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ABSTRACT: The precursor fiber quality has a large impact on carbon fiber processing in terms of its performance, production yield,

and cost. Polyacrylonitrile precursor fibers have been used commercially to produce strong carbon fibers with average tensile strength

of 6.6 GPa. There is a scope to improve the average tensile strength of carbon fibers, since only 10% of their theoretical strength has

been achieved thus far. Most attempts to increase the tensile strength of carbon fibers have been made during the conversion of pre-

cursor fiber to carbon fiber. This review highlights the potential opportunities to enhance the quality of the polyacrylonitrile-based

precursor fiber during polymer synthesis, spinning, and postspinning. These high-quality precursor fibers can lead to new generation

carbon fibers with improved tensile strength for high-performance applications. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133,

43963.
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INTRODUCTION

Carbon fiber-reinforced composite materials are used for appli-

cations where high strength and light weight are required. These

include aerospace, automotive, civil engineering, energy genera-

tion, and military applications. At present, the carbon fibers

with high average tensile strength (6.6 GPa) and high modulus

(324 GPa) are T1100G, produced by Toray.1 Carbon fibers pro-

duced with highest average modulus are from Toray (M60J)

with 590 GPa but these have intermediate average tensile

strength of 3.9 GPa.2 This reflects that when the fibers are

graphitized at >2500 8C as occurs for the Toray M60J, the mod-

ulus increases but strength reduces. Carbon fiber obtained with-

out sacrificing strength are T1100G from Toray. These carbon

fibers are polyacrylonitrile (PAN) based.2 PAN-based carbon

fibers have attained 70% of their theoretical modulus but only

10% of their theoretical strength.3 While pitch-based carbon

fibers have obtained 85% of their theoretical modulus but only

3.3% of their theoretical strength.4,5

Carbon fibers strength and modulus are related to the fiber

crystalline structure. Carbon fibers are made of regularly stacked

graphite crystallites but randomly arranged adjacent planes

(called a turbostratic graphite structure). The perfect graphite

crystal has a theoretical modulus and theoretical strength of

1000 GPa and 100 GPa, respectively.6 As the carbon fiber struc-

ture is close to that of graphite, there is a scope for improving

the strength of the carbon fibers for high-performance

applications. Such high-performance carbon fibers may also

reduce cost, as a lower quantity of these stronger fibers will be

required to provide composite materials of the same strength.

Manufacturing of carbon fibers can be categorized into four

stages—polymer production, spinning, postspinning, and ther-

mal conversion (which involves oxidation and carbonization).

Figure 1 outlines the four stages in the manufacturing of carbon

fibers.

In polymer production, the polymer can be synthesized using

many different polymerization techniques which will be dis-

cussed later. During spinning, the polymer solution coagulates

into precursor fiber by dual diffusion process. Different types of

spinning techniques can be used, such as wet, dry, melt, and

electrospinning.

Wet spinning is the traditional spinning method used in the

industry. It is also a preferred method for making high-strength

PAN-based fibers because other spinning techniques such as

melt, dry, and electrospinning produce fibers with voids and

surface defects.7 Spinning involves mechanical stretching of the

fibers to retain orientation of PAN molecular chains but there

are certain limitations on stretching the fibers during spinning.

Very high stretching can cause fiber break as the fiber is still in

the process of formation. Alternatively, incomplete stretching

can reduce orientation in fibers. This occurs due to limited

quantity of comonomers added during polymerization. Lower
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comonomer limits (0.5–8 wt %) are set to improve carbon yield

during thermal conversion.8 These comonomers are added all

together, therefore do not get distributed well. This uneven dis-

tribution can cause nonuniform stretching leading to skin-core

fiber structures. Such incompletely stretched fibers after spin-

ning can be stretched further to improve their strength and ori-

entation. This process is called postspinning.9,10 This involves

coating or impregnating the spun fibers with chemicals or cata-

lysts to either stretch them further or to indirectly catalyze the

oxidation reaction during thermal conversion.

Stage four is thermal conversion of PAN precursor fiber into car-

bon fiber.11 Here the precursor fiber is passed through oxidation

oven at a temperature between 230 8C and 300 8C in the presence

of oxygen along with mechanical stretching. Then the fiber enters

the carbonization oven at 400 8C up to 1700 8C in an inert

atmosphere. The fibers are always kept under tension throughout

the process. This step provides high strength to the fibers. To

obtain high modulus fibers, the carbonized PAN fiber is further

heated up to 2800 8C, but this process results in a loss of strength

as the size of the flaws increases at high temperature.

The commercial manufacturers keep the polymer recipes and

processing parameters for producing different grades of carbon

fibers as secrets. They focus mainly on improving the oxidation

and carbonization stages of production to enhance the tensile

strength of the carbon fibers. This is because making any

changes while the fiber is being formed (during spinning) has

certain limitations and also is complex. Moreover, the struc-

ture–property relationship is also most often studied in carbon

fibers2,6,12,13 rather than the precursor fiber. The carbon fiber

properties are influenced by the PAN precursor fiber properties.

Therefore opportunities to enhance strength in carbon fibers

need to be explored prior to thermal conversion during poly-

mer synthesis, spinning, and postspinning.

The oxidation and carbonization processes for production of

PAN-based carbon fiber have been widely studied.14–16 By

changing the heat treatment temperatures (HTT), carbon fibers

of different average tensile strength are obtained.17–19 For

instance, a HTT of 1000 8C produces carbon fibers with average

tensile strength of �2.5 GPa while an HTT of 1500 8C produces

carbon fibers with average tensile strength of �4 GPa. Further-

more, preoxidation treatments are used to make the fibers ther-

mally stable so that they can withstand higher carbonization

temperatures resulting in higher strength.20 Preoxidation treat-

ments also help in inter fiber cohesion, enhance drawing, and

reduce the heat liberated during oxidation.21 Sizing treatments

Figure 1. Stages of carbon fiber manufacturing. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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are used on the carbon fiber surface to enhance bonding of car-

bon fibers with the matrix. These treatments affect the mechani-

cal strength of the carbon fiber or carbon fiber composites.22

Introduction of higher drawing ratios or performing drawing in

several steps during the oxidation and carbonization stage has

resulted in high average tensile strength of carbon fibers

(548 kg/mm2 or 5.37 GPa).23 Any defects in the fiber caused via

stretching or due to high HTT can result in decrease in tensile

strength of carbon fibers.3 Smaller diameter carbon fibers pro-

duce high tensile strength fibers as there are fewer defects.24 A

clean room environment is applied to carbon fiber production

to eliminate impurities and defects as far as possible from the

manufacturing process.17

This review begins with the selection of the right precursor for

producing strong carbon fibers. Then leads into the advanced

polymerization techniques used for making the desired charac-

teristics in precursor polymers. Following into the spinning

methods that will produce high-quality precursor fibers. This

review will identify gaps in the correlation of the structure of

the precursor fiber and the final carbon fiber properties. It will

also unravel the complexity of turning polymer into a precursor

fiber.

PRECURSOR SELECTION

The first step in the carbon fiber production process is selecting

the precursor. The choice of precursor will determine the prop-

erties and applications of carbon fibers produced from them.

Many different precursors are explored in the literature such as

polyacrylonitrile (PAN), rayon, pitch, polyolefins, and bio-based

precursor polymer. Not all of these precursor polymers have the

necessary characteristics to produce high-strength carbon fibers.

In general, the requirements for a precursor polymer for pro-

ducing a strong carbon fiber are high carbon content/yield,

high melting point, high molecular weight (HMW), high crys-

tallinity, and ease of stretching.25–28 Table I shows a comparison

of different carbon fiber precursors, their source, and achieved

average strength values.

Polyacrylonitrile (PAN)

Over the last five decades, the most suitable precursor polymer

for producing high strength carbon fibers has proven to be

PAN.36 The molecular properties of PAN determine its end-use.

PAN polymer used for textile applications has a molecular

weight (MW) in the range of 70 to 200 kDa.37 A precursor fiber

made from PAN precursor polymer for carbon fiber production

should have high MW (at least >200 kDa) and comonomers

should be added to achieve high drawability and better oxygen

permeability during spinning and oxidation, respectively.

Despite its high cost, 90% of world’s carbon fiber production

relies on PAN as a precursor polymer because it produces car-

bon fibers with excellent properties as depicted in Table I, and

is therefore preferred over other precursor polymers such as

rayon,25 pitch,29 and polyolefin.38 Such characteristics are found

in PAN due to its molecular structure containing highly polar

nitrile groups, which results in strong interactions and which

maintain the orientation of polymer chains at high tempera-

ture.39 Generally, HMW PAN (at least >200 kDa) will result in

high crystallinity and high strength PAN precursor fibers. How-

ever, MWs of <200 kDa are used for the practical reason that

high MW PAN is difficult to dissolve due to its high polydisper-

sity (PDI). PDI refers to mass average molar mass of polymer

divided by number average molar mass of polymer.

