the contents of hydrogen, nitrogen, and sulfur decreased, indicating the removal of 

heteroatoms during the stabilization process. The polymer additive samples underwent elemental 

analysis, revealing an increase in carbon content when compared to pure P-AOA-S1 upon the 

addition of these additives. The C/H ratio also exhibited improvement, a crucial factor contributing 

to the enhanced performance of the CFs. During the stabilization process, oxygen replaces certain 

positions, transforming materials from thermoplastic to thermoset. These sites then become 
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carbon-carbon bond locations for the subsequent carbonization process. Simultaneously, intricate 

reactions like crosslinking and substitution involving oxygen, carbon, hydrogen, and other 

heteroatoms occur during this stabilization process. It's crucial to highlight that achieving a higher 

degree of stabilization is key to determining the final mechanical properties of the carbon fibers. 

 

Table 5.1 Element analysis of AOA before and after stabilization, and with polymer additives. 

Sample Weight 

(mg) 

C/H C          

(wt %) 

H         

(wt %) 

N                           

(wt %) 

S    

(wt %) 

O    

(wt %) 

P-AOA-S1 1.5 10.2 80.7 7.9 1.2 7.9 2.3 

P-AOA-S1 

with PS 

2.7 10.9 81.7 7.5 1.0 7.1 2.7 

P-AOA-S1 

with SBS 

2.5 11.3 82.1 7.0 1.0 7.0 2.9 

Conventional 

stabilization 

2.1 12.4 74.1 6.0 1.1 7.0 11.8 

 

FT-IR is applied to investigate the functional groups within the molecular structure of 

asphaltene, primarily in the frequency range of 400-4000 cm-1. Figure 5.4a displays the FT-IR 

spectra of AOA S-1 before and after conventional stabilization. Peaks around 2900 cm-1 

correspond to the stretching of the C-H bond of alkane. Following the stabilization process, the 

peak intensity decreased, indicating the sample's oxygen intake and the substitution of hydrogen 

by oxygen. The broad peaks around 2400 cm-1, potentially corresponding to C=O stretching, 

increased after stabilization. Peaks at approximately 1700 cm-1, associated with C=O stretching, 

exhibited a significant increase post-stabilization, suggesting oxygen uptake, partially elimination 
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of heteroatoms, and the formation of carbon-oxygen bonds. A peak around 1200 cm-1 emerged 

after stabilization, corresponding to C-O stretching. Analyzing the FT-IR spectra before and after 

the stabilization process confirms oxygen absorption by the samples and the partially elimination 

of other elements. These FTIR results align with the findings of element analysis presented in 

Table 5.1. 

FT-IR spectroscopy was employed to characterize samples of polymer additives composed 

of PS and SBS, as illustrated in Figure 5.4b. In comparison to pure P-AOA-S1, the PS and SBS 

additive samples exhibited small broad peaks around 3000 cm-1, indicative of C-H stretching in 

alkene, a feature inherited from the PS and SBS polymer additives. Following the stabilization 

process, these peaks vanished, signifying a reduction in alkene content and a potential increase in 

aromaticity and oxygen degree.  Weak peaks observed around 2300 cm-1 were attributed to alkyne 

stretching inherited from PS and SBS polymers, which persisted even after stabilization processes. 

The peaks at 1600 cm-1 in the polymer additive samples were linked to C=C stretching, surpassing 

those in pure P-AOA-S1. These peaks could serve as sites for oxygen substitution and carbon-

carbon crosslinking. Notably, after stabilization, PS-modified P-AOA-S1 displayed a distinct peak 

around 1600 cm-1 corresponding to C=O stretching.  Pure P-AOA-S1 samples exhibited peaks at 

approximately 1700 cm-1 associated with C=O stretching. Post-stabilization, a significant increase 

in these peaks indicated oxygen uptake, partially elimination of heteroatoms, and the formation of 

carbon-oxygen bonds. Conversely, SBS-modified samples lacked obvious peaks related to C=O, 

aligning with the surface defects observed in the fibres, suggesting insufficient oxidation.  In 

conclusion, both pure P-AOA-S1 and PS-modified P-AOA-S1 exhibit promise for further 

carbonization, as evidenced by the FT-IR spectra of blended and stabilized sample. 
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XRD analysis serves as a valuable method for offering comprehensive insights into the 

degree of crystallinity present in asphaltene. Figure 5.4c illustrates the XRD patterns of P-AOA-

S1 and P-AOA-S1 with polymer additives after stabilization. In all samples, there are evident 

broad peaks around 20°, corresponding to the (002) planes. And the XRD patterns of P-AOA-S1, 

P-AOA-S1 with PS, P-AOA-S1 with SBS show similar patterns. The polymer additives did not 

show influence on the XRD patterns indicating the similar crystalline structure of the P-AOA-S1 

with or without polymer additives after stabilization processes. 

 

Figure 5.4 FT-IR spectra (a, b), and XRD patterns (c) of stabilized fibres (STs) P-AOA-S1 with 

or without polymer additives. 

Complex reactions occur during the stabilization process, transforming materials from 

thermoplastic to thermoset. Achieving a high degree of stabilization is crucial for ensuring the 

thorough stabilization of fibres, particularly for the ultimate enhancement of mechanical properties. 

Throughout the prolonged stabilization treatment, processes such as cyclization, dehydrogenation, 

and oxidation take place at relatively low temperatures, typically around 200-300 ℃, as depicted 

in Figure 5.5. Due to the time-intensive nature of the stabilization process, there is a need for more 

efficient methods to facilitate the stabilization process. 
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Figure 5.5 Mechanism of stabilization process [Hofele 2022]. Reproduced with permission from 

[Hofele 2022]. 

 

Figure 5.6 display SEM images and oxygen mapping results of P-AOA-S1 stabilized fibres. 

In the case of conventionally stabilized P-AOA-S1 fibres, there is a noticeable concentration of 

oxygen on the fibre surface, which indicates the oxygen diffusion gradient from outlayer of the 

fibre to the inside of the fibre. Longer time or higher temperature are needed to improve the 

stabilization degree of the fibre by thermal process. 
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Figure 5.6 SEM images of stabilized P-AOA-S1fibres. 

