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SUMMARY 

Carbon fibers are widely used in aerospace, sporting goods, and wind turbine blades 

for reinforcing composite materials due to their high tensile strength, modulus, and low 

density. However, due to the relatively high cost of production compared to some common 

metals such as steel or aluminum, carbon fibers have not been widely used in many other 

applications, such as in the automobile industry. The reduction of carbon fibers’ cost is 

useful for a wide range of applications. Currently, polyacrylonitrile (PAN)-based carbon 

fiber dominates over 90% of the carbon fiber market. PAN-based carbon fibers typically 

are made from PAN precursor fibers after stabilization and carbonization processes. 

Stabilization is regarded as the rate-limiting step and requires a long residence time of 

about 2 hours. Stabilization generally takes place in a convective heating oven between 

200 to 300 °C. In this thesis, the Joule heating process was used to replace convective 

heating for PAN stabilization by incorporating carbon nanotubes (CNTs) in the fiber to 

produce the required fiber conductivity for resistive heating. The processing, structure, 

properties, and Joule heating were shown for PAN/CNT fibers in this thesis.  Stabilization 

through Joule heating was demonstrated for bi-component core-sheath PAN-PAN/CNT 

fibers with less than 5 wt% CNT, in both a batch and continuous process.   

Chapter 1 gives an overview of the literature on the PAN fiber, and CNT based 

polymer composites, and Joule heating. Chapter 2 shows a rheological study of PAN/CNT 

dispersion with up to 15 wt% of CNT. The presence of CNTs increased the elastic-like and 

shear thinning behavior of the dispersions. Rheological behavior provides a good indicator 

of fiber spinnability of PAN/CNT. Chapter 3 presents the fabrication, mechanical and 



 xiv 

electrical conductivities, and Joule heating of bi-component core-sheath PAN-PAN/CNT 

fibers in a batch process. Fibers with relatively thin sheath allowed overall CNT loading as 

low as 3.7 wt% to be made with good electrical conductivity, and such fibers were used to 

demonstrate that Joule heating was able to stabilize PAN at a relative low CNT content.  

Chapter 4 focuses on the stabilization of PAN/CNT fibers in a convective heating oven, 

including both single-component and bi-component core-sheath PAN-PAN/CNT fibers. 

CNT increased the reaction rate and reduced the time of PAN stabilization in these fibers. 

When comparing to PAN fiber with comparable diameter, the heat of stabilization of 

PAN/CNT fibers increased up to 3 times in the air atmosphere. Porosity was observed in 

the PAN/CNT precursor and in the stabilized PAN/CNT fiber. This porosity was 

considered responsible for increased oxygen diffusion rate, and hence for reduced PAN 

stabilization time. Chapter 5 presents a continuous Joule heating process, which was used 

for the first time to stabilize polyacrylonitrile (PAN) fibers containing carbon nanotube 

(CNT) fillers. Single-component PAN/CNT fibers with 7 wt% CNT and bi-component 

fibers with core-sheath geometry and less than 5 wt% CNT were fabricated. Joule heating 

was conducted continuously on a 200 filament bundle for single-component fibers and on 

bundles with up to 6000 filaments for the bi-component fibers. A model of heat transfer 

and thermodynamics occurring during Joule heating is developed and utilized to 

understand the reductions in stabilization time and energy consumed when compared to 

convective heating. The minimum energy needed for stabilization through Joule heating is 

estimated to be less than 1 % of the energy used through convective heating. Conclusions 

and recommendations for future work are presented in Chapter 6. 
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CHAPTER 1. INTRODUCTION 

1.1 PAN and PAN fiber 

PAN fibers are used to make blankets, outdoor awnings, and clothing [1]. For 

example, acrylic made from PAN copolymers is often used in knitted clothing such as 

sweaters and socks. Moreover, PAN is the current dominant precursor for carbon fiber. 

Figure 1.1 shows the chemical structure of the PAN polymer. PAN-based precursor is made 

from petroleum products: the single unit of polyacrylonitrile, acrylonitrile (AN) can be 

made through ammoxidation process with ammonia and propylene, then precursor PAN 

can be produced through the polymerization of AN [2,3]. 

 

Figure 1.1. Chemical structure of monomer repeat unit of PAN. 

PAN degrades before melting under normal conditions. The melting behavior was 

only observed at a very rapid heating rate (i.e. >50 °C/min) [4,5].  Due to the special 

behavior, PAN is commonly solution processed.  PAN fibers were first mass produced 

using solution spinning by DuPont in the 1950s [3].  PAN precursor can be made by a 

variety of spinning techniques, including melt spinning [6,7], dry spinning(e.g., DuPont 

OrlonTM and Bayer DralonTM ) [3], wet spinning, dry-jet-wet spinning [8]. Wet spinning 

and dry-jet-wet spinning are widely used in industry or for research to produce precursor 

fibers. In both processes, PAN polymer or its copolymer is dissolved into highly polar 



 2 

solvents such as dimethyl sulfoxide (DMSO), N, N-dimethyl formamide (DMF), and N, 

N-dimethyl acetamide (DMAc) [3,8]. A pump or a piston pushes the PAN polymer solution 

into a jet through a spinneret. Then, the jet coming from the spinneret immerses into 

different coagulation baths.  In the wet spinning process, the jet goes into a non-solvent for 

PAN, such as water or methanol; while in the dry-jet-wet spinning process, the jet first 

passes through a small air gap where evaporation takes place, followed by a non-solvent 

bath. 

Gel spinning has also been used to produce PAN and PAN copolymer fibers. High 

molecular weight PAN-co-MAA has been recently used to produce precursor, composite 

fiber, and carbon fiber [9–12]. Firstly, the polymer solution is made with high molecular 

weight, low solid content PAN or PAN co-polymer in DMF or DMAc; then the jet is 

quenched into a cold methanol bath to form a gel-like state with fiber shape (as-spun fiber); 

lastly, the as-spun fiber can be further drawn into a highly oriented fiber.  

Co-solvent systems have been studied for PAN [13–21]. The motivations of these 

studies on co-solvents can be summarized as follows: 1) to understand the rheological 

behavior and gelation of PAN solution in DMSO with added non-solvent such as water or 

ethanol; 2) to correlate the interaction between solvents (or solvent mixtures) and polymer  

(i.e., solubility parameters) to the gelation behavior and the homogeneity of polymer 

solution; 3) to understand the effect of non-solvent in the spinning solution on the 

coagulation process and fiber morphology (e.g., voids formation).  

Co-solvent system involves PAN dissolved in solvent mixtures with water and 

dimethyl sulfoxide DMSO) has been studied intensively [19–21]. Other co-solvent systems 

include methanol/DMSO, ethanol/DMSO, and toluene/DMAc, or a mixture of good 
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solvents such as DMF/DMSO [13–18]. One interesting finding for those complex systems 

is that non-solvents, including water and ethanol, can induce elevated gelation temperatures 

in PAN/DMSO solutions [19–21]. Fiber spinning has also been carried out using 

PAN/DMSO/water and PAN/DMSO/ethanol. Chen et al. [20]and Zhang et al. [21] 

believed that the non-solvent added into polymer solution for fiber spinning influenced the 

dual diffusion of solvent and non-solvent during the coagulation process and led to a 

homogenous microstructure of PAN fiber. However, in both studies, the properties and 

microstructure of fiber spun from PAN/DMSO/water were not compared to the fibers spun 

from PAN/DMSO. And the effect of non-solvent on resulting fiber properties remained 

unclear. To answer the question, a case study was conducted in the current work to show 

the effect of water on the tensile properties of the resulting PAN fiber. Besides, the gelation 

behavior of PAN/DMF with water and toluene co-solvent is studied.  

In addition, Hansen’s solubility parameters are used in the current study to guide 

the selection of solvent and solvent mixtures for PAN fiber spinning. A number of solvent 

and co-solvent systems are selected from the prediction of Hansen’s solubility parameters, 

including DMF/water, DMF/toluene, sulfolane, and sulfolane/propylene carbonate (PC). 

Multiple solvent mixtures are shown to be potential alternative solvents for producing PAN 

fiber, including DMF/PC and Sulfolane/PC from the current study. Nevertheless, the 

tensile properties of PAN fibers made using such solvent mixtures did not show a 

significant increase when compared to the tensile properties of fibers spun from the PAN 

solution dissolved in DMF. The results of the work are documented in Appendix A.  

1.2 Carbon nanotubes (CNT) and polymer/CNT composites 
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Carbon nanotubes were successfully synthesized by Iijima in 1991 [22]. Various 

types of carbon nanotubes have been developed, which are commonly classified by the 

number of walls of the tube, including single-wall carbon nanotube (SWNT) and multi-

wall carbon nanotube (MWNT).  Carbon nanotubes have been made through various 

processes such as chemical vapor deposition, laser ablation, or arc discharge [23]. Some of 

the most important properties, including the size (diameter, length, or aspect ratio), number 

of walls, or purity of carbon, depending on the manufacturing techniques. 

CNTs show high mechanical properties. The theoretical calculation shows up to 

150 GPa ultimate strength and up to 1 TPa modulus for a single carbon nanotube [24].  

Besides exceptional mechanical properties, CNT can also have high electrical and thermal 

conductivity up to 107 S/m and 6000 W/m-K, respectively [25].  

Incorporation of CNT into polymers can make conductive composites and enable 

various applications, including electrostatic dissipation, electrostatic painting, 

electromagnetic interference (EMI) shielding, printable circuit wiring, and transparent 

conductive coating [24]. For example, composition > 0.3 wt% SWNT loading into 

polycarbonate (PC) enables electrostatic painting with electrical conductivity in the range 

of 0.01-10 S/m [26]. One of the most important concepts is the percolation threshold 

involving conductive composites with CNT filler. The percolation threshold is defined as 

a sharp order of magnitude jump in electrical conductivity, which indicates a three-

dimension network in the polymer nanocomposite [27]. Percolation network can be 

determined by fitting with a power-law function [26]: 

𝜎𝑐 ∝ (𝜙 − 𝜙𝑐)𝛽    (1) 
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where 𝜎𝑐  is the electrical conductivity of composite, 𝜙 is CNT volume fraction, 𝜙𝑐 is the 

CNT volume fraction at the percolation threshold, and β is the critical exponent.  

Many factors contribute to the percolation threshold, including the CNT length, 

aspect ratio, dispersion, and alignment. Bai and Allaoui [28] found that by increasing 

MWNT length from 1 to 50 μm, the threshold decreases 8 times with MWNT/epoxy 

composites. Through both experiments and 2D Monte Carlo simulation, Du et al. 

[29]confirmed that intermediate alignment contributed to higher conductivity than fully 

isotropic condition at small SWNT loading. When CNTs align themselves, then fewer 

contacts appear between tubes, and the conductivity decreases [29]. Dispersion and 

aggregates lead to a controversial argument involving percolation: Generally, better 

dispersion leads to a lower threshold since well-dispersed CNT has a higher aspect ratio 

than aggregate. However, Kovacs et al. [30] showed that high contact resistance ouldarise 

when the CNT were well-dispersed and wrapped by polymer structure.  Bryning et al. [31] 

also found that slight aggregation could result in a lower percolation threshold with solvent 

processing of SWNT into epoxy.   

1.3 Bi-component fiber 

Bi-component fibers were first found in nature. In the 1950s, by employing 

differential staining experiments, natural wool fibers were found with an inherent bilateral 

structure, which was believed to be related to the fiber’s self-crimping effect [32]. A 

synthetic side-by-side bi-component fiber named CantreseTM, made from two different 

nylon polymers, was introduced commercially by DuPont in the 1960s [33].  The idea to 

make fiber with two components has become one of the important concepts in fiber 

research and industry. Bi-component fibers with various cross-section geometries have 
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been made, including sheath-core, island-in-the-sea, and side-by-side [34,35]. With bi-

component geometry, certain properties can be achieved with two polymer components of 

different properties. Multi-functionality can also be achieved by the introduction of extra 

fillers using bi-component geometry [36,37]. Mechanical, electrical, thermal, or aesthetic 

properties can be enhanced. Filler such as nano metallic particles, cellulose nanocrystals, 

or CNTs can be incorporated for imparting different properties in the fibers [38].  CNTs 

have been used in the bi-component fibers for enhancing electrical properties (Table 1.1) 

[34,39–45]. One example is the core-sheath polyethylene/CNT (10 wt%) – polyamide fiber 

fabricated by Strååt et al. [42]. By using the core-sheath structure, the electrical 

conductivity was improved at relatively low overall CNT content by only putting CNT in 

the sheath component. The bi-component fibers possessed electrical conductivity of up 

to10 S/m at 3 wt% CNT. The maximum electrical conductivity of such bi-component fiber 

is higher than most of the reported experimental data from the literature ( <10 S/m) of 

polymer/CNT at CNT content <3 wt% summarized by Bauhofer and Kovacs [46]. 

Another study [34] on PAN core and PAN-CNT sheath fibers processed gel 

spinning showed good mechanical properties (400 MPa tensile strength and 15 GPa 

modulus) but relatively low electrical conductivity (10-4 S/m), or good electrical 

conductivity (0.366 S/m) with relatively low tensile properties (183 MPa tensile strength 

and 9.6 GPa tensile modulus). The overall CNT wt% in these fibers was as high as 7.4 wt 

% calculated based on various parameters reported in that study [34]. The current study is 

motivated to further reduce the overall CNT concentration and to make PAN/CNT 

composite fibers that exhibit both good mechanical properties and electrical conductivity. 
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Table 1.1. Summary of properties of core-sheath fibers incorporating with CNT. 

Core Sheath 
Overall wt. 

% CNT  

Spinning 

method 

Draw 

ratio 

Fiber 

diameter+ 

Tensile 

strength 

(MPa) 

Tensile 

modulus 
 

Electrical 

conductivity 

(S/m) 

Ref 

Poly(ethylene 

oxide) (PEO) 

PEO/CNT 

(3 wt%) 
0.05 - 0.5 

Electro-

spinning 

- 
200 - 300 

nm 
3 - 8 

50 - 200 

MPa 
10-13 - 10-2 [40] 

CNT Cellulose 20 - 45 - ~ 7 µm 2 - 5 - 10-1 - 10 [41] 

CNT 
Poly(methyl 

methacrylate) 
- - 

1.4 - 2.8 

µm 
- - 1 - 100 [43] 

Polyethylene/C

NT 

(10 wt%) 

Polyamide 3 
Melt 

spinning 
 

65 -

195 

~ 40 – 60 

µm+ 

~200 - 

500 
- 10-1 - 10 [42] 

PP/CNT 

(20 wt%) 

Poly(vinyl-

idene fluoride) 
10 1 - 4.1 

50 – 100+ 

µm 
- - 1 - 10 [44] 

PAN 
PAN/CNT (10 

wt%) 
5.7 - 7.4 

Gel 

spinning 
 

1.6; 

11 

44.1; 18.6 

µm 
155; 419 

9.2; 

16.1 GPa 
0.366; 10-4 

 
[34] 

PAN/CNT 

(10wt%) 
PAN 0.6 - 1.5 2-22 

14 - 25 

µm 
100 -800 

5 - 20 

GPa 
- [34] 

Silicon 

elastomer/ 

CNT(1 - 3.5 

wt%) 

Silicon 

elastomer 
- 

Wet 

spinning 
- 

0.3 - 1.2 

mm 
- 

~0.49 

MPa 
10-7 – 5 [45] 

+The fiber diameters were estimated with the reported linear density and density of polymer composites. 
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1.4 Rheological behavior of polymer nanocomposites 

Rheology,  defined as the science of deformation and flow, is widely used to study 

the behavior of polymeric liquids [47]. Over the past decades, rheology has also been 

widely used to study polymer nanocomposites. Among all the nanocomposites, 

polymer/CNT composites have attracted a lot of attention, and numerous studies have been 

performed to explore the effect of CNT on polymer rheology.  The effect of CNT on the 

rheological behavior of polymer/CNT composites can be complicated, depending on the 

polymer matrix, content, properties, and treatment of CNT, the processing step, and 

dispersion conditions of CNT into the matrix.   

CNT can affect shear-thinning behavior, especially at high CNT loading [48–51]. 

For example, CNT addition into polycarbonate with up to 1 wt% did not change the 

complex viscosity (η*) dependence on frequency significantly. However, at carbon 

nanotube concentrations of 2 wt% and above, the Newtonian plateau at low frequency 

disappeared, and a complete steep power-law shear thinning was observed in the measured 

frequency range.  The change in shear-thinning behavior can be due to the network formed 

with CNT, which restrain the motion of the polymer chain at low frequency. The 

concentration at the change of shear-thinning behavior (i.e., the step increase of complex 

viscosity at low frequency) are often called rheological percolation threshold [48].  

The change in η* or shear-thinning can be mostly due to the change in elastic 

component (G′) with CNT. The CNT can form an entangled network, restrain the mobility 

of the polymer chain, and increase the elastic-like behavior. CNT was shown to reduce the 

terminal slope (ω → 0) of the G ′  versus ω [48,51].  At low frequencies, a scaling 

relationship of G′ ~ ω2 and G′′ ~ ω indicates a typical homopolymer with no polydispersity. 
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However, at elevated CNT loading, G′ can become weakly dependent on the ω and become 

almost independent of frequency at high CNT loading [51].  

Table 1.2 summarizes the rheological behavior of CNT and multiple other nano-

fillers in multiple polymer matrices. Besides CNT filler, other fillers including cellulose 

nanocrystal (CNC) [52–54], carbon black (CB) [55–57], graphene oxide [58,59], and nano 

clays [60] are also shown to change the rheological behavior of the polymer. Cellulose 

nanocrystals (CNC) are another promising rod-like nanofiller for reinforcing polymers, and 

PAN/CNC dispersions have been studied previously [52,53]. The rod-shaped CNC has a 

diameter of 3–20 nm and a length of 50–500 nm [61]. CNC also increase η* and change 

the shear-thinning of PAN/CNC suspension. At 30 wt% CNC content, η* no longer showed 

a Newtonian plateau but a steep shear thinning at all measured frequencies [54]. CB, on 

the other hand, is an isotropic filler compared to the rod-like CNT or CNC filler. CB 

increased the η*of polymer matrix at a much higher concentration than CNT in the same 

polymer matrix at comparable processing conditions [55].  
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Table 1.2. Rheological behavior of multiple polymer nanocomposites. 

Type of 

Filler 

Filler 

wt% 

Type of 

Polymer 

matrix 

Processing 

method 

 Rheological behavior highlights Ref 

CNT 0.5 -15 PC Melt mixing η*show disappearance of plateau and step increase at low 

frequencies at 2 wt% CNT; 

G′ shows weaker dependence on ω at elevated CNT content 
 

[48] 

CNT 1-10 LDPE Melt mixing η*show disappearance of Newtonian plateau regime and step 

increase at low frequencies at 3 wt% CNT; 

Cox-Merz rule is no longer valid. 

[61] 

CNT 0.1-10 HDPE Solvent mixing η*show a decrease at 0.2 wt% since the PE chain absorbed on the 

CNT surface and the entanglement density in bulk decreased.  

[62] 

CNT 0.1 -5 PP Melt mixing and 

ball milling 

 

η*shows the disappearance of Newtonian plateau regime and step 

increase at low frequencies at 3 wt% CNT. 

[63] 

CNT 1- 15 PAN Solvent mixing, 

SWNT non-

covalently 

wrapped with 

PMMA  

η *show step increase at low frequencies at 15 wt%;  

Suspension with worse CNT dispersion showed lower η *than 

those of suspension with better dispersion at 5 wt%.  

[64] 
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Table 1.2. Continued 

 

CNC 5-40 PAN Solvent mixing η*show disappearance of the plateau and step increase at low 

frequencies (<10 rad/s)at 30 wt%. 

[54] 

CB 5-30 PS Dry blended 

(powder) 

Carbon black increases the shear viscosity (η) significantly. [56] 

CB &CNT 1-6  

(CB); 

0.2-0.6 

(CNT) 

Epoxy 

(before 

UV 

cure)  

Ultrasonication Both CB and CNT increase η; 

η* and G′ of the suspension with 4 wt% CB are similar to those of 

suspension with 0.4 wt% CNT at all frequencies. 

[55] 

CB 8 PP/PA6 Melt mixing G′ increased one order of magnitude at low frequencies than G′  of 

pure matrix  

[57] 

Graphene 

oxide  

0.048-

2.33 

(vol%) 

ABS Solvent mixing Graphene oxide increases the η* and G′. [58] 

Graphene 

oxide 

0.3-6 HDPE Solvent mixing G′ increased with graphene oxide wt% at low frequencies  [59] 

Nano clay 

(organoclay) 

2-8 HIPS Dry blended G′ and η*of polymer nano clay are higher than pure polymer when 

frequency <1 rad/but as compared with those of pure polymer 

above 1 rad/s.  

[60] 

   HDPE – high density polyethylene; LDPE – low density polyethylene; PP- Polypropylene; PA- polyamide; PS – polystyrene; ABS - 

Acrylonitrile-butadiene-styrene; HIPS – high impact polystyrene  



 12 

1.5 Stabilization of PAN 

The stabilization process is one important step to manufacture polyacrylonitrile 

(PAN)-based carbon fiber. This process is highly energy-intensive and time-consuming 

and is generally regarded as the rate-limiting step for making PAN-based carbon fiber. 

During stabilization, PAN fibers undergo simultaneous reactions, including cyclization, 

oxidation, cross-linking, and dehydrogenation [65–68]. Moreover, cyclization does not 

need oxygen, while oxidation requires oxygen or other oxidizing agents [68]. The 

stabilization thermally converts PAN into a ladder structure and increases the thermal 

stability of PAN for carbonization.  

Acid groups have been typically incorporated into the PAN molecules to lower the 

stabilization reaction initiation temperature, broaden the exotherm, and moderate the 

released heat [69]. Cyclization reaction, one of the main reactions in the stabilization 

process, is initiated by free radicals for homo-PAN molecules. For PAN copolymer with 

the acid group,  ions from the acid group can reduce the activation energy and accelerate 

the initiation of cyclization reaction [10,70]. Besides acid group, lignin [71], cellulose 

nanocrystal (CNC) [72], potassium permanganate [73], and dibutyltin dimethoxide [74], 

Co and Ce cations [75] have been shown to reduce the activation of cyclization and 

accelerate the stabilization.  