The high PDI results from conventional free radical solution

polymerization, although alternative polymerization methods

can be used to obtain HMW polymers with low PDI to make

dissolution easier.40 This will be discussed later.

PAN precursor fibers were produced by DuPont in the 1940s.41

PAN filaments were first made into carbon fibers at a Japanese

Government Industrial Research Institute in 196442 and the

technology was licensed to Toray Industries in 1970, now the

largest global manufacturer of carbon fiber.43 PAN polymer is

the most suitable precursor for carbon fiber production due to

its molecular properties, high carbon yield, and its ability to

decompose to form a char prior to melting.

Rayon

Union Carbide Corporation in 1963 obtained a patent on using

rayon (a cellulosic material derived from wood pulp) as a pre-

cursor for carbon fiber at large scale due to its ability to decom-

pose prior to melting.44 Rayon shows very low carbon fiber

yield which makes the process expensive. Therefore these pre-

cursors are chemically modified to improve their yield using

chlorosilanes and boron-phosphorous compounds. These treat-

ments improved the carbon fiber yield by up to 28%.45 Further,

the strength achieved using cellulosic-based precursors is poor,

Table I. Comparison of Different Carbon Fiber Precursors, Their Source, and Achieved Average Strength

Precursors Source
Average tensile
strength (GPa)

Spinning method
(preferred) Yield (%)

PAN1 Propylene from crude oil 6.6 Wet >50

Rayon25 Cellulose (wood pulp) 0.4 Wet 10

Pitch,29 mesophase pitch30 Petroleum, coal tar 0.6 Melt 6080

3.5

Sulfonated polyethylene31 Natural gas, petroleum 2.5 Melt 60-80

Lignin,32 lignin blend with PAN33-35 Cellulose (wood pulp) 1.2 Electro, wet 10

2.5 28
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so these are not used for high-performance applications in

industry.25

Pitch

Pitch is a byproduct from coal and petroleum industry.46 It pro-

duces high modulus but low strength carbon fibers, with a

sheet-like structure that allows easy formation and propagation

of cracks, resulting in low strain to failure. In order to obtain

high average tensile strength carbon fibers from pitch, it has to

be converted into a mesophase pitch30 by stretching fibers at

high temperature, which involves high cost. Carbon fibers pro-

duced from pitch have a broad distribution of mean fiber diam-

eter.29 Nevertheless, pitch contributes 10% of carbon fiber

production because of their high carbon yield.4 So pitch-based

carbon fibers are used for high modulus applications, such as

premium sporting goods, producing industrial rollers, and in

spacecrafts.47

Other Synthetic Polymers

Synthetic polymers such as polyethylene, polystyrene, and poly-

acetylene have been used as potential carbon fiber precursors.

Polyethylene31,38 and polystyrene48 have been modified using

fuming sulfuric acid to improve their yield at lab scale; however,

this process is not feasible for industry. Sulfonation is done to

obtain better carbonization yield (60–80%) and to increase the

melting point.31 Polyvinylacetylene has been modified by expos-

ing it to UV light source in nitrogen atmosphere but the yield

was not found to increase, using the simple thermogravimetric

analysis.49 Although these polymers have a high carbon yield,

the carbon fibers produced from them have low average tensile

strength (as seen in Table I).

Bio-Based

Bio-based carbon fiber precursors such as lignin have been

used.32,34,50,51 Although these precursors are cheap and eco-

friendly, they do not satisfy the requirement for high strength in

the precursor fiber. Lignin is a HMW aromatic biopolymer with

a complex structure which encounters problems with conversion

into a carbon fiber structure during initiation of oxidation, car-

bonization, and graphitization.32 Lignin has been blended with

other polymers such as polyethylene, polypropylene, and melt

spun to obtain carbon fibers with improved average tensile

strength.33–35

Nanocellulose (NC) whiskers have been used to form PAN/NC

precursor hybrids. The NC whiskers were derived from wood

pulp by acid hydrolysis and then blended with PAN.52 These

were found to effectively increase the crystallite size and tensile

properties of carbon fibers.52 Australian spinifex grass has been

considered as a source of NC to produce NC hybrid precursor

with PAN for carbon fiber production by University of Queens-

land.53 The spinifex grass is deconstructed to obtain NC that is

used to make hybrid precursors with PAN.53 These bio-based

precursors offer the advantages of using renewable resources to

produce carbon fibers; however, the fibers produced are of low

quality.

Summary

PAN is the only precursor with the potential to produce carbon

fibers with high average tensile strength in the foreseeable

future, and so the remainder of this review will focus on PAN-

based precursor polymers, their synthesis, and spinning. There

are several polymer synthesis methods that are used to produce

PAN, and these are discussed in the next section.

PAN POLYMER SYNTHESIS

Polymerization Methods

The polymerization conditions used strongly influence the MW,

PDI, and molecular defects occurring in the produced polymers.

Solution, aqueous suspension, and solvent-water suspension

methods are all used for PAN polymer synthesis.54,55

In solution polymerization, a monomer is dissolved in a non-

reactive solvent that contains a catalyst. The reaction results in a

polymer which is also soluble in the chosen solvent. Generally

in solution polymerization, once the polymer is formed the

excess solvent must be removed. However, in PAN fiber produc-

tion, the polymer dissolved in excess solvent can be used

directly as the dope to spin to precursor fiber in a one-step pro-

cess. As this involves the use of organic solvents, it is an expen-

sive process. Solution polymerization has been considered to be

the most advantageous as the precursor polymer obtained sta-

bilizes at lower temperature during oxidation and also has fewer

molecular defects.7 Recently an efficient aqueous phase precipi-

tation polymerization has been used, which is low at cost as it

is water-based,56 but it remains a two-step process as the poly-

mer needs to be dissolved in an organic solvent for spinning.

Solution polymerization of acrylonitrile (AN) is a free radical

process. A free radical initiator is required to create an active

centre from which the polymer chain starts to emerge, with the

initiator then attacking the monomer leading to propagation of

the polymer chain. Combining two active chains results in the

termination of the polymerization reaction.55 This method

involves long reaction times �20 h and provides limited control

over the MW and PDI of the resulting polymer.

Low PDI refers to consistency of the polymer chain lengths and

assists the easy dissolution of the polymer due to elimination of

larger, less soluble, high MW fractions. Narrow MWD or low

PDI of the polymer has also been considered as a likely feature

to produce carbon fibers with high tensile strength.57 Conven-

tionally as the MW of the polymer increases, its PDI increases

likewise. Therefore obtaining a HMW with a low PDI is a chal-

lenge. In more recent times, considerable attention has focused

on using so called living or controlled radical polymerization

techniques such as reversible addition fragmentation chain

transfer (RAFT)58,59 and atom transfer radical polymerization

(ATRP)60 to prepare PAN-based polymers.

Using a RAFT agent in the polymerization process is one tech-

nique that is used to achieve better control over the MW and

the PDI. Moad et al.59 introduced RAFT polymerization as a

technique to produce polymers with a well-defined architecture.

This work opened up space for using RAFT polymerization for

the manufacture of the PAN-based polymers for carbon fiber

production, as recently shown by Cai.40

There are very few reports on the RAFT polymerization of AN

due to its high reactivity. In one report, although low PDI has
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been achieved, the MW obtained was low (70,000 g/mol).58,61,62

Another important aspect is the monomer conversion yield,

which should be as high as possible and certainly >70%. Con-

trol over MW, PDI, and conversion yield (>70%) are important

requirements for producing superior PAN polymers. In a recent

study, although a HMW (>100,000) and lower PDI (<1.4) was

achieved, for reasonable conversion yield, higher reaction times

of >26 h were needed.63 Lack of high MW fractions due to low

PDI can have certain challenges, such as low structural viscosity.

Therefore one topical research question is to see if such poly-

mers can be spun into fibers and whether they can be thermally

converted to produce carbon fibers with high average tensile

strength. In a recent study by Sporl et al.,64 a high yield RAFT-

mediated synthesis of PAN homopolymer and copolymer was

achieved. Although low PDI of 1.34 was achieved but MW of

133 kDa will be too low to produce high-quality precursor

fibers.

