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ABSTRACT 

Precursors of carbon fibers include rayon, pitch, and polyacrylonitrile fibers that can be 

heat-treated for high-strength or high-modulus carbon fibers. Among them, 

polyacrylonitrile has been used most frequently due to its low viscosity for easy processing 

and excellent performance for high-end applications. To further explore polyacrylonitrile-

based fibers for better precursors, in this study, carbon nanofillers were introduced in the 

polymer matrix to examine their reinforcement effects and influences on carbon fiber 

performance. Two-dimensional graphene nanoplatelets were mainly used for the polymer 

reinforcement and one-dimensional carbon nanotubes were also incorporated in 

polyacrylonitrile as a comparison. Dry-jet wet spinning was used to fabricate the composite 

fibers. Hot-stage drawing and heat-treatment were used to evolve the physical 

microstructures and molecular morphologies of precursor and carbon fibers. As compared 

to traditionally used random dispersions, selective placement of nanofillers was effective 

in improving composite fiber properties and enhancing mechanical and functional 

behaviors of carbon fibers. The particular position of reinforcement fillers with polymer 

layers was enabled by the in-house developed spinneret used for fiber spinning. The 

preferential alignment of graphitic planes contributed to the enhanced mechanical and 

functional behaviors than those of dispersed nanoparticles in polyacrylonitrile composites. 

The high in-plane modulus of graphene and the induction to polyacrylonitrile molecular 

carbonization/graphitization were the motivation for selectively placing graphene 

nanoplatelets between polyacrylonitrile layers. Mechanical tests, scanning electron 

microscopy, thermal, and electrical properties were characterized. Applications such as 

volatile organic compound sensing and pressure sensing were demonstrated.  
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Chapter 1. Introduction 

1. Carbon fibers 

Carbon fibers (CFs) are defined as fibers with diameters of 5–50 µm and carbon content > 

90 wt%1,2. CFs are an increasingly growing field of interest for their use in aerospace, 

automobile, defense weapons, civil engineering, sports goods, energy systems and other 

high-end applications3 due to their high specific strength and modulus, low density, low 

thermal expansion or shrinkage, high chemical resistance, and temperature tolerances4 

(Figure 1). Macromolecular materials going through a pyrolyzing reaction that leaves 

high-percentage carbon residue upon heat-treatment in a series of oxide and inert 

atmospheres are preferred precursors to CFs (pCFs)5. After the heat-treatment, the carbon 

atoms are bonded together in crystals, forming graphitic sheets interlocked with one 

another, which are more or less aligned parallel to the long axis of the CFs. The crystal 

alignment gives the fiber high-stiffness, and the elimination of defects during fiber 

synthesis renter high-strength. The crystal alignment and the defects density depend on the 

choices of precursors. For example, polyacrylonitrile (PAN)-derived CFs are more 

turbostratic, with sheets of carbon atoms haphazardly folded or crumpled together. In 

contrast, mesophase pitch-based CFs contain more graphitic layers after heat treatment at 

temperatures exceeding 2200 °C. Other precursors may possess hybrid structures with both 

graphitic and turbostratic parts present. Turbostratic structures tend to produce high tensile 

strength due to the layer interactions, whereas heat-treated mesophase-pitch-derived 

carbon fibers have high Young's modulus and high thermal conductivity due to graphitic 

smoothness. As compared to other precursor polymers (e.g., rayon, lignin, pitch), PAN 
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depending on chemical synthesis gives higher flexibility of molecular weight 

manipulations, better control of rheology behaviors during spinning, precise control of 

fiber sizes and surface coatings, excellent mechanical properties, and higher carbon yield 

thus has the most attention in carbon fiber synthesis.  

 

Rayon is a cellulose-based material instead of synthetic polymers (Figure 2a). Purified 

cellulose can be harvested from wood pulp and chemically converted into a soluble 

compound for rayon fibers. Rayon threads were the first pCFs to be pyrolyzed to form CFs 

back to the 1960s. However, that process proved to be inefficient, as the resulting fibers 

contained only about 20% carbon and had low strength and stiffness properties. CF 

manufactured from this precursor material tends to have superior thermal stability but 

lower mechanical properties6. Today less than 2% of CFs are manufactured using this 

precursor7. Unlike other pCFs, rayon-based fibers need not be oxidized to render it 

infusible; however, oxidation was still done to increase carbon yield.  

 

Lignin is one of the most abundantly available biomolecules on earth that can be extracted 

from wood, bark, or plant in the cell walls. For example, lignin constitutes 20 to 35% of 

the dry mass of wood and is easily found as byproducts from paper industries8. Chemically, 

lignins are cross-linked phenolic polymers, with abundant aromatic subunits and 

hydrophobic features (Figure 2b). The degree of polymerization is difficult to measure 

since the material is heterogeneous. Different types of lignin have been described 

depending on the means of isolation. Pyrolysis of lignin during the combustion of wood or 
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charcoal production yields a range of products, of which the most characteristic ones are 

methoxy-substituted phenols9. However, researchers recently have been trying to convert 

lignin to convert into carbon fibers. Lignin is blended with polymeric materials, such as 

polyethylene oxide (PEO), for synthesizing lignin-based fibers. These fibers can be 

pyrolyzed to remove volatile content, which is the source of a majority of defects in lignin-

based carbon fibers, and to covert the thermal properties from thermoplastic materials to 

thermosetting carbon fibers10,11.  

 

Pitch is obtained in the form of (i) the petroleum pitch, a byproduct of the petroleum 

distillation process, (ii) the coal tar pitch, or (iii) plants, all of which are highly aromatic 

compounds12. Various forms of pitch may also be called tar, bitumen, or asphalt, among 

which tar is more seen as liquid and pitch more as solid-state. Among different sources to 

obtain pitch, the petroleum pitch is much more attractive as a precursor material for carbon 

fibers. Pitch is thermoplastic and can be melt-spun into fibers. When pitches are oxidized 

at temperatures at around 230 °C, crosslinking occurs by oxidation, dehydrogenation, or 

both12. These fibers have to be pyrolyzed at temperatures above 1100 °C and must undergo 

a process called infusible stabilization, where the pitch is rendered infusible1. This and 

possible following heat-treatment procedures result in the formation of graphitic structures, 

the degree of which will affect the final microstructure, thermal, and mechanical properties.  
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Figure 1. Carbon fiber applications of (a) prosthetics, (b) drones, (c) jet-engine-used 

turbine blades, (d) bikes, (e) winglets, (f) tennis racquets, (g) knee braces, and (h) car 

chassis 13.  

 

 

Figure 2. Molecular structure of carbon fiber precursors of (a) rayon composed of 

cellulose, (b) lignin, and (c) PAN14.  
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1.1. Carbon fiber precursors – polyacrylonitrile (PAN) 

Today over 90% of carbon fibers are PAN-based (Figure 2c). Due to the superior 

processability, thermal stability, and mechanical properties obtained in the resulting CFs 

upon pyrolysis, PAN has become the preferred precursor material for CF synthesis. The 

synthesis of PAN-based CFs begins with the polymerization, follows with fiber spinning, 

and ends with a series of heat-treatment at different temperatures. During fiber spinning, 

chemical and mechanical processes will be used to align the polymer macromolecules15. 

The pCFs should have the lowest possible diameter, maximum possible chain orientation, 

and high crystallinity14. Optimizing these properties in the precursor fiber will give the 

better-performance CFs after appropriate heat-treatment.  