The oxygen mass transfer and heat transfer play important roles during 

stabilization. The oxidation during stabilization requires a long residence time due to the 

oxygen diffusion limitation. The oxygen diffusion limitation generally results from the low 

O2 diffusivity (𝐷𝑂2
 ) within PAN fibers during stabilization. Warner et al.[76] estimated 

the 𝐷𝑂2
 to be about 2 x 10-12 cm2s-1 at 220 °C for commercial acrylic fibers. In the same 
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work, the author showed that oxidized skin layer on fiber surface limited the flux of oxygen 

into the fiber. The skin layer was estimated about 1 µm and was in reasonable agreement 

with the observed oxidized skin layer after etching with aqueous sulfuric acid (~ 0.4  µm) 

[76]. One of the developments is from UT-Battelle, where plasma is used for stabilization 

in place of convective heating [69,77,78]. Plasma is thought to enhance oxygen diffusion 

[69]. In addition, polymeric materials generally have low thermal conductivity, in the range 

of 0.1 – 0.5 W/m-K [79,80]. The low thermal conductivity makes it difficult to transfer 

heat from within the fiber to the environment when exothermic reactions take place [81].  

1.6   Joule heating applications  

Joule heating was established by James P. Joule in the 1940s: heat can be generated 

by the passing electric current through an electrical resistor [82]. Joule heating of film, 

fiber, and textile has been used in warming the human body and in wearable electronics 

[83]. To increase the electrical conductivity, conductive fillers are commonly introduced 

into a polymer matrix to enable Joule heating, including silver nanowire [84,85], copper 

nanowire [86], liquid metal-based on gallium and indium [87],  CNT [88,89], and reduced 

graphene oxide[90]. For example, silver nanowires [84], liquid metal [87] have been 

incorporated into polydimethylsiloxane (PDMS) film to make stretchable heaters for 

wearable electronics applications.  

Joule heating can also be used for de-icing coatings [91,92], self-repair and self-

post-curing of thermoset materials [93,94], and healing the defects in graphene oxide and 

induced sp2 restoration at 2000 °C [95]. Joule heating has also been applied to PAN/CNT 

fibers [96]. PAN/CNT composites fibers with high filler loading (15- 20 wt%) show exhibit 

sufficient electrical conductivity for effective Joule heating. Applied current generates heat 
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and thermally converts precursor PAN/CNT fiber into the stabilized fiber. The traditional 

stabilization process requires heating at 200-300°C. This process can be potentially energy 

efficient as the current stabilization process is carried out in high temperature ovens. In 

addition, these composite fibers can be used for other heating purposes, such as electrically 

heated fabric. However, the previous literature study  only demonstrated  joule heating at  

15 -20 wt% CNT into fibers [96]. The high CNT content increases the cost of the final 

fiber. To reduce cost, alternative approach is needed, preferably to reduce CNT content, 

while successfully achieving Joule heating.   

1.7   Thesis objectives 

The broad objectives of this thesis are to study the processing, structure, and 

properties of PAN/CNT composite fibers. and to achieve Joule heating-based stabilization 

with those fibers at reduced CNT loading. The following studies are carried out to achieve 

the objectives: 

• In Chapter 2, the rheological behaviors of PAN/CNT dispersions are measured and 

used to guide the fiber spinning of PAN/CNT.  

• In Chapter 3, PAN-PAN/CNT core-sheath bi-component fibers are fabricated at a 

CNT content below 5 wt%, the mechanical and electrical properties are 

investigated, and the Joule heating is validated in a batch process with those fibers.  

• In Chapter 4, the effect of CNT on the stabilization of PAN/CNT fibers is studied 

in a convective heating oven.   

• In Chapter 5, Joule heating is demonstrated as a method to stabilize PAN/CNT 

fibers in a continuous manner, and the process is analyzed. 
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CHAPTER 2. RHEOLOGICAL BEHAVIOR AND FIBER 

SPINNING OF POLYACRYLONITRILE (PAN)/CARBON 

NANOTUBE (CNT) DISPERSIONS AT HIGH CNT LOADING  

2.1 Introduction  

 Spinnability of the PAN solution is critical for continuous fiber manufacturing [97]. 

A number of studies have been conducted on fiber spinnability. For example,  Ziabicki and 

Krozer [98,99] investigated the solvent viscosity, surface tension, relaxation time, and 

resilience of liquid on jet-breakage during fiber spinning. Han [100] proposed to use the 

critical tensile stress of a given solution to characterize spinnability. Ide and White [101] 

discussed three failure mechanisms,  including capillary and ductile failure, and fracture of 

low and high molecular weight polymers for describing spinnability. Wang et al. showed 

the importance of pressure drop through the spinneret as one criterion for spinnability 

assessment using dynamic simulation study [102]. However, none of those studies can 

address the complex system of PAN solutions during fiber spinning. Practically, 

rheological measurements of spinning solutions (also called dopes) are often applied to 

guide polymer fiber spinning. For example, complex viscosity was measured and 

monitored by Liu et al. [103] for guiding wet spinning of PAN. Morris et al. [104]  

identified the desired shear viscosity range from previously measured data of spinnable 

solutions and used that information to make solutions of newly synthesized PAN polymer 

for successful gel spinning.  

CNT addition increases the complexity of the polymer solution and changes the 

flow behavior of the dispersion significantly [105]. Moreover, depending on the CNT 
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characteristics (e.g., length, aspect ratio, number of walls), polymer type, polymer 

molecular weight, nature of the solvent, the range of suitable processing conditions can 

vary. Identification of appropriate conditions for continuous processing such as fiber 

spinning can be challenging and may require extensive trial-and-error experimentation. 

This work is an attempt to provide guidance to the fiber spinning of nanocomposites based 

on their rheological behavior.   

In the current study, we analyze rheological data to guide fiber spinning of 

PAN/CNT dispersions at relatively high CNT loadings. After establishing the fiber 

spinning window for PAN/CNT dispersions, we also assess the generality of the proposed 

behavior. Cellulose nanocrystals (CNC) are another promising rod-like nanofiller for 

reinforcing polymers, and PAN/CNC dispersions have been studied previously [52,53]. 

Rheological behavior and fiber spinning results of PAN/CNC dispersions containing 20 to 

60 wt% of CNC with respect to total solids show similarities to PAN/CNT studies reported 

in this study.  

2.2 Experimental procedures 

2.2.1 Materials  

Polyacrylonitrile-co-methacrylic acid (PAN) with three different viscosity average 

molecular weights （Mv）of 247,000; 500,000; and 964,000 g/mol, containing 4 wt% 

methacrylic acid copolymer were obtained from Japan Exlan Co., Japan. The polymers 

were vacuum dried at 75 °C overnight prior to making solutions. Multi-wall carbon 

nanotubes, SMW200, were purchased from SouthWest NanoTechnologies, Inc. (SWeNT), 

Oklahoma. The CNT length was reported to be in the 3 to 6 μm range, and the average 
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number of walls was 9 to 10, and the average diameter was 12 ± 3 nm. The average number 

of walls was determined by X-ray diffraction, and the average diameter was determined by 

SEM [106]. Cellulose nanocrystal (CNC) was purchased from the Process Development 

Center at the University of Maine (freeze-dried powder, lot# 2012-FPL-CNC-48/051). 

Dimethylformamide (DMF) was obtained from Sigma-Aldrich. Methanol (ACS grade) 

was purchased from VWR Chemicals. 

2.2.2 Solution and dispersion preparation 

For PAN solution, PAN powder was dissolved into dimethylformamide (DMF) at 

75 °C. For PAN/CNT dispersion, CNT powder was first homogenized in DMF at a 

concentration of 35 mg per 300 ml using a homogenizer (T25 ULTRA-TURRAX, IKA) at 

10,000 rpm for 30 minutes. The slurry was then bath sonicated for 48 hours (Bransonic, 

3510-MT, 8510). CNT/DMF dispersion was added into the reactor containing PAN 

solution at the desired PAN solid content while stirring at 70 °C. Excess DMF was 

evaporated using a vacuum distillation process at 70 to 80 °C. Control PAN solutions and 

PAN/CNT dispersions with 4, 10, 15 wt% CNT with respect to the total solids loading are 

labeled as PAN, PAN/CNT-4, PAN/CNT-10, and PAN/CNT-15, respectively. All of these 

samples were made using a PAN powder blend of 75% with Mv of 500,000 g/mol and 25% 

with Mv of 964,000 g/mol. Another PAN/CNT dispersion with 10 wt% CNT and 90 wt% 

PAN of Mv of 247,000 g/mol is labeled as PAN/CNT-10-2. PAN/CNC dispersion with 60 

wt% CNC and 40 wt% PAN as solids was prepared following the previously reported 

protocol [53].  All solution and dispersion preparations are summarized in Table B1. 

2.2.3 Solution and dispersion characterization  
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Control PAN solution and PAN/CNT dispersions were characterized by a 

rheometer (Anton Paar MCR-302) using cone-and-plate geometry, with a 50-mm truncated 

cone on top, and a 50-mm bottom plate with Peltier temperature control. The cone angle 

was 1.0°, and the minimum gap size at the center of the truncated cone was 53 µm. An 

evaporation blocker was used to prevent solvent evaporation and to reduce air disturbance 

during measurements [107]. The linear viscoelastic regime was determined initially by 

performing a dynamic strain sweep (0.01 – 10 %). 1 % strain, which was in the linear 

viscoelastic regime for all solution and dispersions, was chosen for dynamic frequency 

sweeps that were performed from 0.63 to 242 rad/s. To study the effect of temperature on 

the rheological behavior of the solution and dispersions, the frequency sweep was first 

conducted at 20 °C, then at lower temperatures (10 and 0 °C), and finally in the elevated 

temperature range (30, 40, 50, 60 °C). Before each test, the solution or dispersion was kept 

for at least 3 minutes at the desired temperature to ensure thermal equilibrium and to 

eliminate thermal history effects. At the end of each sequence, the thermal stability of the 

sample was tested again at 20 °C. It was found that the storage modulus G′ and loss 

modulus G′′ did not change after tests at higher and lower temperatures (Figure B1). Flow 

curves were determined by performing three steady shear intervals at shear rates from 0.01 

to 100 s-1, 100 to 0.01 s-1, and 0.01 to 100 s-1, respectively, and the average shear viscosity 

for these three subsequent segments was reported at each shear rate. This protocol for 

measuring flow curves provides an inherent check for thixotropy, which was not found to 

be a significant factor in the various solution and dispersions studied and reported here. 

Rheological properties of the PAN/CNC-60 dispersion were also measured following the 

previous study by Chang et al. [53]. 
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2.2.4 Fiber spinning  

PAN/CNT fibers were spun using a single-filament fiber spinning unit (Hills Inc. 

FL). The spin pack is equipped with a single hole spinneret with either a 200 or 500 μm 

diameter capillary. The extrudate passed through a 50 mm air gap followed by immersion 

in a methanol bath during gel spinning. Figure 2.1 shows the schematic of the gel spinning 

set up. For fiber spinning, the PAN/CNT dispersions undergo jetting, coagulation in 

methanol, and fiber collection at the take-up roller.   

 

Figure 2.1. The scheme of the fiber gel spinning apparatus. 

2.3 Results and discussion  

Figure 2.2  shows the shear (η) and complex viscosity (η*) of the pure PAN solution 

and PAN/CNT dispersions. For PAN and PAN/CNT-4, both shear-viscosity and complex 

viscosity showed a transition from viscosity plateau at a low shear rate or low frequency 

region to a shear-thinning region at a high shear rate or frequency. In contrast, 10 and 15 

wt% CNT samples showed shear thinning behavior across the entire shear rate range. The 
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transition of shear or complex viscosity to a single shear-thinning behavior has been 

observed before for polymer/CNT systems, and the CNT concentration at which the 

transition occurs is typically reported as the rheological percolation for the CNT network 

in the polymer matrix [108–111]. Also, all the solutions and dispersions showed good 

overlap between shear and complex viscosity except for PAN/CNT-15. The overlap 

between steady state shear viscosity (η) and complex viscosity is often described by an 

empirical relationship, the Cox-Merz rule, which was validated to be applicable for PAN 

solutions previously [112].   The Cox-Merz rule holds at low CNT loading but failed at 

high CNT loading of 15 wt%.  This suggests that the interconnected CNT network 

influenced the shear-thinning behavior significantly for PAN/CNT blends.  

Moreover, the PAN/CNT-15 dispersion showed a lower absolute value of 𝜂  in 

compared with 𝜂* at comparable values of  𝛾̇ and ω, and a weaker power-law scaling factor 

of 𝜂 with 𝛾̇ (𝜂~𝛾̇− 0.67) in compared with 𝜂* with ω (𝜂∗~𝜔− 0.75). These trends were also 

consistent with the results reported for PEO/CNT melts when the CNT concentration is 

above 3 times the rheological percolation threshold [113].  

Figure 2.2 (a) shows the storage modulus (G′) versus loss modulus（G′′ behavior.  

The terminal slope (when ω → 0) of log G′ versus log G′′ curve,  also known as Han’s plot 

or modified Cole-Cole plot, can be used quantitatively to illustrate the solution 

homogeneity [108]. The slope decreased with increasing CNT concentration from 1.38 for 

the PAN solution without CNT to 0.46 for the PAN/CNT-15 dispersion (Table B2), which 

suggests the interconnected network significantly reduced the solution homogeneity. In 

addition, the log G′ versus log G′′curve went across and above the line denoting G′ = G′′ 
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with increasing amounts of CNT, which indicates a transition from a liquid-like state to a 

solid-like gel state. The control PAN solution and PAN/CNT-4 sample showed cross-over 

of curves of log G′versus log G′′ with the G′ = G′′ line. For PAN/CNT-10 dispersion, the 

curve of log G′ versus log G′′ was entirely above the G′ = G′′ line. At 15 wt% CNT, the 

curve of log G ′  versus log G ′′ lay far above the G ′  = G ′′  line at all frequencies in 

comparison to the PAN/CNT-10 dispersion.  

 

Figure 2.2. Shear viscosity (η, open symbols), and complex viscosity (η*, solid symbols) 

of PAN/DMF and PAN/CNT/DMF samples at ~ 7 g/dL solid content, as measured at 20 

°C. 

The tan δ (G′′/G) as a function of frequencies shown in Figure 2.3 (b).  With 

increasing amounts of CNT, the value of tan δ decreased, which is consistent with the 

transition from liquid-like to solid-like behavior. When CNT content is higher than 10 wt%, 

tan δ remained < 1 across the entire frequency range probed in these measurements. And 

instead of decreasing tan δ values with elevated frequency, which was observed for control 
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PAN and PAN/CNT-4, tan δ for PAN/CNT-10 showed an increase in the low frequency 

range (0.63 – 20 rad/s), and a modest decrease at higher frequencies. For PAN/CNT-15, 

tan δ constantly increased with increasing frequency. CNTs made the PAN/CNT dispersion 

more elastic and changed the tan δ – frequency response significantly.  

 

Figure 2.3. (a) Log-log plot of G' versus G'', and (b) loss factor (tan δ) as a function of 

frequency ω for PAN/DMF and PAN/CNT/DMF systems at ~ 7 g/dL solid content. as 

measured at 20 °C. 

During the fiber spinning, the solution or dispersion is extruded from the high 

temperature (60 to 100°C) into room temperature air gap, and then into the coagulation 

bath, which may be at -50 °C. Thus, understanding of temperature effect on the rheological 

behavior is also useful. In the current study, temperatures ranging from 0 to 60 °C were 

chosen.  

Figure 2.4 shows the master curves of log G ′ versus log G ′′  at different 

temperatures. All PAN and PAN/CNT samples show comparable terminal slopes for log 

G′versus log G′′curves between 0 and 60 °C, and these slope values are:  1.39 (± 0.02), 1.2 

(± 0.02), 0.88 (± 0.05), 0.46 (±0.02) for PAN, PAN/CNT-4, PAN/CNT-10, and PAN/CNT-
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15, respectively (Table B2). This indicates that the structure of the PAN solution and 

PAN/CNT dispersions did not change fundamentally with temperature, but it did change 

with a change in CNT content. It has been shown that the log G′ versus log G′′ at different 

temperatures exhibit the same terminal slope when the microstructure of the polymer 

composites does not change with temperature [114,115]. The comparable slopes at 

different temperatures for all these four samples suggest that the microstructure of the 

polymer network, or the polymer-CNT network, did not change with the temperature 

between 0 and 60 °C. 

Besides the master curves of the log G′ versus log G′′, tan δ curves at different 

temperatures can be used to illustrate the change in viscoelastic behavior with temperature.  

The change in tan δ with temperature is plotted in Figure 2.5 at low frequency (1 rad/s) and 

at relatively high frequency (93.5 rad/s). At low frequency, PAN showed a decrease in tan 

δ from 3.5 to 2 with decreasing temperature. Incorporation of CNT filler reduced the tan δ 

significantly at low frequency. Also, tan δ of all the PAN/CNT-10 and PAN/CNT-15 

dispersions remained almost constant between 0 and 60 °C. The elastic behavior of the 

network formed by CNT showed no sensitivity to temperature change for the PAN/CNT-

10 and PAN/CNT-15 samples at low frequency. At high frequency (93.5 rad/s), tan δ of 

PAN, PAN/CNT-4, and PAN/CNT-10 decreased with decreasing temperature. On the 

other hand, tan δ of PAN/CNT-15 remained the same (~ 0.5) and was not sensitive to 

temperature change.  Overall, the tan δ of the PAN/CNT dispersion became less sensitive 

than the PAN solution to temperature change.  

The shear viscosity of PAN and PAN/CNT-4 are about 50 and 150 Pa s, 

respectively when 𝛾̇ → 0, which are within the typical range of viscosity used for successful 
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gel spinning [105,112,116]. PAN/CNT-10 and PAN/CNT-15 dispersions were used to 

conduct gel spinning in this work. PAN/CNT fiber at 10 wt% was spun at 90 °C through a 

200 μm capillarity into an air gap following by a methanol coagulation bath at -50°C. 

However, the jetting time is relatively short (6 ± 2 minutes, Table B3), and the jet broke 

around the spinneret in the air gap before immersing in a methanol bath. One hypothesis 

was that the elastic behavior restricted the continuous flow of PAN/CNT dispersion. This 

is supported by the log 𝐺′ versus log 𝐺′′ the curve shown in Figure 2.4 (c).  

For PAN/CNT-15, continuous jetting was not successfully achieved when varying 

spinning temperature (40 -115 °C) and flow rate (0.25 -1.5 ml/min). These results can be 

understood in light of the rheological measurements that showed that the viscoelastic 

behavior of PAN/CNT-15 is only weakly sensitive to temperature and frequency changes 

(Figure 2.4 (d) and Figure 2.5). Single-component fibers at this high concentration were 

achieved only when reducing the shear rate by using a 500 μm capillary at a low flow rate 

of about 0.5 mL/min. In the current study, PAN/CNT-15 could not be gel spun 

continuously with a small diameter capillary at sufficiently high shear rates to allow for 

competitive production rates.  
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Figure 2.4. Log-log plot of G' versus G'' of (a) PAN, (b) PAN/CNT-4, (c) PAN/CNT-10, 

and (d) PAN/CNT-15  at various temperatures in the frequency range 0.63 – 242 rad/s. 

 

Figure 2.5. Temperature response of tan δ for PAN, PAN/CNT-4, PAN/CNT-10, and 

PAN/CNT-15 from dynamic frequency measurements at oscillatory frequencies of (a) 1 

rad/s, and (b) 93.5 rad/s. 
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Continuous fiber spinning without breakage was not achieved for either PAN/CNT-

10 or PAN/CNT-15. In this study, we tried to modify the PAN/CNT-10 dispersion to 

achieve continuous fiber spinning; in particular, an attempt was made to reduce the elastic 

behavior of this dispersion. At first, the PAN/CNT-10 was diluted from about 7 g/dL to 4.5 

g/dL total solid concentration. This reduced the G′ and G′′ by one order of magnitude 

(Figure 2.6 (a)) in compared with PAN/CNT-10 at comparable frequency.  Moreover, at 

low frequencies (< 5 rad/s), the log G′ versus log G′′ curve remained above the G′ = G′′ 

line, but at higher frequencies, it falls below, as is also highlighted in Figure 2.6 (b), which 

shows that tan δ  (G′/ G′′)of the dilute dispersion is above 1 when ω > 5 rad/s; these data 

show that the dispersion is predominantly viscous-like at these frequencies. Lowering the 

solid content reduces polymer-polymer, polymer-CNT, and CNT-CNT entanglements in 

the dispersion. Fibers could not successfully be pulled from the dilute dispersion, and 

jetting was not successful due to the low entanglements. This experiment shows the 

challenges in optimizing a spinning dope: reducing the solid content, on the one hand, 

alleviates the elastic-like behavior at low frequencies that hinders spinning, but at the cost 

of entanglements that provide needed high frequency elasticity.   

In order to avoid the potential issues of the reduced number of entanglements when 

decreasing solid content, we also made a  dispersion (PAN/CNT-10-2) with PAN polymer 

of lower molecular weight (Mv of 247,000 g/mole) but at higher solid content (11.5 g/dL) 

versus the 7 g/dL used for  PAN/CNT-10 with a PAN molecular weight of 500,000 g/mole.  

Both PAN/CNT-10 and PAN/CNT-10-2 showed comparable modulus (G ′ , G ′′ ) at 

comparable frequency. Figure 2.6 (a) shows that the log G ′  versus log G ′′  curve of 

PAN/CNT-10-2 with low Mv is closer to the G′ = G′′ line, as compared to that of the 



 27 

PAN/CNT-10 sample with higher molecular weight PAN. The overlap between curves of 

log G′ versus log G′′ and G′ = G′′ was also observed for PAN/CNT-10-2 at elevated 

temperatures (Figure B2. Moreover, Figure 6 (b) shows higher tan δ values of PAN/CNT-

10-2 compared to PAN/CNT-10 at all testing frequencies above 2 rad/s. This suggests that 

PAN/CNT-10-2 is less elastic than PAN/CNT-10.   

 

Figure 2.6. (a) Log-log plot of G' versus G'', and (b) tan δ as a function of ω for 

PAN/CNT dispersions at 7 g/dL (PAN/CNT-10), 4.5 g/dL (PAN/CNT-10 Dilute), and 

11.5 g/dL (PAN/CNT-10-2); data measured for all samples at 20°C across the frequency 

range 0.63 – 242 rad/s 

The PAN/CNT-10-2 dispersion was used to conduct fiber spinning. During fiber 

spinning, jetting was successfully maintained for up to 24 minutes at the same spinning 

temperature, spinneret, air gap, and comparable flow rate as used for spinning PAN/CNT-

10 (7 g/dL) dispersion with higher molecular weight PAN, for which continuous jetting 

lasted no more than 7 minutes (Table B3). The longer time jetting time suggests that 

reduction of the overall spinning dope elasticity by using lower molecular weight PAN was 

beneficial.   
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Figure 2.7 summarizes the log G′ versus log G′′ plots for the pure PAN solution 

and PAN/CNT dispersions in this study. For the pure PAN solution or PAN/CNT with low 

CNT concentration (e.g., PAN/CNT-4), log G′ versus log G′′ is a straight line that crosses 

the G′ = G′′ line at the elevated frequency (Figure 2.7 (a)). When the network formed 

between CNT-CNT or CNT-polymer at a high filler amount, the blend dispersion showed 

an elastic-like behavior (G′ > G′′)   at all measured frequencies (Figure 2.7 (b)). The 

entangled system with CNT also results in a curved shape log G′ - log G′′ plot due to the 

different response of rheology behavior to frequency when comparing with PAN solution. 