In a recent patent by Cytec,65 it has been documented that car-

bon fibers, produced from RAFT polymers with PDI of 2 or

less via a special RAFT agent, exhibited uniform cross section

and low microdefects during the carbon fiber manufacturing

process. The average tensile strength of the carbon fibers pro-

duced was up to 5.5 GPa and the average tensile modulus was

up to 289 GPa.65 In a patent by Asahi Chem. Ind. Co Ltd., an

AN polymer with a particular stereochemistry (isotactic with a

triad fraction of 0.52) was used. The average tensile strength of

the carbon fibers claimed in this attempt was 603 kg/mm2 or

5.9 GPa.66

Another controlled polymerization technique called ATRP has

been used to prepare PAN with a MW of 120,000 g/mol and a

PDI of �2, which is not low enough PDI.60 Despite offering

improvements in the preparation of PAN-based polymers, most

of the ATRP techniques developed to date inherently introduce

transition metal residues into the resulting polymer, which is

detrimental for the manufacture of carbon fiber.

In order to produce precursor fibers with high average tensile

strength, the precursor polymer should possess characteristics

such as HMW (�105), an appropriate MW distribution (i.e.

PDI of <2) and minimum molecular defects.7

Polymer Composition

Homopolymer, copolymer, and terpolymer systems are used to

synthesise PAN-based polymers.67–69 The PAN homopolymer

has limited drawability due to extensive hydrogen bonding in

its structure. The copolymer and terpolymer play an important

role in enhancing drawability, increasing the hydrophilicity and

solubility of the polymer. The enhanced drawability leads to the

formation of the finer and high strength fibers.

Using AN as a homopolymer results in large molecular chains

due to its polar nitrile groups that lead to high reactivity. This

results in poor control over its MW and PDI, making it difficult

to spin. Mitsubishi uses at least 95 wt % AN, while Toray uses

at least 92 wt %70,71 with the balance made up of comonomer.

Addition of comonomers results in better control over MW and

PDI by production of smaller molecular chains that make their

dissolution, filtration, and spinning ability easier.40,64

Different comonomers are used depending on the properties

required in the polymer. Generally acrylic esters (e.g. methyla-

crylate) improve drawability of PAN-based copolymers and free

acids (e.g. itaconic acid, methylacrylic acid) are added to lower

the onset temperature of copolymer oxidation.64 Typically

monomers like itaconic acid and acrylic acid are used as densifi-

cation accelerators, which inhibit the formation of microvoids.

Another class known as drawing promoters (e.g., vinyl carboxy-

lates, butyl esters, and propyl esters) is used to increase the fiber

orientation by lowering the Tg (glass transition tempera-

ture).72–74 These act as plasticizers which increase the chain

mobility and help in drawability.75 Other comonomers catego-

rized as stabilization accelerators (e.g., itaconic acid, methylme-

thacrylic acid) and oxygen permeation promoters (e.g., vinyl

carboxylates) have roles during the thermal treatment process

and improve the average tensile strength of the carbon fibers.

Comonomers have a significant influence on both PAN precur-

sor fiber and carbon fiber properties. The MW, polydispersity,

and comonomer distribution in the polymer chain are the vari-

ables that can be controlled during the polymerization process.

A higher comonomer content than 8 wt % can reduce the car-

bon yield during the carbonization stages.8

When carbon nanotubes (CNTs) were used as additives in the

PAN polymer dope solution, the stretching of the coagulated

polymer was enhanced during the drawing stage. This led to an

increase in average tensile strength of the resulting PAN precur-

sor fibers.76 Although CNTs can provide nucleation sites for the

development of graphitic structures leading to improvement in

thermal and electrical conductivities, carbon fibers obtained

from PAN/CNTs showed reduced strength.76 The reduction in

the average strength of carbon fibers has been associated with

the voids created due to nonuniform length of CNTs and due

to metallic impurities associated with CNT synthesis.76

MW of the Polymer

The polymer MW has significant influence on the performance

of the final fiber produced. It determines the strength and

application of the produced fibers. For instance, molecular

weights of AN-based polymers in the range 70,000 to 200,000

are used for textile grade applications.37 Polymers with higher

MW are used for high-performance applications such as carbon

fibers.77 Producing PAN polymers with high MW is more diffi-

cult, since this affects properties such as solubility, filtration,

and spinnability.77 Low MW causes an increased number of

broken filaments and low drawability.78 Very HMW (VHMW)

(�500 kDa) and ultra HMW (UHMW) (1700 kDa) polymer

has been produced recently to obtain a high-quality precursor

fiber. Mitsubishi uses MW of 500 to 1000 kDa to produce spe-

cial PAN-based fibers for aerospace applications.79 The MW of

the polymer affects the viscosity of the dope prepared. Viscosity

further effects the wet spinning parameters and therefore the

ease of spinning of the polymer solution.

PREPARATION OF POLYMER SOLUTION

After polymer synthesis, the polymer solution is prepared for

spinning. A known amount of polymer is added to an organic

solvent (usually an aprotic polar solvent with large dipole
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moment and low molecular weight) to form a polymer solu-

tion. The polymer solution needs to be prepared in certain ways

for obtaining high-quality PAN precursor fibers from it. These

are discussed in the following sections.

Polymer Content

Conventionally a high polymer content in the solution will

result in high crystallinity and high average tensile strength in

the fibers. Increasing the amount of polymer present in the

solution improves the homogeneity of the fiber structure by

reduction of the number of voids,80 and maintaining a circular

fiber cross section.67 When the polymer content in the solution

is high (�28%), the diffusion gradient between the polymer

solution and the coagulant will be low, leading to slow dual dif-

fusion and therefore less voids.69

But if the MW of the polymer is very high or ultra-high, then

the solution may be difficult to dissolve, filter, and spin due to

its high viscosity. Therefore either HMW polymers (300,000 g/

mol) which can make 15 to 20% w/w of spinnable polymer

solution are used, or ultra HMW polymers of low concentration

of about 6% w/w are spun using a slight modification of wet

spinning known as gel spinning.77

Solvent

Various solvents are used for dissolving PAN-based polymers,

including organic solvents such as N,N-dimethyl formamide

(DMF), dimethyl sulfoxide (DMSO), dimethyl acetamide

(DMAc), and aqueous solvents such as sodium thiocyanate

(NaSCN, 51%), nitric acid (HNO3), and aqueous zinc chloride

(ZnCl2).81–84 All these solvents are difficult to recover and are

unfriendly to the environment. But the most common solvents

used in industry are DMF, DMSO, and DMAc, as these solvents

are also used in polymerization, allowing the polymer to be

directly fed into the spinning line.

The type of solvent used affects the viscosity of the polymer

solution.85 The solution viscosity determines its flow behaviour,

sol-gel transition, and spinnability. The viscosity of the solution

depends on the type of interaction between the polymer and

the solvent. Depending on this, spinnable polymer solutions

with different solid contents can be prepared. For instance, a

28% w/w spinnable PAN solution in DMF is possible due to

the low viscosity of DMF. However, such high concentration of

28% w/w is not possible with DMSO.86 Nonsolvents such as

water have also been used in a definite ratio with an organic

solvent (DMSO, DMF) to prepare PAN solutions in order to

reduce their viscosity and make spinnable solutions.85

Ionic liquids have been used as solvents for polymer dissolu-

tion.87–90 This is due to their nonvolatile nature which makes

them ecofriendly. But there are concerns about their toxicity, as

they easily dissolve in water and pose a threat to aquatic organ-

isms.91 These also cause degradation of the polymer during its

dissolution.88 The use of ionic liquids as a substitute for com-

mon organic industrial solvents remains questionable.

Homogeneous Mixing and Deaeration

Polymer solution should be mixed well to obtain a homogene-

ous solution. Different types of high-speed custom built mixers

are used.77 Homogeneous mixing of the polymer solution is

required to prevent any blockages in the filter that might occur

due to the presence of undissolved large particles.

Deaeration of the polymer solution is important to remove any

bubbles or dissolved gases, which can result in voids or defects

in the precursor fiber and carbon fiber produced from them.77

The polymer solution is typically deaerated in vacuum for 24 h.

Heating and Filtering of Polymer Solution

Increased dope temperatures are normally used, ranging from

70 to 100 8C.92 Heating affects the dope viscosity and therefore

its ease of spinning.93 A higher concentration polymer solution

that may not be spinnable at room temperature may be spinna-

ble at higher temperature, as the polymer chains are able to

move more freely due to higher kinetic energy.

Filtration of polymer solution is important to get rid of any

insoluble material, including dust or dirt, which might be pres-

ent in the solution as these can cause blockage in the spinneret.