 

1.2. Carbon nanofillers for PAN reinforcement 

To improve the mechanical (e.g., strength and modulus) and functional behaviors of PAN-

based carbon fibers, reinforcement fillers have been incorporated into PAN during fiber 

spinning. The incorporation of reinforcement also enables the use of temperatures as low 

as 1200 °C for carbonization16, eliminating the need for expensive high-temperature 

equipment. The nanoparticle concentration, alignment, and the interfacial interactions to 

PAN, as well as the physical properties of nanoparticles (e.g., sizes, aspect ratios, surface 

functional groups), will determine the reinforcement efficiency. More importantly, some 

nanoparticles, especially when their morphologies and orders can be well controlled, can 

initiate and modify polymer 17,18. Specifically, the inclusion of nanoparticles with 

positional and orientational orders in PAN has been reported to develop a high degree of 
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crystals. As a result of this, specific nanofillers can induce the formation of aligned PAN 

molecules, ordered graphitic structures during carbonization and graphitization and thus 

higher performance17. The presence of reinforcement can potentially allow for more 

graphitization at relatively low carbonization temperatures19. A few general carbon 

nanoparticles frequently used in PAN-based polymers will be briefly introduced in the 

following sections (also listed in Table 1). The inclusion of nanoparticles has been efficient 

in enhancing the mechanical or functional properties. Usually, gel-spinning was used for 

mechanically durable carbon fibers, while electrospinning was used for energy and power 

applications (Table 1). In most cases, the inclusion of nanoparticles showed the 

improvement of mechanical properties after carbonization, but not necessarily upon 

oxidation. A careful look at the nanoparticles has shown a frequent use of nanocarbon, such 

as nanotubes or nanocrystals, instead of graphene-related powders. The reason can be due 

to the challenges in controlling graphene exfoliations and orientations. The following 

description of the particles will shed light on the nanoparticles used in reinforcing PAN 

polymers and their specific applications.  

 

Carbon nanospheres (CNS): Carbon nanospheres or buckminsterfullerene is a hollow 

carbon sphere. It is mostly used to enhance the electrical properties of nanofibers by way 

of improving capacitance in the electrode and improving electrocatalytic activity20. Carbon 

nanospheres have been successfully incorporated on to the surface of fibers to improve the 

electrical performances for applications as electrodes and sensors21 and electromagnetic 

shielding in aircraft and space-based systems22. 
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Carbon Nanotubes (CNT): Carbon Nanotubes (CNTs) with their exceptional mechanical 

properties have been used as nanofiller reinforcements in carbon fibers and other 

composites. The mechanical properties of composites reinforced with CNT have been 

significantly improved depending on how well it has been dispersed in the matrix material 

without disrupting its integrity23. Researchers have also tapped into the electrical and 

thermally conductive nature of CNTs to impart similar properties to the CFs. However, 

obtaining a stable homogenous dispersion in several polymer matrices remains a challenge 

due to the concentration of CNT in the solution, length, entanglement of CNT and viscosity 

of the matrix24. 

 

Graphene-related materials: 

Graphene Nanoplatelets (GNP): Graphene materials have impressive electrical, 

mechanical, and thermal properties. The high specific surface areas and a high aspect 

ratio15,18,25,26. These nanoparticles tend to be stacked through Vander Waal forces. 

Exfoliation of these nanoparticles through the interactions with the polymer chain will 

impart directional properties in a composite. GNP is a novel reinforcing nanofiller for 

carbon fibers. Zhou et al.27 show a dramatic improvement in the mechanical properties of 

the PA6 polymer composite on the incorporation of functionalized graphene. The tensile 

strength was shown to increase by 2.4 times and Young's modulus by 132% when 

compared to the pure PA6 fiber. GNP has a 2D geometry, a high aspect ratio18, and the 

ability to be used as a templating mechanism for alignment 18. The interaction of the GNP 
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with the polymer in the 3-phase morphology during the drawing would enable its 

exfoliation by overcoming the Vander Waals forces. Ultimately a single layer thick GNP 

would help enhance the mechanical properties of the fiber28.  

Graphene Nanoribbons (GNRs): Graphene nanoribbons (GNR) have been incorporated 

into CFs to enhance graphitization and conductivity29. Finite termination of graphene 

produces a semi-one-dimensional structure with a zig-zag structure or armchair structure30. 

It can also be obtained by cutting an unzipping CNTs. Facile incorporation of GNRs in 

carbon nanofibers resulted in increased electrical conductivity, as demonstrated by Wang23. 

These fibers were used to support platinum nanoparticles for electrocatalytic applications.  

Graphene oxide (GO): Liquid crystalline GO (LCGO) can form high modulus fibers by 

dry spinning. Salin et al. use PAN as the matrix incorporated with 0.5 wt% LCGO particles. 

The tensile strength was improved by 115% and Young’s by 152% 31. The SEM 

micrographs showed no voids or cracks in the drawn polymer fibers. 
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Table 1. List of PAN/nanoparticle composite fibers and their properties 

# 

PAN Nanoparticles 
Spinning 

Method 

Mechanical Carbon fiber treatment temperatures 

Ref. Mw 

(Kg/mol) 

Wt

% 
Type Wt% 

Modulus 

(GPa) 

Strength 

(GPa) 

Draw 

ratio 

Stabilization 

(oC) 

Carbonization 

(oC) 

Graphitization 

(oC) 

1 

 
240 14.4 CNT 1 Gel 253 5.5 32.4 240 & 295 1300 NA 32 

2 

 
513 10.5 CNT 1 Gel 24.5±0.8 1.0±0.1 7.9 NA NA NA 

33 
3 

 
513 10.5 CNT 0.1 Gel 21.7±0.9 1.0±0.1 7.9 NA NA NA 

4 513 10.5 
CNT 

 
1 Gel 21.5±0.9 1.0±0.1 7.9 NA NA NA 

5 513 10.5 CNT 0.4 
Gel 

 
342 3.2 ± 0.8 ~13 310 1450 NA 

34 

6 513 10.5 CNT 0.1 
Gel 

 
318 2.0 ± 0.4 ~13 310 1450 NA 

7 513 10.5 CNT 0.5 
Gel 

 
273 3.1 ± 0.8 ~13 310 1450 NA 

8 453 / 964 10.5 CNT 0.4 
Gel 

 
342 3.2 ± 0.8 ~13 310 1450 NA 

9 

 
247 15 NA  Gel 17.8±0.8 0.7 ± 0.03 23 NA NA NA 

35 
10 

 
247 15 CNC 1 Gel 16.5 ± 0.9 0.7 ± 0.07 23 NA NA NA 

11 247 15 CNC 5 Gel 
18.8 ± 1.4 

 
0.7 ± 0.06 23 NA NA NA 

12 

 
247 15 CNC 10 Gel 19.9 ± 1.0 0.8 ± 0.08 23 NA NA NA 

36 
13 

 
247 15 CNC 20 Gel 20.8 ± 0.8 0.8 ± 0.03 29 NA NA NA 

14 

 
247 15 CNC 40 Gel 17.7 ± 1.0 0.7 ± 0.0 29 NA NA NA 

15 

 
247 60 CNC 60 Gel 20.7 ± 2.6 0.8 ±0.1 10 265 NA NA 37 

16 1700 0.06 NA 0 Gel 16.5 ± 3.2 0.8 ± 0.1 NA NA NA NA 38 



 

 
 

1
0
 

17 1700 6.5 NA 0 Gel 361 ± 45 4.3 ± 1.0 NA 220-230 600-800 1000-1500 

18 

 
247 15 Lignin ~31 Gel 229 ± 7 2.0±0.4 16 266-305 1000 NA 

39 

19 

 
247 15 Lignin ~31 Gel 254 ± 7 1.9±0.2 18 266-305 1200 NA 

20 

 
247 15 Lignin ~24 Gel 260 ± 5 2.1±0.3 18 266-305 1200 NA 

21 

 
247 15 Lignin ~16 Gel 242 ± 25 0.9 ± 0.2 20 266-305 1300 NA 

22 

 
513 9.5 NA 0 Gel 18.5 ± 1.1 0.9 ± 0.06 20 NA NA NA 

40 

23 

 
513 9.5 BNNT 1 Gel 17.2 ± 0.6 0.8 ± 0.07 22 NA NA NA 

24 513 9.5 BNNT 5 Gel 17.2 ± 1.1 
0.764 ± 

0.93 
12 NA NA NA 

25 

 
513 9.5 NA 0 Gel 273 ± 5 1.7 ± 0.3 20 265 & 305 1300 NA 

26 

 
513 9.5 BNNT 1 Gel 258 ± 9 2.0 ± 0.2 22 265 & 305 1300 NA 

27 

 
513 9.5 BNNT 5 Gel 243 ± 3 1.5 ± 0.4 12 265 & 305 1300 NA 

28 

 
150 8 Si 10 Electro NA NA NA 280 700 NA 

41 
29 

 
150 8 Ge 30 Electro NA NA NA 280 700 NA 

30 

 
150 8 Sn 50 Electro NA NA NA 280 700 NA 

31 

 
80 20 

Lignin/

Grp 
1 Electro NA NA NA 225 900 NA 

42 

32 80 20 
Lignin/

Grp 
5 Electro NA NA NA 

225 

 
900 NA 

Terminology: BNNT, boron nitride nanotubes; CNC, cellulose nanocrystals; CNT, carbon nanotubes; Grp, graphene.  