When log G ′  versus log G ′′curve is far above the G ′  = G ′′  line, failure to maintain 

continuous jetting tends to happen at high shear rates, and a relatively low shear rate (large 

diameter of capillary and/or low flow rates) may be required for fiber spinning. For 

example, fiber spinning with PAN/CNT-15 dispersion was achieved only with a 500 μm 

capillary hole at 0.5 ml/min flow rate (with a shear rate of about 84 s-1, Table B3).  

Figure 2.7(c) represents PAN/CNT dispersion at high CNT concentration relative 

to polymer but at low overall solid content. Cross-over of curves of log G′ versus log G′′ 

and the G ′  = G ′′  line occurs with increasing frequency.   Dispersion becomes 

predominantly viscous-like (G′ < G′′) at higher frequencies, which suggests a low degree 

of entanglement in the dispersion. Low entanglements may lead to jetting failure during 

spinning. Reducing the elasticity but ensuring adequate entanglements can help with 

continuous jetting for successful fiber spinning. Figure 2.7 (d) shows a more desirable 

condition for fiber spinning than Figure 2.7 (b) when log G′ versus log G′′and G′ = G′′ 

curve are close to each other across the frequency range. For instance, a lower Mv PAN 

was used to reduce the elasticity of the PAN/CNT dispersion at 10 wt% CNT.  The resulting 
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log G′ versus log G′′ is closer to the G′ = G′′ curve when compared to the dispersion with 

high Mv PAN (Figure 2.6 (a)) and exhibited longer sustained continuous jetting.  

 

Figure 2.7. Schematic log-log plot of G' versus G'' of (a) PAN solution, or PAN/CNT at 

low CNT loading (0 or 4 wt% CNT); (b) highly elastic-like PAN/CNT dispersion at high 

CNT loading (15 wt% CNT), (c) relatively dilute PAN/CNT dispersion at high CNT 

loading(10 wt% CNT), and (d) PAN/CNT at high CNT loading(10 wt% CNT) with 

reduced elasticity relative to (b). Arrows indicate the direction of increasing frequency (ω). 

 indicates that the solution/dispersion is desirable for continuous fiber spinning,  

indicates that the dispersion is not desirable for continuous fiber spinning; the formulation 

may lead to failure to jetting, frequent breakage of fiber spinning, or require spinning with 

low shear.  

To check whether the above rheological behavior finding of PAN/CNT has some 

generality to other polymers/filler composites at relatively high filler loading, we looked 

at PAN/cellulose nanocrystal (CNC) system. CNCs generally have a lower aspect ratio 

(~30 to 40) than the CNTs used in this study (~ 250 to 500). Figure 2.8 (a) shows log G′ 

versus log G′′ plots for PAN/CNC dispersions.  For PAN/CNC-20 (80 wt % PAN + 20 wt 

% CNC), clear crossover with the G′ = G′′ line is observed.  For PAN/CNC-40 (60 wt % 
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PAN + 40 wt % CNC), the log 𝐺′ versus log 𝐺′′ curve was close to but slightly above the 

G′ = G′′ line, Both 𝐺′and  𝐺′′  of PAN/CNC-60 were lower than those of PAN/CNC-40, 

which is likely due to the lower PAN concentration in PAN/CNC-40. Figure 2.8 (b) also 

shows that tan δ decreases with an increased amount of CNC filler, which also indicates 

that the PAN solution became more elastic-like with increasing CNC. The shapes of the 

log G′ versus log G′′ and tan δ curves are also similar to those of the PAN/CNT-10 and 

PAN/CNT-15 shown in Figure 2.3 (a), and (b): the log G ′  versus log G ′′  curves of 

PAN/CNC are at least partially above the G′ = G′′ line between 20 – 60 wt% CNC solid; 

while the tan δ curves for the  PAN/CNC dispersions either showed an increase in the low 

frequency range (0.63 – 10 rad/s),  and a modest decrease at higher frequencies, or showed 

a constantly increase with increasing frequency. 

 

Figure 2.8. (a) Log-log plot of G' versus G'', and (b) tan δ as a function of ω for PAN/CNC 

dispersions measured at room temperature. Rheology data of PAN/CNC-20 and 

PAN/CNC-40 are from a study by Chang et al. [53]. PAN/CNC-60 was made in this work 

following the previous protocol.  

Fiber spinning for PAN/CNC-20 and PAN/CNC-40 was achieved continuously 

without significant fiber breakage, at a high shear rate (with a shear rate of about 2600 s-1, 

Table B3) with a 200 μm spinneret and 1 mL/min flow rate as reported previously[53]. 
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PAN/CNC-60 did not result in continuous jetting with the 200 μm spinneret.  More elastic-

like behavior (lower tan δ) of PAN/CNC-60 dispersion as compared to PAN/CNC-20 and 

PAN/CNC-40 prevents continuous jetting. These studies show that elasticity is an 

important indicator of the spinnability of composite dispersions, which can be seen on the 

log G′ versus log G′and tan δ vs. frequency plots.  

2.4 Conclusions 

To summarize, the effect of CNT on the rheological behavior of PAN/CNT 

dispersions (0 – 15 wt% of CNT relative to total solids) was studied in the framework of 

fiber spinning. PAN/CNT dispersions become more elastic-like with increasing CNT 

amount. The empirical relationship between shear viscosity and complex viscosity, the 

Cox-Merz rule, held for the pure PAN solutions and PAN/CNT dispersions at most 

concentrations, except for the most concentrated PAN/CNT-15. PAN/CNT-15 shows 

lower values for 𝜂 than 𝜂*, and weaker power-law scaling factor of 𝜂 with 𝛾̇ (𝜂~𝛾̇− 0.67) 

as compared to the scaling of 𝜂* with ω (𝜂∗~𝜔− 0.75). The homogeneity of the solution or 

dispersion, indicated by the terminal slope of the log G′versus log G′′curve, depended on 

the concentration of CNT but not on temperature between 0 and 60 °C. For PAN/CNT 

dispersions, tan δ was less sensitive to temperature than for the pure PAN solution. 

Decreasing the dispersion elasticity by using lower molecular weight polymer assisted a 

longer continuous jetting during fiber spinning, as compared to the PAN/CNT dispersion 

with higher molecular weight polymer. The shape of log G′versus log G′′, as well as the 

tan δ curves of PAN/CNC at CNC loadings of 20 – 60 wt%, were similar to those of 

PAN/CNT dispersions at 10 – 15 wt% CNT solids. Also, the highly elastic PAN/CNC-60 
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dispersion with low tan δ showed a failure to jetting during fiber spinning, which was 

similar to PAN/CNT-15 under the same spinning conditions. For both PAN/CNT and 

PAN/CNC dispersions, rheological behavior provides a good indicator of fiber 

spinnability. The log G′ versus log G′′ and tan δ curves are recommended to guide fiber 

spinning with a simple oscillation measurement.  
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CHAPTER 3. STRUCTURE, PROPERTIES, AND 

APPLICATIONS OF POLYACRYLONITRILE (PAN)/CARBON 

NANOTUBE (CNT) FIBERS AT LOW CNT LOADING 

3.1 Introduction 

CNTs are being used as reinforcement material due to their good mechanical, 

electrical, and thermal properties [24,117,118]. High CNT loading of 20 wt% results in 

high conductivity of the polymer/CNT fibers, reaching up to 240 S/m [119]. However, high 

CNT loading also contributes to high raw material cost, as well as high energy cost for 

filler dispersion, and results in low mechanical strength of the fibers. The core-sheath 

geometry provides an alternative pathway for optimizing electrical conductivity and 

maintaining good mechanical properties while also reducing the amount of filler because 

the filler is only present in part of the fiber (either in the sheath or in the core).  In the 

current study, core-sheath geometry was utilized to make PAN/CNT composite fibers via 

gel spinning. 10 wt % CNT was incorporated in the sheath, while the core was neat PAN 

copolymer. These core-sheath fibers have a combination of high electrical conductivity and 

good tensile properties. Joule heating was also demonstrated on these CNT containing 

fibers at overall CNT loading < 5 wt%.  

3.2 Experimental procedures 

Polyacrylonitrile-co-methacrylic acid (PAN) with viscosity average molecular 

weight (Mv) of 247,000, g/mol, and 4 wt% copolymer was obtained from Japan Exlan Co., 

Japan, and dried at 75 °C in a vacuum oven overnight. Multi-wall carbon nanotubes 
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(SMW200) were purchased from SouthWest NanoTechnologies, Inc. (SWeNT), Norman, 

OK., with a length of 3-6 μm.  For these MWNTs, an average number of 9-10 walls and 

an average diameter of 12 ± 3 nm were determined by X-ray diffraction and SEM, 

respectively, in a previous study [120,121]. Dimethylformamide (DMF) was obtained from 

Sigma Aldrich (HPLC grade, >99.9% purity). Methanol (ACS grade) and glycerol were 

purchased from VWR Chemicals.  

Two separate solution preparations were carried out, one for the sheath and another 

for the core. PAN/CNT solution was used as a sheath, and PAN (with no CNT) was used 

as core. CNT powder was homogenized in DMF at a concentration of 35mg/300 ml using 

a homogenizer (T25 ULTRA-TURRAX, IKA) at 10,000 rpm for 30 minutes. The slurry 

was then bath sonicated for 48-72 hours (Bransonic, 3510-MT, 8510) until reaching a 

dispersion state without macroscopic aggregates. Sonication breaks CNT bundles and 

clusters and is also known to reduce CNT length [122–124]. CNT/DMF dispersion was 

added into the reactor containing PAN solution with desired PAN solid content while 

stirring at 70 °C. Excess DMF solvent was evaporated using a vacuum distillation process 

at 70 – 80 °C. The addition process was continued until the desired concentration of CNT 

(10 wt% with respect to the weight of the polymer) was achieved. The final solid content 

(PAN and CNT) was 11.5 g/dL (90 wt% PAN + 10 wt% CNT) confirmed by 

thermogravimetric analysis test (TGA: Q-500 TA instrument).14 grams PAN polymer was 

dissolved into 100 mL DMF solvent at 75 °C, and the solution was used for core 

component.  

Fibers were spun using a single filament bi-component fiber spinning unit 

manufactured by Hills Inc. PAN, and PAN/CNT solutions were poured in respective 
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reservoirs to supply solutions to the core and the sheath geometries in the spin pack. Both 

solution reservoirs were maintained at 90 °C. The spin pack consisted of distribution plates 

to result in sheath-core geometry and single hole spinneret with a 200 μm spinneret 

diameter capillary. The extrudate was passed through a 50 mm air gap followed by a 

methanol bath at -50 °C. The sheath/core area ratio was controlled by changing the flow 

rates of core and sheath solutions. The one-stage hot drawing was conducted in a glycerol 

bath heated to 150 °C.  

Tensile properties were measured using Favimat+ at 25.4 mm gauge length and at 

1 %/s strain rate using at least 40 measurements per sample. Wide-angle X-ray diffraction 

(WAXD) was conducted using Rigaku Micromax-002 (operating voltage and current 45 

kV and 0.50 mA) using CuKα (λ = 0.1542 nm). Diffraction patterns were analyzed by Area 

Max (Version 2) and MDI Jade (Version 9). Crystal size was calculated from data from the 

equatorial scan using Scherrer equation (K=0.9). Herman’s orientation factor was 

calculated from the azimuthal scan of PAN crystalline planes ((200) and (010) at 2θ = 17°) 

following the previously described method. [125,126] Fiber cross-sections were observed 

using an optical microscope (Leica DM2500 P). For this purpose, the fiber bundle was 

embedded into epoxy resin and microtomed (Leica, RM2255) in 7-10 μm thick sections 

before imaging under the optical microscope. The areas of both core and sheath of the 

fibers from the optical microscope images were measured using Image-J software with at 

least 20 measurements per sample.  

          The electrical conductivity of a fiber bundle (30 filaments) was measured using 

Keithley 2400 source meter using a two-point probe geometry with a distance of 10 mm 

between the two probes. The silver paste was applied at the test points on fibers to ensure 
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low contact resistance between the probes and fibers. Electrical conductivity was 

calculated from the measured electrical resistance and geometry of fibers. Electrical 

conductivities lower than 10-4 S/m could not be measured due to the limit of the source 

meter. Electrical conductivities of single-filament of three samples were also measured 

along the fiber axis using the standard four-point probe method (Signatone probe) with at 

least 15 measurements and compared with the results from 2-probe measurements (Table 

C1). The two probe methods and four-probe methods gave comparable results.   

A scanning electron microscope (SEM, Hitachi SU8010) was used to obtain high-

resolution cross-sectional images of the core-sheath fiber. Raman spectra were collected 

on a single fiber with a 785 nm laser on a Raman microscope system from HORIBA 

Scientific.  The orientation of the CNTs in the composite fibers was determined using a 

rotation stage with the fiber axis rotated in 10° increments from 0 to 90° under parallel 

(VV, vertical/vertical) polarizers. The Herman’s orientation factor of CNTs was 

determined following the previously reported procedure [11,127,128]. For each sample, 3 

to 5 single fibers were measured under a Raman microscope, and the average value and 

standard deviation of orientation factor of CNTs are reported.  

       Joule heating was conducted following the protocol reported previously [96]. 

Voltage was applied using a DC power supply (Glassman) on a 1 m long fiber bundle 

containing 100 filaments. An IR temperature sensor was placed near the center of the fibers 

bundle to monitor the change in temperature. The details of the processing parameters are 

summarized in Table C2 in the supporting information. 

3.3 Results and discussion 
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A number of bi-component fibers manufactured are listed in Table 3.1. A2 samples 

were further drawn to a draw ratio of 3 (sample A2-1) and 10 (sample A2-2).  The draw 

ratio of fully drawn fiber A2-2 is comparable to the draw ratio of single component 

PAN/CNT fibers at 5 wt% CNT [129] and is higher than that for the single component 

PAN/CNT fibers at 10 wt% CNT [130]. Figure 3.1. Optical micrographs of PAN core and 

PAN-CNT sheath (with 10 wt% CNT in the sheath) bi-component fibers. shows the optical 

images of the cross-sections with different core-sheath area ratios. Figure 3.2 (a) and (b) 

show SEM of the core-sheath morphology and the core-sheath interface. In this case, the 

sheath is about 5 μm thick and uniformly surrounds the PAN core. The fibrillar entities, 

which are polymer-coated carbon nanotubes, are seen in Figure 3.2 (c) 

Electrical conductivity as a function of the overall CNT wt% in the fibers is plotted 

in Figure 3.3 (a), and the values are listed in Table C3. The increased CNT concentration 

can result in an increased amount of formed CNT network, which is responsible for an 

increased probability of electron transfer within the PAN/CNT fibers [131–133].  Besides, 

multiple previous studies reported that the CNT orientation affects the percolation 

threshold as well as the maximum conductivity in polymer/CNT composite fibers. In 

general, the percolation threshold increases with increasing anisotropy of the conducting 

high aspect ratio rods [134]. However, Munson-MaGee et al. [135] and Du et al. [29] 

showed that slight alignment along the fiber axis, rather than isotropic CNTs contribute to 

the highest conductivity. In this work, the measured orientation factors of fibers A1-A4 are 

within the range of 0.1 – 0.25 (Table 3.2), which is relatively low but higher than isotropic. 
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Table 3.1.Summary of processing parameters of bi-component PAN core and PAN-CNT 

sheath fibers. 

Sample Acore/Afiber* r1/r2* Draw ratio Diameter (μm) CNT wt% 

A1 0.64 0.8 1 71 ± 2 3.7 ± 0.6 

A2 0.58 0.76 1 71 ± 3 4.4 ± 0.3 

A3 0.45 0.67 1 66 ± 3 5.6 ± 0.4 

A4 0.34 0.58 1 64 ± 3 6.6 ± 0.5 

A2-1 0.58 0.76 3 35 ± 2 4.4 ± 0.3 

A2-2 0.58 0.76 10 20 ± 1 4.4 ± 0.3 

* Acore-cross-sectional area of the core; Afiber -cross-sectional area of fiber; r1- equivalent 

radius of core based on core area; r2- equivalent fiber radius based on the overall fiber 

cross-sectional area. Diameter - equivalent fiber diameter based on the overall fiber cross-

sectional area. 

The annealing process was shown to increase the electrical conductivity of as-spun 

fibers. Annealing at 180 and 210 °C for 30 minutes leads to comparable electrical 

conductivity for A2 samples (Figure 3.3 (b)). Annealing at 150 °C leads to lower 

conductivity than at 180 and 210 °C. Annealing for 3 min at 180°C enhanced the electrical 

conductivity of fibers (A1-A4) up to 2 orders of magnitudes (Figure 3.3 (c)). The 

conductivities of all four samples (A1-A4) were in the range of 1-10 S/m. Annealing above 

the glass transition temperature of the polymer has been reported to improve the electrical 

conductivity of polymer/CNT composites [34,133,136–138]. Increased mobility of the 

polymer chain at elevated temperature enables carbon nanotubes to rearrange themselves 

in the polymer matrix. Electrical conductivity can be enhanced with shortened tube-tube 

distance and an increased number of nanotube contacts. All A1-A4 samples annealed for 

3 minutes at 180 °C show an increased orientation factor and crystal size of PAN than 

samples before annealing (shown in Tables 2 and 3). However, the measured CNT 

orientation factors were comparable before and after annealing considering the 
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experimental error. PAN crystal size increased from about 3 nm to 9 nm, which is 

consistent with the previous results [139]. PAN crystallinity of all as-spun samples 

increased moderately after annealing for 3 minutes at 180 °C. For as-spun fibers, the 

annealing process not only increases the crystal size and crystallinity of PAN but increases 

the chain mobility of the polymer chain for CNT re-arrangement as well. Also, unlike the 

previously reported methods of long-time annealing (~ 2-hours) used for enhancing 

electrical conductivity of PAN/CNT fibers [34,96], this work suggested short-time (~ 3 

min) annealing could be sufficient for improving the electrical conductivity of such 

composite fibers. 

Conductivity increased moderately with an increase in annealing time beyond 3 

minutes (Figure 3.3 (c)). This increase after 3 minutes can be explained by the minor 

change in structure with longer annealing time. The structural change during annealing was 

monitored using WAXD (Table 3.3 and Figure C1). PAN orientation increased with 

annealing time, while crystallinity remained the same, and crystal size increased 

moderately. The crystal size increase is attributed to the rearrangement of crystals: the 

smaller crystals merge into larger crystals in PAN with no net significant change in 

crystallinity [139].  
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Figure 3.1. Optical micrographs of PAN core and PAN-CNT sheath (with 10 wt% CNT 

in the sheath) bi-component fibers. 

 

Figure 3.2. Scanning electron micrographs of A1 fibers embedded in epoxy. (a) low 

magnification image.  (b) higher magnification image showing core-sheath interface 

morphology. (c) High magnification image showing CNTs embedded in PAN in the fiber 

sheath.   

Figure 3.3 (d) shows the effect of drawing on electrical conductivity. Drawing to a 

draw ratio of 3 increased conductivity by about one order of magnitude from 0.05 S/m (A2) 

to 0.38 S/m (A2-1), while fully drawn fibers (A2-2, draw ratio 10) show significantly lower 

conductivity of less than 10
-4

 S/m.  Drawing at a low draw ratio resulted in a similar effect 

as annealing: polymer chains gained increased mobility during a hot drawing at 150°C, and 

CNTs gained a chance to rearrange themselves to form CNT-CNT contacts [131–133]. To 
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an extent, this is confirmed by the increased orientation of both PAN (fPAN = 0.76) and 

CNT (fCNT = 0.23) for A2-1 sample, while A2 sample has much lower PAN and CNT 

orientation values (fPAN = 0.11, fCNT = 0.13). Fully drawn fibers (A2-2) possess much lower 

electrical conductivity than as-spun and low draw ratio fibers, and results in further 

increase in both PAN and CNT orientation as expected (Table 3.2, fPAN = 0.83, fCNT = 0.35). 

Increased anisotropy of filler along the fiber axis after drawing at high draw ratio of 10 can 

break the contacts between CNTs and disrupt the percolation, which was previously shown 

by Du et al. [29]. 

Annealing for 30 minutes increased electrical conductivity by one order of 

magnitude of low draw ratio sample (A2-1), while it increased by more than 2 orders of 

magnitude for fully drawn fiber (Figure 3.3 (d)). The rearrangement of CNT during the 

annealing process for the fully drawn fiber can be ascribed to the entropic relaxation of 

polymer chains [139]. After 30 minutes annealing, PAN orientation decreased from 0.83 

to 0.76, while the PAN crystallinity and crystal size, as well as CNT orientation, remained 

the same. The entropic relaxation during annealing can result in the increased mobility of 

the PAN polymer chain and enabled the rearrangement of CNT. Rearrangement of tubes 

can lead to a high density of CNT contacts and an increase of electrical conductivity 

[34,137,138] 
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Figure 3.3. Electrical conductivity of (a) PAN core PAN-CNT sheath as-spun fibers with 

different CNT wt%.   (b) A2 fibers after annealing for 30 minutes at different 

temperatures. (c) A2 fibers with various annealing times at 180°C. (d) A2 drawn fibers at 

3 and 30 minutes of annealing at 180 °C. A2-2 pre-annealed fiber conductivity could not 

be measured and is less than 10-4 S/m. 
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Table 3.2. Structural parameters of PAN core and PAN-CNT sheath (90/10) fibers before 

annealing. 

Sample   A1 A2 A3 A4 A2-1 A2-2 

TDR   1 1 1 1 3 10 

Structural 

parameters 

Xc % 41 34 39 33 57 58 

Lc nm 2.9 3 2.7 2.8 10.3 11.8 

fPAN 
 

0.08 0.11 0.14 0.11 0.76 0.83 

fCNT 
 

0.18 0.13 0.11 0.23 0.23 0.35 

 std*  0.08 0.03 0.04 0.06 0.08 0.07 

         *std – standard deviation of measured Herman’s orientation factor of CNT in fiber. 