The solution is filtered before pumping through the spinneret.69

Different size inline filters are used to filter the dope. A 140 mm

Swagelok inline screen filter was used to filter the dope by Mor-

ris et al.77

The above-mentioned parameters enable the production of a

polymer solution that can spin a homogeneous PAN-based pre-

cursor fiber with minimal defects.

SPINNING OF PAN POLYMER SOLUTION INTO PRECURSOR
FIBER

Precursor fibers that will have a high average tensile strength

should possess special characteristics, including being circular,

having a homogeneous sheath and core, smoothness, fineness

(10–12 mm), having a broad exothermic peak, having at least

90% crystallinity, and a high carbon yield (>50%). A smooth

surface morphology for precursor fiber is indicated by a high

level of lustre, which is an important feature for a high quality

PAN-based precursor fiber. A high-quality PAN fiber should

have minimal voids. A homogeneous sheath and core structure

of PAN precursor fiber will provide high tensile strength to the

carbon fibers.

Formation of a Circular PAN Precursor Fiber from Polymer

Solution

Circular PAN fiber cross sections are necessary to obtain good

physical and mechanical properties of carbon fibers. The cross

sectional shape of the fiber depends on the coagulation pro-

cess.68 Any deviation from a circular cross sectional shape

affects the mechanical properties of the fiber.94 Other types of

cross sections can be made depending on the requirement of

the fiber properties. For instance, a triangular cross section pro-

duces high lustre PAN.94

Circular fibers are considered to be better precursors, as the

stress is distributed in all directions in a symmetric fashion,

thus preventing fiber breakage during the carbon fiber forma-

tion process. Moreover, circular fibers are more evenly heated

when passed through the oxidation and carbonization ovens.

Fibers with noncircular cross sections cannot bear a high draw

ratio during spinning, oxidation, and carbonization.78 Although

precursor fibers with circular cross sections are required to be
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obtained, for some applications, noncircular fibers are preferred

in carbon fiber reinforced plastics. The noncircular fibers have a

higher ratio of surface area to volume, which enhances the

fiber-matrix bonding that increases the compressive strength of

the carbon fiber reinforced plastics.95 The coagulation bath tem-

perature and concentration are the most important factors that

decide the shape of the fiber cross section. This is discussed

later in the review.

Minimizing the Voids and Defects in PAN Precursor Fiber

Voids and defects in the PAN precursor fiber and the carbon

fiber are the main cause of reduction in tensile strength.96 There

is a chance of development of voids at various stages of wet

spinning. The voids formed are of different shapes, such as

cylindrical, elongated, or circular, depending on their

cause.77,97,98

Voids are formed during the preparation of the polymer solu-

tion in which dissolved gases and bubbles if not deaerated result

in the formation of circular voids.77,99 These voids also result

from impurities in the dope, such as dirt or dust. Tear-shaped

voids are formed in the fiber due to imperfections in the spin-

neret holes.97 This causes the penetration of solvent into the

fiber through these voids. Voids are also formed due to very

fast removal of residual solvent from the fibers, leaving behind

open pores.100 The size of the void is another important factor

that is affected by the coagulation conditions.101

The number of pores reduces with increasing polymer con-

tent.80 Increased stretching also leads to pore collapse and hence

less voids.102 It is important that any activity involving carbon

fiber production, starting from polymer synthesis to producing

a carbon fiber, be done in clean room conditions with laminar

air flow filters.103,104

Preferred Method of Spinning PAN Polymers into High-

Quality Precursor Fibers

Solution spinning is the traditional method used commercially

for producing PAN precursor fiber since this provides a reliable

and robust route to carbon fibers with the best strength

properties.

There are many parameters that need to be optimized in solu-

tion spinning. Researchers have attempted to optimize one or

two parameters in their reported literature works. Studies were

reported using different spinning lines that differ in their con-

figurations and therefore results obtained from these studies are

not comparable. Moreover, the starting polymer materials in the

various studies are diverse, which makes the results obtained in

different studies also not comparable. The solution spinning can

further be done in different ways referred as wet jet spinning,

air gap spinning, and gel spinning.

The quality of the precursor fiber has a large impact on carbon

fiber performance, production yield, and cost.105 Understanding

and controlling the structure of the precursor fiber during spin-

ning can significantly improve the tensile strength of the carbon

fibers without using harsh surface treatments or high tempera-

tures later during conversion of precursor fiber into carbon

fiber.2 This initiative can reduce costs and minimize use of

harsh chemicals on the precursor fiber.

Other spinning techniques that have been used but did not

result in high strength PAN-based fibers are melt, dry, and elec-

trospinning. Melt spinning is used for spinning polymers that

melt without being degraded and is a much cheaper method of

producing fibers. The molten polymer is extruded through a

spinneret and then the fibers are solidified by cooling in air.106

PAN fibers are difficult to melt spin as they degrade below their

melting point, but by using certain additives that lower its melt-

ing point it can be made spinnable. Additives such as water and

water-soluble polyethylene glycol have been used.107 Addition-

ally, different comonomers have been added to PAN to reduce

its melting point, hence making it easily melt spinnable.106,108

The fibers produced using melt spinning contain many internal

voids and surface defects.7 The melt spinning process can be

optimized to produce better quality fibers.

In dry spinning, the polymer is dissolved in a suitable solvent

and then pumped through the spinneret and forced into a

chamber containing inert gas or air.86,109 The solvents used in

dry spinning are required to have high vapour pressure (e.g.

DMF) to facilitate evaporation. PAN fibers have been produced

by dry spinning, but only to obtain textile grade PAN and not

to produce carbon fiber precursor, since it introduces significant

numbers of defects into the fiber. Electrospinning has been used

to spin polymer solutions and obtain fiber mats.110 This is a

quick method to check the spinnability of PAN dopes. In elec-

trospinning the fibers produced are much thinner (�0.3 mm)

Figure 2. Wet jet spinning set-up.
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than those produced from conventional spinning (�10–12 mm)

methods. In electrospinning the fibers are short and are col-

lected in the form of fiber mats rather than a continuous

fiber.10

Role of Spinneret Parameters

Spinneret shape and the hole size determines the cross sectional

shape and diameter of the fiber, respectively. Spinnerets are

available that can produce fibers with different shapes, including

circular, triangular, or rectangular.94 The variation in hole diam-

eters is from 0.05 to 0.5 mm depending on the diameter of the

precursor fiber that is aimed for.64,68,76–78,82,88,95,102,111–115 The

number of spinneret holes decide the number of fiber filaments.

After the fibers are spun, these are combined together in

a bundle to form a fiber tow. Tows containing 1 to 3000

fiber filaments have been used for lab scale spin-

ning.64,67,76–78,94,111–114,116 While for industrial scale spinning

much bigger tows are used consisting of 1000 to 350,000 fila-

ments. In industry, smaller tows with (1–24,000) filaments are

used for aerospace applications.11 This is because variation on

carbon fiber yield is only 3% which ensures better quality car-

bon fibers. For tows made from filaments higher than 24,000

filaments, the variation on yield can be up to 15%.11 Neverthe-

less, producing bigger tows can save the cost of producing car-

bon fibers.

Wet-Jet Spinning

Wet-jet spinning of PAN precursor polymer was patented by

DuPont in 1946.117 Figure 2 shows the basic set up of wet jet

spinning. In this process, a viscous polymer solution is extruded

through small holes of a spinneret immersed in a solvent bath.

When the polymer dope comes in contact with the coagulant in

the bath, a dual diffusion process occurs between the freshly

formed polymer fluid filament and the bath containing a mix-

ture of solvent plus a nonsolvent (usually water). The two diffu-

sion processes that occur are: outflux of the solvent and influx

of the nonsolvent. When the concentrations of polymer, solvent,

and nonsolvent are in equilibrium, the polymer coagulates in

the form of a fiber.78 This process is called coagulation and this

occurs within 10 to 50 s.80,116 During coagulation the fiber sol-

idification starts from the boundary and moves towards the

centre as a result of diffusion.78 The rate of diffusion controls

the coagulation and shape of the fiber.69

There are certain variables that affect the rate of diffusion dur-

ing coagulation and therefore determine the fiber shape and

size. These are coagulant concentration, coagulant temperature,

and the amount of stretching in the coagulation bath, also

called jet stretch. These are explained in the following sections.