 



 

 

11 
 

1.3. Precursor fiber spinning 

The following spinning techniques are categorized based on the tools used for spinning 

(e.g., air heating, coagulation, the electrical voltage application (Figure 3)) and the state of 

materials (e.g., melt, gel, solutions). The choice of the synthesis process is entirely 

dependent on the end-use of the fibers and their desired fiber properties. 

 
Figure 3. Schematics of melt, dry, and wet spinning43.  

 

Melt spinning: The polymer is heated and melted while the viscous melt is extruded 

through a spinneret into a cooling tube from which cold air is blown. The cool air allows 

for the solidification of the fiber from the melt43. The downside to this process is the 

presence of surface defects in the as-spun fibers. This can be mitigated by removing 



 

 

12 
 

impurities from the melt14. Melt spinning is used to spin fibers like Nylon 6,6. The 

mechanical properties of fibers fabricated through this technique is high, owing to the high 

degree of crystallization induced by the rapid cooling of the hot melt. 

 

Dry spinning: This process involves introducing the spinning dope (i.e., a polymer 

dissolved in a volatile solvent as a polymer solution) into a heated chamber with a 

circulation of hot gases14. This method is specifically for those polymers that are 

susceptible to thermal degradation or cannot form thermally stable or viscous melts43. No 

coagulation bath is used. The dope is prepared by blending the polymer with additives and 

followed by filtration. It is then extruded into a spinning tube or evaporation chamber 

where the solvent is evaporated away. The fiber undergoes a chemical reduction in the 

heated chamber at high temperatures and dry fibers are obtained44. Stretching provides for 

the alignment of polymer chains along the fiber axis. Polymers spun by this method include 

PVC and acrylic. 

 

Wet spinning: In this process, the polymer is dissolved into a solvent at a concentration 

with desired viscosity. It was first used to synthesize rayon fibers. Using a spinneret, the 

solution is extruded into a coagulation bath where they are partially stretched and 

solidified43. The spinneret is usually immersed in the coagulation bath and is primarily used 

to spin polymer fibers, which solidify gradually. The coagulant bath can be of water, 

glycerol, or acid. The diameter of the as-spun fiber depends on the diameter of the 

spinneret. The fibers are continuously wound up from the bath using take up drums45. 
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Drawing is done to further align the polymer chains along the axial direction and to 

improve fiber properties14. Acrylic fibers are spun using this method. 

 

Gel- or dry-jet wet-spinning: This prosses is similar to wet spinning, with the only 

difference being that the spinneret is placed a few centimeters above the coagulation bath 

(i.e., an air gap is present) (Figure 4). This method is used exclusively to spin polymer 

fibers that solidify from the melt instantaneously like PAN, PVA, and PS18,43. The presence 

of an air gap enables achieving higher orientations of the polymer chains when they are 

coagulated7. The fiber production speed for both wet and gel spinning is low compared to 

melt spinning19,32,46,47. 

 
Figure 4. Dry-jet wet spinning setup. 

 

Electrospinning: This process is governed by the electrohydrodynamic phenomenon 

where fluidic motioned is influenced by external and induced electric fields48. The high 
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electrostatic force applied on a polymer droplet distorts it into a conical form known as 

Taylor’s cone once a critical voltage is achieved (Figure 5). The ejected polymer solution 

evaporates as it travels through the air, and fine nanofibers mats are deposited on the 

substrate49. This method is described in Figure 5. Fibers in the form of mats, yarns, tows, 

mats, and membranes can be obtained. The setup consists of a high voltage source, 

spinneret, and grounding. PAN fibers mats with a high specific surface area predominantly 

manufactured using this method. These surface of these fiber mats can be functionalized 

by incorporating particles like Si, Ge, and Sn for electrode applications41. 

 
Figure 5. Setup of the electrospinning system 49. 

 

1.4. Precursor heat treatment for carbon fibers (CFs) 

Heat treatment of the precursor CFs is necessary for it to undergo necessary chemical and 

morphological changes to achieve the desired composition and structure. They are usually 
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performed in an ambient or inert atmosphere with or without tension dependent on the 

heating conditions (Figure 6). The fibers are treated in a tubular furnace with a heating rate 

of around 0.5 to 30 °C/min, with the lower heating rate providing the best mechanical 

properties2,50–52.  

 

Stabilization: It is an oxidative reaction at temperatures below 300° C with a heat 

treatment period ranging from 1 to 24 hours that breaks many of the hydrogen bonds and 

oxidizes the material53. At these low temperatures, the polymer chains loosen up and begin 

to flow around. The fibers are still ductile at this stage undergoes cyclization and formation 

of the planar ladder-like structures54. This initial heat treatment helps in dehydrogenation, 

aromatization, oxygenation, and crosslinking of the PAN polymer chains by breaking 

C≡N, creating C=N, and producing a conjugated ladder structure51,55,56, a chemical change 

that prevents the fiber from melting at higher temperatures51. Dry air is usually the 

preferred atmosphere used within a furnace in which fibers under tension are placed. The 

properties of the fiber before heat treatment will have a massive impact on the properties 

of the fiber after heat treatment7; therefore, the as-spun fiber must be stabilized for the best 

quality. Care must be taken to control the extent of cyclization. Higher the cyclization 

would not necessarily translate to a better fiber7,51. In fact, studies have shown that 

excessive stabilization would lead to a skin-core structure57. Fitzer et al. determined 

through DSC measurements the optimal heating rate of copolymer methacrylate to be 5 

°C/min for the initiation of the stabilization and later reduced to 1 °C/min to reduce 

overheating of the fiber58. 
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Carbonization: PAN-based carbon fibers are carbonized in the temperature ranges 

between 700 – 1300 °C. Lower temperature ranges result in disordered carbon, and higher 

temperature treatments result in ordered hierarchical graphitic structures19,51,59 that induce 

excellent mechanical properties in the fiber. This process is also to keep out non-carbon 

atoms (denitrogenation)51. The primary chemical reaction occurring in this stage of heat 

treatment is dehydrogenation. 

 

Graphitization: Graphitization is the process of forming ordered hierarchical carbon 

structures. It is achieved at temperatures higher than 1300° C with the best graphitic 

structures obtained at above 2000 °C60. When heated in the right conditions, the chains 

bond side-by-side as ladder polymers and form narrow graphene sheets that merge to form 

a single, columnar filament. The orientation of the basal planes51, resulting in the 

hierarchical graphitic structure and imparting excellent mechanical properties to the CFs, 

will also depend on the heating procedures. For example, CFs heated in the range of 1500–

2000 °C (carbonization) exhibits the highest tensile strength (i.e., 5-6 GPa), while CFs 

heated from 2500 to 3000 °C (graphitization) exhibits a higher modulus of elasticity (i.e., 

500-800 GPa)61,62. 
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Figure 6. Process flow chart for the fabrication of carbon fibers 

 

1.5. Fiber Morphology 

Morphology of fibers achieved by using unique spinneret design allows the inclusion of 

multi-materials, manipulation of multi-structures, and control of functional at 

multiscale18,47,63.  