 

Asphaltene fibres undergo a transformation from a thermoplastic precursor to either a 

thermoset material or, at the very least, a thermoplastic material with a sufficiently high glass 

transition temperature, preventing softening before decomposition occurs. The process of 

stabilization is crucial as it preserves the microstructure and shape of the fibre during carbonization. 

Solvent extraction may be employed to remove lower molecular weight substances and raise the 

glass transition temperature. For as spun asphaltene fibres, solvent extraction can effectively 

remove soluble components in asphaltene, enabling direct carbonization without melting or fusion 

[Diefendorf 2000].   

Conventional thermoplastic asphaltene fibres are thermoset by initially heating them in an 

air environment at temperatures equal to or below the glass transition temperature. Subsequently, 

the temperature can be increased without causing fusion due to the fibres no longer melting 

together. During the stabilization process, asphaltene fibres absorb oxygen while simultaneously 
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emitting gaseous by-products. Various factors influence these stabilization reactions, including the 

nature of the precursor, temperature, gaseous atmosphere, time, and tension within the fibres. It is 

essential to maintain a sufficiently high glass transition temperature to facilitate stabilization 

without fibre fusion.   

If oxygen diffusion within the fibre occurs rapidly in comparison to the rate of oxygen 

reaction within the fibre, a reaction-controlled oxidation process takes place. The bound oxygen 

content remains constant throughout the fibre and increases over time at an exponential rate linked 

to temperature. A complicating factor is that stabilized asphaltene appears to have limited oxygen 

and product gas diffusion due to an impermeable shell surrounding the fibre's exterior. Weight 

gain serves as an indicator of the amount of oxygen absorption. At higher temperatures, the oxygen 

content exceeds the weight increase, indicating decomposition of the oxygenated pitch, leading to 

a weight loss at longer times. The maximum weight gain at lower temperatures varies with 

precursors but often falls in the range of 12–16%. This value is higher in an oxygen-rich 

environment compared to air [Stevens 1986].   

The weight increase is an average across the entire fibre, and oxygen profiles indicate 

higher oxygen content at the outer surface, reaching concentrations as high as 29%. While not 

problematic for micro scale diameter fibre production, high oxygen contents do not extend beyond 

approximately 50 μm from the surface. In some cases, the outer surface of the fibre may need to 

be intentionally subjected to excessive oxidation to achieve adequate internal stabilization. In other 

instances, the core of thicker fibres may never undergo oxidative stabilization, and the central 

portion of the fibre could even melt or volatilize. As the stabilization process progresses, the 

softened point of the oxidized asphaltene is elevated to a point where it decomposes rather than 

melting. This increase in softening point is due to several reactions, including 3-D cross-linking 
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and/or 2-D polymerization, molecular oxidation, and the evaporation of volatile compounds 

[Diefendorf 2000].   

As oxygen reacts with asphaltene, hydrogen is lost in the form of water, causing a decrease 

in the H/C ratio. Conversely, the production of carbon monoxide and dioxide occurs more slowly, 

with a rate that only slightly decreases over time. The ratio of the two gases' concentrations remains 

relatively stable, though there may be a slightly higher concentration of carbon monoxide at lower 

temperatures as shown in Figure 5.7 [Lavin 1992]. Activation energies can be calculated for 

various temperature steps. Within experimental error, both carbon monoxide and dioxide exhibit 

activation energies of 25 kcal mol−1 at both temperature steps [Drbohlav 1995]. In contrast, the 

activation energies for water production are around 30 kcal mol−1 for the lower temperature step 

and 60 kcal mol−1 for the higher temperature step. Overall, the hydrogen and carbon oxidation 

reactions appear to be largely independent of each other. 

 

 

Figure 5.7 Gas evolution from mesophase pitch fibres during oxidative stabilization [Lavin 

1992]. Reproduced with permission from [Lavin 1992]. 
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Figure 5.8 displays SEM images of the polymer-modified thermal stabilized fibres, with 

stabilization conditions identical to those of pure P-AOA-S1 stabilized fibres. In Figure 5.8a, the 

surface of PS-modified fibres exhibits a rough texture in contrast to the smooth surface of the pure 

P-AOA-S1 stabilized fibres. The SEM image's inset reveals a distinctive "fold" structure on the 

surface, potentially arising from the oxidation and shrinkage of the fibres. Importantly, this 

structure is absent in the stabilized pure P-AOA-S1 fibres.  Moving to Figure 5.8b, SBS-modified 

stabilized P-AOA-S1 fibres display a more pronounced two-phase structure compared to the spun 

fibres. In the inset of the image, the defects (holes) in the fibres are more prominent compared to 

the spun fibres. This phenomenon may be attributed to phase separation and fibre shrinkage during 

the stabilization and oxidation processes. 

 

 

Figure 5.8 SEM images of P-AOA-S1 stabilized fibres with PS (a) and SBS additives (b). 
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5.3. Carbonization of AOA Fibres 

5.3.1. Conventional post-treatment of AOA Fibres 

After the stabilization process, the treated fibres underwent carbonization in a tube furnace. 

The carbonization involved a two-step heat treatment: 600 ℃ for 30 minutes followed by 1,100 ℃ 

for an additional 30 minutes, with a heating rate of 5 ℃/min in an argon gas atmosphere. 

Throughout the carbonization process, most of heteroatoms were eliminated, and carbon-carbon 

bonds were established. Achieving the conversion of sp3 to sp2, a crucial factor for improved 

mechanical properties and higher carbon content, necessitates a more stringent temperature control. 