Effect of Coagulant Concentration on Cross Sectional Shape

and Strength of the Precursor Fiber. The shape of the PAN

precursor fiber cross section depends on the rate of diffusion

during the coagulation process. The rate of diffusion directly

affects the rigidity of the solidified fiber layer formed due to

phase separation. A soft skin results in a circular cross section

while a rigid skin results in noncircular (bean-shape) cross

sections. Figure 3 shows the cross section of PAN nascent fiber

for different solvent concentration95 at 50 8C coagulant tempera-

ture. At high solvent concentrations >65%, e.g., (DMSO/Water

70:30) in coagulation bath, due to a lower diffusion gradient

the diffusion process is slow. This leads to less outflux of solvent

and consequently less water can influx via counter-diffusion.

The diffusion occurs from the fiber surface as well as from

within the fiber. This forms a structure which is dense and

compact throughout, with fewer voids, leading to a circular

cross section.95 PAN precursor fibers with circular cross sections

have higher average tensile strength (0.72 cN/dtex).67

When the solvent concentration is low (<45%), the diffusion

gradient is higher, leading to faster diffusion, causing more

rapid outflux and producing a bean-shaped PAN precursor fiber

and these have lower average tensile strength (0.49 cN/dtex).

Diffusion occurs rapidly from the fiber surface and solidifies the

surface. This solid fiber surface restricts further diffusion from

inside the fiber. This forms a fiber structure which is solid at

the boundary while fluid on the inside which causes the fiber to

shrink, leading to a kidney shaped structure with voids.95

Figure 3. Cross section and tensile strength of the nascent fiber for differ-

ent solvent (DMSO) concentrations.67,95

Figure 4. Effect of coagulation temperature on cross sectional shape and homogeneity of fibers (redrawn from Ref. 80)—Reprinted by Permission of

SAGE Publications, Ltd. – Copyright 1963.
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Effect of Coagulant Bath Temperature on Cross Sectional

Shape and Strength of the Precursor Fiber. Figure 4 shows the

effect of coagulation temperature on cross sectional shape and

homogeneity of PAN precursor fibers. The effect of bath tempera-

ture on the fiber structure was seen in different spinning systems.

In this the coagulant bath concentration was 55% DMSO solvent

which is considerably high. High bath temperature (�40 8C)

causes more influx rate of nonsolvent (compared to outflux rate).

This results in high rates of diffusion resulting in faster coagula-

tion. Higher bath temperatures lead to the formation of circular

cross sections (Figure 4).80 These circular fibers formed via fast

diffusion have low density due to the presence of voids.80 At low

temperature, the influx rate of nonsolvent is low (compared to

outflux rate), leading to slow diffusion and resulting in bean-

shaped fibers (Figure 4). Bean-shaped fibers have high density and

less voids, as these are formed via slow diffusion.80

The coagulation variables influence the strength of the freshly

coagulated fiber. PAN precursor fibers with circular cross

sections have higher average tensile strength when formed by

slow diffusion process and poor average tensile strength (0.59

cN/dtex) when formed by fast diffusion. The bean-shaped fibers

show higher density and higher average tensile strength (0.677

cN/dtex) when formed by a slow diffusion process and poor

strength when formed by a fast diffusion process.67 The coagu-

lation variables should be optimized to produce a circular and

homogeneous fiber. These fibers should be produced by a slow

diffusion process so that they have high average strength.

In summary, Figure 5 shows schematic representation of the

effect of combination of coagulant concentration and coagulant

temperature on the precursor fiber shape.

Effect of Jet Stretch on Diameter and Strength of Precursor

Fiber. Jet swell refers to swelling of the fiber in the coagulant

bath due to diffusion during wet spinning.111 To cope with fiber

swelling, the fiber has to be stretched. This is referred to as jet

stretch. Jet stretch prevents relaxation of the PAN chains and

maintains a stretched state. The amount of stretching applied

on the fiber without breakage depends on the velocity of

swelled fiber and not the extrusion velocity (Vo) of the spinning

solution from the spinneret as this does not consider fiber

swelling.

A freely extruded fiber without any jet stretch can lead to voids

due to disorientation and relaxation of PAN molecules and ran-

dom coil chains due to jet swell and radial expansion of the

fiber. Figure 6 shows that when jet stretch is low (0.53), the

fiber diameter is larger and has more voids due to more influx

of the nonsolvent, as the fiber remains in the coagulation bath

for a longer period. When medium jet stretch is applied, high

density is obtained in the fibers. When jet stretch is too high,

more voids are seen that result from defibrillation due to

stretching.111,118 Therefore the required jet stretch for produc-

tion of a high-quality PAN precursor fiber is a medium jet

stretch ratio of 1. This means that the fiber should be stretched

to obtain a diameter equal to that of the spinneret hole.111

The jet stretch affects the tensile strength of the freshly coagu-

lated PAN precursor fibers. High jet stretch produces higher

strength fibers. High jet stretch helps the outward diffusion of

the solvent and aligns the polymer chains and prevents the

entry of nonsolvent into the core.82 These aligned polymer

chains tend to push the solvent out during the alignment pro-

cess. More alignment gives high density to the fibers.

After coagulation, the solid fiber is washed to remove residual

solvents using water. Washing leads to high diffusion of water

into fiber, which can cause large voids. This causes reduction in

fiber strength, as the void size increases due to high water

influx.86 Therefore a combination of water and organic solvents

in a defined ratio is used, to prevent rapid influx of water. To

do so, more than one washing bath is used. The high solvent

concentration bath is placed nearest to the coagulation bath,

which leads to formation of denser filaments with less voids.119

Drawing/Stretching. After washing the precursor fibers are

drawn. Drawing enhances the axial orientation of the PAN

fibrils. High crystallinity increases the average strength and

modulus of the fibers.80,102,118 In the stretching process, the

fiber is heated above its Tg (glass transition temperature) where

it becomes soft and flexible and can be stretched to about 10

times the original fiber length, usually in hot water or steam.86

Figure 6. Effect on fiber homogeneity of increasing jet stretch (redrawn from Ref. 80)—Reprinted by Permission of SAGE Publications, Ltd. – Copyright 1963.

Figure 5. Schematic representation of the effect of combination of coagu-

lation variables on the shape of the PAN precursor fiber. Red colour rep-

resents variables leading to fast coagulation while black colour represents

variables leading to slow coagulation. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The drawn fibers have reduced diameter due to stretching of

polymer chains and collapsing of pores. The pores that are

formed in the washing step get stretched during the drawing

process. If the fibers are overstretched, this leads to defibrilla-

tion and causes fiber breakage.82 Therefore the maximum jet

stretch ratio should be decided carefully. The drawing step

involves various variables such as draw ratio, feed velocity,

delivery speed, draw medium, temperature of drawing, and

number of drawing stages.86

Drawing is the main area where commercial manufacturers have

attempted to improve the average tensile strength of the precur-

sor fibers. Mitsubishi achieved a drawing ratio of 4.5 times

which was higher than the conventional 2.9 to 4.3 times.120 Fur-

ther increase in drawing ratio of up to 15 times was achieved

by Mitsubishi by performing drawing in multisteps in warm

water with temperature inclination. The resulting fiber was ini-

tially dried with heated rollers at 50 to 100 8C and subsequently

dried at 150 to 230 8C to make the draw ratio 15 times.121 Toray

performed drawing using a ratio of 2.5 to 6 in a heated bath

and further drawing was done in a pressurised steam of 160 to

180 8C, giving a total draw ratio of 20.122 High drawing ratios

of 15 to 20 times have obtained average tensile strength of 20 g/

denier.123,124 Further to this, attempts were made by Mitsubishi

to further draw the PAN-based fiber to 25 times their original

length in an atmosphere of pressurised steam.125 All these

attempts to achieve a higher drawing ratio were made to pro-

duce a precursor fiber with higher tensile strength.

Fiber finishing is carried out after the drawing process. During

this, a chemical treatment is applied to the fiber to assist it

through the subsequent steps of drying and collapsing. Oil

treatment in a bath, particularly silicone oil, has been used by

Toray for treating PAN-based fiber. This treatment prevents the

fibers from sticking together to obtain carbon fibers of high

average tensile strength.126

Postspinning. Postspinning refers to enhanced stretching of the

precursor fiber under different chemical and heat conditions.