 

One-phase (1-phase) fibers: 

• Pure PAN: This fiber morphology consists of pure polymer matrix (Figure 7a) 

material with no reinforcement. It is the simplest form of pCFs that can be 

manufactured. The mechanical properties of this fiber are dependent on the molecular 

weight distribution, copolymer content, and weight percentage of the polymer in the 

spinning dope, as well as the draw ratio during heat-treatment.  
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• Porous fibers: CFs with porous morphologies (Figure 7b) could be intercalated with 

ions and hence have applications in electrochemical energy storage64. Electrode 

applications for this fiber are immense. The hierarchical porous structures have a low 

resistance to ion movement and ultra-high capacitances. Due to the porosity, these 

fibers have high surface areas allowing them to be used as electric double-layer 

capacitors65. The porous CF can also serve as a catalyst (activated carbon) for 

electrochemical reactions3,64,66 reducing the need for the use of expensive catalysts like 

platinum.  

 

• Hollow fibers: Such morphology (Figure 7c) is desired in gas disposal, effluent 

disposal, desalination, energy storage due to their micropore structure, permeability 

selectivity, high absorption capacity67. One way of making such a fiber is by adding 

high boiling solvent lignin and alkaline lignin. During coagulation, the lignin delays 

the phase separation leading to the formation of hollow cores. When stored long enough 

in the coagulation bath, the porous regions coalesce into a hollow phase63. Hollow fiber 

morphologies could be used as drug delivery systems when the desired quantity of a 

drug could be released over time from a single capsule, electronics, 3-D printing, 

stimuli response are some of the other applications of such a fiber67. Zhang et al. have 

shown that hollow CFs have a porous inner wall. The mesopore ratio is around 17%, 

and the tensile strength and modulus were 3.37 and 85.82 cN/dTex63. 
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Two-phase (2-phase) Fibers: Fibers with a particular templating/reinforcement phase 

(Figure 7d), which helps in the directional crystallization and alignment of polymer chains 

in the axial direction. This leads to an enhancement in the mechanical properties of the 

pCFs and subsequent improvements in the CFs after heat-treatment. The templating 

channel can be made of a polymer/reinforcement phase or just the reinforcement fillers. It 

must, however, be noted that the absence of polymer in the templating channel will lead to 

less adhesion between the phases and, therefore, lower mechanical properties39,68. 

 

• Dispersed phase fibers: CFs with reinforcement dispersed homogeneously (Figure 

7e) within the polymer matrix are called D-phase CFs. The reinforcement helps 

improve the tensile strength and Young’s modulus. The reinforcement material can be 

CNTs, graphene, metal nanoparticles, etc.33,69,70. Improved dispersion quality would 

promote efficient tress transfer from the polymer matrix to the reinforcement. 

Newcomb et al. demonstrated that with a better dispersion quality of CNT the 

interfacial shear strength could be improved by up to 40% 33. 

 

• Patterned fibers: Such a fiber (Figure 7f) is manufactured by designing a flow path 

via the customization of the spinneret2. Intricate shapes of fiber cross-section can be 

achieved and these morphologies include the side-by-side, pie, and island-in-the-sea 

structures. Island-in-the-sea fibers are obtained by accommodating the spinning of two 

phases of the solution, one consisting of the PAN and the other a polymer phase like 

PMMA that will be burned off during the heat treatment process47. Another benefit to 
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this morphology is the ability to reduce the density of the carbon fiber without 

compromising the mechanical properties. Gulgunje et al. achieved densities as low as 

0.9 g/cm3 with a modulus of 209 N/tex71. The PAN phase could further be reinforced 

by particles of CNT, GNP, Grp, etc. like the D-phase fibers. 

 

Three-phase (3-phase) Fibers: In many fibers, there can be a co-existence of three or even 

more phases composed of either distinct physical differences or chemical compositions 

(Figure 7h). A straightforward example will be the inclusion of more than two 

reinforcement fillers in the same polymer matrix to achieve the synergistic effects, 

including but not limited to the dispersion quality or the compliance of polymer chains on 

one-dimensional and two-dimensional fillers that is not easy to achieve for a single 

nanoparticle. Another example can be the inclusion of different polymers containing some 

specific nanoparticles for multifunctional properties. For example, Xu reported the one-

step fabrication of polymer/nanoparticle/polymer three-phase (3-phase) fibers. Graphene 

nanoplatelets were used as a demonstration18. The benefit of the three-phase morphology 

is the exfoliation of the reinforcement GNP (in the middle layer) by the surface interactions 

between the polymer chains in the exterior and inner layer as during the drawing stage. 

This exfoliating action reduces the number of layers and the thickness of the GNP until a 

single layer thick GNP reinforcement channel is left. This would improve the mechanical 

properties of the pre-treated fibers due to improved alignment and crystallinity, and on 

further heat-treatment, it would help orient the graphitic planes in the axial direction hence, 

enhancing the mechanical properties of the carbon fiber. 
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Figure 7. Different fiber morphologies are made possible with spinneret design. 
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Chapter 2. PAN Fiber Spinning and Characterizations  

2.1. Materials 

Polyacrylonitrile (PAN) (i.e., molecular weight 230,000 g/mol and mean particle size of 

50 microns) copolymer (i.e., 99.5% acrylonitrile/ 0.5% methacrylate) was obtained from 

Goodfellow Cambridge Limited, England. N, N-Dimethylformamide (DMF) was obtained 

from Sigma-Aldrich, graphene nanoplatelets (i.e., surface area 750 m2/g) was obtained 

from Sigma-Aldrich, carbon nanotubes (CNT) NC 7000 (i.e., avg. diameter 9.5 nm Avg. 

length 1.5 µm, avg. surface area 250-300 m2/g) was obtained from Belgium Nanocyl SA, 

and, methanol for the coagulation bath was obtained from Sigma-Aldrich. All materials 

were purchased and used as obtained without further treatment.  

 

2.2. Precursor fiber spinning 

1-phase PAN fibers: A 15 wt% PAN solution was made by dissolving 22.5g of PAN in 

150 ml of DMF. The concentration was so chosen as it provided the highest weight 

percentage of polymer that the syringe pump was able to extrude without getting jammed. 

The solution was placed on a hot plate maintained at 85 °C and stirred with the help of a 

mechanical stirrer at a low RPM for 2 hours to reduce the loss of solvent through 

evaporation. The end of the dissolution step is indicated by the formation of a golden liquid 

with a viscosity similar to that of honey. The solution was de-aerated in a furnace tube 

(Thermo Scientific Lindberg Blue M lab oven) maintained at a low vacuum for 1 hour. The 

spinning dope is then transferred to a metal syringe (80 ml capacity) and placed into the 

syringe pump setup (KD Scientific Legato 200) attached to a spinneret with the diameter 
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of 1 mm. The solution was spun into the methanol coagulant bath maintained at -50 °C and 

a separate one maintained at room temperature for comparisons. The air gap between the 

spinneret and bath was 2 cms. The solution was extruded at a rate of 2 ml/min where it 

undergoes solvent exchange and coagulates into a translucent fiber, which was taken up on 

to a reel at a high take-up rate. The fibers were kept immersed in the methanol bath 

overnight, dried and drawn over a hot plate in successive stages with incremental 

temperatures 110 °C, 130 °C and 150 °C, respectively. The total draw ratio was 6x. The 

fibers spun in room temperature methanol and -50 °C methanol, respectively, are named 

15%PAN-RT and 15%PAN-50 fiber.  

 

D-phase PAN-nanoparticle fibers: 15 wt% PAN solution was made by dissolving 22.5g 

of PAN in 150 ml DMF and heated on a hot plate maintained at 85 °C and stirred with a 

mechanical stirrer at a low RPM. A separate solution of 1g of GNP in 10 ml of DMF was 

obtained by tip sonication for 20 mins with a 5-sec pulse. The solution was de-aerated and 

spun into the methanol coagulant bath maintained at room temperature; the air gap was 2 

cm. The as-spun fibers were kept immersed in the methanol bath and were dried and drawn 

the next day at temperatures of 110 °C, 130 °C, and 150 °C. The total draw ratio was 9x. 