Xc- crystallinity of PAN, Lc, the crystal size of PAN, fPAN, fCNT – Herman’s 

orientation factor of PAN and CNT respectively.  

 

Table 3.3. Structural parameters of PAN core and PAN-CNT sheath fibers after 

annealing. 

Sample 
 

 A1 A2 A3 A4 A2 A2 A2-1 A2-2 

TDR   1 1 1 1 1 1 3 10 

Annealing time  min 3 3 3 3 30 60 30 30 

Structural 

parameters 

Xc % 46 46 42 44 49 49 59 59 

Lc nm 9.5 8.6 8.6 8.6 10.3 9.6 12.3 12.4 

f
PAN

  0.21 0.21 0.37 0.22 0.45 0.43 0.73 0.76 

f
CNT

  
0.31 0.27 0.34 0.3 0.17 0.12 0.31 0.35 

 Std  0.17 0.15 0.14 0.17 0.09 0.1 0.02 0.02 

Tensile properties are listed in Table 3.4. Various as-spun fibers with different core-

sheath ratios and CNT concentrations show comparable tensile strength, while tensile 

modulus slightly increased, and elongation to break decreased with increasing CNT wt%. 

Elongation at break of the A1 sample is approximately 3.4 times that of the A4 sample. 

Tensile strength, modulus, and toughness increased after drawing (Table 3.4). Both tensile 

strength and modulus increased by more than a factor of 2, at a draw ratio of 3. The increase 
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in crystallinity and orientation is responsible for the increased tensile properties. The A2-

2 sample showed comparable crystallinity and crystal size to the A2-1 sample but 

moderately increased the PAN orientation factor from 0.76 to 0.83. The higher orientation 

in the A2-2 sample led to a higher modulus (18.8 GPa) than that for the A2-1 sample (12.7 

GPa) with a lower draw ratio. 

Table 3.4. Mechanical properties of the core-sheath fibers. 

Sample A1 A2 A3 A4 A2-1 A2-2 

CNT wt% 3.7 4.4 5.6 6.6 4.4 4.4 

TDR 1 1 1 1 3 10 

Diameter (µm) 71 ± 2 71 ± 3 66 ± 3 64 ± 3 35 ± 2 20 ± 1 

Tensile Strength (MPa) 112 ± 5 112 ± 6 125 ± 13 117 ± 26 299 ± 25 570 ± 102 

Tensile Modulus (GPa) 5.7 ± 0.3 5.8 ± 0.3 7.0 ± 0.3 7.0 ± 0.3 12.7 ± 1.0 18.8 ± 1.2 

Elongation at break (%) 

14.3 ± 

4.5 

10.7 ± 

3.3 4.6 ± 2.0 4.2 ± 2.5 9.7 ± 1.1 6.0 ± 1.4 

Toughness (MPa) 2.8 ± 0.2 2.8 ± 0.3 2.7 ± 0.8 2.5 ± 1.2 20.7 ± 3.0 19.8 ± 7.2 

Table 3.5 summarizes the structural, mechanical, and electrical data of A2 fibers 

(with 4.4 wt% CNT) at different draw ratios.  The drawing process changed the structure 

and morphology of fibers, then further resulted in the enhancement of tensile properties 

and change of electrical conductivities. Among fibers with 3 different draw ratios, A2-1 

samples showed good electrical conductivity enhancement (10 -1 S/m before and 1-10 S/m 

after annealing) and relatively good tensile strength and modulus (299 MPa and 12.7 GPa). 

These fibers can be used for strain sensors and electromagnetic interface (EMI) shielding 

[26,45,140–148]. The electrical conductivity of the as spun and low draw ratio sheath-core 

fibers with overall 4.4 wt% CNT is comparable to the conductivity of PAN/CNT single 

component fibers with 15 wt% CNTs [96], and thus represents a significant development 
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in the processing of multifunctional fibers. These fibers can also be used for Joule heating 

of fabrics and to stabilize PAN polymer for making carbon fibers also via Joule heating 

process.    

Table 3.5. Structural parameters, morphology, electrical conductivity, and mechanical 

properties of various A2 core-sheath fibers containing 4.4 wt% CNTs and different draw 

ratios. 

    A2 A2-1 A2-2 

Draw ratio  1 3 10 

Structural 

properties  

Xc(%) 34 57 59 

Lc (nm) 3  10.3  11.8  

fPAN 0.11 0.76 0.83 

fCNT 0.13 0.23 0.35 

Electrical 

conductivity 

(S/m)  

Before 

annealing 0.05  0.38  <10-4 

  

After 

annealing  1- 10 1- 10 10-4 -10-1  

Mechanical 

properties  

Tensile 

strength 

(MPa) 112  299 570  

  

Tensile 

modulus 

(GPa) 5.8  12.7  18.8  

We demonstrate Joule heating on sample A1. A1 fibers, of overall 3.7 (± 0.6) wt% 

CNT wt%, possessed 0.006 ± 0.002 S/m before and 3.0 ± 2.6 S/m electrical conductivity 

after annealing for 30 minutes at 210 °C (Table C3).  During Joule heating, temperature up 

to 250 °C was recorded near the center of the fiber bundles by an IR sensor (Table C2) 

with the applied voltage between 1.2 and 1.5 kV. Figure 3.4 shows the integrated scan from 

WAXD of various fibers. The annealing process increased the PAN crystal size of the A1 

sample from 3 nm to 8 nm at 2θ ~ 17 ° (200,110 plane), which was observed for other as-

spun fibers as well (Table 3.2 and Table 3.3). PAN crystal peak at 2θ ~ 17 ° became broader 

after 1-hour Joule heating, and its intensity decreased after longer Joule heating time.  The 
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peak at 2θ ~ 26 °, which indicates the stabilized PAN structure appeared after Joule heating 

[96,149–152]. After 3-hours of Joule heating, the WAXD PAN peak at 2θ ~17 ° almost 

fully disappeared. Thus the stabilization via Joule heating has been successfully 

demonstrated at an overall CNT loading of 3.7 wt-%, as compared to the 15-20 wt% CNT 

demonstrated previously [96].   

 

Figure 3.4 (a) before annealing, (b) after annealing at 210 °C for 30 minutes at constant 

length, (c, d, e) Joule heating (JH) between 1.2 – 1.5 kV for 1, 2, and 3 hours. (a) before 

annealing, (b) after annealing at 210 °C for 30 minutes at constant length, (c, d, e) Joule 

heating (JH) between 1.2 – 1.5 kV for 1, 2, and 3 hours. 

3.4 Conclusions 

PAN core and PAN-CNT sheath fibers were successfully manufactured with 

different core-sheath area ratios.The conductivity of as-spun fibers, with relatively small 
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PAN crystal size and crystallinity, can be increased with few minutes of annealing or at a 

low draw ratio, when CNTs can rearrange themselves to form CNT-CNT contacts. The 

conductivity of drawn fibers can be increased by annealing, and the polymer chains relaxed 

after annealing. At a low draw ratio of 3, sheath-core fiber with an overall CNT 

concentration of 4.4 wt% exhibited axial electrical conductivity of 0.38 S/m before 

annealing and up to 5 S/m after annealing. The tensile strength and modulus of this fiber 

were 299 MPa and 12.7 GPa, respectively.  Therefore, we now have a fiber with tensile 

properties typical of textile fibers, but also exhibiting good electrical conductivity, at a 

relatively low CNT concentration. Lastly, such core-sheath fibers with overall CNT 

loading as low as 3.7 wt% were used to demonstrate stabilization of PAN by Joule heating.  
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CHAPTER 4. STABILIZATION OF POLYACRYLONITRILE 

(PAN) FIBERS WITH CARBON NANOTUBES (CNT) 

4.1 Introduction  

Among all the carbon fiber manufacturing steps, stabilization is the critical step for 

the formation of the desired cyclized ladder structure, and to a large extent, this structure 

determines the properties of the carbon fibers. However, stabilization requires a long 

residence time due to the oxygen diffusion limitation and is commonly regarded as the rate-

limiting step for carbon fiber manufacturing [153,154]. Multiple approaches have been 

used to accelerate stabilization. For example, acid groups [69], lignin [71], and cellulose 

nanocrystals (CNC) [72]  were incorporated into the PAN molecules to reduce the 

activation of cyclization and to accelerate the stabilization process.  

CNTs have good mechanical, electrical, and thermal properties and have been widely 

used to reinforce polymer matrices [155]. CNTs have been incorporated into PAN fibers 

for improving mechanical properties [24,156] and electrical and thermal conductivity 

[96,130]. In this study, we illustrate a new pathway to increase the rate of reaction and to 

reduce the time of PAN stabilization with CNT. 

4.2 Experimental procedures 

4.2.1 Materials  

Polyacrylonitrile-co-methacrylic acid (PAN) of average molecular weight Mv about 

247,000 and 500,000 g/mol, and 4 wt% methacrylic acid was obtained from Exlan Co. 



 49 

Japan. PAN powder was dried at 75 °C in a vacuum oven overnight before making 

solutions. Multi-wall carbon nanotubes (SMW200) were purchased from SouthWest 

NanoTechnologies, Inc. (SWeNT), Norman, Oklahoma, and had an average length of 3-6 

μm.  An average number of 9-10 walls and average diameter of (12 ± 3 nm) were 

determined by X-ray diffraction and SEM analysis, respectively, in previous work[106]. 

Dimethylformamide (DMF) was purchased from Sigma Aldrich (HPLC grade, >99.9% 

purity). Methanol (ACS grade) and glycerol were obtained from VWR Chemicals.  

4.2.2 Fiber manufacturing 

For manufacturing bi-component core-sheath fibers, two separate solutions were 

prepared: one for the sheath and the other for the core component. PAN powder (Mv 

=247,000 g/mol) was dissolved in DMF at a solid concentration of 14 g/dL for core 

component. For the sheath component, PAN/CNT solution/dispersion was prepared at a 

solid content of 11.5 g/dL (10 wt% CNT + 90 wt% PAN of Mv =247,000 g/mol). CNT was 

first dispersed in DMF at 35 mg/300 mL DMF through bath sonication (Bransonic 8510) 

for 48 hours, and the resulting dispersion was added into the PAN solution in DMF with 

the desired PAN solid content. Excess solvent was removed through vacuum evaporation 

at about 70 °C.  

The core-sheath fibers were made using a bi-component fiber spinning unit (Hills 

Inc.) PAN and PAN/CNT solutions were poured into respective reservoirs to supply 

solutions to the core and the sheath geometries in the spin pack. Distribution plates in the 

spin pack of the fiber spinning equipment resulted in a core-sheath geometry through a 200 

μm spinneret diameter capillary. The core-sheath ratio was controlled by changing the flow 
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rates of the core and sheath solutions. The control samples were made using the same fiber 

spinning unit with only PAN solution at a concentration of 15 g/dL (Mv = 247,000 g/mol) 

dissolved in DMF. 15 g/dL solid content was used to make PAN solution with complex 

viscosity of ~ 50 Pa s at 1 rad/s which is suitable for continuous single-component fiber 

spinning with the current experimental setup.  Single-component PAN/CNT (90 wt% PAN 

+ 10 wt% CNT) fibers were spun from a different PAN/CNT solution with PAN of Mv 

=500,000 g/mol at 9 g/dL solid content in DMF. A high molecular weight PAN was used 

to make dispersion with reduced solid content and produce a fiber with a small fiber 

diameter. The solution was made following the same process as mentioned before. All 

fibers were spun through an air gap of 50 mm into a methanol coagulation bath at -50°C. 

All as-spun fibers were drawn in a glycerol bath maintained at 150-155°C. Stabilization 

was also carried out in a convection oven (VWR vacuum oven) at constant length with 

airflow.                  

4.2.3 Fiber characterization 

Tensile properties of the as-spun fibers were measured by Favimat+ at 25.4 mm 

gauge length and 1 %/s strain rate with at least 30 measurements. The area ratio of core 

and sheath and CNT concentration in core-sheath fibers were determined by imaging of 

cross-sections of fibers using an optical microscope (Leica DM2500 P) with at least 20 

measurements and analyzing with an ImageJ (version 6) software.  Wide-angle X-ray 

diffraction (WAXD) measurements were conducted using Rigaku Micromax-003 

(operating voltage and current 50 kV and 0.6 mA respectively) using CuKα (λ = 0.1542 

nm). Diffraction patterns were analyzed by Area Max (Version 2) and MDI Jade (Version 
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9). A scanning electron microscope (SEM, Hitachi SU8230) was used to obtain high 

resolution images of fibers.  

Differential scanning calorimetry (TA Instrument Q200) under nitrogen and under 

air at various heating rates (5, 10, and 15, 20 °C/min) from 30 °C to 400 °C was performed 

to study and differentiate cyclization and oxidation reactions for PAN and PAN/CNT 

fIbers.  

4.3 Results and discussion 

 Table 4.1 summarizes the area ratios, overall CNT wt%, draw ratio, and tensile 

properties of fibers used in the study. The area ratio of PAN/CNT over the total cross-

section area varied between 0 (PAN) to 100% (PAN/CNT-3). PAN/CNT-1, with 4.4 wt% 

CNT, showed the same draw ratio as the control PAN fiber, while the draw ratio of 

PAN/CNT-2 (with 6.6 wt% CNT) was lower.  On the other hand, PAN/CNT-3 fiber had a 

larger diameter than the other three fibers due to a significantly lower draw ratio.  All fibers 

show the comparable tensile modulus (16 -19 GPa) and strain at break (6 -9 %) (data in 

Table D1). 
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Figure 4.1. Optical image of cross-sections of as-spun fibers of (a) PAN, (b) PAN/CNT-

1, (c) PAN/CNT-2, and (d) PAN/CNT-3. The scale bar represents 100 µm. PAN/CNT 

(10wt%) appears in black color in these optical images. 

 

Table 4.1. Area ratios, CNT wt%, draw ratios, and diameters of various fibers. 

Sample PAN PAN/CNT-1 PAN/CNT-2 PAN/CNT-3 
A

PAN-CNT
/A

total (%) 0 43 ± 3 64 ± 5 100 
CNT wt%* - 4.4 ± 0.3 6.6 ± 0.5 10 
Draw ratio 10 10 7 4 

Diameter (µm) 21 ± 1 20 ± 1 23 ± 1 26 ± 1 

Figure 4.2 (a) shows various DSC plots, and for comparison, the DSC for PAN 

powder is also presented. The ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 for various PAN/CNT samples are corrected for 

PAN weight percentage (i.e., in J per gram of PAN) and summarized in Figure 4.3. 
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PAN/CNT fibers exhibited a much higher heat of reaction than control PAN fibers. For 

core-sheath fibers, ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 increased with increasing PAN/CNT. In fact, the ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

of PAN/CNT-3  (4517 J/g, corrected based on PAN wt%) was close to that of the PAN 

powder (4738 J/g).∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 of PAN fiber (1561 J/g)   was only 32 % of the PAN powder.   

PAN/CNT-3 fibers showed 20 % lower ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 when compared to the PAN/CNT-2 

fibers. Fiber diameter also influences the stabilization besides the CNT. The heat of the 

stabilization reaction is related to the surface area to volume ratio (SA: V), and a smaller 

SA: V can lead to a lower diffusion rate of oxygen per unit mass [29]. The larger diameter 

of PAN/CNT-3, compared to PAN/CNT-2 fiber (26 versus 23 μm), led to a smaller surface 

to area ratio, lower O2 diffusion rate, and hence lower ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛. 

When running under nitrogen,  the  ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 of all fibers were close to that of the 

PAN powder (474 J/g, Figure 4.2 (b)  and Figure 4.3). The data suggest that CNTs and 

polymer geometry (fiber vs. powder) did not affect the cyclization reaction, which occurs 

both in air and in nitrogen.  However, the samples containing CNTs and fibrous geometry 

vs. powder resulted in significant variation in the heat of oxidation. Moreover, the absolute 

value of  ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 in air for PAN powder was about 10 times that of the running in N2, 

which showed that the heat released from the cyclization reaction only accounted for a 

small portion of the heat released from the overall stabilization reaction.  
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Figure 4.2.DSC curves of PAN, PAN/CNT fibers, and PAN powder under (a) air and (b) 

N2  at 10 °C/min. The area under the DSC curves was used to calculate the heat of 

reaction, as shown in Figure D1. 

 

Figure 4.3. The heat of stabilization (∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) of various samples in air and in N2. 

∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 of PAN/CNT fibers were corrected for PAN weight percentage. 
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We also compared the activation energies ( 𝐸𝑎 ) of cyclization and oxidation 

reactions. During stabilization, PAN fibers undergo simultaneous reactions, including 

cyclization, oxidation, cross-linking, and dehydrogenation [65]. Fibers were measured 

under N2 first followed by air to study the kinetics of the cyclization (exothermic peak in 

N2) and oxidation reactions (1st exothermic peak when running in the air after running in 

N2) separately [10,71,72,157–160]. Representative DSC scans of PAN and PAN/CNT-1 

fibers under N2 and rerun in the air are shown in Figure D2. 

The kinetic parameters of the cyclization and oxidation reactions were fitted by 

Kissinger’s method(equation 4-1) [161]:  

−
𝐸𝑎

𝑅
=  

𝑑 (
∅

𝑇𝑃
2)

𝑑 (
1
𝑇𝑝

)
 (4-1) 

Where ∅ , Tp, 𝐸𝑎, 𝑅  are heating rate (°C/min), peak temperature (in Kelvin), 

activation energy, and universal gas constant (8.3415 J/mol-1K-1), respectively. The pre-

exponential factor A was calculated by equation (4-2) [162]:  

𝐴 =  
∅𝐸𝑎

𝑅𝑇𝑃
2 𝑒

𝐸𝑎
𝑅𝑇𝑝 (4-2) 

Four heating rates (5, 10, 15, and 20 °C/min) were used in this study, and fitting curves 

are shown in Figure D3.  𝐸𝑎 values of oxidation and cyclization are summarized in  

 

 

Table D2. 𝐸𝑎 values of oxidation are apparent values since they account for both the 

oxygen diffusion and oxidization kinetics.  
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Figure 4.4 shows that the 𝐸𝑎  of cyclization reaction slightly decreases with an 

increasing area ratio of A
PAN-CNT

/A
total 

or with the increasing amount of CNT. The 𝐸𝑎_𝑐𝑦𝑐 

(cyclization) of PAN/CNT-3 (164 kJ/mol) was about 88% of 𝐸𝑎_𝑐𝑦𝑐 the control PAN 

fibers (187 kJ/mol). On the other hand, the 𝐸𝑎, 𝑜𝑥𝑖𝑑  (oxidation) showed a significant 

increase in the presence of CNT. The 𝐸𝑎_𝑜𝑥𝑖𝑑 of PAN/CNT-1 and PAN/CNT-3 are about 

1.2 to 1.3 times (81-88 kJ/mol) PAN fiber and 𝐸𝑎_𝑜𝑥𝑖𝑑 of PAN/CNT-2 is about 1.8 times 

(122 kJ/mol) when compared with the control PAN fiber (66 kJ/mol).  A higher energy 

barrier must be overcome for PAN/CNT fiber than for PAN fiber for the oxidation reaction, 

which is caused by diminished oxygen diffusion in CNT-containing fiber. CNT has 

previously been shown to increase the activation energy associated with oxygen diffusion 

within polystyrene/CNT composite films [163]. Overall, CNT slightly reduced the 𝐸𝑎  of  

PAN cyclization (up to 12%) but significantly increased the 𝐸𝑎  for PAN oxidation (up to 

80%). 

Besides activation energy( 𝐸𝑎), the apparent kinetic constants (k) of both oxidation 

and cyclization reaction are shown in Figure S4. The k values were calculated by the 

Arrhenius equation (4-3):  

𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇         (4-3) 

Where 𝑅 is the gas constant, and 𝑇 is the temperature in K. 
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Figure 4.4. Activation energies (Ea) with different APAN-CNT/Atotal area ratios. 

Kinetic constants for cyclization are comparable for all PAN and PAN/CNT fibers 

from 200 to 300 °C (Figure D4). For example, at 250 °C, kcyclization was between 0.027 and 

0.036 s-1 for all four fibers. At the same temperature, the koxidation of PAN/CNT-1 and 

PAN/CNT-3 was twice (1.5 s-1), and PAN/CNT-2 was 5 times (3.6 s-1)  that of control PAN 

fibers (0.7 s-1). The increase of koxidation and the comparable kcyclization  with CNT were also 

consistent with the results of  ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛measured in air and N2 (Figure 4.2 and Figure 

4.3): ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  increased with CNT under air environment with both oxidation and 

cyclization, while ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛remained the same under N2 atmosphere with only cyclization 

reaction. Moreover, the koxidation of PAN/CNT-3 was lower than PAN/CNT-2, which was 

also consistent with the ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 results shown in Figure 3.  The larger fiber dimeter of 
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PAN/CNT-3 compared to PAN/CNT-2 may also influence the kinetic constant, in addition 

to effects of the CNT.  

To further demonstrate the CNT effect on stabilization, we carried out stabilization 

of a 20-filament bundle of 18 cm length in a convection oven at 250 °C at a constant length. 

Figure 4.5 shows the WAXD integrated scan of stabilized fibers. PAN/CNT-2 was fully 

stabilized within 2 hours, as indicated by the disappearance of the characteristic peak of 

PAN at 17° (200,110 plane, Figure D5)  and the appearance of a peak at ~26° (002 plane), 

which indicated a stabilized structure [150–152]. On the other hand, the control PAN fibers 

were partially stabilized when the ratio of peak intensities at 17° and 26° was almost 1 from 

the WAXD integrated scan. Additional experiments were conducted for PAN fibers, and 

the structure development was shown by using WAXD. The 17° peak gradually 

disappeared over 2 hours to 6 hours (Figure D6). After 6 hours of stabilization, control 

PAN fibers fully stabilized when the 17° peak completely disappeared. Moreover, the 

WAXD patterns of PAN/CNT-1 and PAN/CNT-3 fibers after 2 hours of stabilization were 

comparable to that of the control PAN fibers after 5-hours of stabilization (Figure D6). 

CNT reduced the overall stabilization time for PAN/CNT fibers compared with PAN 

fibers. The results from the stabilization experiments were also consistent with the results 

by the DSC study that CNT increased the rate of stabilization.   
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Figure 4.5. Integrated WAXD scans of PAN and PAN/CNT-2 fibers after stabilization in 

the air for the indicated times. 

To understand why CNT increased the rate of stabilization reaction, we checked 

the morphology of fibers before and after stabilization under SEM. Figure 4.6 shows the 

SEM images of the precursor fiber surfaces and cross-sections.  No porosity was observed 

in PAN fiber (Figure 4.6 (a) and (d)). On the other hand, porous features were observed in 

PAN/CNT fibers, and increased porosity was observed with an increasing amount of CNT 

(Figure 4.6 (e) and (f)). PAN/CNT-3 showed a highly porous structure.  (Figure 4.6 (f)). 