The SEM image in Figure 5.9a illustrates the carbonized P-AOA-S1 fibres. In comparison 

to the spun and stabilized P-AOA-S1 fibres, the carbonized fibres exhibit a smoother surface due 

to the formation of carbon-carbon bonds. Some groove structures are evident, inherited from 

nozzle defects during the melt spinning of the fibres. Presently, the minimum diameter of pure P-

AOA-S1 carbonized fibres is approximately 20 μm and most of fibres indicate a diameter around 

50 μm. As indicated in Table 5.2, the carbon content reaches 92.4% following the conventional 

carbonization process. It is noteworthy that there is still 7.9% sulfur present, inherited from the 

asphaltene feedstock, which is expected to have a detrimental impact on the mechanical properties 

and applications of the carbon fibres. Exploring more rigorous temperature conditions in the future 

may help remove additional heteroatoms. The polymer additives samples after carbonization show 

comparable carbon content. The sulfur content remains similar compared with pure P-AOA-S1 

after carbonization process. 

Figure 5.9b displays the XRD pattern of the carbonized P-AOA-S1 fibres with or without 

polymer additives, revealing three broad peaks corresponding to the (002), (10), and (004) planes. 
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The crystallite parameters of graphite crystals were calculated using Bragg’s Law and the Debye-

Scherrer equation, as detailed in Table 5.3.  

(002)
2sin

d



=      (1) 

cos

K
L



 
=      (2) 

The interlayer spacing (d (002)), the apparent crystallite thickness (Lc), and the apparent 

layer-plane length parallel to the fibre axis (La) were determined through equations involving β 

(002) and β (001). Here, d (002) represents the interlayer spacing, θ is the Bragg angle of peaks, λ is the 

X-ray wavelength used (0.154 nm), and β is the full width at half maximum (FWHM). The form 

factor K is 0.89 for Lc and 1.84 for La, respectively. As indicated in Table 5.3, the interlayer spacing 

(d (002)) of carbonized P-AOA-S1 fibres is similar to that of PAN and pitch-based fibres [Nakano 

2008], suggesting a comparable and effective carbonization process and an ordered structure 

following different post-treatments. 

 

Table 5.2 Element analysis of P-AOA-S1 with or without polymer additives after carbonization. 

Sample Weight 

(mg) 

C/H C          

(wt %) 

H         

(wt %) 

N                           

(wt %) 

S    

(wt %) 

O    

(wt %) 

Conventional 

Carbonization 

2.7 - 92.4 0.0 0.6 7.9 - 

Carbonized 

P-AOA-S1 

with PS 

1.9 - 90.7 0.0 0.8 7.8 0.7 
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Carbonized 

P-AOA-S1 

with SBS 

2.9 - 90.2 0.0 0.8 8.2 0.8 

 

FT-IR spectroscopy was employed to characterize samples as illustrated in Figure 5.9c. All 

three carbonized samples exhibited small broad peaks around 3000 cm-1, indicative of C-H 

stretching in alkene. Following the carbonization process, these peaks vanished, signifying a 

reduction in alkene content and a potential increase in aromaticity and oxygen degree.  Weak peaks 

observed around 2300 cm-1 were attributed to alkyne stretching which persisted even after 

carbonization processes. The peaks at 1600 cm-1 in the polymer additive samples were linked to 

C=C stretching, surpassing those in pure P-AOA-S1. These peaks could serve as sites for oxygen 

substitution and carbon-carbon crosslinking. Samples exhibited peaks at approximately 1700 cm-

1 associated with C=O stretching. Strong peaks at 1350 cm-1 for all samples corresponds to sulfonic 

acid and S=O stretching, which are consistent with the sulfur content after carbonization process.  

In Figure 5.9d, we observe Raman spectra for carbonized P-AOA-S1 with or without 

polymer additives. The ID/IG ratios serves as an indicator of the proportion of sp2 carbon atoms in 

the samples, which play a pivotal role in the stabilization and carbonization processes. Notably, 

the ID/IG ratio for all three samples, including P-AOA-S1 with or without polymer additives, are 

0.56, which are similar as carbon black.  
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Figure 5.9 SEM image (a), X-ray pattern (b), FT-IR (c), and Raman spectra (d) of P-AOA-S1 

carbonized fibres by the conventional method. 

 

Table 5.3 Crystalline parameters of the carbon fibres prepared from different post treatment. 

Sample d (002) (nm) Lc (nm) La (nm) 

P-AOA-S1 0.428 4.948 2.393 
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Conventional 

Stabilization 

0.399 4.462 2.158 

Conventional 

Carbonization 

0.369 7.685 3.717 

Commercial 

carbon fibres 

[Deng J., 2019] 

0.351 2.345 2.89 

 

Mesophase pitch is a widely utilized material in the production of carbon fibres. Asphaltene 

exhibits certain physical and chemical properties similar to mesophase pitch, making it a relevant 

subject for research. In our study, we employed the same processes used in manufacturing 

mesophase pitch carbon fibres as a control experiment for asphaltene carbon fibres research. The 

cross-section SEM images of carbon fibres derived from mesophase pitch are depicted in Figure 

5.10a. Distinct layers are evident in the cross-section images, indicating the interconnected 

mesophase within the pitch during the stabilization and carbonization processes.   

Contrastingly, as shown in Figure 5.10, P-AOA-S1 carbonized fibres do not exhibit a 

layered structure in the cross-section image, potentially attributed to the absence of mesophase in 

the asphaltene raw materials. A more stringent treatment of asphaltene, including heat treatment 

and acid treatment, may be necessary to enhance the mesophase content, potentially influencing 

the final properties of asphaltene carbon fibres. 
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Figure 5.10 SEM images mesophase pitch CFs (a) of P-AOA-S1 CFs (b). 

Traditionally, the standard carbonization process is conducted within the temperature range 

of approximately 1000 to 1100 ℃ to transform stabilized fibres into predominantly carbon-based 

fibres. It has been observed that three distinct gas evolution peaks occur during this carbonization 

process at temperatures of 425, 525, and 759 ℃, respectively. At 425 ℃, carbon dioxide and water 

are released, and this changes to the generation of hydrogen, methane, and carbon monoxide at 

750 ℃. Between the temperatures of 440 to 600 ℃, the fibre structure undergoes degradation due 

to the reduction in the stacking of graphene layers wrapping the fibres, primarily caused by the 

removal of heteroatoms. At higher temperatures, the graphene layers increase and undergo a 

reforming process [Drbohlav 1995].  