This fiber is named 15%PAN/GNP-d. Because most literature reported an efficient 

reinforcement of carbon nanotubes in the PAN matrix, another same amount of CNT to 

GNP (e.g., 1g of CNT in 10 ml of DMF) was also added to the 22.5g of PAN/150 ml DMF 

solutions as a comparison.  
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3-phase PAN/PAN-nanoparticle/PAN fibers: 3-phase fibers as compared to the 1-phase 

and D-phase fibers were spun using a custom-made spinneret. The spinning set is shown 

in Figure 8. The spinneret has three channels corresponding to the exterior, middle and 

inner layers, with each of which being fed by one type of spinning dopes, leading to the 

blending or mixture of three phases coaxially distributed along the radial direction. For the 

inner and exterior layer, a PAN solution of 15 wt% was made by dissolving 22.5g of PAN 

in 150 ml DMF. The solution was heated on a hot plate maintained at 85 °C and stirred 

with a mechanical stirrer at low RPM. The composition of the middle layer was varied, 

according to Table 2. Weighted amounts of GNP and CNT were taken and dissolved in 

DMF, first by tip sonication 20 mins followed by a bath sonication of 2 hours until an 

optically homogeneous solution was obtained. Required amounts of the PAN were added, 

and the solution was placed on a hot plate maintained at 85 °C being stirred with a 

mechanical stirrer at a low RPM. The solutions were then de-aerated and transferred to 

three separate syringes fed for the core, sheath, and templating channels. A specially 

designed spinneret was used to get the desired morphology of the spun fibers. The dope 

was spun into the methanol coagulant bath at a rate of 1 ml/for the core and outer sheath 

and 2ml/min for the templating channel. The as-spun fibers were taken up on a reel at a 

high rate. The as-spun fibers were kept immersed in the methanol bath overnight and drawn 

the next day at consecutive temperatures of 110 °C, 130 °C and 150 °C. The total draw 

ratios are given in Table 3.  
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Figure 8. The fiber fabrication process, including the spinning, coagulation, 

drawing, and heat-treatment.  

 

Table 2. Summary of as-synthesized fiber compositions 

Number of 

phases 
Fiber Name 

Inner 

Layer 

Exterior 

Layer 
Middle Layer 

Polymer content 
Reinforcement 

Type 

PAN wt 

% 
PAN wt % 

PAN wt 

% 

GNP wt 

% 

CNT wt 

% 

1 
15%PAN-RT 

15 
N/A N/A N/A 

15%PAN-50 N/A N/A N/A 

D 15%PAN/GNP-D 15 N/A 1 N/A 

3 

0%PAN/10%GNP 15 15 0 10 0 

5%PAN/10%GNP 15 15 5 10 0 

10%PAN/10%GNP 15 15 10 10 0 

15%PAN/1%GNP 15 15 15 1 0 

15%PAN/1%CNT 15 15 15 0 1 

 

2.3. Characterizations 

Differential Scanning Calorimetry (DSC): DSC was conducted using a DSC 250 (TA 

Instruments Inc.). The sample weighing about 5 mg was placed on a titanium PAN and 

heated at a rate of 10 °C/min to 350 °C in a nitrogen atmosphere. The heat flow 
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characteristics and glass transition temperature were obtained. The thermal properties are 

summarized in Table 3.  

 

Single Filament Tensile Test: Tensile tests were conducted using a Discovery HR-2 

hybrid rheometer (TA Instruments Inc.). A constant linear strain rate of 150 µm/sec and a 

gauge length of 5 cm was used for the pre-heat-treated fibers, respectively. A number of 5-

10 samples were tested for the average of the mechanical parameters.  

 

Scanning Electron Microscopy (SEM): SEM images were obtained using a Philips XL-

30 ESEM. Surface morphology data was observed, and data relating to the presence of 

voids and the adhesion between the phases were obtained, and the fiber topography was 

obtained.  

Table 3. Summary of the mechanical properties of pre-treated polymer fibers 

Number 

of phases 
Fiber name 

Draw Ratios 
Thermal 

Properties 
Mechanical Properties 

110 
oC 

130 
oC 

150 
oC 

Total 
Tg 

(oC) 

Enthalpy 

(J/g) 

Youngs 

modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Strain 

at 

break 

(%) 

1 

15%PAN-RT 1.6 2.5 2 8.0 88.3 473.9 
9.34 ± 

1.75 

276.25 

± 43.75 

8.1± 

0.1 

15%PAN-50 2.4 2.5 2.7 16.2 74.1 466.9 
8.76 ± 

1.24 

332.51 

± 27.58 

27.0± 

18.2 

2 
15%PAN/1wt%GNP-

D 
2.4 4 - 9.6 96.5 466.9 

4.38 ± 

0.80 

188.26 

± 46.52 

6.8± 

6.2 

3 

0%PAN/10%GNP 1.4 1.9 2.5 6.7 71.4 220.9 
1.28 ± 

0.21 

39.98 ± 

4.91 

8.4± 

0.6 

5%PAN/10%GNP 3.4 3.4 - 11.6 57.4 287.2 
4.49 ± 

0.71 

192.786 

± 26.35 

10.2± 

1.4 

10%PAN/10%GNP 2.0 2.0 2.0 8.0 56.3 285.1 
11.07 ± 

0.87 

418.373 

± 30.46 

8.2± 

1.1 

15%PAN/1%GNP 2.3 2.3 2.3 12.2 78.9 292.8 
9.01 ± 

1.02 

344.90 

± 24.85 

9.4± 

1.3 

15%PAN/1%CNT 5.3 2.3 2.3 28.0 48.7 310.8 
9.76 ± 

1.45 

315.31 

± 41.35 

9.6± 

1.0 
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2.4. Results and discussions 

Optimization of the PAN concentrations: Initially, the middle channel consisted of just 

GNP without any PAN mixture (i.e., GNP/DMF concentration of 10 wt%). Later, the 

GNP/DMF concentration was 10wt% while the PAN/DMF concentration increased in 

increments of 5 wt% from 0 wt% to 10 wt% (e.g., 10 wt% PAN/DMF with 10 wt% 

GNP/DMF meaning a GNP: PAN ratio of 1:1). Though there is an increasing trend for the 

mechanical properties as a function of the PAN:GNP ratio, this composition containing 

10wt% GNP was unsuitable for the 3-phase fiber as the high concentration of GNP in the 

middle layer led to discontinuous GNP distributions during the spinning and drawing 

procedure. This is mainly due to the unmatched rheological behavior with the inner and 

outer PAN solutions. As the concentration of PAN/DMF in the middle channel was 

increased from 0% to 15%, a further improvement in tensile strength and Young’s modulus 

was observed (Table 3 and Figure 9). Though promising, the discontinuity of graphene in 

the middle layer made it challenging to process the composite fibers further.  

 

It is worth mentioning that the interior and the exterior layers use a PAN concentration of 

15 wt%. The spinning of fibers at the room temperature and -50 oC did not show too much 

difference for its mechanical properties (Figure 10 and Table 3). Therefore, for all 

experiments conducted in this paper, the room temperature condition was used for all fiber 

spinning. Also, notice that an attempt at fabricating a fiber with 15 wt% PAN and 10% 
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GNP in the middle channel composition was not possible as the rheology of such a solution 

provides a too high viscosity to spin fibers. 