However, CNT did not induce any porous structure on fiber cross-sections for PAN/CNT-

2 and PAN/CNT-3 fibers (Figure 4.6 (f)). Porous features on the fiber surface were also 

observed in previous literatures on PAN fiber with 20 wt% CNT [130] and  PAN/iron oxide 

fibers (10 wt%) [125]. 
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No porous features were observed for PAN fibers, even after stabilization (Figure 

4.7 (a), (d), and (g). Porous structure was observed for stabilized PAN/CNT-2 (Figure 4.7 

(h), (b), and (e)). Likewise, pores were shown on the fiber surface (Figure 4.7 (i)), and 

pores were shown across the whole cross-section for PAN/CNT-3 single-component fibers 

(Figure 4.7(c) and (f)). Figure 4.6 (b) and (c) suggest that the porous features may exist 

before stabilization (e.g., the coagulation stage during fiber fabrication). Also, Figure 4.7 

(e) and (f) shows that stabilization promotes the formation of a 3-D porous structure.  To 

the best of the authors’ knowledge, the effect of stabilization on promoting or causing a 

formation of the porous structure has not been reported before for PAN/CNT or PAN with 

other filler. In  Figure 4.4, the activation energy of the cyclization reaction was shown to 

reduce with the adding CNT. The CNT may promote the cyclization reaction in the vicinity 

of the tubes. The nitrile groups of PAN chains can form a ring by intramolecular addition 

within one molecule or form an acrylic bond between two macromolecules by 

intramolecular addition, which will lead to chemical shrinkage [164]. And the different 

rates of cyclization near and far from the CNTs may lead to the different shrinkage rates 

and promote the formation of the porous structure. This point needs further investigation.  

The core-sheath structure became especially interesting when the fiber had a solid 

oxidized PAN core and porous sheath. The porous structure can be beneficial to both gas 

diffusion and heat convection. The 3-D porous network manufactured from a continuous 

process in a fiber form can also be interesting for applications such as electrodes [165].  
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Figure 4.6. Representative surface (upper) and cross-section (lower) of (a)&(d) PAN, 

(b)&(e) PAN/CNT-2, (c)&(f) PAN/CNT-3 precursor fibers before stabilization. 

 

Figure 4.7. Representative surface (upper) and cross-section (middle and lower) of (a), 

(d)&(g) PAN, (b), (e)&(h) PAN/CNT-2, (c), (f)&(i) PAN/CNT-3 fibers after 

stabilization. 
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Figure 4.8 shows the schematic plot core-sheath PAN-PAN/CNT fibers during 

stabilization. Typically, the oxidized PAN layer would form an interphase (skin layer)  near 

the fiber surface, which limits the further diffusion of oxygen inside the fiber and reduces 

the rate of oxidation reaction [76]. In the PAN/CNT fiber, the porous structures in 

PAN/CNT sheath can prevent interphase formation in the sheath component. The 

interphase formed in the PAN core during stabilization, as shown in Figure 4.8.  The porous 

sheath also promotes O2 diffusion, which can increase the stabilization rate.  

We assessed the effect of porous structure on the O2 diffusion by estimating the 

average apparent diffusion coefficient of O2 ( 𝐷𝑂2
), which described how fast oxygen could 

diffuse through the fiber. 𝐷𝑂2
was estimated to increase up to 3 times for PAN/CNT-2 fibers 

when compared to PAN fibers using a transient diffusion equation: 
𝜕𝐶

𝜕𝑡
=  𝐷𝑂2

∇2𝐶  (Figure 

D7, the calculation was shown in the supporting information). 

Single-component PAN/CNT also had a faster stabilization reaction than control 

PAN fiber due to increased 𝐷𝑂2
 than PAN fiber. However, in comparison with core-sheath 

structure fibers, single-component PAN/CNT fibers showed a lower draw ratio and 

relatively larger diameter, which would result in increased O2 diffusion time. In addition, 

the porous structure would potentially reduce the tensile properties of the fiber. However, 

the solid core in the core-sheath fiber would contribute to tensile properties when compared 

to a single-component fiber with a complete porous structure.  
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Figure 4.8. Schematic plot of core-sheath fibers with PAN/CNT sheath during 

stabilization. 

4.4 Conclusions  

Bi-component core-sheath PAN-PAN/CNT fibers and single-component PAN/CNT 

fibers were spun by incorporating 10 wt% CNT into the PAN matrix. CNT increased the 

∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 of stabilization by up to 3 times when compared with control PAN fibers under 

an air environment. While under an N2 environment  ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 of stabilization did not 

change with the addition of CNT. The presence of CNT reduced the 𝐸𝑎 of cyclization by 

up to 18% but increased the 𝐸𝑎of oxidation by up to 80%, as compared to PAN fiber.   At 

250 °C, core-sheath PAN-PAN/CNT fibers were fully stabilized in less than 2 hours, while 

the PAN fibers with the comparable fiber diameter required about 6 hours. PAN/CNT 
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showed porous structures on the fiber surface before stabilization, and a 3-D porous 

structure was observed after stabilization for PAN/CNT. The porous structure formed 

during stabilization can increase the O2 diffusion and hence increase the rate of the 

stabilization reaction. 
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CHAPTER 5. CONTINUOUS STABILIZATION OF 

POLYACRYLONITRILE (PAN) - CARBON NANOTUBE (CNT) 

FIBERS BY JOULE HEATING 

5.1 Introduction  

 . A Joule heating process has been shown to have the potential to replace convective 

heating for PAN stabilization by incorporating carbon nanotubes in the fiber to produce 

the required fiber conductivity for resistive heating. Currently, a convective heating process 

between 200 and 300 °C is typically used for PAN stabilization. The process is energy 

intensive with a long stabilization time of 1-2 hours. One way to reduce energy 

consumption is to optimize the current stabilization setup using (1) a highly efficient 

furnace, (2) improved heat transfer and process control, and (3)  waste heat recovery 

systems [166]. The Joule heating process, on the other hand, can potentially reduce the 

energy cost and time of PAN stabilization through directly heating the fibers by electric 

current and can potentially replace the current convective heating-based stabilization. In 

this chapter, we demonstrate the effectiveness of continuous stabilization of PAN fibers by 

Joule heating for the first time, at an overall CNT concentration of 4 to 7 wt%, through a 

combination of experiment and modeling.   

5.2 Experimental procedures  

5.2.1  Materials  
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Polyacrylonitrile-co-methacrylic acid (PAN) with viscosity average molecular 

weight (Mv)  247,000, 500,000, and 964,000 g/mol, and 4 wt% copolymer methacrylic acid 

were obtained from Japan Exlan Co. and dried at 75 °C in a vacuum oven overnight before 

making a solution. Multi-wall carbon nanotubes (MWNT), SMW200 were purchased from 

SouthWest NanoTechnologies, Inc. (SWeNT), Norman, Oklahoma, with a length of 3-6 

μm.  For the MWNT, an average number of 9-10 walls and an average diameter of 12 ± 3 

nm were determined by X-ray diffraction and SEM analysis, respectively,  in the previous 

study[167]. Dimethylformamide (DMF) was obtained from Sigma Aldrich (HPLC grade, 

>99.9% purity). Methanol (ACS grade) was purchased from VMR International.  

5.2.2 Solution preparation 

For PAN/CNT solution, CNT powder was first homogenized in DMF at a 

concentration between 120 – 200 mg/dL using a homogenizer (T25 ULTRA-TURRAX, 

IKA) at 10,000 rpm for 30 minutes. The slurry was then bath-sonicated for 24 hours 

(Bransonic 8510). CNT/DMF dispersion was poured into the reactors containing PAN 

solution, which dissolved at 75°C while stirring. The excess solvent from the CNT 

dispersion was evaporated under a vacuum. CNT dispersion addition was continued until 

the desired quantity of CNTs was achieved (7 or 10 wt % with respect to the weight of 

polymer + CNT). For bi-component fiber spinning, two separate solution preparations were 

carried out, one for the sheath and the other for the core. PAN/CNT solution (10 wt% CNT 

and 90 wt% PAN) was used as the sheath component, and a PAN solution dissolved in 

DMF at 75°C was used as the core component during bi-component fiber spinning. Details 

of CNT dispersion and solution preparation are summarized in Table E1. 
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5.2.3 Precursor fiber manufacturing 

PAN/CNT composite fibers were spun using a multi-filament fiber spinning unit 

(Hills Inc., FL), with a 40-hole spinneret, and the capillary diameter was 200 µm [12]. 

Single-component PAN/CNT composites fibers with 7 wt% CNT, as well as bi-component 

fibers with sheath-core geometry, were produced. PAN/CNT solution (7 wt% CNT and 93 

wt% PAN) was used to produce single-component PAN/CNT fiber. For bi-component 

fiber spinning, PAN and PAN/CNT (10 wt% CNT and 90 wt% PAN) solutions were 

poured in respective reservoirs to supply solutions to the core and the sheath geometries in 

the spin pack, respectively. The spin pack consisted of distribution plates to result in the 

sheath-core geometry. The sheath/core area ratio was controlled by changing the flow rate 

ratio of the core and sheath solutions. During both fiber spinning, the extrudate from the 

spinneret passed through a 19 mm air gap followed by a pure methanol bath at -50 °C. 

Fiber drawing was carried out on a multi-stage drawing line, using a hot drawing process 

on heated godet rollers. The spun draw ratio (SDR), as well as the post-spin draw ratio 

(PDR) from the stretching on the drawing line, are reported in Table 5.1.  

5.2.4 Fiber characterization  

The tensile properties of the fibers were measured using Favimat+ at 25.4 mm 

gauge length and 1 %/s strain rate on at least 30 fibers. Wide-angle X-ray diffraction 

(WAXD) measurements were conducted using Rigaku Micromax-002 (operating voltage 

and current 45 kV and 0.50 mA) using CuKα (λ = 0.1542 nm). Diffraction patterns were 

analyzed by Area Max (Version 2) and MDI Jade (Version 9). Crystal size was calculated 

from the equatorial scan using the Scherrer equation (K=0.9). Herman’s orientation factor 
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was calculated from the azimuthal scan of PAN crystalline planes ((200) and (010) at 2θ = 

17°) following the previously described method[125,126]. Fiber cross-sections (bi-

component fibers) were observed using an optical microscope (Leica DM2500 P). The 

fiber bundle was embedded into epoxy resin and microtomed (Leica, RM2255) in 7-10 μm 

thick sections before imaging under an optical microscope. Raman spectra were collected 

on a single fiber with a 785 nm laser on a Raman microscope system from HORIBA 

Scientific (XploRA ONE with a 785 nm laser).  The orientation of the CNTs in the 

composite fibers was determined using a rotation stage with fiber axis rotated in 10° 

increments from 0 to 90° under parallel (VV, vertical/vertical) polarizers following 

reported methods elsewhere [11,127,128]. Fiber annealing was conducted at a constant 

length in an oven before measuring electrical conductivity. The electrical conductivity of 

a fiber bundle (40-filaments) was measured using Keithley 2400 source meter using a two-

point probe geometry with a distance of 10 mm between the two probes. The silver paste 

was applied at the test points on the fibers to ensure low contact resistance between the 

probes and fibers. Electrical conductivity was calculated from the measured electrical 

resistance and geometry of fibers. Fourier transform infrared spectroscopy (FTIR) spectra 

were collected on a Spectrum One spectrometer (PerkinElmer Inc) from 4000 to 400 cm–1 

at a resolution of 4 cm-1. The precursor and stabilized fiber samples were ground with KBr 

and pressed into a pellet for measurements. Differential scanning calorimetry (TA 

Instrument Q200) was performed under air environments at a heating rate of 10°C/min 

from 30 °C to 400 °C.  

5.2.5 Joule heating and convective heating  
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Figure 5.1 shows the continuous resistive stabilizer (CoRe-Stab) for Joule heating. 

Fiber tow was unwound from a supply spool to the inlet tension servo and conducting roller 

to apply electric potential (voltage) while maintaining tension.  The fiber tow then went 

through a quartz tube (2 meters long, 25.4 mm outer diameter, 2.54 mm thickness) to 

another conducting roller and was finally collected on an uptake spool. The tension, applied 

voltage, and residence time were controlled, and the temperature was monitored with an 

IR sensor in the middle and another one near the quartz tube end near the uptake spool. 

The air was supplied by an air fan continuously during Joule heating. Joule heating was 

conducted on a 200-filament bundle for single-component fibers and on 1000 and 6000-

filament bundles for bi-component fibers. The picture of the 6000-filament bundle is shown 

in Figure E1. For fibers undergoing Joule heating, about 250 °C was measured constantly 

with the IR sensor located at the center of the quartz tube near the fiber bundle. The Joule 

heating parameters, including fiber speed, current, and heating time, are summarized in 

Table E2 and Table E3 in Supporting Information. For comparison, single and bi-

component fibers were also stabilized under tension at 250 °C in a convection oven (VWR 

vacuum oven) for various times while continuously pumping air.  

Inset in Figure 5.1 shows the schematic of the Joule heating process. The electric 

current generates heat upon passing through the resistance elements, CNT, in the 

PAN/CNT fibers. Continuous airflow supplies oxygen for oxidation reaction while at the 

same time, removes heat from the quartz tube.  Heat loss also takes place through the wall 

of the quartz tube to the environment.  

A generalized macroscopic heat transfer equation has been used to analyze the 

Joule heating process, including the air and fiber within the quartz tube: 
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−𝛥𝐻̇𝑎𝑖𝑟 + 𝑄𝑡𝑢𝑏𝑒 + 𝑄𝑟𝑥𝑛 + 𝑄𝐽𝐻 =
𝑑𝐸𝑠𝑦𝑠

𝑑𝑡
 

     𝐸𝑠𝑦𝑠 = 𝐸𝑓𝑖𝑏𝑒𝑟 + 𝐸𝑡𝑢𝑏𝑒 + 𝐸𝑎𝑖𝑟 

(5-2) 

Where  𝛥𝐻̇𝑎𝑖𝑟 , 𝑄 𝑡𝑢𝑏𝑒 , 𝑄𝑟𝑥𝑛, 𝑄𝐽𝐻,
𝑑𝐸𝑠𝑦𝑠

𝑑𝑡
 are the enthalpy change of continuous 

airflow, the heat loss through the quartz tube to the outside environment, the heat generated 

by stabilization reaction， the heat generated by Joule heating, and heat accumulation rate 

of the whole system during Joule heating, respectively. The heat accumulation of the whole 

system (𝐸𝑠𝑦𝑠) during Joule heating includes the heat accumulation of fiber (𝐸𝑓𝑖𝑏𝑒𝑟), tube 

(𝐸𝑡𝑢𝑏𝑒), and air inside the tube (𝐸𝑎𝑖𝑟). The detailed analysis of Joule heating is shown in 

the supporting information.  

The heat generated per unit volume by the Joule heating process is calculated by:  

            𝑄𝐽𝐻 =
𝑖2

𝜎
  (5-2) 

where 𝑖, 𝜎, 𝐼, 𝑉, t are the current density, the electrical conductivity of the fibers, 

measured current value by source meter, applied voltage, and time, respectively. Current 

density can be further related to the voltage drop V over a length L by 𝑖 =  𝜎
𝑉

𝐿
. 
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Figure 5.1. Continuous resistive stabilizer (CoRe-Stab) for Joule heating. Inset shows the 

Joule heating schematic. This equipment was designed and built by Vuronyx Inc. 

5.3 Results and discussion  

Figure 5.2 shows the cross-sections of single and bi-component fibers fabricated in 

this work. Core-sheath bi-component cross-section geometry was utilized in fiber design 

to reduce the overall amount of CNT in the fiber by incorporating 10 wt% CNT only in the 

sheath. Table 5.1 summarizes the draw ratio, diameters, and electrical conductivity of 

single and bi-component fibers. Bi-component fibers possessed over 2 orders of 

magnitudes higher electrical conductivity than single-component fibers before annealing. 

Bi-component fiber has a higher CNT concentration (10 wt%) in the sheath than single-

component fibers (7 wt%), which is responsible for the increased electron transfer. 

Moreover, single-component fibers show higher anisotropy of CNT (fCNT = 0.35) than bi-

component fibers (fCNT = 0.06). Increased anisotropy of CNT can disrupt the CNT 

percolation and lead to low electrical conductivity [29]. An annealing process has been 
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used to enhance the electrical conductivity of PAN/CNT fibers previously [34,96]. 

Annealing above the polymer glass transition temperature enables increased mobility of 

polymer chains, rearrangement of nanotubes, and thus leads to increased CNT contacts and 

hence increases electrical conductivity. Fibers were annealed at various conditions to 

increase electrical conductivity. The electrical conductivity of PAN/CNT fibers with 

different annealing conditions is summarized in Table E4. Before Joule heating, 30 minutes 

of annealing was used for single-component fiber, and 10 minutes of annealing was used 

for the bi-component fiber. Both single and bi-component fibers exhibited good electrical 

conductivity of 11.5 and 7.1 S/m after annealing, respectively. The electrical conductivity 

achieved after annealing for both fibers is also higher than that of PAN/CNT fibers with 

15 wt% CNT (4.8 S/m), which was used in previous study to demonstrate Joule heating 

[96]. Tensile properties and structural parameters are summarized in Table E5. Both single-

component and bi-component fibers show good tensile modulus values of 9.7 and 7.6 GPa, 

respectively.  
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Figure 5.2. Optical micrographs of fiber cross-sections of (a) single-component and (b) 

bi-component core-sheath geometry fibers. 

 WAXD was used to study the structural change during the stabilization. Figure 5.3 

shows the WAXD results of single-component fibers before and after annealing, after Joule 

heating, and after convective heating at different times. The disappearance of the PAN 

crystal peak at 2θ ~ 17 ° and the appearance of the peak at 2θ ~26 ° indicates the stabilized 

structure of PAN [96,150–152]. The PAN crystal peak at 2θ ~ 17° completely disappeared 

after the 1-hour Joule heating, which indicated that the Joule heating completely stabilized 

the 200-filament, 33 μm diameter fiber tows in less than 1 hour (Figure 5.3 (d)). On the 

other hand, the tow of the same fiber was not fully stabilized (Figure 5.3 (g)) after 2-hours 

in a 250 °C convection oven, as the 2θ ~ 17° peak remained in the WAXD integrated scan. 

Figure 5.3 (g) and (h) showed that the 33 μm diameter fiber bundle was fully stabilized 

between 2 hours and 2.5 hours of convective heating, when the WAXD peak at 2θ ~ 17° 

completely disappeared. A peak at 2θ ~12° was also observed in Figure 5.3. This peak was 

due to the spin finish applied after fiber spinning but before the hot drawing process. This 

has been further confirmed from the results in Figure E2. 
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Longer time was used to stabilize bi-component fibers than single-component 

fibers, by both Joule heating (2 and 4 hours) and by convective heating (2 to 12 hours), as 

the diameter of bi-component fibers (52 μm) is larger than that of single-component fibers 

(33 μm).  Fibers with large diameters require a long time for oxygen to diffuse from outside 

to the fiber center, as the stabilization reaction can be limited by oxygen diffusion [168–

170]. This is also confirmed by the DSC data (Figure E3). The heat released during 

stabilization of single-component fibers (2980 J/g, Figure E3) in the air was about 2.5 times 

that of the bi-component fiber in the air (1194 J/g). The heat of the exothermic reaction is 

related to the surface area to volume ratio (SA: V) [72]. SA: V ratio is inversely 

proportional to the fiber diameter, and a higher SA: V ratio with smaller fiber diameter 

leads to a higher diffusion rate of oxygen per unit mass and hence higher heat of 

stabilization reaction at the given time.  

Table 5.1. Listing of CNT amount, draw ratio, diameter, and electrical conductivity for 

the fibers used in this study. 

Sample 
CNT 

wt% 
SDR+ PDR+ 

Diameter* 

(μm) 

Electrical conductivity 

(S/m) 

Before 

annealing 

After 

annealing** 

Single-

component 
7 1 1.2 33 ± 2 10-3 11.5 ± 3.1 

Bi-

component 
4.6 1 1.1 52 ± 2 1.1 ± 0.6 7.1 ± 0.7 

+SDR: Spun draw ratio, PDR: post-draw ratio. *Diameter: Equivalent diameter based on 

fiber cross-section area. **30 minutes of annealing for single-component fibers and 10 

minutes of annealing for bi-component fibers was done at 210°C.  
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Figure 5.3. Integrated WAXD radial scans of single-component fibers. (a) before 

annealing, (b) after continuous annealing at 210 °C for 30-minutes, (c) after Joule heating 

for 30 minutes, (d) after Joule heating for 60 minutes. WAXD radial scans (e, f, g, h) 

after stabilization in the oven at 250 °C for varying times are given for comparison. 

Stabilization times in oven are: (e) 30 minutes, (f) 60 minutes, (g) 120 minutes, and (h) 

150 minutes.   

Figure 5.4 shows the integrated WAXD scans of bi-component fibers before and 

after annealing, after Joule heating, and after convective heating at different times. The I17°/ 

I26° ratio (ratio of peak intensity) are listed in the same figure to show the structural change 

of PAN during stabilization. Figure 5.4 (e) – (h) show the structural development of PAN 

during stabilization with increased time of convective heating. The I17°/ I26° ratio was about 

1.1 after 2-hours of convective heating, and this ratio decreased to 0.5 after 12-hours of 

convective heating. Figure 5.4 (c) and (d) showed the integrated scan of PAN after 2 hours 

and 4 hours Joule heating, respectively, over which the I17°/ I26° ratios were 0.7 and 0.5, 

respectively. Instead of 12 hours for the convective heating process, Joule heating only 
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needs 4 hours to stabilize the same composites fibers. The required stabilization time 

through Joule heating can be reduced significantly to 1 hour or less with reduced fiber 

diameter (~33 μm). For the commercial PAN fiber with a diameter of 10 – 15 μm, the 

stabilization time via Joule heating is expected to be significantly below 1 hour [81].  