Figure 5.11 displays the mechanical properties resulting from various temperature 

treatments up to 1000 ℃ of mesophase pitch fibres. At a heat treatment temperature of 450 ℃, the 

stress-strain curve exhibits linearity, and the fibre's behavior is characterized as brittle. As the 

temperature rises within the range of 500-650 ℃, the stress-strain curve becomes non-linear, 
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signifying a reversible softening behavior. At temperatures exceeding 700 ℃, the stress-strain 

curve reverts to linearity, and a slight degree of strain hardening becomes apparent. Notably, the 

modulus exhibits an increase with the temperature's elevation [Francois-Saint-Cyr 1999]. 

 

Figure 5.11 Stress-strain curves for partially carbonized mesophase pitch fibres for several 

carbonization temperatures [Francois-Saint-Cyr 1999].  

 

After the carbonization process, there is a subsequent graphitization process that transforms 

the graphene layers into a three-dimensionally ordered crystalline graphite structure. Concurrently, 

heteroatoms are released from the carbon, leading to an enhancement in the carbon's structural 

quality. Applying both heat and mechanical stress to the fibre can bring its axial properties closer 

to single-crystal characteristics. However, in commercial production, a straightforward heat 

treatment is employed rather than the combined approach involving mechanical stretching. The 

maximum attainable heat treatment temperature is constrained by the vapor pressure of carbon and 

the long-term operability of furnaces, limiting it to approximately 3100 ℃. 
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Figure 5.12 illustrates the carbonized polymer-modified P-AOA-S1 fibres, with 

carbonization conditions identical to those of pure carbonized fibres. In Figure 5.12a, post-

carbonization, the surface of PS-modified fibres becomes smoother compared to stabilized fibres, 

and the previously observed "fold" structure in the stabilized fibres is no longer evident. The 

carbonized PS-modified fibres exhibit a lack of noticeable defects, suggesting that PS either 

withstands the rigorous post-treatment process or has undergone condensation and crosslinking 

with asphaltene molecules at the molecular level.   

In contrast to carbonized PS-modified fibres, Figure 5.12b reveals numerous defects in the 

carbonized SBS-modified fibres. These defects are evident not only on the surface but also within 

the cross-section of the fibres. The carbonized SBS fibres exhibit a high degree of defects and poor 

mechanical properties, rendering them challenging to measure using a single fibre measurement 

instrument.   

The examination of PS and SBS-modified P-AOA-S1 fibres highlight distinct behaviors 

and reactions of different polymer additives with asphaltene. To enhance the properties of 

asphaltene materials, a suitable polymer candidate should easily condense and crosslink with 

asphaltene materials. Additionally, the polymer additives should be amenable to stabilization 

(oxidation) from thermoplastic to thermoset, and they must survive the carbonization processes. 

Aromatic structures can facilitate the creation of carbon-carbon bonds and the partial elimination 

of heteroatoms. Further evaluation of appropriate polymer additives is essential not only to 

improve the melt spinnability of asphaltene but also to ensure their successful passage through 

rigorous post-treatment processes. 
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Figure 5.12 SEM images of P-AOA-S1 carbonized fibres with 10% PS (a) and 10% SBS 

additives (b). 

 

5.3.2. Mechanical Properties of AOA CFs 

Currently, we have successfully extruded P-AOA-S1 fibres with a minimum diameter 

around 20 μm using a twin-screw extruder and subjected them to post-treatment processes, 

including stabilization and carbonization, through conventional methods. These fibres exhibit best 

mechanical properties, boasting a Young's modulus of 70 GPa and a tensile strength of 600 MPa, 

measured in accordance with ASTM D3822/D3822M-14 standards. The measurements were taken 

at a stretching speed of 2 mm/min over a length of 20 mm. Our primary objective is to enhance 

the mechanical characteristics of P-AOA-S1 carbon fibres through a conventional approach, 

serving as the control experiment. This involves optimizing conditions for both melt spinning and 

post-treatment, as illustrated in Figure 5.13. Despite our achievements, the mechanical properties 

of our carbonized P-AOA-S1 fibres still fall short of the targets set by Alberta Innovates' Carbon 
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Fibre Challenge (tensile strength: 1720 MPa, Modulus: 172 GPa). Our future efforts will 

concentrate on further refinements to meet the specified mechanical property goals. 

In addition, we evaluated carbonized fibres incorporating PS and SBS polymer additives 

in comparison to pure P-AOA-S1 carbonized fibres. PS additive P-AOA-S1 carbonized fibres 

exhibit mechanical properties, with a best Young's modulus and tensile strength of 19.7 GPa and 

263 MPa, respectively, compared to conventional stabilized fibres with best values of 8.5 GPa and 

20 MPa. However, these properties are still lower than those of pure carbonized P-AOA-S1 fibres. 

The observed disparities may be attributed to the presence of two phases in the blended PS and P-

AOA-S1 samples throughout the entire post-treatment processes. The interface between the two 

phases of polymer additives samples contributes to the diminished mechanical properties. On the 

other hand, SBS-modified carbon fibres demonstrate subpar mechanical properties, challenging 

the feasibility of measurement through the single-fibre tensile strength method. The outcomes 

align with the defects evident in the SEM images of the carbonized SBS-modified carbon fibres. 

The abundance of defects indicates the degradation of SBS after post-treatment, leading to the 

inferior mechanical properties of the SBS-modified carbonized fibres. Achieving better blending 

and condensation of polymer additives with asphaltene is crucial for the survival of polymer 

additives after the post-treatment process. 
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Figure 5.13 Mechanical properties of P-AOA-S1 spun, stabilized, and carbon fibres with or 

without polymer additives. 

 

As indicated in Table 5.4, our AOA carbon fibres were compared to commercially 

available carbon fibres. The commercial carbon fibres are produced using different precursors, 

with PAN being used for Hexcel, SGL Carbon, Teijin, Toray, and pitch being used for Solvay and 

Nippon Graphite Fibres. Notably, our fibres have a diameter of approximately 20 μm, which is 

significantly larger than the diameters of commercial carbon fibres, which typically have diameters 

less than 10 μm. The diameter of the fibres plays a crucial role in controlling oxygen diffusion 

during the stabilization process. Larger fibre diameters can lead to insufficient oxidation and 

higher energy consumption.   

