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Highlights

What are the main findings?

e  Carbon fiber mechanical performance (tensile strength and Young’s modulus) is
governed by the interplay of crystallite orientation, defect population, and graphitic
order, a framework developed primarily through decades of PAN and mesophase pitch
research and now applied here to critically evaluate polyethylene-based carbon fibers.

e  Polyethylene-based carbon fibers, produced via solvent-free melt spinning and
sulfonation-based stabilization, have demonstrated tensile strengths up to 2.0 GPa
and moduli up to 170 GPa through continuous processing, with recent advances in
scalability bringing industrially relevant tow sizes within reach.

What is the implication of the main finding?

e  The well-established structure-property framework developed for conventional precur-
sor systems provides a sound basis for identifying the remaining barriers to PE-based
carbon fiber performance, particularly the core-shell defect structure arising from
diffusion-limited sulfonation, and for directing future research toward targeted pro-
cess improvements.

e At a projected production cost below that of PAN-based carbon fibers and with a
reduced environmental footprint owing to solvent-free processing, PE-based carbon
fibers show strong potential for cost-sensitive structural applications, including con-
tinuous fiber reinforced thermoplastic composites in additive manufacturing.

Abstract

Carbon fibers, whose origins are closely intertwined with precursor chemistry and pro-
cessing conditions, have become indispensable structural lightweight materials due to
their exceptional combination of low density, high tensile strength, and high stiffness. This
review aims to provide a combined overview of the mechanical properties of carbon fibers
by tracing their development from the historically dominant polyacrylonitrile (PAN) and
mesophase pitch systems to emerging polyethylene (PE)-based alternatives. Based on
decades of fundamental and applied research, this review outlines how precursor molecu-
lar structure, stabilization pathways, and carbonization conditions direct microstructural
growth and thereby mechanical performance. Established structure/property relationships
in PAN and mesophase pitch fibers are discussed alongside recent insights into the sulfona-
tion, crosslinking, and carbonization behavior of PE-based precursor systems. Additionally,
this review presents current knowledge on production costs, market dynamics, and the
environmental impact of carbon fiber manufacturing, highlighting how energy-intensive
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processing remains a key barrier to broader industrial adoption. Combined, the findings
presented in this review provide an integrated basis describing how precursor selection,
processing strategy, and resulting morphology shape mechanical behavior and clarify the
position of PE-based carbon fibers within the broader landscape of cost, performance,
and sustainability.

Keywords: carbon fiber; carbon fiber-reinforced polymers; polyethylene precursor

1. Introduction

Since their introduction to the scientific community in the mid-twentieth century, car-
bon fibers (CFs) have evolved from experimental materials into one of the most significant
classes of advanced engineering reinforcements. Their outstanding combination of high ten-
sile strength and stiffness, low density, and chemical and thermal stability has made them
indispensable in a wide range of structural applications. These attributes have positioned
CFs at the core of modern lightweight material design, particularly in fields where weight
reduction translates directly into improved efficiency, such as the aerospace, automotive,
and renewable energy sectors. The continuously growing industrial and technological
demand for materials that simultaneously deliver strength, rigidity, and reduced weight
continues to expand the scope and relevance of carbon fibers.

The widespread adoption of carbon fibers in commercial applications began during the
1960s, following the development of reliable polyacrylonitrile (PAN)-based precursors and
controlled stabilization processes. Over the ensuing decades, steady progress in precursor
synthesis, fiber spinning, and thermal treatment has resulted in significant improvements
in mechanical performance and scalability. These developments have enabled the tran-
sition of carbon fibers from specialized aerospace components to materials of strategic
importance across multiple industries. At the same time, the increasing global emphasis
on energy efficiency and sustainability has further accelerated demand, particularly in the
transportation and wind energy sectors, where carbon fiber-reinforced polymers (CFRPs)
now play a vital role in increasing overall energy efficiency.

Many reviews published in the last few decades provide broad overviews of precursor
systems, processing methods, and market trends; however, comparatively few examine in
detail the fundamental relationship between molecular structure, processing parameters,
and the resulting microstructural order that governs mechanical performance. In reality,
the superior stiffness and strength of carbon fibers originate from a delicate interplay of
precursor chemistry, molecular alignment, crystallite morphology, and defect population.
Understanding these relationships is essential to the rational design of next-generation
carbon fibers and to optimizing both their performance and sustainability.

Historically, two main precursor systems have dominated the field: polyacryloni-
trile and mesophase pitch. Each system offers unique advantages and distinct structural
outcomes. PAN-based carbon fibers are characterized by their fibrillar morphology and
high tensile strength, while mesophase pitch-based fibers display superior graphitic order,
resulting in very high modulus values. The processing differences between these two
systems, particularly in carbon yield, and graphitization behavior, have provided valuable
insight into how precursor chemistry determines final properties. Decades of systematic
research into these mechanisms have led to a robust scientific framework that connects
molecular architecture to macroscopic performance. This knowledge now underpins nearly
all modern approaches to carbon fiber development and continues to guide innovations in
processing and materials design.
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However, even with this deep understanding, the current PAN- and mesophase pitch-
based production technologies remain both energy intensive and costly. Stabilization in
oxidative environments and carbonization at very high temperatures represent significant
economic and environmental challenges. As a result, research has increasingly shifted
toward alternative precursor systems that promise comparable performance with improved
cost-effectiveness and reduced environmental impact. Among these, polyethylene (PE)
has recently attracted considerable attention as a promising candidate for next-generation
carbon fibers.