FTIR scans on bi-component fibers are given in Figure 5.5. FTIR spectra of bi-

component fibers. (a) before Joule heating, (b) after 2-hour Joule heating using 6000 

filaments tow, (c) after 4 hours Joule heating using 1000 filaments tow, and (d) after 4-

hour stabilization in a 250 °C convection oven in the air using 1000 filaments tow.. The 

2180 – 2260 cm-1 peak is due to the nitrile group[96,150,151]. Un-reacted nitrile (~2243 

cm-1) is shown for bi-component precursor fiber. Two new peaks at 2239 cm-1 and 2219 

cm-1 were shown for fibers after a 4-hours stabilization process at 250 °C in the oven 

(Figure 5.5. FTIR spectra of bi-component fibers. (a) before Joule heating, (b) after 2-hour 

Joule heating using 6000 filaments tow, (c) after 4 hours Joule heating using 1000 filaments 

tow, and (d) after 4-hour stabilization in a 250 °C convection oven in the air using 1000 

filaments tow. (d)), which indicated the part of the unreacted nitrile group shifted to 

conjugated nitrile at ∼2210 cm−1, and the β-amino nitrile at ∼2190 cm−1 during cyclization 

reaction [152]. On the other hand, the nitrile peak disappeared after the Joule heating for 2 

or 4-hours (Figure 5.5. FTIR spectra of bi-component fibers. (a) before Joule heating, (b) 

after 2-hour Joule heating using 6000 filaments tow, (c) after 4 hours Joule heating using 

1000 filaments tow, and (d) after 4-hour stabilization in a 250 °C convection oven in the 

air using 1000 filaments tow. (b) and (c) ), indicating that the nitrile group underwent the 

cyclization reaction completely. Corresponding peaks of C=N and C=C bonds appeared at 
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~ 1600 cm-1 [12,22]. This result confirms that Joule heating requires a shorter time to form 

cyclized PAN structures as compared to convective heating.  

 

Figure 5.4. Integrated WAXD radial scans of bi-component fibers. (a) before annealing, 

(b) after continuous annealing at 210 °C for 10 minutes, (c) after Joule heating of 6000 

filaments tow for 2 hours, (d) after Joule heating of 1000 filaments tow for 4 hours. 

WAXD radial scans (e, f, g, h) of 1000 filaments tow after stabilization in the oven at 250 

°C for varying times are given for comparison. Stabilization times in the oven are (e) 2 

hours, (f) 4 hours, (g) 8 hours, and (h) 12 hours.    
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Figure 5.5. FTIR spectra of bi-component fibers. (a) before Joule heating, (b) after 2-hour 

Joule heating using 6000 filaments tow, (c) after 4 hours Joule heating using 1000 

filaments tow, and (d) after 4-hour stabilization in a 250 °C convection oven in the air 

using 1000 filaments tow. 

Figure 5.6 shows the distribution of energy consumed during Joule heating 

according to equation (5-1). The detailed calculation is shown in the supporting 

information. Only about 0.1% of the energy generated during Joule heating for the single 

component fiber and about 0.3% for the bi-component fiber were used to increase the fiber 

temperature and to increase the kinetic of PAN stabilization reaction. About 16.2 % and 

83.7 % of the energy generated by Joule heating and the exothermic reaction were lost 

through heating the continuously flowing air and through the quartz tube to the outside 

environment. For bi-component fibers, about 6.9 % and 92.8% of the energy was lost 
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heating the air and to the environment through the tube during the Joule heating process. 

The overall energy consumed for 4-hour Joule heating for bi-component fibers was 

estimated at about 83 kBtu/lb (Figure 5.7, calculation shown in the supporting 

information). The current typical energy consumption of stabilization and carbonization is 

about 84 kBtu/lb of carbon fiber, according to a report from the U.S. Department of energy 

[166], and 65% (55 kBtu/lb) was assumed to be used during the stabilization [171]. The 

estimated energy consumption (63 kBtu/lb) of the current Joule heating process is about 

50% higher than the current energy used in a convective heating process. However, the 

Joule heating process can be further optimized with the addition of a thermal insulation 

layer, recovery of the wasted heat, and with reduced voltage. When assuming no energy 

loss to the environment with the addition of thermal insulation layer and optimized voltage, 

the energy consumption is expected to be reduced from 83 to 6 kBtu/lb of fiber or lower 

(Figure 5.6 & Figure 5.7). Furthermore, the minimum energy needed for stabilization 

through Joule heating only includes the energy to heat up the fiber in order to initiate the 

stabilization reaction (𝐸𝑓𝑖𝑏𝑒𝑟). The value is as low as 0.2 kBtu/lb of carbon fiber (Figure 

5.7).  
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Figure 5.6. Distribution of energy consumed during Joule heating according to equation 

5-1 of (left) single-component fibers for 1 hour Joule heating with 200 filaments tow, and 

(right) bi-component fibers during for 4 hours Joule heating with 1000 filaments tow. 

Two challenges remain in order to translate the Joule heating technique to practical 

industrial manufacturing. One challenge is to design PAN-based precursor fiber that is 

electrically conductive (𝜎~ 1-10 S/m). The current process utilized PAN filled with 4-7 

wt% CNT. The single-component and bi-component core-sheath geometries were used for 

precursor design. To further reduce the CNT wt% requires further study and optimization 

of PAN/CNT (or other conductive fillers) blends as well as the design of fiber structure. 

Secondly, reducing the fiber diameter can reduce the stabilization time. The further 

research effort is needed to reduce the precursor fiber diameter from 30-50 µm to about 

10-15 µm while achieving the necessary electrical conductivity (~1 to 10 S/m) of the 

precursor fibers. Improving energy efficiency during the Joule heating process is another 

challenge for this technology. Optimization of applied voltage, the flow rate of air, and 

heat loss through the reactor are the keys to achieve high energy efficiency. Adding a 

thermal insulation layer and recovering heat loss is useful for optimizing this process 
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Figure 5.7. Energy consumption for convective heating[166,171], and for Joule heating 

from equation 5-1. Joule heating values are for bi-component fibers for 4 hours for 1000 

filament tow. The optimized value is calculated assuming that heat loss can be eliminated 

by insulation but that heat loss due to airflow inside the tube still occurs. The minimum 

value only includes the energy required to heat up the fibers to 250 °C for stabilization 

during Joule heating.   

5.4 Conclusions 

To summarize, in this work, we report the first continuous PAN fiber stabilization 

process based on Joule heating. Single-component PAN/CNT fibers with 7 wt% CNT and 

bi-component fibers with about 4.6 wt% CNT were manufactured through the gel spinning 

method. A continuous Joule heating process was used to stabilize single-component fibers 

with a 33 μm diameter, 200-filament tow, as well as bicomponent fibers with a 52 μm 

diameter, and tow with up to 6000-filament. Joule heating reduced the stabilization time of 

single-component fibers from about 2.5 hours through convective heating to less than 1 
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hour. Also, for bi-component fibers, Joule heating required less time to form a stabilized 

PAN structure compared with convective heating. The estimated energy consumption of 

the Joule heating process with the current experimental setup was higher than the energy 

consumed by the industry-standard convective heating process. However, adding thermal 

insulation and reducing voltage input while achieving the desired stabilization temperature 

can eliminate convective loss from the quartz surface and reduce energy consumed during 

Joule heating to a significantly lower value than convective heating. Furthermore, the 

minimum value of the energy needed for stabilization through Joule heating is estimated 

to be as low as 0.2 kBtu/lb of fiber produced, which accounts for less than 1 % of the energy 

consumed in stabilization during convective heating.   
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusions  

Here we report the processing, structure, properties, and Joule heating of PAN fibers 

with CNT filler. Rheological measurements were used to guide fiber spinning of PAN/CNT 

dispersions. Core-sheath PAN-PAN/CNT fibers were fabricated and used to stabilize PAN 

through the Joule heating process at 3.7 wt% CNT. The effect of CNT on stabilization of 

PAN was investigated on fabricated PAN/CNT fibers. A continuous, Joule heating-based 

stabilization process was also developed as part of the current study. The key results and 

conclusions of the study are summarized below.   

PAN/CNT dispersions behaved more elastic-like with increasing CNT amount, as 

compared to the control PAN solutions. The Cox-Merz rule held for the pure PAN solutions 

and PAN/CNT dispersions at most concentrations, except for the most concentrated 

PAN/CNT-15 dispersions. The homogeneity of the solution or dispersion depended on the 

concentration of CNT, but not on the temperature between 0 and 60 °C. Decreasing the 

dispersion elasticity by using lower molecular weight polymer assisted a longer continuous 

jetting during fiber spinning, as compared to the PAN/CNT dispersion with higher 

molecular weight polymer. For PAN/CNT dispersions, rheological behavior provides a 

good indicator of fiber spinnability. The log G′ versus log G′′ and tan δ curves are useful 

to guide fiber spinning with a simple oscillation measurement.  

A percolated CNT network at 10 wt% CNT in the sheath enhanced electrical 

conductivity as compared to the neat PAN fiber, while PAN polymer in the core 
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contributed to the good mechanical properties. Fibers with relatively thin sheath allowed 

overall CNT loading to be as low as 3.7 wt% to be made with good electrical conductivity. 

Low draw ratio (DR=3) fibers with 4.4 wt% CNT possessed a tensile strength of 299 MPa, 

and a tensile modulus of 12.7 GPa, as well as the electrical conductivity of up to 5 S/m. 

PAN stabilization by Joule heating was demonstrated in a batch process at an overall CNT 

concentration of 3.7 wt%. 

The heat of stabilization of PAN/CNT fibers increased up to 3 times when 

compared to PAN fiber with a comparable diameter under an air atmosphere, while the 

heat of stabilization did not change with adding CNT under N2 atmosphere. The addition 

of CNTs reduced the activation energy of PAN cyclization by up to 12% but increased it 

for the oxidation reaction by up to 80%, as compared to PAN fibers. CNTs did not increase 

the kinetic constant of the cyclization reaction but increased the kinetic constant of the 

oxidation reaction by up to 5 times when comparing to PAN fiber at 250 °C. At the same 

temperature, the bi-component PAN/CNT fiber bundle was fully stabilized in less than 2 

hours, while the PAN fibers with comparable diameter took 6 hours to stabilize.  Porosity 

was observed in the PAN/CNT precursor and the stabilized PAN/CNT fiber. This porosity 

was considered responsible for increased oxygen diffusion, and hence for reduced PAN 

stabilization time. 

A continuous Joule heating process has been used for the first time to stabilize 

polyacrylonitrile (PAN) fibers containing carbon nanotubes (CNT). Single-component 

PAN/CNT fibers with 7 wt% CNT and bi-component fibers with about 4.6 wt% CNT were 

manufactured through the gel spinning method. The Joule heating was used to stabilize 

single-component fibers with a 33 μm diameter, 200-filament tow as well as bicomponent 
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fibers with a 52 μm diameter, and a tow containing up to 6000-filaments. Joule heating 

reduced the stabilization time of single-component fibers from about 2.5 hours through 

convective heating to less than 1 hour. Also, for bi-component fibers, Joule heating 

required less time to form a stabilized PAN structure compared with convective heating. A 

model of heat transfer and thermodynamics occurring during Joule heating was developed 

to understand the reduction in energy consumed in stabilization when compared to 

convective heating. The minimum energy needed for stabilization through Joule heating is 

estimated to be less than 1 % of the energy used through convective heating. 

6.2 Recommendations   

The current study demonstrated the stabilization of PAN through Joule heating at a 

low CNT filler content of 3.7 wt%. However, further optimization is recommended to 

further reduce energy consumption and material cost. This can be achieved through 

modifying the Joule heating setup and by optimizing filler content in the PAN fibers. 

Moreover, the studies on the rheological behavior of PAN/CNT dispersion and 

stabilization of PAN/CNT fibers also raised several interesting questions which require 

further investigation. The recommendations for each study are summarized below.  

In Chapter 2, the log G′ versus log G′′ and tan δ curves are shown to be useful to 

guide fiber spinning of PAN/CNT with a simple oscillation measurement. Also, the log G′ 

versus log G′′ and tan δ curves of PAN/CNC showed similarities with those of PAN/CNT 

at high filler loading. However, this study does not answer the question, if the empirical 

findings presented here can be useful for other polymer/nanofiller composites (e.g., 

composites with cellulose nanomaterial, carbon black, and graphene oxide), especially at 
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high filler loading? A further systematic study is recommended to explore the generality 

of the empirical finding of using the log G′ versus log G′′ and tan δ curves to guide 

processing of polymer/nanofiller composites with different polymers and fillers.  

In Chapter 3, it was demonstrated that PAN/CNT fibers with the core-sheath 

structure ouldcould possess combined good electrical and tensile properties at a low CNT 

loading. And the Joule heating was demonstrated to stabilize core-sheath fibers at a 3.7 

wt% overall CNT. The overall CNT wt% may be further reduced by optimizing the core-

sheath area ratio during fiber fabrication. Moreover, a further optimization process is 

recommended to find the optimum draw ratio to achieve the desired electrical conductivity. 

Lastly, a cheaper conductive filler such as carbon black and graphite can be used along 

with CNT to make the core-sheath fibers more cost effective.  

In Chapter 4, the porous PAN/CNT structure was believed to increase the O2 

diffusion and the stabilization rates of PAN significantly. The pores were shown on the 

surface of the fiber, and the stabilization promoted the formation of porous structure for 

PAN/CNT. The mechanism of formation of the porous structure of PAN/CNT needs 

further investigation. Also, can the porous structure arise with other cheap filler to increase 

the O2 diffusion and stabilization rate of PAN? The mechanical properties of PAN/CNT 

fiber due to the porous structure can be another concern. A core-sheath structure may be 

useful since the solid core can contribute to good mechanical properties, and the porous 

sheath can lead to a reduced processing time and cost.  Further optimization of core-sheath 

may be possible to achieve fibers with relatively good properties and reduced cost at the 

same time. Moreover, the stabilized PAN/CNT fibers with a porous structure can be further 
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carbonized to make carbon fiber with a high surface area, which may be useful in energy 

storage applications.  

In Chapter 5, a continuous Joule heating process was demonstrated. However, during 

the Joule heating, most of the heat generated by the electric current was lost to the outside 

environment. The process needs further optimization, including reducing the voltage and 

current, adding an insulating layer to prevent heat loss to the outside environment, and 

recovery of the heat loss through the flowing air. Moreover, the heat transfer can be 

complicated during Joule heating. The current process used one IR sensor to monitor the 

temperature in the middle and one sensor at the end of the reactor. Measurement of the 

temperature profile of the fiber bundle and the reactor using an IR microscope or other 

advanced techniques is recommended. The detailed temperature profile may be useful to 

monitor the Joule heating for optimization.  
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APPENDIX A.  A COMPREHENSIVE STUDY OF 

POLYACRYLONITRILE (PAN) IN VARIOUS SOLVENTS AND 

SOLVENT MIXTURES: GELATION BEHAVIOR, GEL SPINNING, 

AND HANSEN’S SOLUBILITY PARAMETER PREDICTIONS   

A.1 Introduction 

The gel spinning method was invented in the late 1970s in the Netherlands [5]. 

Ultra-high-molecular weight polyethylene (UHMWPE) (Mw ~ 106 g/mol) has been used 

to produce a polymer solution with a solvent such as decalin. The low solid content solution 

of UHMWPE contains few chain entanglements, and low entanglement density contributes 

to highly drawable fibers [5]. One significant work done in gel spinning is to successfully 

evaluate the solvent effect on gel spinning and fiber properties of UHMWPE [172]. It has 

been reported that employing “relatively poor (e.g., vegetable oil) -as opposed to-good 

solvents” (e.g., decalin and mineral oil) can lead to improved PE draw ratio. The author 

hypothesized that the additional drawability comes from more disentanglement induced by 

the fast crystallization process in poor solvents such as fatty oil, natural peanut oil, stearic 

acid, and decalin/dodecanol co-solvents [173]. The hypothesis was supported by the 

differential scanning calorimetry (DSC) study: poor solvents increased the gelation 

(crystallization) temperatures of PE than decalin. Besides, through the characterization of 

melt flow rate (MFR), the solution from poor solvents possessed higher MFR than decalin. 

In addition, the reduced solution viscosity would help with the gel spinning process.  
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The current study on PAN in co-solvents systems is inspired by studies on 

UHMWPE.  Co-solvents systems have been studied with PAN dissolved in DMSO and 

non-solvent water or ethanol [13–21]. However, the non-solvent effect on the tensile 

properties of resulting fibers remains unclear. In the current study, rheological 

measurements are used for understanding the gelation behavior of PAN dissolved in DMF, 

DMF/water, and DMF/toluene. And such solutions with non-solvent water were also used 

for gel spinning to evaluate the water effect on gel spun fiber tensile properties. Moreover, 

Hansen’s solubility parameters are introduced to assess the solvent and solvent mixtures: 

1) solubility parameter Ra is correlated to the Tgel of PAN solutions made with solvent 

mixtures including DMF, water, and toluene; 2) solubility parameters are used as a 

guidance to select new solvents and solvent mixtures for fiber spinning of PAN.  

A.2 Experimental procedures  

 Polyacrylonitrile-co-methacrylic acid (4 wt% copolymer) with viscosity average 

molecular weight (Mv)= 500,000 g/mol was obtained from Japan Exlan Co., Japan. 

Dimethylformamide (DMF, HPLC grade, >99.9% purity), sulfolane (99% purity), toluene 

(99.8% purity) were obtained from Sigma-Aldrich. Propylene carbonate (PC, 99.5% 

purity) was purchased from Thermo Fisher Scientific.  

PAN/DMF, PAN/DMF/water (4 and 7 vol% water), and PAN/DMF/toluene 

solutions were prepared by dissolving PAN powder in the corresponding solvents or 

solvent mixtures at 75 °C with continuous stirring. PAN/sulfolane, PAN/sulfolane/PC, 

PAN/sulfolane/toluene, PAN/PC were dissolved between 90 and 100 °C. The dissolved 
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solutions were deaerated in a vacuum oven at 60 °C before rheology measurement and gel 

spinning. The details of solution preparation are shown in Table A1. 

Gelation behavior was characterized by a Rheometer (Anton Paar) with a cone-and-

plate geometry, a 50-mm plate on top, and a Peltier plate on the bottom. An evaporation 

blocker was used to prevent solvent evaporation and to reduce air disturbance during 

measurements [107]. The linear regime was determined initially by dynamic strain test 

(0.01– 10 %).  1% strain, which was in the linear viscoelastic regime for all solutions, was 

chosen for all solutions. Dynamic frequency sweep was used from 0.5 rad/s to 100 rad/s to 

determine polymer response to frequency change during the oscillation test. To find the 

gelation temperature, the frequency sweep was first conducted at 20 °C, then at lower 

temperatures (down to -28 °C). Before each test at each temperature, all samples were kept 

for at least 5 min at the desired temperature to ensure the thermal equilibrium and to 

eliminate the thermal history effect. To study the effect of high temperature on the 

rheological behavior of PAN solution, a new solution sample was used to conduct the same 

frequency sweep in the elevated temperature ranges (30, 40, 50 °C).  

PAN solutions were spun between 40 - 80 °C using a spinning unit manufactured 

by Hills, Inc., and a single hole spinneret of 200 µm diameter. The solution was quenched 

into the coagulation bath of methanol, water, acetone, or their mixtures at the temperature 

range between -50 and 18 °C, with an air gap of 6 cm, The details of fiber spinning are 

summarized in Table A1. A two-stage drawing process was utilized. The as-spun fibers 

were firstly drawn at room temperature, followed by a hot drawing process through a 

glycerol bath maintained at about 165 °C. 
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 Tensile testing was performed with a gauge length of 25.4 mm at a strain rate of 

1%/s using a FAVIMAT+ tensile testing instrument. For each fiber sample, at least 30 

filaments were tested. Wide-angle X-ray diffraction patterns of PAN fiber (WAXD) were 

measured by a Rigaku MicroMax 002 X-ray generator using CuKα (λ = 0.1542 nm). The 

WAXD curves were fitted with an MDI Jade (Version 9) software. Crystal size was 

calculated from the equatorial scan data using Scherrer equation (K=0.9). Herman’s 

orientation factor was calculated from the azimuthal scan of PAN crystalline planes ((200) 

and (010) at 2θ ~ 17° following the previously described method [125,126].  
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Table A1. Solution preparation and fiber spinning conditions of PAN in various solvents 

and solvent mixtures. 

Solvent 

#1 

Solvent 

#2 

Solvent 

#2 

vol% 

Solid  

(g/dL) 

Dissolving 

temperature 

(°C) 

Spinneret 

temperature 

(°C) 

Coagulation 

bath 

Coagulation 

bath 

temperature 

(°C) 

DMF None N/A 10.5 75 80 Methanol -50 

DMF water 4 10.5 75 80 Methanol -50 

DMF water 7 10.5 75 80 Methanol -50 

DMF PC 35 10.5 75 80 Methanol -50 

DMF PC 10 10.5 75 80 Methanol -50 

DMF Toluene 20 10.5 75 80 Methanol -50 

Sulfolane None N/A 8 95 40-50 

Water, 

acetone, 

methanol 

and their 

mixtures* 

-50 -18 

Sulfolane PC 25 8 90 40-50 methanol 0 - 10 

Sulfolane PC 50 8-8.5 90 40-50 methanol -15 

PC+ None N/A 8 90 N/A N/A N/A 

Sulfolane+ Toluene 10 8 100 N/A N/A N/A 

*Details are shown in Table A8. No fiber spinning is conducted for PC and 

Sulfolane/Toluene.  

A.3 Results and discussion 

Gelation behavior was studied for four solutions with the same solid content (10.5 g/ 

dL) made with different water or toluene volume percentage in the solvent. Figure A1 

shows the complex viscosity (η*) versus frequency (ω) of various PAN solutions dissolved 
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in DMF with water or toluene. For PAN/DMF, η* showed a clear transition between -20 

and -25°C. η* increased about 1 order of magnitude at low frequencies (< 1 rad/s) at -25°C, 

as compared to its value at -20°C. Moreover, η* showed a power-law shear thinning at all 

frequencies at -25°C.  According to Winter [174], the start-up of the complex viscosity that 

follows a power law can be used to identity the gelation behavior. Based on these 

observations, the gelation temperature (Tgel) for the PAN/DMF solution was determined to 

be between -20 and -25°C. For PAN dissolved in DMF with 4 and 7 vol% water, gelation 

was found between -5 to 0 °C, and 0 and 5 °C, respectively. These results are consistent 

with the findings of the gelation behavior of the PAN/DMSO/water system [13–18]. An 

elevated gel temperature up to 15°C was also observed upon the addition of water (0-8 

wt%) into DMSO [14,16,17]. The Tgel of PAN solution is also highly dependent on the 

solid of PAN. For example, at 20wt% solid of Mv = 7.8 x104 g/mol, PAN/DMSO solution 

showed a Tgel of  46 °C; at 23 wt% of solid with the same PAN polymer, Tgel of 

PAN/DMSO was about 53°C [17]. Moreover, instead of the rapid jump of η* for 

PAN/DMF between -20 and -25°C, η* of PAN in DMF with water gradually increased at 

decreasing temperature. To better understand the role of the co-solvent on the gelation 

behavior of PAN solution, besides the polar solvent water, 7 vol % non-polar solvent 

toluene was also added into DMF to dissolve PAN. Interestingly, for PAN/DMF/ toluene, 

η* showed the gelation between -28 and -25°C, which was slightly lower than that for 

PAN/DMF Toluene is a non-solvent with a lower melting point (-95 °C) than DMF (-61 

°C) and water (0°C). The results suggest the Tg of the PAN solution can be correlated to 

solvent properties (i.e., the intermolecular interaction between molecules in the solvent).  