It has been reported that conventional stabilization processes are only effective when 

working with fibres with diameters below 10 μm. Otherwise, a skin-core structure may develop, 

resulting in a higher oxidation degree on the outer layers of the fibres and a poorer oxidation degree 
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within the fibres [Zhang 2019]. Insufficient stabilization of the inner fibres can lead to deformation 

and degradation during carbonization, which, in turn, can introduce defects into the final carbon 

products.   

In terms of mechanical properties, our AOA carbon fibres still fall short when compared 

to the leading commercial carbon fibres on the market. Commercial carbon fibres exhibit tensile 

strengths ranging from 1000 to 7000 MPa, depending on the precursor material and the 

manufacturer. Additionally, the Young's modulus of our fibres remains lower than that of 

commercial carbon fibres, which typically range from 150 to 800 GPa. Our carbon fibres have a 

carbon content of less than 90%, whereas high-performance commercial carbon fibres typically 

boast carbon content exceeding 95%. 

Furthermore, several key physical properties of our carbon fibres, including density, 

thermal and electrical conductivity, specific heat, coefficient of thermal expansion, and others, are 

still not well-documented. Further research is required to thoroughly assess these properties of our 

AOA carbon fibres. 

Table 5.5 provides a comparison of the fabrication process for our AOA carbon fibres with 

that of other AOA carbon fibres. The table highlights the necessity of solvent pre-treatment, 

utilizing either C5 or C7, for the removal of volatile species and coke in asphaltene. Additionally, 

further treatment of asphaltene may be required before the melt spinning process. Some studies 

have suggested that heat treatment can be employed to enhance the softening point of asphaltene, 

contributing to a greater degree of flexibility in the stabilization temperature.   

In the stabilization process, both our research and other studies have emphasized the 

essential role of heat treatment. However, it is worth noting that more stringent methods may be 
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necessary to prevent fibre deformation and fusion during the stabilization process. Different acids, 

with nitric acid being particularly prominent, have been utilized by other researchers for pre-

stabilizing fibres prior to heat treatment. In our work, we opted for a tension-based stretching of 

fibres before heat treatment, followed by heat stabilization. Importantly, it is possible to achieve 

fibre stabilization without the use of acids.   

Concerning the carbonization process, some researchers have employed temperatures 

exceeding 1500 °C, which can yield improvements in the mechanical properties and carbon 

content of the final products. Similar to our work, most carbonization processes for asphaltene-

derived carbon fibres involve a two-step method, typically carried out at temperatures around 

500 °C and then exceeding 1000 °C. Further research is needed to evaluate the effects of heat 

treatment on precursors, the role of acid treatment during the fibre stabilization process, and the 

impact of higher carbonization temperatures. 
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Table 5.4 Comparison of AOA carbon fibres with commercially carbon fibres. 

Company 

 Hexcel 

Corp. (US)  

Solvay 

(Belgium)  

SGL 

Carbon 

(Germany)  

Teijin Ltd. 

(Japan)  

Nippon 

Graphite 

Fibres 

(Japan)  

Toray (Japan)  Our work 

Precursor type  PAN Pitch PAN PAN Pitch PAN AOA 

Product Name  IM10/HM63 P25/P30/P55 C T50-

4.8/280 

IMS65/UMS55 YS-80A-

30S/XN-

90-60S 

T1100S/M60J AOA CFs 

Fibre Diameter 

(μm) 

 4.4/4.9  6.6 5-7 um 7/10 5 ~20 

Tensile strength 

(MPa) 

 6826/4344 1380 4800 6000/4000 3630/3430 7000/3820 > 600 

MPa 

Modulus (GPa)  313/435 159/207/379 280 290/550 785/860 324/588 > 70 GPa 

Elongation at 

Break (%) 

 2.0/1.0 0.9/0.7/0.5 1.65 2.1/0.7 0.5/0.4 2.2/0.7  

Density (g/cm3)  1.79/1.81 1.95/2.00/2.10 1.78 1.78/1.91 2.17/2.19 1.79/1.93  
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Carbon Content 

(%) 

 95/99     -/>99 89 

Thermal 

Conductivity 

(W/mK) 

 6.14/- 22/50/120    -/0.01505  

Electrical 

Resistivity (μΩ /m) 

 13/-  16   -/7  

Specific Heat 

(J/(g℃) 

 0.879/-     -/0.732  

Coefficient of 

Thermal Expansion 

(ppm/℃) 

 -0.7/-     -/-1.1  

 

Table 5.5 Comparison of our AOA carbon fibres with other asphaltene carbon fibres. 

Precursor 
 Pre-

treatment 

Stabilization Carbonization Diameter 

(μm) 

UTS 

(MPa) 

Modulus 

(GPa) 

Reference 

Asphaltene 

(Alberta) 

 350 ℃, 1 

h, air  

150 ℃, 1 h, 

air 

800 ℃, 2 h, 

nitrogen 

~100 ~1,200 ~55 [Chen 2021] 
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Asphaltene 

(Alberta) 

 350 ℃, 1 

h, air 

Nitric acid, 

250 ℃, 6 h, 

air 

1,000 ℃, 2 h, 

nitrogen 

8-12.5 Up to 

2,500 

Up to 125 [Zuo 2021] 

Asphaltene 

(China) 

 300 ℃, 4 

h, air 

250 ℃, 2 h, 

air 

1,000 ℃, 15 

min, nitrogen 

14 ~800 - [Qin 2019] 

Asphaltene 

(China) 

 230 ℃, 30 

min, air 

270 ℃, 2 h, 

air, 330 ℃, 

30 min, air 

1,000 ℃, 15 

min, nitrogen 

~18 ~750 ~49.7 [Zuo 2019] 

Asphaltene 

(Alberta) 

 - Nitric acid, 

hydrochloric 

acid, sulfuric 

acid 

1,500 ℃, 2 h, 

nitrogen 

~11 811 32.7 [Leistenschneider 

2021] 

Asphaltene 

(Alberta) 

 - 280 ℃, 8 h, 

air, tension 

1,100 ℃, 1 h, 

argon 

20-50 600 70 Our work 
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Enhancing the mechanical properties of asphaltene fibres require rigorous pre-treatment, 

involving both heat treatment and acid treatment. This process introduces more mesophase into 

the asphaltene, serving as seeds for the formation of carbon-carbon bonds throughout subsequent 

post-treatment procedures and ultimately improving the mechanical properties. Additionally, the 

incorporation of additives, such as polymer additives and carbonaceous materials, proves 

significant in enhancing the spinnability of asphaltene materials and plays a role in determining 

the final mechanical properties.   