 

Since (i) 10 wt% nanoparticles, especially for the GNP, was too high for continuous fiber 

collection and post-treatment and (ii) 15 wt% PAN and 10 wt% GNP in the middle layer 

generated a too high viscosity for the fiber spinning, this study will start from a low 

concentration of GNP (1 wt%) at a PAN concentration of 15 wt% to demonstrate the 

nanoparticle reinforcement (Figure 11). At the same time, the interior and exterior layers 

also used the PAN/DMF 15 wt% dopes.  
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FIGURE 9. Single filament tensile tests of the 3-phase fibers with incremental PAN 

concentrations. 
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Figure 10. Single filament tensile test of 1-phase PAN fibers spun at room 

temperature (15%PAN-RT) and -50 oC (15%PAN-50). 
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Figure 11. Single Filament tensile tests of 3-phase fibers with 1% GNP and 1% 

CNT in the middle channel. 
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The ratio of this specific content of PAN and GNP was also provided via an examination 

of the mechanical properties for the low ratios of PAN: GNP and their inefficient 

interactions. Fibers with no PAN content in the middle layer showed a phenomenon called 

slippage, as seen in Figure 12. This was in part due to the GNP acting a lubricant between 

the phases. When the tension was applied at the axial ends of this fiber, it would cause the 

exterior and middle layer to be displaced relative to each other. Upon failure, the sheath 

would fracture first, followed by the core at a later stage. This was seen to be hampering 

the mechanical properties of the fiber resulting in a less than desirable mechanical strength 

and Young’s modulus. For this reason, the PAN/GNP ratios were increased to improve the 

middle layer interactions with the interior and exterior PAN channels. An increase of the 

PAN concentration to 15wt% for the interior and exterior layers and the simultaneous uses 

of 10 wt% GNP significantly increased the rheology, making the fiber non-spinnable.  
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Figure 12. Effect of addition of 5 wt% PAN in the GNP middle layer on the fracture 

mode due to slippage. 

 

Mechanical property comparison between the D-phase and the 3-phase fibers: Within 

the composites, the best mechanical properties were seen in the fiber with a 10wt%:10wt% 

composition of PAN: GNP in the middle channel. This is attributed to the improved 

adhesion between the phases in the pCFs. The D-phase samples, however, showed the least 

mechanical enhancement, possibly due to the dispersion quality and inefficient interfaces 

that are consistent with other literature reports. Attempts to spin simultaneously high 

concentrations of GNP reinforcement (i.e., 15 wt%) in the middle channel) was 

unsuccessful due to the high viscosity of the spinning solution. Thus, the 15% PAN with 

1% nanoparticles (i.e., both GNP and CNT) were used to demonstrate their reinforcement 
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efficiently in mechanical properties (Table 3) and to study how these structures will further 

influence the mechanical performance of the carbonized fibers.  
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Chapter 3. PAN Fiber Carbonization and Characterization 

3.1. Materials 

The fibers synthesized in Chapter 2 and listed in Table 3 were used in this section for 

carbonization to obtain carbon fibers and their subsequent characterizations. 

 

3.2. Carbon fiber processing 

Precursor fiber heat treatment for carbon fibers: The furnace used was a Thermo 

Scientific Lindberg Blue M 1700 box furnace. The schematic of the heat-treatment process 

is given in Figure 11. The fibers were wound around an alumina crucible boat so at to 

maintain tension during the process. The stabilization temperature was set to 280 °C with 

a heating rate of 5 °C/min and a hold time of 30 mins in the air followed by the 

carbonization at 1250 °C at a rate of 5 °C/min with a hold time of 10 mins in an ultra-high 

purity nitrogen atmosphere. The furnace was allowed to cool down to room temperature at 

5 °C/min with constant nitrogen purging. The specific treatment procedures and the 

mechanical test feasibility are also listed in Table 4.  

 

Table 4. Summary of the outcomes of the heat-treatment of fibers 

Numbe

r of 

phases 

Samples 

The temperature of heat-treatment (°C) Mechanic

al test 

feasibility 
Stabilizatio

n in air 

Stabilizatio

n time (hrs) 

Carbonizatio

n 

Carbonizatio

n time (hrs) 

Coolin

g time 

1 15%PAN-RT 

280 1.5 1250 4 4 

Yes 

D 15%PAN/GNP-d No 

3 

15%PAN/1%GNP Yes 

15%PAN/1%CNT Yes 

0%PAN/10%GNP No 

5%PAN/10%GNP No 

10%PAN/10%GN

P 
No 
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Figure 13. Heat-treatment setup. 

 

3.3. Characterizations 

Scanning Electron Microscopy (SEM): Scanning electron micrographs were obtained 

using a Philips XL-30 Environmental SEM. Surface morphology data was observed, and 

data relating to the presence of voids and the adhesion between the phases, topography of 

fracture surfaces were obtained. 

 

Single Filament Tensile Test: Single filament tensile tests were conducted using a tensile 

tester (Discovery HR-2 hybrid rheometer). A constant linear strain rate of 50 µm/sec was 

used for the post-heat-treated carbon fibers. The low linear strain rate used to avoid 

premature fracture in the post-treated fibers as the fibers tend to be brittle in the lateral 

direction.  
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Electrical Resistivity Measurements: The resistivity measurements of the pre and post-

heat-treated fibers were characterized using a multimeter (Keithley DMM 7510 digital) 

and the results were summarized as follows in Table 6. 

 

3.4. Results and discussions 

Morphology studies: Heat-treated fibers with optimized mechanical properties are 

summarized as follows. All fibers were carbonized at 1250 °C with the procedure 

mentioned in section 3.2. All the fibers that have been heat-treated (i.e., stabilized and 

carbonized based on the PAN and composite fibers from chapter 2) have the prefix HT- 

followed by the fiber name as given in chapter 2.  

 

Thermal analysis of PAN: The PAN fibers were treated during the post-heat-treatment 

(i.e., stabilization and the carbonization stages). During pyrolysis from the TGA analysis, 

the polymer content shrinks significantly due to mass loss. Stabilization is done up to 280 

°C in air. There is a significant mass loss in PAN, ~ 20% at ~300 °C (Figure 14).  
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Figure 14. TGA of PAN. Note that mass loss begins at around 300 °C. 

 

Morphology studies: The concentration of PAN in the middle layer was studied for its 

influence on the graphene morphologies, as shown in Figures 15, Figure 16, and Figure 

17. Figure 15 shows the morphologies of the 3-phase fiber with no PAN content in the 

middle channel both before (Figures 15a-c) and after (Figures 15d-h) the heat-treatment. 

The GNP materials were successfully separated from the interior and exterior PAN layers 

and distributed more loosely without strong bonding with the polymer layers that can be 

demonstrated by the fracture mode of delamination (i.e., the sheath peeling off from the 

core). The mechanical damage of this procedure may also reflect the sliding of the channels 

in slippage that can be observed in simple tension tests (Figure 12). Under mechanical 

tension, the middle layer tends to break first because of the voids trapped and the crack 

initiation, followed by the inner at a later stage. The GNP templating channel does not seem 
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to provide any mechanical benefits and is contributing to the deterioration of the 

mechanical properties. The heat-treatment did not enhance the packing of the graphene 

layers and retained the loosely distributed structures, with a high-resolution image showing 

the preferential alignment of these platelets. On the other hand, upon heat-treatment of the 

fiber, the polymer phases (i.e., interior and exterior layers) tend to shrink due to mass loss 

during the pyrolysis process while the GNP phase sees little to no mass loss or volume 

shrinkage. This led to a worse mechanical performance due to the more easily propagated 

cracks in the graphene layers because of a low-density phase sandwiched between two 

phases of higher packing densities. 

 
Figure 15. 3-phase fiber with the middle layer composition of 0%PAN/10%GNP. 

Pre-heat-treated fibers with morphologies of (a) cross-section; (b) exterior-middle 

layer interfaces; and (c) interior-middle layer interfaces. Post-heat-treated (i.e., 
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stabilized and carbonized) fibers with morphologies of (d-h) fractured surfaces with 

loose but aligned GNP.  