Such treatment have a direct benefit of improving the

orientation and strength of the fiber.9,127 Precursor fiber needs

to be thinner to produce carbon fibers with 4.5 to 5 mm in

diameter than the existing 7 to 8 mm.9 Thin fibers help in uni-

form stabilization avoiding the skin-core structure. These treat-

ments also indirectly help induce cyclization reaction and

reduce the exotherm during thermal conversion.128 Postspinning

modifications have been made by coating or impregnation of

chemicals and by stretching fibers in plasticizer.21 Various plasti-

cizers such as DMF (10–80%), DMSO (20–80%), hot solution

of copper chloride (5–20%), zinc chloride (10–30%), supersatu-

rated steam, acetic acid, boric acid,129 and succinic anhydride

reduce the dipole interactions between the nitrile groups of

PAN-based polymers, thus help stretching.9,130,131 Chemicals

such as potassium permanganate (KMnO4),128 cobalt sulfate

(CoSO4),132 cobalt chloride (CoCl2),133 have been used to

impregnate the spun fibers. These transition metal compounds

have vacant d shells which can accept electron from N (nitrogen

atom) of CBN, thus help in cyclization. Carbon fiber strength

increased from 2.1 to 4.2 GPa in KMnO128
4 and from 2.5 to 3.2

GPa in CoSO4.132 Coating of spun PAN-based fibers with lubri-

cants can increase the carbon fiber strength as these prevent

inter fiber cohesion which is the cause of breaks. Examples of

various lubricants that have been used are silicone oil, fatty acid

derivatives, guar gum, etc. It has been seen that most of the

postspinning experiments have been done on commercial fibers.

These commercial fibers already have some finishes on them

which may prevent the chemicals from penetrating into the

fibers. Therefore postspinning treatments on freshly coagulated

fibers may be more beneficial.

Postspinning treatments have only been proven to improve

strength at lab scale and are not being used commercially. This

is because the industrial method of carbon fiber production

have been well established and are producing fibers with prom-

ising strength for current applications. In order to obtain fibers

with extremely high strength such as next generation carbon

fibers, the gap between the achieved average tensile strength and

the theoretical strength needs to be bridged. This can be done

by using postspinning treatments at commercial scale.

Figure 7. Air gap spinning.
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Air Gap Spinning

In air gap spinning the dope is extruded into an air gap134 fol-

lowed by a similar coagulation process as conventional wet spin-

ning, with all the same variables. Figure 7 shows fiber

production using air gap spinning. The cross sectional shape of

the fiber is controlled by varying the air gap.135 A range of air

gap distances is used, normally in the range 0.05 to

25 mm.77,82,88,135,136

Air gap spinning is generally faster than wet spinning.137 In air

gap spinning, the jet stretch can be increased for faster spinning

without actually increasing the stress on the fiber. This is

because lower forces act on the polymer solution in the air gap

compared to the coagulation bath.119,137 Much finer and

smoother fibers are obtained. In air gap spinning the dope is

spun at higher temperature, therefore solutions with higher

concentrations can easily flow due to heating. High concentra-

tion polymer solutions will therefore produce fibers with high

average tensile strength.

Although air gap spinning is a faster and better method of pro-

ducing high-quality PAN precursor fiber, it is not a preferred

method in industry because of challenges involved in handling

of the fibers in the air gap which can introduce defects. Indus-

try mainly uses the traditional method of wet jet spinning, as

this method has been thoroughly understood and optimized

over the years. Nevertheless, a few attempts have been made by

Toray in order to enhance average tensile strength of carbon

fibers.138 Using this method average carbon fiber strength of

580 kg/mm2 or 5.6 GPa was achieved as the fibers could be

drawn up to seven times.138

Gel Spinning

Wet spinning and air gap spinning are used for commercial

production of PAN polymer of MW upto 200,000 g/mol. For

HMW or UHMW polymers, gel spinning is used which is a

slight modification of wet spinning. In this a three-dimensional

gel network of polymer solution is formed by keeping the poly-

mer solution at a specific temperature (called thermal induced

gelation) or definite time before spinning.139

Since HMW polymer solutions have a lower polymer solids

content to keep their viscosity in the spinnable range, it is more

challenging to coagulate these solutions using wet spinning.

Such solutions lead to the formation of a large amount of pores

which cause strength reduction, but using gel spinning for

HMW polymers can lead to increased drawability which can

increase strength.115 In this process, two modifications are made

to the conventional wet spinning process. Either a low tempera-

ture coagulation bath is used that helps the spinning solution to

gel, or pregelling the polymer solution takes place at 25 8C over

a period (2–3 h) before spinning.115,140 In recent publication,

very high average tensile strength (5.5–5.8 GPa) and average

tensile modulus (354–375 GPa) carbon fibers have been

achieved by gel spinning of PAN precursor polymer with

CNTs.141

Gel spinning is possible for PAN due to the dipole-dipole inter-

actions between the nitrile groups in the polymer dope, leading

to the formation of cross-links.93 Gel-spun fibers have reduced

core-shell differences, circular cross sections, fewer internal

pores, and higher crystallinity.140

CONCLUSIONS

This review identifies opportunities for producing high-quality

PAN fibers by improving polymer characteristics, control of

spinning, and postspinning conditions. Use of HMW polymers

for wet spinning is uncommon due to difficulties in producing

dopes containing high polymer content, as the solutions formed

are too viscous to wet spin. But HMW polymers synthesized

using advanced polymerization techniques such as RAFT can

form solutions that have high polymer content but have dope

viscosities which are straightforward to spin. Optimizing the

comonomer content and distribution to make polymers which

are easy to dissolve in solvents, can act as plasticizers for

stretching fibers, can contribute to cyclization during thermal

oxidation without reducing the carbon fiber yield during car-

bonization can help to achieve high-quality precursor fibers.

Further, spinning process parameters need to be optimized to

obtain a high-quality precursor. Enhanced stretching of the

fibers by postspinning treatments can directly benefit the orien-

tation and strength of the precursor fibers. Other advanced

spinning techniques such as air gap and gel spinning can lead

to production of high-quality precursor fibers. Production of

high-quality PAN-based precursors is complex, but this review

outlines that there is plenty of scope for research to produce

premium quality precursor fiber for production of new genera-

tion carbon fiber.

ACKNOWLEDGMENTS

Authors acknowledge Andrew Poole and Sally Hutchinson (senior

research scientists) at CSIRO, Manufacturing Australia for their

constructive feedback on this review. Authors are grateful to Jackie

Y. Cai (carbon fiber team leader at CSIRO, Manufacturing, Aus-

tralia) for her pearls of wisdom and support. Acknowledgements

also go to Bronwyn Fox (Swinburne University) for her encourage-

ment to write this review.

REFERENCES

1. Hunter, B. Toray Develops High Tensile Strength and Mod-

ulus Carbon Fibre. 2014. http://www.innovationintextiles.

com/toray-develops-high-tensile-strength-and-modulus-car-

bon-fiber/ (Last accessed on July 6, 2015).

2. Edie, D. Carbon 1998, 36, 345.

3. Bennett, S.; Johnson, D.; Johnson, W. J. Mater. Sci. Lett.

1983, 18, 3337.

4. Edie, D. D. In Carbon Fibers Filaments and Composites;

Rand, B., Appleyard, S. P., Yardim, M. F. Eds.; Springer:

Springer Netherlands, 1990; p 43.

5. Matsumoto, T. Pure Appl. Chem. 1985, 57, 1553.

6. Johnson, D. J. Phys. D: Appl. Phys. 1987, 20, 286.

7. Gupta, A.; Paliwal, D.; Bajaj, P. J. Macromol. Sci. Polym.

Rev. 1991, 31, 1.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4396343963 (11 of 14)

http://www.innovationintextiles.com/toray-develops-high-tensile-strength-and-modulus-carbon-fiber/
http://www.innovationintextiles.com/toray-develops-high-tensile-strength-and-modulus-carbon-fiber/
http://www.innovationintextiles.com/toray-develops-high-tensile-strength-and-modulus-carbon-fiber/
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


8. Morgan, P. In Carbon Fibers and their Composites; CRC

Press, Boca Raton, Florida, 2005.

9. Chen, J.; Harrison, I. Carbon 2002, 40, 25.

10. Lai, C.; Zhong, G.; Yue, Z.; Chen, G.; Zhang, L.; Vakili, A.;

Wang, Y.; Zhu, L.; Liu, J.; Fong, H. Polymer 2011, 52, 519.

11. McConnell, V. The Making of Carbon Fibre. 2008; http://

www.compositesworld.com/articles/the-making-of-carbon-

fiber (Last accessed on July 6, 2015).

12. Johnson, D. In Carbon Fibers Filaments and Composites;

Figueiredo, J. L., Bernardo, C. A., Baker, R. T. K., Hut-

tinger, K. J., Eds.; Springer: Springer Netherlands, 1990; p

119.

13. Edie, D. In Design and Control of Structure of Advanced

Carbon Materials for Enhanced Performance; Rand, B.,

Appleyard, S. P., Yardim, M. F., Eds.; Springer: Springer

Netherlands, 2001; p 163.