It has been reported that the mechanical properties of fibres are closely linked to their 

diameter, as illustrated in Figure 5.14. Both tensile strength and Young's modulus exhibit a 

decrease as the fibre diameter increases [Nicoll 1972]. This behavior highlights the substantial 

impact of diameter on the mechanical characteristics of fibres. The diameter plays a significant 

role in shaping the structural development and tensile strength of carbon fibres. Diameter smaller 

than 20 μm carbon fibres possess greater crystallinity and a lower initiation temperature for 

oxidation reactions. Throughout the thermos-oxidative stabilization process, smaller-diameter 

carbon fibres offer a larger specific surface area, enhanced oxygen absorption, and a higher degree 

of cyclization. Following carbonization or graphitization procedures, carbon fibres with diameter 

lower than 20 μm exhibit a higher degree of graphitization and larger crystalline sizes. Ultimately, 

the mechanical properties are profoundly influenced by the microstructure and structural integrity 

of the fibres. Achieving a diameter smaller than 20 μm is crucial, and this necessitates careful 

consideration of the spinning process. The design of the spinneret and nozzle size and shape should 

be thoroughly investigated based on the material properties.    
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Figure 5.14 Diameter dependence of carbon fibre mechanical properties [Nicoll 1972]. 

 

During the carbonization or graphitization process, time and temperature play pivotal roles 

in achieving superior mechanical performance. Elevating the temperature to as high as 2,000 ℃ is 

essential for the carbonization and even graphitization of asphaltene fibres. This elevated 

temperature facilitates the conversion of sp3 to sp2, leading to a substantial enhancement in the 

mechanical performance of the fibres. Raman spectra are commonly employed to assess the degree 

of sp3 to sp2conversion, with a focus on the intensity of the D and G bands for evaluation. A lower 

ID/IG ratio signifies a higher degree of graphitization, which indirectly correlates with improved 

mechanical performance in the final products.   

Research has shown that higher-temperature treatments can significantly enhance the 

modulus of carbon fibres [Xiao 2014], as depicted in Figure 5.15a. As the temperature increases 

from 1400 ℃ to 2840 ℃, the preferred orientation ratio associated with sp2 carbon rises from 78% 

to approximately 90%. Simultaneously, the modulus increases from 240 to 400 GPa. The duration 
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of the high-temperature treatment also plays a crucial role in substantially improving the 

mechanical properties and preferred orientation of carbon bonds. As seen in Figure 5.15b, after a 

100 s high-temperature treatment, the content of sp2 (represented by IG) increases. Interestingly, 

after 200 seconds of treatment, the IG/ID ratio remains relatively constant, indicating that, after a 

certain point, the conversion of sp3 to sp2 reaches a limit, and further conversion reactions become 

negligible. It's worth noting that samples treated at a higher temperature (2700 ℃) exhibit a lower 

IG/ID ratio, suggesting a more pronounced conversion of sp3 to sp2.   

In summary, higher temperatures determine the ultimate microstructure of carbon-carbon 

bonds, and longer treatment times can significantly improve the preferred structure initially. 

However, there comes a point where extended treatment no longer leads to microstructural changes, 

and further exposure to the same temperature becomes unnecessary. 

 

Figure 5.15 The effect of temperature on the modulus and degree of preferred orientation of 

crystallites(a), and variation of versus time t (b) [Xiao 2014]. Reproduced with permission from 

[Xiao 2014]. 
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5.4. Summary 

Chapter 4 presented the characterization of AOA, and the ensuing conditions derived from 

this characterization are implemented in the spinning and post-treatment processes detailed in this 

chapter. The spinning operation occurs at approximately 230 ℃, with fibre stretching facilitated 

by a godet. Both spun fibres, with and without polymer additives, undergo comprehensive 

characterization and are subject to comparative analysis.   

Following the spinning stage, thermal treatment under an air atmosphere is employed to 

stabilize the fibres. The oxygen uptake temperature, as determined through the chattelization of 

AOA in Chapter 4, is utilized for preliminary stabilization, with higher temperatures applied for 

further stabilization. Polymer additive fibres exhibit distinct morphological behaviors when 

compared to pure P-AOA-S1 stabilized fibres. Notably, PS additive fibres display structural 

shrinkages, while SBS additive fibres manifest defects that may adversely impact the mechanical 

performance of the fibres.   

A conventional two-step thermal carbonization process is employed for carbonizing P-

AOA-S1 stabilized fibres. Pure P-AOA-S1 stabilized fibres demonstrate successful carbonization 

with a high carbon content (>90%). Cross-section images reveal an isotropic structure in AOA 

fibres, differing from the layered structure of mesophase pitch carbon fibres obtained through a 

similar process. Due to inferior mechanical performance of AOA fibres compared to mesophase 

pitch carbonized fibres, increased mesophase may be necessary to enhance the mechanical 

properties of AOA carbonized fibres. Achieving this may entail stricter treatment of raw materials 

and higher carbonization temperatures, exceeding 2000℃.   
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For polymer additive's carbonized fibres, PS additive fibres exhibit fewer defects, allowing 

for mechanical performance measurement using the single fibre measurement method. Conversely, 

SBS polymer additive carbonized fibres exhibit numerous defects, preventing the measurement of 

mechanical performance. The defects in SBS additive fibres result from the immiscibility of AOA 

and SBS, with SBS unable to survive the high-temperature post-treatment. Decomposition of SBS 

in blended fibres leaves behind defects, impairing the mechanical performance of SBS carbonized 

fibres.   