 

The effect of increased polymer content in the middle layer can be seen in Figures 16 (i.e., 

5wt% PAN/10wt% GNP) and 17 (i.e., 10wt% PAN/10wt% GNP). The orientation of the 

graphitic planes in the treated fibers have a high degree of alignment in the long axis 

direction. This is due to a combination of factors including better phase drawability and 

polymer filling among the graphitic planes, all leading to improved packing density. The 

microstructure that plays a crucial role in the mechanical properties of the fiber is 

significantly impacted by the PAN content in the templating channel. PAN has a marked 

effect on adhesion, drawability, density both before and after heat-treatment, and thus, the 

mechanical properties. The SEM micrographs show a trend where the previously 

mentioned properties are consistently improved with the addition of PAN in the templating 

channel. The concentration of PAN in the inner and exterior layers (i.e., 15 wt%) is higher 

than that in the templating channel (up to 10wt%). The difference in the concentrations 

leads to different shrinkage behavior when the fibers are pyrolyzed during heat-treatment.  

 

Increasing the PAN content in the GNP channel contributes to greater alignment of the 

graphitic planes in the middle layers. This is attributed to the polymer aligning the GNP 

(Figure 16) during the three drawing stages. The final alignment in the axial direction 

translates to enhanced density and adhesion between the phases leading to better 

mechanical properties. On heat-treatment, the difference in shrinkage between the phases 

is similar though not equal as the PAN content in the templating channel (i.e., 5wt%) is 
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just one-third the PAN content in the core and sheath (i.e., 15 wt%). As a result, it has a 

marked improvement in mechanical properties (Table 3 and Figure 9) as compared to the 

3-phase fibers without PAN involvement in the middle layers. However, the adhesion 

between the phases is seen to be lacking (Figure 14b and Figure 14c). The GNP channel 

acts as a lubricant allowing slippage between the different phases, as seen in the mechanical 

test of this fiber (see single filament tensile test results for slippage in Section 2.4 Figure 

12). Figure 16 shows the effects of addition 5 wt% PAN in the middle layer. The alignment 

of the GNP is marginally improved on heat treatment (Figure 16 a1 and a2). Figure 16 b1 

and b2 show improved density, reduction in voids, and enhanced adhesion of the middle 

layer to the inner layer. A further increase of the PAN concentrations to 10w% (Figure 17) 

provided fiber spinning dopes with a 1:1 ratio of PAN to GNP in the middle channel, 

showing the best mechanical properties as expected (shown in Table 3 and Figure 9). This 

is attributed to an improved higher density of the GNP, resulting in a low concentration of 

voids, the orientation of graphitic planes, more exceptional adhesion between phases, and 

continuity of the graphitic planes.  
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Figure 16. 3-phase fiber with the middle layer composition of 5%PAN/10%GNP with 

post-heat-treatment (e.g., HT-5%PAN/10%GNP). (a1-a2) middle-layer; (b1-b2) 

interior-middle interfaces; and (a1-a2) middle-exterior interfaces, all showing an 

increase of GNP alignment with higher GNP content in the middle layer but with 

loose structures and void presence.  

 

A high degree of microstructural control was achieved when the PAN concentration was 

increased. This is seen when Figure 15, Figure 16, and Figure 17 are compared. In 

Figures 15 and 16 the adhesion between the different phases was poor in the pre-treated 

and the post-treated fibers leading to poor mechanical properties. Figure 14 showed the 

best adhesion and orientation that was achieved, translating to better mechanical properties. 

The increase in the mechanical properties of the 3-phase fibers was due to the increase in 

PAN content in the middle channel. A decision was made to increase the polymer content 

further to 15 wt. % and reduce the nanoparticle content to 1 wt. %. This composition would 
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be similar to the compositions used to fabricate the one-phase fibers reported in several 

prior studies. 

 

 
Figure 17. 3-phase fiber with the middle layer composition of 10%PAN/10%GNP 

with post-heat-treatment (e.g., HT-10%PAN/10%GNP). Morphologies of fiber 

fractured surfaces (a) before heat-treatment; (b1-b3) after heat-treatment with the 

interior-middle interfaces; (c1-c3) after heat-treatment with the exterior-middle 

interfaces. 
 

Mechanical properties: 3-phase 15%PAN/1%GNP fibers exhibited the best mechanical 

properties after the heat-treatment (Table 5). We could attribute this to the high aspect ratio 

of the GNP reinforcement when compared to the CNT, leading to a better orientation and 

continuity in the graphitic planes over the CNT reinforced fiber and single-phase fiber. 

Mechanical properties of D-phase fibers (i.e., 15%PAN/GNP-D), and 3-phase fibers (i.e., 
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the exterior and interior composition of 15 wt% PAN, and, the middle-layer compositions 

of 0%PAN/10%GNP, 5%PAN/10%GNP, and 10%PAN/10%GNP) were dismal before the 

heat-treatment (Figure 3), with the 15%PAN/GNP-D fiber not surviving the heat-

treatment process on multiple occasions. The 3-phase fibers with different PAN 

concentrations (i.e., the middle-layer compositions of 0%PAN/10%GNP, 

5%PAN/10%GNP, and 10%PAN/10%GNP) fibers did survive the heat-treatment process 

and also were too brittle (see mechanical feasibility Table 4) in the lateral direction 

preventing them from being clamped for mechanical characterization. Figure 18 shows the 

stress-strain curves of the fibers that were mechanically feasible, and their properties are 

summarized in Table 5. 

 

Table 5. Summary of heat-treated fibers 

Fiber Name Youngs Modulus (GPa) Tensile strength (MPa) Strain at failure (%) 

HT-15%PAN-RT 42.3 ± 11.4 316.4 ± 107.6 1.5 ± 0.5 

HT-15%PAN/1%GNP 74.6 ± 17.6 440.6 ± 145.9 1.3 ± 0.6 

HT-15%PAN/1%CNT 38.9 ± 22.2 290.3 ± 137.3 1.1 ± 0.9 
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Figure 18. Single filament tensile test of heat-treated fibers. 

 

Statistical Distribution for Tensile Strength: The Weibull modulus is used to statistically 

characterize the strength of materials based on the assumption that failure occurs at the 

most critical flaw 723238. The Weibull statistics show the variability in mechanical properties 

in fibers due to the distribution of defects. It can be used to determine the structural viability 

of materials. Most fibers follow the Weibull model. The Weibull distribution is given by 

Eq. 1 and Eq. 2. 

 𝑷(𝝈) = 𝟏 − 𝐞𝐱𝐩[−(
𝝈

𝒙𝒐
)𝜷] Eq. 1 

 
𝒍𝒏 (𝒍𝒏

𝟏

𝟏 − 𝑷(𝝈)
) = 𝜷[𝒍𝒏𝝈 − 𝐥 𝐧(𝒙𝒐)] 

 

Eq. 2 

A linear fit of the plot obtained from Eq.2 will give the shape parameter, 𝛽 and scale 

parameter, 𝑥𝑜, 𝜎 is the failure strength. Probability of failure, 𝑃(𝜎) is given by  
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𝑃(𝝈) =

𝒊 − 𝟎. 𝟓

𝑵
 

Eq. 3  

Where 𝑁 is the number of samples and 𝑖 is the failure rank. The Weibull modulus or shape 

parameter 𝛽, defines the variability of the distribution. A higher 𝛽 is desired as it translates 

to a narrower distribution and a lower 𝛽 means a broader distribution. Synthetic fibers have 

a Weibull modulus between 2 and 20. The Weibull modulus for each of the heat-treated 

fiber was fitted using the least square method summarized in Table 6. The 𝑥𝑜  values 

predict the modulus and strength of the fiber when modulus and strength fitting is done. 

The 𝑥𝑜 values of the modulus and strength are more predictive for the intrinsic mechanical 

properties of the fibers, considering their defects and showing great potential in further 

improving the fiber qualities.  

          

 
Figure 19.a1, a2, and a3. Show the modulus fitting, while b1, b2, and b3 show 

strength fitting of the various fibers summarized in Table 6. 
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Table 6. Weibull parameters of heat-treated fibers. 