14. Bajaj, P.; Roopanwal, A. J. Macromol. Sci. Polym. Rev. 1997,

37, 97.

15. Eckstein, B. H. Fiber Sci. Technol. 1981, 14, 139.

16. Mascia, L.; Paxton, E. Thermochim. Acta 1991, 184, 251.

17. Moreton, R.; Watt, W. Nature 1974, 247, 360.

18. Watt, W. Proc. Trans. R Soc. Lond. Ser. A 1970, 319, 5.

19. Watt, W.; Phillips, L.; Johnson, W. Engineer 1966, 221, 815.

20. Bahl, D.; Mathur, R.; Dhami, T. Mater. Sci. Eng. 1985, 73,

105.

21. Mittal, J.; Mathur, R.; Bahl, O. Carbon 1997, 35, 1713.

22. Fitzer, E.; Geigl, K. H.; Huettner, W. Carbon 1980, 18, 265.

23. Asahi Chem Ind Co. Ltd. (to Asah-C). Jpn. Pat. 2,019,513-

A (1988).

24. De Lamotte, E.; Perry, A. Fiber Sci. Technol. 1970, 3, 157.

25. Ezekiel, H. M.; Spain, R. J. Polym. Sci. Part C: Polym.

Symp. 1967, 19, 249.

26. Bahl, O.; Shen, Z.; Lavin, J. G.; Ross, R. A. Carbon Fibers

1998, 3, 1.

27. Radhakrishnan, G.; Joseph, K.; Santappa, M. Leather Sci.

1981, 28, 27.

28. Tsai, J. S.; Lin, C. H. J. Mater. Sci. Lett. 1990, 9, 921.

29. Hawthorne, H.; Baker, C.; Bentall, R.; Linger, K. Nature

1970, 227, 946.

30. McHenry, E. R. U.S. Pat. 3,974,264-A (1976).

31. Wortberg, G.; De Palmenaer, A.; Beckers, M.; Seide, G.;

Gries, T. Fibers 2015, 3, 373.

32. Sudo, K.; Shimizu, K. J. Appl. Polym. Sci. 1992, 44, 127.

33. Oroumei, A.; Fox, B.; Naebe, M. ACS Sustain. Chem. Eng.

2015, 3, 758.

34. Kubo, S.; Kadla, J. J. Polym. Environ. 2005, 13, 97.

35. Kubo, S.; Yoshida, T.; Kadla, J. F. J. Wood Chem. Technol.

2007, 27, 257.

36. Fitzer, E. Carbon 1989, 27, 621.

37. Chung, D. In Carbon Fiber Composites; Butterworth-Hei-

nemann: Newton, Massachusetts, USA, 1994.

38. Zhang, D. J. Thermoplast. Compos. Mater. 1993, 6, 38.

39. Bahl, O.; Mathur, R.; Kundra, K. Fiber Sci. Technol. 1981,

15, 147.

40. Cai, J. Y. U.S. Pat. 0,271,442-A1 (2014).

41. Dupont, http://www.dupont.com/corporate-functions/our-

company/dupont-history.html (Last accessed on July 6,

2015).

42. Shindo, A. Osaka Kogyo Gijitsu Shikuko Kiko 1961, 12, 1.

43. Toray Industries. http://www.toray.com/technology/toray/

index.html (Last accessed on July 6, 2015).

44. Ford, C. E.; Mitchell, C. V. U.S. Pat. 3,107,152-A (1963).

45. Duffy, J. V. J. Appl. Polym. Sci. 1971, 15, 715.

46. Wikipedia contributors. Pitch (resin). 2003, https://en.wiki-

pedia.org/wiki/Pitch_(resin) (Last accessed July 5, 2015).

47. Singer, L. S. Fuel 1981, 60, 839.

48. Jung, K. H.; Byun, J. H.; Lee, Y. S.; Park, S. J. Res. Chem.

Intermed. 2010, 36, 621.

49. Mavinkurve, A.; Visser, S.; Pennings, A. Carbon 1995, 33,

757.

50. Johnson, D.; Tomizuka, I.; Watanabe, O. Carbon 1975, 13,

321.

51. Kadla, J.; Kubo, S.; Venditti, R.; Gilbert, R.; Compere, A.;

Griffith, W. Carbon 2002, 40, 2913.

52. Park, S. H.; Lee, S. G.; Kim, S. H. J. Mater. Sci. Lett. 2013,

48, 6952.

53. Mondal, S.; Memmott, P.; Martin, D. J. Compos. Mater.

2013, 1.

54. Gupta, V.; Kothari, V. In Manufactured Fiber Technology;

Springer Science & Business Media: Springer Netherlands,

2012.

55. Flory, P. J. Principles of Polymer Chemistry; Cornell Uni-

versity Press, Ithaca, United States, 1953.

56. Chen, Y.; Huang, J.; Huang, X.; Mo, G.; Ouyang, Q.; Yang,

J. Chinese Acad Sci Ningbo Material Technon (to CHSC-

Non-standard). C.N. Pat. 104,231,159-A (2013).

57. Kobashi, T.; Takao, S. (to Japan Exlan Co. Ltd. Toyo

Boseki) U.S. Pat. 4,658,004-A (1987).

58. An, Q.; Qian, J.; Yu, L.; Luo, Y.; Liu, X. J. Polym. Sci. Part

A: Polym. Chem. 2005, 43, 1973.

59. Moad, G.; Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005,

58, 379.

60. Liu, D.; Chen, H.; Ji, N.; Tan, Z. J. Polym. Sci. Part A:

Polym. Chem. 2013, 51, 340.

61. Tang, C.; Kowalewski, T.; Matyjaszewski, K. Macromolecules

2003, 36, 8587.

62. Liu, X. H.; Zhang, G. B.; Lu, X. F.; Liu, J. Y.; Pan, D.; Li, Y.

S. J. Polym. Sci. Part A: Polym. Chem. 2006, 44, 490.

63. Niu, S.; Zhang, L.; Zhu, J.; Zhang, W.; Cheng, Z.; Zhu, X.

J. Polym. Sci. Part A: Polym. Chem. 2013, 51, 1197.

64. Sporl, J. M.; Ota, A.; Beyer, R.; Lehr, T.; Muller, A.;

Hermanutz, F.; Buchmeiser, M. R. J. Polym. Sci. Part A:

Polym. Chem. 2014, 52, 1322.

65. Tang, L.; Thomas, A. D.; Harmon, B. D. U.S. Pat.

0,174,807 (2015).

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4396343963 (12 of 14)

http://www.compositesworld.com/articles/the-making-of-carbon-fiber
http://www.compositesworld.com/articles/the-making-of-carbon-fiber
http://www.compositesworld.com/articles/the-making-of-carbon-fiber
http://www.dupont.com/corporate-functions/our-company/dupont-history.html
http://www.dupont.com/corporate-functions/our-company/dupont-history.html
http://www.toray.com/technology/toray/index.html
http://www.toray.com/technology/toray/index.html
http://https://en.wikipedia.org/wiki/Pitch_
http://https://en.wikipedia.org/wiki/Pitch_
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


66. Asahi Chem Ind Co. Ltd. (to Asah-C). Jpn. Pat. 3,076,823-

A (1991).

67. Wang, Y. X.; Wang, C. G.; Yu, M. J. J. Appl. Polym. Sci.

2007, 104, 3723.

68. Zeng, X.; Zhang, G.; Zhang, Y.; Zhao, J.; Pan, D. J. Macro-

mol. Sci. Part A: Pure Appl. Chem. 2006, 43, 1711.

69. Hou, C.; Liang, Y.; Wang, C. G. J. Polym. Res. 2005, 12, 49.

70. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

4,281,008-A (1991).

71. Toray Ind Inc. (to Tora-C). Jpn. Pat. 63,035,821-A (1986).

72. Tsai, J. S.; Lin, C. H. J. Appl. Polym. Sci. 1991, 43, 679.

73. Tsai, J. S.; Lin, C. H. J. Mater. Sci. Lett. 1990, 9, 869.

74. Tsai, J. S.; Lin, C. H. J. Mater. Sci. Lett. 1991, 26, 3996.

75. Tsai, J. S. J. Mater. Sci. Lett. 1992, 11, 140.

76. Mikolajczyk, T.; Szparaga, G.; Bogun, M.; Fraczek-Szczypta,

A.; Blazewicz, S. J. Appl. Polym. Sci. 2010, 115, 3628.