In contrast to SBS additive fibres, PS additive fibres show fewer obvious defects, yet their 

mechanical performance is not as robust as pure AOA carbonized fibres. This discrepancy may 

stem from the immiscibility of PS and AOA, stabilized and carbonized separately. The lack of 

connections between these phases contributes to lower performance. Improved blending processes 

and the consideration of miscible polymer additive candidates may be essential not only for 

enhancing the spinnability of AOA but also for influencing the final mechanical properties of 

carbonized fibres.   

The mechanical performance of carbonized fibres is assessed using the standard single 

fibre measurement method, revealing the best tensile test result for pure AOA carbonized fibres 

with a Young's modulus of 70 GPa and a tensile strength of 600 MPa. With PS additive, the best 

Young's modulus and tensile strength are 19.7 GPa and 263 MPa, respectively, compared to 

conventional stabilized fibres with best values of 8.5 GPa and 20 MPa. Although mechanical 

performance of AOA carbonized fibres remains suboptimal compared to commercialized carbon 

fibres, these results align with the morphology characterized by SEM.  
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CHAPTER 6. CONCLUSIONS 

  

The utilization of AOA as a precursor material for CF production offers significant 

advantages and promise in comparison to alternative precursors. AOA exhibits favorable 

properties and economic feasibility due to its low cost and abundant availability of raw materials. 

To leverage these advantages and make AOA-based CFs more affordable, CFs manufacturing 

processes including raw material characterizations, polymer modification, melt spinning and 

traditional post-treatment processes, including stabilization, and carbonization were investigated.   

A specialized melt spinning system was intricately crafted and customized to accommodate 

the distinctive properties of AOA. This system was equipped with tailor-made components, 

including twin conical screws, a barrel, melt pump, spinneret, and godet systems. Throughout the 

spinning process, the material undergoes melting, facilitated and propelled by the screws, and is 

then directed into the melt pump. The melt pump accurately extrudes the sample through a 

spinneret with various nozzle sizes, with the current setup utilizing a 0.5 mm single nozzle for 

fibre extrusion.  Following the spinning process, the fibres are captured by the godet and undergo 

stretching to achieve a reduced diameter before solidification. The collected fibres are 

subsequently placed in a vacuum chamber for additional post-treatment processes. 

The thermal post-treatment involving traditional procedures including thermal stabilization 

and carbonization, employing various characterization methods to assess the properties of spun, 

stabilized, and carbonized fibres. These carbonized fibres demonstrated optimal mechanical 

properties, featuring a Young's modulus of 70 GPa and a tensile strength of 600 MPa. However, 

these mechanical properties still fall short of the targets outlined in Alberta Innovates' Carbon 
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Fibre Challenge (tensile strength: 1720 MPa, Modulus: 172 GPa) for our carbonized P-AOA-S1 

fibres. Although AOA exhibits significant promise for CF manufacturing, it is not without its 

limitations, including brittleness and difficulties in processability, potentially impeding continuous 

fibre spinning. In an effort to overcome these challenges, we investigated enhancing AOA's 

processability by introducing various polymer additives. Our approach involved a thorough 

examination of different polymer additives with AOA through detailed rheological analysis. 

Carbonized fibres incorporated PS and SBS polymer additives were assessed, comparing them 

with pure P-AOA-S1 carbonized fibres. The PS additive in P-AOA-S1 carbonized fibres displayed 

improved mechanical properties, with a Young's modulus and tensile strength reaching 19.7 GPa 

and 263 MPa, respectively, compared to conventional stabilized fibres with best values of 8.5 GPa 

and 20 MPa. The observed differences are attributed to the presence of two phases in the blended 

PS and P-AOA-S1 samples throughout the entire post-treatment process, impacting the interface 

between the two phases and contributing to diminished mechanical properties. In contrast, SBS-

modified carbon fibres exhibited subpar mechanical properties, challenging the feasibility of 

measuring them through the single-fibre tensile strength method. SEM images of the carbonized 

SBS-modified fibres revealed numerous defects, indicating the degradation of SBS after post-

treatment and explaining the inferior mechanical properties. It is crucial to achieve better blending 

and condensation of polymer additives with asphaltene for the survival of polymer additives after 

the post-treatment process. 

In summary, our study aimed to unlock the potential of AOA as a cost-effective and 

environmentally friendly precursor for CF production. We conducted a thorough investigation 

encompassing various stages of material modification, spinning, and post-treatment, with a focus 

on sustainability and affordability in the carbon fibre manufacturing process.  



 123 

 

6.1. Novel Scientific Contributions 

Carbon Fibre Production from AOA: Our study has achieved a scientific milestone by 

showcasing the successful production of carbon fibres utilizing asphaltene as the precursor 

material. The resultant fibres possess notable features such as a high carbon content and 

commendable mechanical properties. The characterization of asphaltene was conducted through 

various techniques, drawing upon the characterization of pitch and adhering to the mesophase rule. 

Innovative Asphaltene Modification: We utilized polymer additives to refine asphaltene, 

enhancing its molecular-level melt processibility. This technique opens up new avenues for 

streamlining the handling and processing of this crucial precursor material. We conducted a 

comprehensive assessment of various blending methods, encompassing melt blending, solvent 

mixing, and ball milling, to explore enhancements in the spinnability of asphaltene. 

Thermal Post-Treatment for Fibre Stabilization: A thermal post-treatment technique 

designed to stabilize and carbonize fibres, safeguarding their structural integrity and performance. 

In the course of the stabilization process, we implemented tension on the fibres to enhance the 

alignment of the mesophase microstructure within the fibres during post-treatment. This tension 

application effectively prevents the fusion or melting of fibres. Furthermore, we implemented a 

two-step high-temperature process in the carbonization of asphaltene fibres, with the goal of 

augmenting the post-treatment quality of the fibres. 

Innovative Twin-Screw Extruder System: We designed and implemented a twin-screw 

extruder system, comprising an extruder, melt pump, and godet systems, to optimize the 
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manufacturing process for AOA fibres. This system allowed us to explore various parameters for 

fibre production and post-treatment. 