After Tgel, η* showed a steep shear-thinning, which can be fit by a power-law equation (η* 



 94 

~ ωn, where n is the power-law scaling factor and shown in Figure A1). A slope (n) = -1 is 

expected from a solid [174].  PAN/DMF showed a higher n value after Tgel than solvent 

mixtures with water and toluene, which suggested more solid-like behavior after Tgel. 

Besides finding the Tgel using the complex viscosity, some researchers also identified 

the temperature where tan δ starts to be independent of frequency as Tgel [14–17]. Figure 

A2 summarizes the gelation process dependence on both frequency and temperature. Water 

addition raised the Tgel while toluene decreased Tgel for PAN solution dissolved in DMF, 

which were consistent with the Tgel results shown in Figure A1. 

 

Figure A1. Complex viscosity (η*) versus frequency (ω) at various temperatures.   (a) 

PAN/DMF, (b) PAN/DMF/Water (with 4 vol % water); (c) PAN/DMF/Water (with 7 vol 

% water); (d) PAN/DMF/toluene (with 7 vol % toluene). The slopes of the η*curves are 

shown in the figure. 
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Figure A2. tan δ as a function of temperature at various frequencies of PAN solution in 

DMF with water or toluene.  (a) only DMF, with no water or toluene, (b) 4 vol % water, 

(c) 7 vol % water, (d) 7 vol % toluene. 

Solution homogeneity was also studied using rheology tests. Figure A3 shows the 

log G ′  versus log G ′′ curves at various temperatures. Polymer solution with an ideal 

homogeneity would give log G′ versus log G′′ slope of 2 when ω is close to 0  [114–116]. 

Slopes of the log G′ versus log G′′ plot of PAN/DMF solution remained almost the same 

from high temperature to the Tgel. At Tgel, the solution turned into a gel, and the slope 

decreased significantly from 1.48 to 0.7. While in solution with water, the slope of log G′ 

versus log G′′ curve decreased continuously with decreasing temperature. The change of 

solution homogeneity for PAN /DMF/water can be different from the PAN/DMF solution 

due to the liquid-liquid phase separation. At reduced temperature, polymer chains can be 
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more concentrated into DMF solvent and less concentrated near non-solvent water. An 

inhomogeneous network can form and induce the gelation at low temperature. On the other 

hand, solvent mixture with 7 vol % toluene showed a similar behavior as PAN/DMF: the 

solution homogeneity remained the same until reaching the Tgel temperature (Figure A3 

(d)). 

 

Figure A3. log G' versus log G'' curves for PAN solution from 50 °C to gelation 

temperature in DMF with  water or toluene. .  (a) only DMF, with no water or toluene, (b) 

4 vol % water, (c) 7 vol % water, (d) 7 vol % toluene. The slopes of the curves are shown 

in the figure. 

Hansen’s solubility parameters (HSP) have been used for selecting solvents for 

polymers[175]. Ra, the Hansen’s interaction parameter, is an indication of interaction 

distance between polymer and solvent and is calculated using 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (A-2). 
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                                     𝛿2 = 𝛿𝑑
2 + 𝛿𝑝

2 +  𝛿ℎ
2   (A-1) 

                              𝑅𝑎
2 = 𝑎(𝛿𝑑1 − 𝛿𝑑2)2 + 𝑏(𝛿𝑝1 − 𝛿𝑝2)2+ c(𝛿ℎ1 − 𝛿ℎ2)2 (A-2) 

𝑤ℎ𝑒𝑟𝑒 𝛿, 𝛿𝑑, 𝛿𝑝, 𝛿ℎ   𝑎𝑟𝑒 𝐻𝑆𝑃 for the total, dispersion, polar and hydrogen bonding 

interactions respectively, 1 and 2 refers to polymer and the solvent.  a = 4, b = c = 1 from 

empirical results.         

It has been previously reported that Tgel of PAN solution was related to Hansen’s 

solubility parameter [18]. However, the author only considered the polarity of the solvent 

(δp). The dispersion parameter (δd) or hydrogen bonding (δh) were not fully considered. In 

this work, total interaction parameter δ is used to relate to Tgel . Table A2 and Figure A4 

summarize the Tgel and change of slopes of log G′versus log G′′ curves for different solvent 

and solvent mixtures. On the one hand, the water content in DMF resulted in high δ value, 

high gelation temperature, and relatively high inhomogeneity of the solution. On the other 

hand, 7 vol % toluene in DMF decreased the δ, decreased gelation temperature, and the 

solution remained homogeneous above the gelation point. The Tgel results of 

PAN/DMSO/water were also included in Table A2 and Figure A4.  
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Table A2. Results of rheology study of solvent and solvent mixtures and relation to 

Hansen’s solubility parameters.  

Solvent δ δd δp δh Ra 
Tgel 

(°C) 

Log G’ versus log 

G’’ plot slope 

from 50°C to gel 

point 

DMF 24.9 17.4 13.7 11.3 8.9 -20 ~1.48 

DMF/water 

(96/4) 
25.4 17.3 13.8 12.5 9.4 -5 

decreased from 

1.50 to 0.70 

DMF/water 

(93/7) 
25.9 17.3 13.9 13.5 9.9 0 

decreased from 

1.40 to 0.70 

DMF/toluene 

(93/7) 
24.1 17.4 12.8 10.6 8.7 -25 ~1.46 

DMSO* 26.7 18.4 16.4 10.2 7.1 46 N/A 

DMSO/water 

(2 wt%)* 
26.9 18.3 16.4 11.0 7.4 57 N/A 

DMSO/water* 

(4 wt%) 
27.2 18.3 16.4 11.8 7.7 62.5 N/A 

DMSO/water* 

(6 wt%) 
27.5 18.2 16.4 12.6 8.2 66 N/A 

DMSO+ 26.7 18.4 16.4 10.2 7.1 7 N/A 

DMSO/DMF+ 

(15 wt%) 

26.4 18.2 15.9 10.4 7.3 
0 N/A 

DMSO/DMF+ 

(25 wt%) 

26.1 18.1 15.6 10.5 7.5 
-4.6 N/A 

*Tg of PAN dissolved in DMSO and DMSO/water are from ref [14], with 20 wt% 

PAN copolymers (Acrylonitrile: Itaconic acid = 98:2) with Mv = 7.8 x104 g/mol. 
+Tg of PAN dissolved in DMSO and DMSO/DMF are from ref [18], with homo 

PAN of molecular weight of 150,000 g/mol. 𝛿𝑑, 𝛿𝑝, 𝛿ℎ   of solvent mixtures were 

calculated by rule of mixture of induvial solvent based on volume %.  
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Figure A4. Correlation between gelation temperature (Tgel) and Hansen’s solubility 

parameter δ. Red square showed the Tgel from ref [14], Blue rectangle showed the Tgel from 

ref [18]. Solid line is used to visualize the trend.  

To check the co-solvent effect on gel spinning, a simple step of addition of water 

into PAN/DMF solution has been done when making PAN solutions, and these solutions 

were used for the gel spinning process of PAN fibers. Table A3summarizes the tensile 

properties of the as-spun fibers from the three spinning trials. Despite the comparable 

tensile strength and modulus, the elongation to break and toughness significantly decreased 

with increased water content in the polymer solution. One possible explanation could be 

that water addition into dope solution introduces more defects during the gel spinning 

process. This hypothesis is supported by the log G′ versus log G′′curve from Figure A3 
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from the rheology study. During the oscillation test from high temperature (50 °C) to low 

Tgel, polymer solution became more inhomogeneous with higher water content. Wide-angle 

X-ray diffraction was used to measure the structural properties of the as-spun fibers. While 

all these as-spun fibers have similar crystal sizes and orientations, the addition of water 

decreased the crystallinity of the as-spun fibers.  

Table A3. Summary of mechanical and structural properties of as-spun fibers from 

PAN/DMF and PAN/DMF/water solutions. 

 unit PAN/DMF PAN/DMF/Water PAN/DMF/Water 

Water content vol % 0 4 7 

TDR  3 3 3 

Diameter µm 33.3 ± 0.5 33.9 ± 0.6 34.9 ± 0.4 

Tensile Strength MPa 202 ± 7 193 ± 8 224 ± 11 

Modulus GPa 7.1 ± 0.1 7.0 ± 0.1 7.4 ± 0.1 

Elongation at break % 79.6 ± 5.8 58.8 ± 4.0 42.1 ± 3.2 

Toughness MPa 132.3 ± 9.4 98.9 ± 7.4 78.3 ± 6.6 

Crystallinity (%) % 46 41 39  

Crystal size nm 3.0 3.0 3.4 

fPAN  0.28 0.3 0.29 

Table A4 lists both the mechanical properties and structural parameters of the fully 

drawn fibers made from solutions with different water content. Fibers from solution with 

a small amount of water (4 vol %) showed comparable drawability, tensile strength, and 

modulus to fiber made from PAN/DMF. High water (7 vol%) containing PAN solution 

resulted in a lower draw ratio and reduced tensile strength and modulus. The fiber 

orientation factor also decreased from 0.85 to 0.79. Fully drawn fiber made from 

PAN/DMF/water with 7 vol % water also showed smaller crystal size than PAN fibers 

made from the other two solutions.  
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Table A4. Summary of mechanical and structural properties of fully drawn fibers from 

PAN/DMF and PAN/DMF/water solutions. 

 
unit PAN/DMF PAN/DMF/Water PAN/DMF/Water 

Water content vol % 0 4 7 

TDR 
 

24 24 21 

Diameter µm 11.8 ± 0.2 12.0 ± 0.3 12.9 ± 0.9 

Tensile Strength MPa 890 ± 25 828 ± 19 762 ± 23 

Modulus GPa 18.1 ± 0.4 17.6 ± 0.3 15.3 ± 0.4 

Elongation at break % 7.8 ± 0.2 8.2 ± 0.1 8.3 ± 0.1 

Toughness MPa 32.4 ± 1.1 33.4 ± 0.7 29.6 ± 1.1 

Crystallinity (%) % 62 65 65 

Crystal size nm 8.6 9.2 7.2 

fPAN 
 

0.87 0.85 0.79 

Use of solvent mixture with high Ra values (DMF/water (7 vol%) ) decreased tensile 

strength, modulus, and drawability of PAN fibers.  Based on this case study, we 

hypothesized that the use of solvent, solvent mixtures with low Ra values would improve 

the tensile strength and modulus of PAN fibers from gel spinning. A variety of solvents 

were screened for PAN by calculating Ra values. Some of the promising solvents and 

solvent mixtures are summarized in Table A5. Ra values lower than DMF have been 

calculated for propylene carbonate (PC), DMSO, ethylene carbonate (EC), sulfolane, and 

some of their mixtures.  
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Table A5. Solvents and solvent mixtures for PAN that show low Hansen’s solubility 

parameter Ra for PAN[79]. 

 Volume ratio δ δd δp δh Ra 

PAN - 27.4 21.7 14.1 9.1 - 

DMF - 26.3 17.4 13.7 11.3 8.9 

DMSO - 26.6 18.4 16.4 10.2 7.1 

PC - 27.2 20.0 18.0 4.1 7.2 

DMF/PC 65/35 25.4 18.3 15.2 8.8 6.9 

DMSO/PC 40/60 26.7 19.0 17.0 7.8 6.2 

DMF/EC 50/50 26.4 18.4 17.3 7.9 7.4 

Sulfolane - 29.4 20.3 18.2 10.9 5.3 

Sufolane/PC 75/25 28.7 20.2 18.2 9.2 5.0 

Sufolane/PC 50/50 28.1 20.2 18.1 7.5 5.3 

Sufolane/Toluene 90/10 27.9 20.1 16.5 10.0 4.2 

We then evaluated multiple solvent mixtures with DMF (Table A6). Good solvent 

PC with a lower Ra value than DMF was added to DMF for PAN fiber spinning. 10 vol% 

PC into DMF reduces the Ra from 8.9 to 8.2, and further addition of PC to 35 vol % further 

reduces the Ra to 6.9. Adding 10 vol% PC increased the tensile modulus of the resulting 

PAN fiber by about 7 % when compared with PAN fiber made from PAN dissolved in only 

DMF (Table A6). However, adding 35 vol% PC did not further increase the tensile 

modulus but reduced the tensile strength by about 20% than fibers made from PAN/DMF. 

20 vol% toluene was also added into the DMF to investigate the non-polar solvent effect 

on gel spinning of PAN. In the previous gelation study, 7 vol% toluene was shown to 
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reduce the Tgel for PAN in DMF. Here, we added 20 vol% toluene to maintain the same Ra 

value as DMF, but reduced the δp from 14.1 to 11.2. Toluene reduced tensile strength and 

modulus of the resulting PAN fiber by 12 % and 7 %, respectively. The results suggested 

the polar interaction of solvent would also influence the resulting gel spun fiber properties.   

Table A6. DMF and solvent mixtures with DMF used for fiber spinning, and the resulting 

fiber tensile properties. 

 

Volume 

ratio 

Ra 

 

δp 

Max 

draw 

ratio 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

DMF  8.9 14.1 24 890 ± 25 18.1 ± 0.4 

DMF/water 96/4 9.4 15.0 24 828 ± 19 17.6 ± 0.3 

DMF/water 93/7 10.1 16.0 21 762 ± 23 15.3 ± 0.4 

DMF/PC 90/10 8.2 14.1 23 860 ± 32 19.3 ± 0.3 

DMF/PC 65/35 6.9 15.2 15 724 ± 32 17.7 ± 0.4 

DMF/Toluene 80/20 8.8 11.2 24 787± 21 16.9 ± 0.3 

After adding non-solvent water, good solvent PC, and non-polar solvent toluene in 

DMF, we showed that both the overall interaction parameter between the solvent and the 

polymer, as well as the polar interaction of solvent, could influence the resulting PAN fiber 

tensile properties. Ra and δp can provide some guidance for selecting solvent and solvent 

mixtures.  

Furthermore, we assessed a completely different solvent system, sulfolane, and 

sulfolane/cosolvent mixtures, based on the prediction of solubility parameters. Sulfolane is 
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a highly stable dipolar aprotic solvent which is used as a solvent in the industry for a variety 

of chemical reactions, including acidic, oxidation, phosphorylation, and condensation 

reactions [176]. Sulfolane has a boiling point of 287°C, which is much higher than other 

aprotic solvents such as DMF (153°C) and DMSO (189°C). PC is also a good solvent for 

PAN. After the screening of solvents, we found that sulfolane and its solvent mixtures with 

PC and toluene showed the lowest Ra, based on all the available solvent data on solubility 

parameters[175]. Also, to the best of our knowledge, sulfolane has never been reported for 

fiber spinning of PAN.  

 Table A7 shows the η* of PAN dissolved in sulfolane and its solvent mixtures 

measured at room temperature and at 1 rad/s. Interestingly, the same PAN powder 

dissolved in sulfolane possessed significantly higher viscosity than dissolved in DMF. At 

8 g/dL, sulfolane, sulfolane/PC, and sulfolane/ toluene all showed even higher η* than 

PAN/DMF at 10.5 g/dL. The sulfolane can lead to a PAN fiber spinning at low solid 

content, which can potentially lead to a low entanglement density of PAN in the solution.  

During gel spinning, we observed that the coagulation of PAN/sulfolane solution 

was difficult. Table A8 summarizes the attempts of coagulation.  Methanol and water 

resulted in fast coagulation of PAN and led to white fiber, which was extremely brittle. 

Acetone alone was not able to coagulate PAN, and the fiber could not be collected through 

the acetone bath. An acetone/methanol (33/67) bath was successfully used to coagulate a 

transparent as-spun fiber. However, the drawing of this fiber was not stable, and fibers 

were not drawable using a hot glycerol bath.  The maximum draw ratio was less than 1.5.  
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Table A7. Solubility parameters and complex viscosity of PAN in DMF, sulfolane, PC, 

sulfolane/PC, and sulfolane/toluene mixtures 

Solvent #1  Solvent #2 
Solvent #2 

vol% 

Solid 

content 

(g/dL) 

R
a
 δ

p
 

η* (Pa.s) 

at 1 rad/s 

at 25 °C 

DMF none N/A 10.5 8.9 13.7 48 

Sulfolane None N/A 8 5.3 18.2 90 

PC None N/A 8 7.2 18.0 43 

Sulfolane PC 25 8 5.0 18.15 70 

Sulfolane PC 50 8 5.3 18.1 50 

Sulfolane Toluene 10 8 4.2 16.5 110 

     Sulfolane, sulfolane/PC (25 and 50 vol%) were used for fiber spinning of PAN. 

     Sulfolane mixtures with PC were also spun. Sulfolane/PC (75/25) was 

successfully coagulated in a methanol bath maintained between 0 and 10 °C. However, the 

drawing process was not stable, and fiber was drawable in the glycerol bath with a 

maximum draw ratio of ~ 4 with a short period of time (~ 3 minutes). A 50/50 sulfolane/PC 

mixture was used to dissolve PAN and successfully produced PAN precursor with stable 

coagulation and fiber drawing. The resulting precursor fiber possessed tensile strength and 

modulus of 515 MPa, and 15 GPa, respectively (Table A9). Both tensile strength and 

modulus were lower than those of PAN fibers made with DMF However, the tensile 

strength and modulus are comparable to the commercial available PAN fiber reported in 

the literature [3,81,104,177–179]. . The drawn fiber diameter was about 15 µm, which was 

also comparable to the current commercial precursor PAN used for making carbon fiber. 

Further optimization of the sulfolane/PC volume ratio, coagulation, and drawing condition 
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may lead to improved tensile properties of the resulting fibers. This can potentially provide 

an alternative method for making PAN-based carbon fiber precursors.  

Table A8. Coagulation and drawing of PAN fiber processed from a concentration of 

8g/dL in sulfolane. 

Coagulation Drawing 

Bath 
T 

(°C) 

Coagulation 

Speed 
Fiber color 

Fiber 

collection 

Cold 

Drawable 

Hot 

Drawable 

Methanol 15 Moderate White Stable No No 

Water 15 Fast White Stable Yes No 

Methanol /water 

(70/30) 
15 Fast 

Transparent 

to white 
Stable Yes No 

Methanol 0 Moderate 
Transparent 

to white 
Unstable Yes No 

Methanol* -30 Jet freeze Transparent Unstable N/A N/A 

Methanol* -50 Jet freeze Transparent Unstable N/A N/A 

Acetone* 15 Slow Transparent Unstable N/A N/A 

Acetone/methanol 

(50/50) 
15 Moderate 

Transparent 

to white 
Stable No No 

Acetone/methanol 

(33/67) 
15 Moderate 

Transparent 

to white 
Stable Yes unstable 

*Fibers were not collected successfully from spinning, and drawing was not able to be 

attempted.  

The structural parameters of precursor made from PAN dissolved in sulfolane/PC 

were also measured and compared with PAN made from DMF.  PAN fibers made from 

sulfolane/PC showed larger crystal size, comparable crystallinity, but lower fPAN as 

compared to PAN fiber made from PAN/DMF. Figure A5 showed that the PAN precursor 
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made from the new solvents showed the same typical peaks of PAN at 2θ ~ 17 and 29°, 

which indicated a hexagonal packing of the PAN crystal [180].   

Table A9. Tensile properties and structural parameters of PAN precursor fibers made 

from DMF, sulfolane/PC (50/50), and from literature. 

 
unit PAN/DMF PAN/Sulfolane/PC      

Commercial  

PAN precursor 

[3,81,104,177–

179] 

TDR 
 

24 15 - 

Diameter µm 11.8 ± 0.2 15.4 ± 0.5 6 - 14 

Tensile Strength MPa 890 ± 25 515 ± 24 450 - 1000 

Modulus GPa 18.1 ± 0.4 15.0 ± 0.3 12-17 

Elongation at break % 7.8 ± 0.2 7.5 ± 0.3 - 

Toughness MPa 32.4 ± 1.1 23.3 ± 1.5 - 

Crystallinity (%) % 62 62 - 

Crystal size nm 8.6 10.6 - 

fPAN  0.87 0.77 - 
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Figure A5. WAXD integrated scans of fully drawn PAN fibers spun from DMF and from 

sulfolane/PC (50/50) solvent mixture. 

A.4 Conclusions 

To conclude, the gelation behavior of PAN with water and toluene in DMF was 

studied. Adding water increased while adding toluene decreased the Tgel of PAN/DMF 

solution. The gelation process of PAN/DMF/water solution is different from the gelation 

process of PAN/DMF, which can be due to the liquid-liquid phase separation. Increased 

water content in the PAN/DMF solution decreased the elongation to break of resulting as 

spun fibers from gel spinning, which can be due to the inhomogeneity of solution during 

gelation. 7 vol % water addition also reduced the drawability and tensile properties of fully 

drawn fibers made from PAN/DMF.  
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Besides non-solvent water, good solvent PC with low Ra and non-polar solvent 

toluene was added into the DMF to dissolve PAN for gel spinning. PAN fibers made from 

PAN/DMF/PC solution with 10 vol% PC increased the tensile modulus by about 7 %, as 

compared to the  PAN fibers made from PAN/DMF solution. Adding 20 vol % toluene in 

DMF, on the other hand, reduced the tensile strength and modulus of the resulting fibers 

than the fibers made from PAN/DMF. Both, overall interaction between solvent and 

polymer and polar interaction of solvent can influence the PAN fiber tensile properties 

through gel spinning.  

 Hansen’s solubility parameter values were used to screen a variety of solvents and 

solvent mixtures for PAN. Sulfolane and its solvent mixtures with PC and toluene were 

found to have the lowest Ra for PAN. Sulfolane and sulfolane/PC were gel spun with a 

reduced PAN solid content at 8 to 8.5 g/dL as compared to PAN/DMF, which was spun at 

10.5 g/dL. Coagulation was found to be difficult for gel spun PAN/sulfolane. 

PAN/sulfolane/PC with 50 vol% of PC, on the other hand, was successfully spun to 

produce PAN fiber, which possessed comparable tensile strength and modulus as those of 

commercial PAN precursor used for carbon fiber manufacturing reported in the literature.   
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 2 

 

 

Table B1. Composition and processing parameters of pure PAN solution and of 

PAN/CNT and PAN/CNC dispersions. 