77. Morris, E. A.; Weisenberger, M. C.; Bradley, S. B.;

Abdallah, M. G.; Mecham, S. J.; Pisipati, P.; McGrath, J. E.

Polymer 2014, 55, 6471.

78. Chen, J.; Wang, C.; Ge, H.; Bai, Y.; Wang, Y. J. Polym. Res.

2007, 14, 223.

79. Nishihara, Y.; Furutani, Y.; Toramuru, M.; Yasunaga, T.;

Toramaru, M. Mitsubishi Rayon Co. Ltd. (to Mitr-C). U.S.

Pat. 4,902,452-A (1987).

80. Knudsen, J. Textile Res. J. 1963, 33, 13.

81. Dong, X. G.; Wang, C. G.; Bai, Y. J.; Cao, W. W. J. Appl.

Polym. Sci. 2007, 105, 1221.

82. Rahman, M.; Ismail, A.; Mustafa, A. Mater. Sci. Eng. A

2007, 448, 275.

83. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

2,074,607-A (1988).

84. Toray Ind Inc. (to Tora-C). Jpn. Pat. 63,021,916-A (1986).

85. Cheng, L.; Ouyang, Q.; Wang, H. J. J. Macromol. Sci. 2009,

48, 617.

86. Masson, J. Acrylic Fiber Technology and Applications; CRC

Press, Marcel Dekker Inc., USA, 1995.

87. Kubisa, P. J. Polym. Sci. Part A: Polym. Chem. 2005, 43,

4675.

88. Wan, S.; Zhang, Y.; Wang, H. Polym. Adv. Technol. 2009,

20, 857.

89. Kubisa, P. Prog. Polym. Sci. 2009, 34, 1333.

90. Zhang, Y.; Tu, X.; Liu, W.; Wang, H. Polym. Eng. Sci. 2008,

48, 184.

91. Pham, T. P. T.; Cho, C. W.; Yun, Y. S. Water Res. 2010, 44,

352.

92. Ying, L.; Hou, C.; Fei, W. J. Appl. Polym. Sci. 2006, 100,

4447.

93. Bercea, M.; Morariu, S.; Brunchi, C. E. Int. J. Thermophys.

2009, 30, 1411.

94. Tsai, J. S.; Su, W. C. J. Mater. Sci. Lett. 1991, 10, 1253.

95. Peng, G.; Zhang, X.; Wen, Y.; Yang, Y.; Liu, L. J. Macromol.

Sci. 2008, 47, 1130.

96. Johnson, J.; Thorne, D. Carbon 1969, 7, 659.

97. Craig, J.; Knudsen, J.; Holland, V. Text. Res. J. 1962, 32,

435.

98. Morris, E. A.; Weisenberger, M. C. In Polymer Precursor-

Derived Carbon; American Chemical Society: Washington

DC, USA, 2014; Vol. 1173; p 189.

99. Thorne, D. J. J. Appl. Polym. Sci. 1970, 14, 103.

100. De-Hong, W.; Jun-Jie, H.; Xue-Qing, X.; Guang, M.; Yu,

G.; Chun-Xiang, L.; Zhong-Hua, W. Chin. Phys. C 2011,

35, 870.

101. Zlatoustova, L.; Smirnova, V.; Medvedev, V.; Serkov, A.

Fiber Chem. 2002, 34, 200.

102. Arbab, S.; Noorpanah, P.; Mohammadi, N.; Soleimani, M.

J. Appl. Polym. Sci. 2008, 109, 3461.

103. Moreton, R.; Watt, W. Carbon 1974, 12, 543.

104. Magonov, S. N.; Gorenberg, A. Y.; Cantow, H. J. Polym.

Bull. 1992, 28, 577.

105. Chari, S.; Bahl, O.; Mathur, R. Fiber Sci. Technol. 1981, 15,

153.

106. Rangarajan, P.; Yang, J.; Bhanu, V.; Godshall, D.; McGrath,

J.; Wilkes, G.; Baird, D. J. Appl. Polym. Sci. 2002, 85, 69.

107. Wells, R. L.; Rowe, M. L. (to Allied Corporation). U.S. Pat.

4,356,280-A (1984).

108. Godshall, D.; Rangarajan, P.; Baird, D.; Wilkes, G.; Bhanu,

V.; McGrath, J. Polymer 2003, 44, 4221.

109. Von Falkai, B. Acrylic Fiber Technol. Appl. Masson, J. C.,

Ed.; Mooresville, North Carolina, 1995, 105.

110. Wikipedia contributors, Electrospinning. 2005, http://en.

wikipedia.org/wiki/Electrospinning (Last accessed on July

6, 2015).

111. Ouyang, Q.; Chen, Y. S.; Zhang, N.; Mo, G. M.; Li, D. H.;

Yan, Q. J. Macromol. Sci. Phys. 2011, 50, 2417.

112. Hao, J.; Lu, C.; Zhou, P.; Li, D. Thermochim. Acta 2013,

569, 42.

113. Zeng, X.; Hu, J.; Zhao, J.; Zhang, Y.; Pan, D. J. Appl. Polym.

Sci. 2007, 106, 2267.

114. Dong, R.; Zhao, J.; Zhang, Y.; Pan, D. J. Polym. Sci. Part B:

Polym. Phys. 2009, 47, 261.

115. Liu, S.; Tan, L.; Pan, D.; Chen, Y. Polym. Int. 2011, 60, 453.

116. Liu, H.; Li, G.; Wang, C. J. Wuhan Univ. Technol. Mater.

Sci. Ed. 2010, 25, 200.

117. Watkins, W. W. (to DuPont). U.S. Pat. 2,426,719-A (1947).

118. Wang, Y. X.; Wang, C. G.; Bai, Y. J.; Bo, Z. J. Appl. Polym.

Sci. 2007, 104, 1026.

119. Wang, C.; Dong, X.; Wang, Q. J. Polym. Res. 2009, 16, 719.

120. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

4,263,613-A (1991).

121. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

63,249,713-A (1987).

122. Toray Ind Inc (to Tora-C). Jpn. Pat. 7,243,121-A (1994).

123. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

1,104,819-A (1989).

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4396343963 (13 of 14)

http://en.wikipedia.org/wiki/Electrospinning
http://en.wikipedia.org/wiki/Electrospinning
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


124. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

1,104,816-A (1987).

125. Mitsubishi Rayon Co. Ltd. (to Mitr-C). Jpn. Pat.

54,160,820-A (1979).

126. Toray Ind Inc. (to Tora-C). Jpn. Pat. 2,074,622-A (1990).

127. Jain, M. K.; Abhiraman, A. J. Mater. Sci. Lett. 1987, 22,

278.

128. Mathur, R.; Mittal, J.; Bahl, O.; Sandle, N. Carbon 1994,

32, 71.

129. Wu, G. P.; Lu, C. X.; Wang, Y. Y.; Ling, L. C. Fibers Polym.

2011, 12, 979.

130. Mittal, J.; Mathur, R.; Bahl, O.; Inagaki, M. Carbon 1998,

36, 893.

131. Mathur, R.; Mittal, J.; Bahl, O. J. Appl. Polym. Sci. 1993,

49, 469.

132. Zhang, W. X.; Wang, Y. Z. J. Appl. Polym. Sci. 2002, 85,

153.

133. Ko, T. H.; Huang, L. C. J. Mater. Sci. Lett. 1992, 27, 2429.

134. Bajaj, P.; Sreekumar, T.; Sen, K. J. Appl. Polym. Sci. 2002,

86, 773.

135. Fan, J.; Wen, Y.; Yang, Y.; Liu, L. Text. Res. J. 2009,

79, 611.

136. Yang, M. C.; Chou, M. T. J. Membr. Sci. 1996, 116, 279.

137. Wilms, C.; Seide, G.; Gries, T. Abstr. Pap. Am. Chem. Soc.

2013, 32, 1609.

138. Yamane, S.; Higuchi, T.; Yamasaki, K. Toray Ind Inc. (to

Tora-C). U.S. Pat. 4,917,836-A (1988).

139. Du, W.; Chen, H.; Xu, H.; Pan, D.; Pan, N. J. Polym. Sci.

Part B: Polym. Phys. 2009, 47, 1437.

140. Tan, L.; Wan, A.; Pan, D. Mater. Lett. 2011, 65, 887.

141. Chae, H. G.; Newcomb, B. A.; Gulgunje, P. V.; Liu, Y.;

Gupta, K. K.; Kamath, M. G.; Lyons, K. M.; Ghoshal, S.;

Pramanik, C.; Giannuzzi, L. Carbon 2015, 93, 81.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4396343963 (14 of 14)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