In summary, our research represents a significant contribution to the field of CF production 

by introducing a cost-effective and innovative approach using AOA as a precursor. Furthermore, 

our utilization of additives and advanced characterization techniques, along with the development 

of a twin-screw extruder system, offer a comprehensive and promising platform for advancing the 

field of CF manufacturing. 

 

6.2. Assumptions and Limitations 

The assumptions and limitations of this study can be categorized into three key areas: AOA 

precursors, manufacturing processes, and measurement, as well as their implications for 

applications.   

Regarding AOA precursors, it is important to acknowledge that AOA derived from various 

sources and locations exhibit distinct properties, significantly influencing manufacturing processes 

and end products. While this research primarily focuses on AOA S-1, it is assumed that this 

particular precursor is representative of other precursors, thus omitting the differences among them. 

Although different batches of AOA S-1 may possess slight variations in properties, it is assumed 

that, for the purposes of this study, these differences are negligible. The exposure of asphaltene 

and spun fibres to air could potentially impact the properties of the asphaltene materials. The 

oxidation of raw materials may lead to an increase in the softening point of the materials, 

influencing the rheological behaviors of the samples and the spinning processes. Further studies 

are required to assess the storage conditions of the raw materials thoroughly. 
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In terms of manufacturing processes, it is worth noting that all procedures were conducted 

at a laboratory scale using custom-designed equipment. The assumption is made that these 

laboratory processes can ultimately be scaled up for large-scale production. Simultaneously, it is 

presumed that the custom-designed equipment accurately represents standard CF manufacturing 

processes.   

Within the measurement section, it is essential to acknowledge that all measurements were 

performed on individual fibres. Notably, in the case of mechanical properties, multiple single 

fibres were tested, and the data was subsequently normalized and averaged. This approach 

introduces some margin of error in determining the true values of fibre properties. Nevertheless, it 

is assumed that the impact of these errors can be considered negligible for the purposes of this 

study. 

Regarding mechanical properties and comprehensive post-treatment, the diameter of the 

fibres holds significance. The brittleness of asphaltene material makes it challenging for spun 

fibres to be captured and stretched by a godet with a reduced diameter. This difficulty results in 

more fibre breakage, negatively impacting the overall yield of the spinning process. To enhance 

the rheological behaviors of the fibres and facilitate the spinning and stretching processes, 

additional pretreatments, particularly heat and acid treatments of the raw materials, are essential. 

Presently, the process yield remains low and is challenging to quantify for several reasons. 

Firstly, in the spinning process, a significant portion of the spun fibres breaks without stretching, 

leaving their diameter larger than 50 μm, rendering them unsuitable for subsequent post-treatment 

and analysis. Secondly, during the stabilization process, fibres must be affixed to a ceramic plate 

to provide tension, a manual operation that results in considerable fibre wastage during preparation. 
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Additionally, some fibres break during the carbonization process due to inherent defects, rendering 

them unsuitable for further analysis.   

To address the yield issue, it is imperative to implement a continuous spinning process. 

Furthermore, additional pretreatments, such as heat and acid treatments, may be necessary to 

enhance the spinnability of raw materials and prevent breakage during stretching. Improvements 

in the stabilization process, including the implementation of a godet system to provide tension, 

could significantly reduce fibre loss and enable a more accurate evaluation of process yield. 

 

6.3. Future Works 

The future research efforts will be concentrated on the following key aspects: 

Enhanced Pre-Treatment of AOA: Future investigations will expand upon the current 

solvent-based pre-treatment of AOA. To further enhance AOA processability for large-scale 

manufacturing, more stringent pre-treatment methods will be explored. These may include thermal, 

acid, or catalyst-based treatments of AOA precursors. 

Optimization of Conventional Methods and Mechanical Properties Improvement: While 

the majority of fibres in this study underwent conventional thermal post-treatment involving 

extended thermal stabilization and high-temperature carbonization processes, mechanical 

properties of the resulting CFs remain suboptimal. Future work will focus on optimizing the 

existing methods to enhance the mechanical properties of AOA-derived CFs: 1) more treatment, 

especially heat and acid treatment of the raw materials, 2) more analysis of the rheology behavior 

of the precursors, 3) longer time, different steps, and higher temperature stabilization processes, 4) 

higher temperature of the carbonization process. 
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Exploration of Electromagnetic Post-Treatment Processes: More investigations will 

explore efficient electromagnetic methods, encompassing microwave, microwave plasma, and 

laser processes, to achieve efficient stabilization, carbonization, and even graphitization of AOA 

fibres. Electromagnetic methods rely on the dielectric properties of raw materials, and AOA fibres 

have low dielectric constants, making them less than ideal for absorbing electromagnetic energy. 

It is imperative to examine how a medium, such as plasma, interacts with AOA fibres to effectively 

absorb electromagnetic energy. Additionally, in-depth investigations will be conducted to 

understand the reactions between electromagnetic energy and AOA materials and fibres. 

Systematic Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA): AOA's 

cost-effectiveness can positively impact the final CF product's affordability, while efficient post-

treatment can reduce GHG emissions. Comprehensive LCA and TEA studies are essential to 

confirm the overall efficiency of this research and assess the feasibility of large-scale 

implementation. 

Scaling Up Manufacturing Processes: The complete manufacturing process for AOA-

derived CFs involves spinning, stabilization, carbonization, and even graphitization processes. 

Post-treatment can be accomplished using either thermal methods or electromagnetic techniques. 

Future work will emphasize the scaling up of these manufacturing processes, with a particular 

focus on post-treatment. Innovative post-treatment processes, as depicted in Figure 6.1, will be 

introduced to enhance the efficiency of AOA CF manufacturing. This may include components 

like a twin-screw extruder, melt pump, conventional stabilization furnace, microwave plasma 

carbonization furnace, rotational laser graphitization system, and multiple collecting and stretching 

godets. Optimizing the processing capacity of this system will be a key objective. 
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Figure 6.1 Scheme of the scaling up continuous AOA carbon fibre manufacturing line.  
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