 Modulus fitting Strength fitting 

Fiber Name 

Tensile 

modulu

s (GPa) 

Scale 

paramete

r 𝒙𝒐 

(GPa) 

Shape 

parameter

, 𝜷 

Tensile 

Strengt

h (MPa) 

Scale 

paramete

r 𝒙𝒐 

(MPa) 

Shape 

parameter

, 𝜷 

HT-15%PAN-RT 
42.3 ± 

11.4 
47.2 3.1 

316.4 ± 

107.6 
335.0 4.1 

HT-15%PAN/1%GNP 
74.6 ± 

17.6 
84.3 4.4 

440.6 ± 

145.9 
526.4 3.9 

HT-

15%PAN/1%CNT 
 

38.9 ± 

22.2 
47.2 3.1 

290.3 ± 

137.3 
375.5 2.4 

 

Electrical properties: The pre-heat-treated carbon fibers showed no conductivity (i.e., 

infinite resistance) (Table 7) when measured with the multimeter. This could be attributed 

to the discontinuity of the GNP/CNT channel within the pre-heat-treated fibers. On heat-

treatment, however, the formation of continuous graphitic planes allows pathways for 

electrical current to flow with varying resistance, as seen with different fiber compositions. 

The fiber having no GNP/CNT channel showed the maximum resistance (i.e., lowest 

conductivity). The fibers with GNP/CNT channel showed considerably higher 

conductivity, making them much more suitable for sensing applications.  

 

Table 7. Resistivity measurements 

Fiber 
Resistance 

measured (Ω) 

Length 

(m) 

Diameter 

(m) 

Area 

(m^2) 

Resistivity (ρ) 

(Ω·m) 

15%PAN-RT NA 4.62E-02 6.77E-05 3.60E-09 NA 

HT-15%PAN-RT 1.49E+03 4.75E-02 5.18E-05 2.11E-09 6.59E-05 

15%PAN/1%GNP NA 4.50E-02 8.24E-05 5.33E-09 NA 

HT-15%PAN/1%GNP 8.41E+02 4.82E-02 4.76E-05 1.78E-09 3.10E-05 

15%PAN/1%CNT NA 4.91E-02 1.87E-04 2.75E-08 NA 

HT-15%PAN/1%CNT 6.61E+02 4.77E-02 4.64E-05 1.69E-09 2.34E-05 
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Volatile Organic Compounds (VOCs) Sensing: Testing for the volatile organic 

compound was carried out by testing for change in electrical response (resistance) when 

concentrations corresponding to 30 ppm, 60 ppm, and 120 ppm of methanol was passed 

over the sensor made of HT-15%PAN/1%GNP fiber mounted on a rigid substrate with 

conducting wires attached to its ends (Figure 20). The increase in resistance can be 

explained by the formation of surface bonds between the CF and the VOC that resulted in 

barriers to the flow of electrons on the surface of the fiber.  

 
Figure 20. Carbon fiber VOC sensor and setup. 

 

The ppm concentration was measured using the formula: 𝑝𝑝𝑚𝑐𝑜𝑛𝑐. =
𝑊0−𝑊𝑓

𝑡𝑋𝑡𝑜𝑡𝑎𝑙𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒
. 

Where 𝑊0 is the initial weight of the VOC, 𝑊𝑓 is the final weight of VOC, and t is the 

time. The resistance was initially measured at t0
 corresponding to VOC flow diluted with 

air for 30 sec after which airflow was turned down to increase the concentration of VOC, 
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resulting in a change in resistance. The Airflow was turned up again after 30 sec to dilute 

the VOC concentration resulting in the resistance going back to the same base value. This 

was repeated for all three ppm concentrations summarized below in Figure 21. 

 
Figure 21. Methanol sensitivity. The blue shaded region indicates when the VOC 

and dry air was flowing through the sensor, and the red region indicates the point 

when the dry air was turned off. 

 

The VOC sensor can detect organic compounds with concentrations as low as 30 ppm. At 

higher concentrations say 120 ppm, the sensor shows much latency in returning to base 

resistance. This can be attributed to the fact that the surface bonding is hard to break off at 

elevated concentrations resulting in a prolonged increase in resistance. For the moderately 

concentrated 60 ppm, the sensor shows a rapid spike in resistance when the airflow is 

stopped, followed by a rapid decline in resistance when the airflow is turned back up after 

30 seconds. For the 30 ppm VOC concentration, the latency in recording the initial 
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resistance rise was higher than the first on/off cycle (i.e., higher than 60 seconds). The 

initial spike in resistance was recorded after several seconds after the dry air was turned 

back up after the first on/off cycle. 

 

Pressure Sensing: A carbon fiber grid pressure sensor was fabricated using a 4-point mesh 

arrangement, as seen in Figure 22. This design was chosen as it would give the precise 

location of where the force was applied to the mesh pattern with high accuracy. The 

resolution of the sensor would be cogent on the density of the mesh network, with a higher 

mesh density translating to a better resolution. However, further studies are required in 

order to quantify the force applied accurately. It is observed that when pressure was applied 

at a node, which is a point of intersection between two carbon fibers (CFs), the measured 

resistance is reduced. This is because when the CFs, which are not insulated, contact each 

other on the application of pressure, it creates a new circuit allowing the current an 

additional pathway through which to flow. This is recorded as a drop in resistance on the 

multimeter giving us a precise location of where the force has been applied when two 

simultaneous measurements are taken. The resolution of this sensor was 10 mm as the 

fibers were arranged in a 10 mm x 10 mm grid. Lower resolutions are possible if the density 

of fiber within a square area is increased.  
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Figure 22. Schematic of the carbon fiber pressure sensor. 

 

The two resistance measurements from the fibers connected at the blue and red terminals 

respectively were taken. This was done to ensure that both fibers at the intersection gave a 

response. This response is essential in determining the location of the applied pressure. The 

drop in resistance was seen at ~30 sec mark in both cases, and this was when the weight 

was applied, as seen in Figure 23. After a further 30 seconds, the weight was removed, 

resulting in a rise in resistance back to the base level. The resistance drops and take-offs 

were seen to be similar in onset and offset times, thus providing a proof of concept of this 

CF sensor. The green graph shows the response from the adjacent fibers. No observable 

drop in resistance was recorded. The features observed in the graph can be attributed to 

background noise. 
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Figure 23. Resistance measurements of node 1. Blue and red graphs are indicating 

the measurements made from the blue and red contacts, respectively. The blue and 

red shaded region indicates the interval in which the force was applied and removed, 

respectively. The green graph shows the response from other contacts. 
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Chapter 4. Conclusions and Future Work 

Mechanical properties of pCFs are dependent on the continuity, density, and interfacial 

action of the hierarchical graphitic structures. The presence of voids formed during 

crystallization due to the random dispersion of reinforcement/nanofiller in pre-carbon 

fibers (pCFs) deteriorates these properties. In this project, a specialized templating 

graphene channel was developed via a spinneret designed in house. This channel runs in 

the axial direction of the fiber and concentrically to the outer and inner polyacrylonitrile 

(PAN) channels. This channel is composed of graphene nanoplatelets (GNP) and a varying 

concentration of PAN. On drawing the as-spun fibers, the GNP is aligned in the axial 

direction. This channel then allows for crystallization along the axial direction and 

minimizes the formation of voids leading to enhanced mechanical properties. The 

mechanical test shows the composite as-spun fiber with GNP templating channel has 

improved modulus and tensile strength as compared to the pure PAN fiber, due to the 

alignment of the GNP. Resistivity, VOC sensitivity, and pressure sensitivity measurements 

were demonstrated as well.  

 

For future work, a novel fiber morphology of “island-in-the-sea” microstructure should be 

examined due to the better control of PAN/GNP microstructures. This kind of morphology 

could be used to synthesize near-nano scale pre-carbon fibers. On heat treatment, the fibers 

will shrink to the nanoscale range of diameters. For the VOC sensor, an alternate 

arrangement of multiple fibers arranged in a series of rows or made to form a grid to 
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improve the sensitivity of the sensor could be attempted. The pressure sensor with a higher 

mesh density could be fabricated to improve the current 10 mm resolution to the micro and 

possible nanoscale resolutions. This can have applications in MEMS devices. 
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