Solution/ 

dispersion 

PAN 

weight 

(g) 

PAN 

wt% CNT/CNC 

weight (g) 
 Solvent 

Dispersion 

Conc. 

(mg/100 

mL) 

Sonication 

Time 

hours) 
  M

V1 MV2 MV3 

PAN 7 - 75 25 0 - - - 

PAN/CNT-4 6.72 - 75 25 0.28 DMF 11.6 48 

PAN/CNT-10 6.66 - 75 25 0.74 DMF 11.6 48 

PAN/CNT-15 6.12 - 75 25 1.08 DMF 11.6 48 

PAN-2/CNT-10 10.35 100 - - 1.15 DMF 11.6 48 

PAN/CNC-60 4 - 100  6 
DMF/H2O 

(75/25) 
3000 48 

Mv1; Mv2 and Mv3 correspond to viscosity average molecular weight of 247,000; 500,000 

and 964,000 g/mol, respectively. 
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Figure B1.  G', G'' plots with respective to ω of (a) PAN, (b) PAN/CNT-4, (c) PAN/CNT-

10, and (d) PAN/CNT-15 tested at 20 °C at the beginning and at the end of temperature 

sweep in order to check reversibility of temperature effects 

 

Table B2. Log G′ – log G′′ slope when ω → 0 for PAN solution and PAN/CNT 

dispersions at different temperatures. 

Temperature (°C) PAN 
PAN/CNT- 

4 
PAN/CNT-10 

PAN/CNT-

15 

0 1.36 1.22 0.94 0.48 

10 1.36 1.22 0.92 0.46 

20 1.38 1.21 0.89 0.46 

30 1.38 1.21 0.87 0.43 

40 1.39 1.21 0.88 0.43 

50 1.4 1.21 0.87 0.45 

60 1.42 1.2 0.83 0.46 
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Table B3. Summary of fiber spinning parameters and continuous jetting time for 

PAN/CNT dispersions. 

 PAN/CNT-10 PAN/CNT-15 PAN/CNT-10-2 
Temperature (°C) 90 90 90 

Spinneret size (µm) 200 500 200 
Air gap (cm) 6 6 6 

Flow rate of dispersion (ml/min) 0.5-1 0.5 0.5-1 
Shear rate (s-1)* 1300-2600 84 1300-2600 

Continuous jetting time (min) 6 ± 2  < 2  24** 

*The shear rate can be roughly estimated using a steady-state shear rate equation 𝛾̇ =  
4𝑄

𝜋𝑅3 ,  

where 𝑄 is the flow rate, and 𝑅 is the radius of the spinneret hole. **No breakage during 

the full duration of the fiber spinning process.   

 

 

Figure B2. Log-log plot of G′ versus G′′ for (a) diluted PAN/CNT-10 (at 4.5 g/dL of 

solids), and (b) PAN/CNT-10-2 dispersion at various temperatures; frequency range from 

0.63 to 242 rad/s. 
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 3 

Table C1. Comparison of electrical conductivity measurement results from the 2-probe 

and 4-probe method for three select samples of 4.4 wt% CNT. 

Sample Draw ratio Annealing Electrical conductivity (S/m) 

 CDR HDR TDR  2-probe method 4-probe method 

A2 1 - 1 - 0.05 ± 0.01 0.06 ± 0.04 

A2-1 1 3 3 - 0.38 ± 0.21 0.80± 0.60 

A2-1 1 3 3 

180 °C for 30 

minutes 4.7 ± 0.3 2.4 ± 2.0 

 

Table C2. Processing conditions and temperature measured by an IR sensor near the 

center of fibers bundle during Joule heating experiments. 

Trial  
Applied 

voltage 

(kV) 

Number of 

filaments 
Length of 

tows (m) 

Joule 

heating 

time (min) 

Temperature 

measured (°C) 
1 1.45 

100 1 

30 245 
2 1.3 60 255 
3 1.2 120 248 
4 1.5 180 252 
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Table C3. Summary of results from electrical conductivity measurements. 

  Annealing    

Sample 
Draw 

Ratio 

Time 

(min) 

Temperature 

(°C) 
CNT wt% 

Conductivity 

(S/m) 
std (±) 

A1 1 0 - 3.7 0.006 0.002 

A2 1 0 - 4.4 0.05 0.006 

A3 1 0 - 5.6 0.42 0.04 

A4 1 0 - 6.6 0.25 0.06 

A1 1 3 180 3.7 1.1 0.3 

A1 1 30 210 3.7 3.0 2.6 

A2 1 3 180 4.4 1.6 0.4 

A2 1 8 180 4.4 1.4 0.1 

A2 1 15 180 4.4 2.4 0.5 

A2 1 30 180 4.4 2.4 1 

A2 1 60 180 4.4 4 0.3 

A2 1 30 150 4.4 0.7 0.3 

A2 1 30 210 4.4 3.6 1.6 

A3 1 3 180 5.6 10.5 2.2 

A4 1 3 180 6.6 13 2.7 

A2-1 3 0 - 4.4 0.38 0.2 

A2-1 3 3 180 4.4 1.1 0.1 

A2-1 3 30 180 4.4 4.7 0.3 

A2-2 10 0 - 4.4 < 10
-4

 - 

A2-2 10 3 180 4.4 0.0007 - 

A2-2 10 30 180 4.4 0.035 0.03 

 

 

Figure C1. 2-D WAXD patterns of A2 samples with various annealing times at 180°C. 

(a) before annealing, (b) 3 minutes, (c) 30 minutes, and d) 60 minutes of annealing. 
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APPENDIX D. SUPPORTING INFORMATION FOR CHAPTER 4 

Table D1. Mechanical properties and structural parameters of PAN and PAN/CNT 

precursor fibers. 

Sample PAN PAN/CNT-1 PAN/CNT-2 PAN/CNT-3 

Tensile strength (MPa) 774 ± 81 570 ± 102 491 ± 45 423 ± 61 

Tensile modulus (GPa) 16.8 ± 1.5 18.8 ± 1.2 16.4 ± 0.6 17.4 ± 1.8 

Strain at break (%) 8.5 ± 0.8 6.0 ± 1.4 6.7 ± 2.6 9.0 ± 2.0 

Fracture toughness 

(MPa) 
31.4 ± 3.6 19.8 ± 7.2 20.7 ± 4.4 27.0 ± 8.7 

 

 

Figure D1 DSC curves of PAN powder under (a) air and (b) N2 environment at 10 °C. 

The insets showed the areas used to calculate the ∆𝐻𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛. 

. 
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Figure D2. DSC curves at various heating rates with (a) PAN fiber in N2; (b) PAN fiber 

rerun in the air after runs in N2; (c) PAN/CNT-1 fiber in N2; (d) PAN/CNT-1 fiber rerun 

in the air after runs in N2.  

 
Figure D3. Plots for the activation energy of (a) cyclization; and (b) oxidation, according 

to Kissinger’s equation [161]. 
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Table D2. Calculated kinetic parameters from Kissinger’s equation. 

  Reaction Ea (kJ/mol) A (s-1) 

PAN 
Cyclization 187.5 1.7 x 1017 

Oxidation  65.7 2.6 x 106 

PAN/CNT-1 
Cyclization 177.8 1.5 x 1016 

Oxidation  87.5 8.0 x 108 

PAN/CNT-2 
Cyclization 169.8 3.3 x 1015 

Oxidation  122.3 5.6 x 1012 

PAN/CNT-3 
Cyclization 164.3 8.6 x 1014 

Oxidation  81.3 1.9 x 108 

 

 

Figure D4. Kinetic constants versus temperature of (a)PAN, (b) PAN/CNT-1, (c) 

PAN/CNT-2, and (d) PAN/CNT-3 fibers.  
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Figure D5. Integrated scans of WAXD patterns of PAN and PAN/CNT fibers before 

stabilization. 

 

Figure D6. Left: Integrated scan of WAXD patterns of (a) PAN, (b) PAN/CNT-1, (c) 

PAN/CNT-2, and PAN/CNT-3 after 2-hours stabilization; Right: Integrated scan of 

WAXD patterns of PAN fibers after  (e) 3-hours, (f) 4-hours, (g) 5-hours, and (h) 6-hours 

stabilization at 250 °C under air environment. 
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The porous structure observed under SEM qualitatively explained the increase of 

oxygen diffusion in PAN/CNT sheaths. To quantitatively evaluate the effect of porous 

structure on gas diffusion, we established a diffusion equation to estimate the average 

apparent diffusion coefficient of O2 ( 𝐷𝑂2
) [181,182]:  

                                          
𝜕𝐶

𝜕𝑡
=  𝐷𝑂2

∇2𝐶      (D-1) 

 

Where 𝐶 is the concentration of O2 in fiber and 𝑡 is the time. The average apparent 

𝐷𝑂2
 of pure PAN fiber was estimated in previous literature to be ~ 3 x 10-12 cm2/s at  250 

°C when considering diffusion is limited due to an oxidized interphase skin layer [76,183].  

The aspect ratio of fiber bundles when conducting stabilization was about 170 

with17 cm length, the equivalent diameter of 20-filament bundle about 100 μm, and thus 

when estimated the O2 diffusion in fiber, we only consider the diffusion along the radial 

direction. Based on this assumption, the equation (D-1) can be simplified as:  

𝜕𝐶

𝜕𝑡
=  𝐷𝑂2

𝜕2𝐶

𝜕𝑟2
 (D-2) 

Assuming the surface concentration remains constant, the diffusion of O2 starts 

from t = 0 s, the solution to equation (D-2) becomes 

                                          
𝐶

𝐶0

= 1 − 2 ∑ 𝑒−𝛽𝑛
2𝜏

𝐽0(
𝑟𝛽𝑛

𝑟0
)

𝛽𝑛𝐽1(𝛽𝑛)
∞
𝑛=1      (D-3) 



 120 

Where 𝛽𝑛 (𝑛 = 1,2, … ) are roots of the Bessel equation  𝐽0(𝛽) = 0, which are 

documented by Carslaw and Jaeger [182]. C0 is the concentration of O2 in air, which is 

assumed constant at 21% with continuous pumping air. And 𝜏 =  
𝐷𝑂2𝑡

𝑟0
2  where t is the total 

time of the diffusion process. It should be noted that the equation above may not strictly 

apply to the systems with reaction. In this simplified equation, 𝐷𝑂2
 is a function of reaction. 

Moreover, the reaction would change the morphology and surface area of the PAN/CNT 

in fibers, which would influence gas diffusion. It is not feasible to measure the real 𝐷𝑂2
 by 

experiment nor calculate it analytically. To simplify the problem, we only estimate the 

average apparent 𝐷𝑂2
 of PAN/CNT fiber.  

Figure D7 shows the estimated normalized concentration profile of PAN and 

PAN/CNT fibers. PAN fibers required ~ 6 hours to stabilize (Figure D6). To reach the 

comparable concentration profile, the apparent 𝐷𝑂2
 of PAN/CNT-2 is estimated to be about 

3-4 times of that of pure PAN fiber for a complete stabilization within 2-hours. In other 

words, the simulated results indicated the CNT that displayed porosity induced by phase 

separation led to an average apparent 𝐷𝑂2
 that was up to 3-4  times higher than control 

PAN fibers for stabilization.   
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Figure D7. Normalized O2 concentration profile calculated by Equation (D-2) of (a) 

PAN/CNT-2 fiber of 23 μm diameter and 3 ∗ 𝐷𝑂2
 after 2-hours stabilization,  (b)  PAN 

fiber of 21 μm diameter and 𝐷𝑂2
 after 6-hours stabilization (c) PAN/CNT-2 fiber of 23 

μm diameter and 4 ∗ 𝐷𝑂2
 after 2-hours stabilization. 𝐷𝑂2

~ 3 x 10-12 cm2/s at 250 °C was 

used for calculation for PAN fiber 
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APPENDIX E. SUPPORTING INFORMATION FOR CHAPTER 5 

Table E1. Summary of solution preparation and fiber spinning parameters for single and 

bi-component fibers. 

 Single-

component 

Bi-

component 

(sheath 

solution) 

Bi-

component 

(core 

solution) 

CNT wt% 7 10 0 

PAN polymer wt% 93 90 100 

PAN Mv g/mol* 500,000 (75%) 247,000 247,000 
 964,000 (25%)   

CNT concentration for sonication 

(mg/L DMF) 
200 120 - 

Sonication time (hours) 24 24 - 

Solid content (g/100 mL DMF) 11 11.5 15.5 

Solution quantity (L) 1.5 1.5 3 

Solution preparation temperature 75 90 75 

Spinneret diameter (μm) 200 200 200 

No. of holes in the spinneret 40 40 40 

Spinneret temperature (°C) 95 90 90 

*All PAN polymer contains 4 wt% methacrylic acid (MAA) copolymer.  

 

 

Figure E1. Photographs of stabilized bi-component fiber tow via joule heating; (A) and 

(B) 6000 filaments. 
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Table E2. Joule heating conditions for single-component fibers. 

Applied 

Voltage (kV) 

Current 

(mA) 

Number 

of 

filaments 

Fiber 

moving 

speed 

(m/hour) 

Joule 

heating 

time 

(hour) 

Temperature 

measured 

(°C) 

1.95  9.1 200  8 0.25 250 

11.2 4 0.5 250 

11.3 2 1 250 

 

Table E3. Joule heating conditions for bi-component fibers. 

Applied 

Voltage 

(kV) 

Current 

(mA) 

Number of 

filaments 

Fiber 

moving 

speed 

(m/hour) 

Joule 

heating 

time (hour) 

Temperature 

measured 

(°C) 

1.2 77.4 6000 1 2 250 

1.6 23.7 1000 0.5 4 250 

 

Table E4. The electrical conductivity of single and bi-component fibers before and after 

various annealing conditions. 

Sample 
Annealing 

process* 

Annealing 

temperature 

(°C) 

Annealing 

time (min) 

Electrical 

conductivity 

(S/m)  

Single-component 

- - -  10-3  

Batch 210 10 0.8 ± 0.8 

Batch 210 30 5.9 ± 3.1 

Batch 210 60 5.9 ± 2.9 

Continuous 210 30  11.5± 3.1 

Bi-component 

- - - 1.1 ± 0.6 

Batch  210 10 7.1 ± 0.7 

Batch  210 30 8.5 ± 0.3 

*Batch annealing was done in a vacuum oven at a constant length, and continuous 

annealing was done in a laboratory scale continuous carbonization facility at 

Georgia Tech[12].  
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Figure E2. WAXD integrated scan of bi-component fibers. (a) without spin finish, (b) 

fiber immersed into the spin finish bath for 6-hours followed by drying at 80 °C in a 

vacuum oven, (c) after rinsing and washing fiber (b) in water and followed by drying  

This figure confirms that 12 degree peak is due to spin finish (MATSUMOTO YUSHI-

SEIYAKU Co., Ltd. Osaka, Japan)    
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Table E5. Summary of tensile properties and structural parameters for single and bi-

component precursor fibers used for this study. 

Sample 
CNT 

wt% 
DR 

Diameter 

(μm) 

Tensile 

strength 

(GPa) 

Tensile 

modulus 

(GPa) 

Strain at 

break(%) 
Xc 

(%) 
f
PAN

 
Crystal 

size 

(nm) 

f
CNT

 

Single-

component 
7 1.2 33 ± 2 

0.18 ± 

0.01 
9.7 ± 

0.6 
7.5 ± 2.7 56 0.37 9.3 0.35 

Bi-

component 
4.6 1.1 52 ± 2 

0.1 ± 

0.003 
7.6 ± 

0.3 
6.4 ± 1.5 51 0.43 7.7  0.06 

DR: draw ratio, Xc – Crystallinity of PAN, f – Herman’s orientation factor. 
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Figure E3. DSC scan of single-component and bi-component fibers at 10 °C/min in air. 

The area (inlet) under the DSC curve and above the baseline between 200 and 400 °C 

were used to calculate the heat released from the stabilization reaction. The enthalpy of 

reaction is 2980 and 1194 J/g for single and bi-component fibers, respectively.   

Before analyzing the Joule heating process, it is essential to know whether the fiber 

bundles are uniformly heated during Joule heating. Biot number, the ratio between internal 

thermal resistance (through conduction) and external thermal resistance (through 

convection), was calculated by 

𝐵𝑖 =  
ℎ𝐷

𝑘
 (E-1) 
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where ℎ is the convective coefficient of air (~10 W/m2-K for low air flowrate [184]), 𝐷 is 

the diameter of fiber bundles (~ 0.5 mm for single-component and ~ 1.6 mm for bi-

component fibers), and k is the thermal conductivity of fibers (estimated ~ 1 W/m-K 

[34,96].). The Bi number is estimated to be about  0.005 for single component fibers (~ 

0.016 for bi-component fibers), which indicates internal conductive resistance through 

conduction is much smaller than external convective resistance. Therefore, the solid fiber 

is uniformly heated.  

Detailed analysis of the Joule heating process is shown below: 

 

Figure E4. Schematic of an external macroscopic system. 

Figure E4 shows the schematic of the macroscopic system. The total energy 

balance, including transient accumulation is the following: 

[Rate of Energy in – rate of Energy out] + Energy generation rate = dEsys/dt 

The only energy streams that cross the system boundary are the current, the inlet air, outlet 

air, and the convective heat loss off of the quartz tube surface.  In addition to the energy 
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and mass crossing the system boundary above there is internal heat generation inside the 

system through the following processes, including: 

The heat generated by reactions of stabilization: Qrxn 

Heat generated by Joule heating of filaments: QJH   

The dEsys/dt is the rate of accumulation of energy in the system, which includes the 

fiber, the air, and the quartz tube, and any other parts within the system boundary. 

  𝐻̇𝑎𝑖𝑟,𝑖𝑛 − 𝐻̇𝑎𝑖𝑟,𝑜𝑢𝑡 + 𝑄𝑡𝑢𝑏𝑒 + 𝑄𝑟𝑥𝑛 + 𝑄𝐽𝐻 =
𝑑𝐸𝑠𝑦𝑠

𝑑𝑡
 (E-2) 

−𝛥𝐻̇𝑎𝑖𝑟 + 𝑄𝑡𝑢𝑏𝑒 + 𝑄𝑟𝑥𝑛 + 𝑄𝐽𝐻 =
𝑑𝐸𝑠𝑦𝑠

𝑑𝑡
 

(E-3) 

The electrical conductivity of the PAN/CNT fibers likely increased during the Joule 

heating process, which was also shown in one previous study [3]. During the initial stage 

or transient period of Joule heating (15 ~ 30 minutes), the measured current value by a 

source meter increased gradually, and the current kept a steady state after the transient 

period. Thus, the analysis was separated into the transient period and the steady-state 

period.  

During the transient period in the initial 30 minutes, Equation (E-3) becomes:  

−𝛥𝐻̇𝑎𝑖𝑟 + 𝑄𝑡𝑢𝑏𝑒 + 𝑄𝑟𝑥𝑛 + 𝑄𝐽𝐻 =
𝑑𝐸𝑠𝑦𝑠

𝑑𝑡
 

(E-4) 
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𝐸𝑠𝑦𝑠 = 𝐸𝑓𝑖𝑏𝑒𝑟 + 𝐸𝑞𝑢𝑎𝑟𝑡𝑧 + 𝐸𝑎𝑖𝑟

= (𝑚𝐶𝑣∆𝑇)𝑓𝑖𝑏𝑒𝑟 + (𝑚𝐶𝑣∆𝑇)𝑞𝑢𝑎𝑟𝑡𝑧 + (𝑚𝐶𝑣∆𝑇)𝑎𝑖𝑟      

(E-5) 

Where 𝐸𝑓𝑖𝑏𝑒𝑟., 𝐸𝑞𝑢𝑎𝑟𝑡𝑧 , 𝐸𝑎𝑖𝑟, 𝑚, 𝑐𝑣, ∆𝑇, are heat accumulation of fiber, tube, the air 

inside the tube mass, heat capacity, and temperature change. The enthalpy change of air 

inside the quartz tube (𝐸𝑎𝑖𝑟) was ignored in the further calculation since the volume (~ 6 x 

10 -4 m3) and density of air (< 1 kg/m3 [184]) in the tube was quite small. The mass of fiber, 

the heat capacity of PAN fiber[185], and the temperature difference between the inlet 

(room temperature, 20°C) and average final temperature of fibers (250 °C) were used to 

calculate the𝐸𝑓𝑖𝑏𝑒𝑟.  

Moreover, the energy generated by the electric current was calculated by: 

 𝑄𝐽𝐻 = 𝐼 ∗ 𝑉 (E-6) 

where 𝑚𝑎𝑖𝑟̇ , 𝑐𝑝,𝑎𝑖𝑟 , ∆𝑇, 𝑡 are flow rate of air during Joule heating (0.03 cfm), the 

average heat capacity of air (1 J/g-K), the average temperature difference between air inlet 

(room temperature, 20°C), air outlet (average temperature over time, 125 °C was used for 

calculation), and time of the Joule heating. 𝑄𝑟𝑥𝑛 was estimated from the DSC study (Figure 

S3). And 𝑄𝑡𝑢𝑏𝑒 and 
𝑑𝐸𝑞𝑢𝑎𝑟𝑡𝑧

𝑑𝑡
, which were energy loss to and heating up the tubes, were 

calculated through subtracting the 
𝑑𝐸𝑓𝑖𝑏𝑒𝑟.

𝑑𝑡
, 𝛥𝐻̇𝑎𝑖𝑟  from the total energy generated 𝑄𝐽𝐻 

and 𝑄𝑟𝑥𝑛 .  

During steady state after 30 minutes of Joule heating, the temperature of fiber and 

air became constant, then dEsys/dt = 0. Equation (E-3) becomes: 
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−𝛥𝐻̇𝑎𝑖𝑟 + 𝑄𝑡𝑢𝑏𝑒 + 𝑄𝑟𝑥𝑛 + 𝑄𝐽𝐻 = 0 (E-7) 

 𝑄𝐽𝐻 was calculated using Equation (E-6). using the measured current value in 

Table E2 and Table E3. 𝛥𝐻̇𝑎𝑖𝑟 was calculated using Equation (E-7). The average 

temperature of the air outlet was about 230-240 °C during the steady state.𝑄𝑟𝑥𝑛  was 

estimated from the DSC study (Figure E3), and 𝑄𝑡𝑢𝑏𝑒was calculated through subtracting 

the ∆𝐻𝑓𝑖𝑏𝑒𝑟, 𝑄𝑙𝑜𝑠𝑠 𝑡𝑜 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 from 𝑄𝐽𝐻 and 𝑄𝑟𝑥𝑛. 
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