Polyethylene offers several intrinsic advantages that distinguish it from conventional
precursors. Its simple hydrocarbon backbone, high carbon content, and exceptional drawa-
bility enable extremely high molecular alignment prior to carbonization. Moreover, its
melt-processability eliminates the need for solvents, simplifying production and reducing
both cost and energy consumption. Recent advances in PE-fiber stabilization and sulfona-
tion have demonstrated that this material can indeed be converted into structurally ordered
carbon fibers with mechanical properties sufficient for a growing range of structural ap-
plications, at a projected production cost below that of conventional PAN-based systems
and with a reduced environmental footprint owing to solvent-free melt spinning. A direct
comparison of PAN-, mesophase pitch-, and PE-based carbon fiber production systems
across processing parameters, mechanical properties, cost, and sustainability aspects is
presented in Section 5.

This review therefore centers on the mechanistic origins of mechanical performance in
carbon fibers, tracing the development from traditional PAN- and mesophase pitch-derived
systems to the emerging relevance of polyethylene-based precursors. While recent reviews
of PE-based carbon fibers have addressed precursor synthesis, stabilization chemistry,
and fiber properties in isolation, none have systematically positioned PE-based systems
within the broader structure-property framework established over decades of PAN and
mesophase pitch research. This work addresses that gap by first building a rigorous
mechanistic foundation: covering crystallographic order, turbostratic structure, preferred
orientation, and defect evolution, and then applying that framework as an analytical lens
to critically evaluate where PE-based carbon fibers currently stand, where their limitations
originate at the microstructural level, and what processing advances are needed to close
the performance gap with established systems, while also highlighting how this next
generation of precursors may redefine both the mechanical and environmental landscape
of carbon fiber technology.

Literature selection and review scope: This review was conducted as a narrative litera-
ture review, drawing primarily on peer-reviewed journal articles, conference proceedings,
and technical reports retrieved via Web of Science, SciFinder, and Google Scholar. Initial
literature searches were conducted using combinations of the following terms: “carbon

V/A7i

fiber”, “polyethylene precursor”, “PAN carbon fiber”, “mesophase pitch carbon fiber”,
“sulfonation”, “carbonization”, “carbon fiber mechanical properties”, and “carbon fiber
structure-property relationships”. No restriction on publication date was applied in order
to capture both foundational classical contributions and the most recent developments, with
literature spanning from the early 1960s through early 2026 considered for inclusion. Refer-
ence lists of key review articles were additionally screened to identify seminal works not
captured by database searches. Thematic organization follows the natural progression from
fundamental carbon fiber science to precursor-specific processing and properties, conclud-
ing with market context and environmental considerations. This structure is intentional:
the classical PAN and mesophase pitch sections provide the mechanistic and structural
framework necessary to critically evaluate the emerging PE-based systems discussed in
Section 5.3., which constitutes the central focus of the review.

https://doi.org/10.3390/fib14070083


https://doi.org/10.3390/fib14070083

Fibers 2026, 14, 83

4 0f 47

2. A General Overview of Carbon Fibers
2.1. Description and Characteristics of Carbon Fibers

Carbon fibers come in many forms with varying characteristics, complicating the
process of drawing up a uniform description. In general, carbon fibers are anisotropic
materials consisting of different fibers (or filaments) containing at least 92 w% carbon,
manufactured by the carbonization of a polymer precursor, although other lesser-used
methods exist [1-5]. CFs possess a two-dimensional a, b long-range order of carbon
atoms in planar hexagonal networks without any measurable crystallographic order in the
third direction (c-direction) other than more or less parallel stacking [4,6]. This structure
closely resembles that of graphite, and it is possible for certain precursors under certain
manufacturing processes to exhibit up to 99% graphite resemblance. These specific carbon
fibers can be categorized as graphite fibers [7,8].

What makes CFs so attractive is that they show very interesting properties such as
high chemical and thermal stability in absence of oxygen, good thermal and electrical con-
ductivity [9], and excellent creep resistance. Carbon fibers’ key features however are their
low density (ranging from 1.75 g/cm? to 2.0 g/cm?), and excellent mechanical properties
such as high tensile strength and high elasticity modulus (or Young’s modulus) along the
fiber axis [10], both of which are a direct result of their spatial orientation, precursor, and
carbonization method [2—4,11]. Note that several terms are used interchangeably in the
literature and this review to denote the elasticity modulus, with Young’s modulus being
the most commonly used. Tensile modulus is a close second; modulus is used the most in
this text. All terms, however, refer to this elasticity modulus.

Carbon fibers can display up to four times higher tensile modulus and strength in
a direct comparison with steel [12]. As a replacement for steel in the automotive sector
as structural component, CFRPs offer 1.5 times better energy absorption and 60% vehicle
weight reduction [13], but also at ten times the costs [14]. With this unique combination of
properties, it becomes clear why CFs are high-interest lightweight materials.

2.2. Different Methods for Carbon Fiber Classification

The following section provides an overview of different classification methods of
carbon fibers: classification using tow count; their mechanical properties; and classification
based on carbon fiber precursor system.

2.2.1. Tow Count

One method of categorizing CFs relies on ranking them by tow count, referring to
the number of filaments grouped together. Tow sizes vary from 1000 filaments (1 K) up
to well over multiple 100 K. CFs with tow counts below 24 K are referred to as small-tow,
and those over 24 K as large-tow. Small-tow CFs’ material properties are superior to
those of large-tow CFs; however, they are more costly, and thus predominately utilized in
high-performance-demanding applications [2].

2.2.2. Mechanical Properties

A more popular classification method is based on their mechanical properties as a
result of the fiber structure and degree of crystallite orientation into ultrahigh-modulus
(UHM), high-modulus (HM), intermediate-modulus (IM), high-tensile-strength (HT), and
isotropic carbon fibers. These can be further categorized into three categories based on their
final heat treatment temperatures (HTTs) as Type I (leading to CFs with high modulus),
Type II (mostly CFs with high tensile strength), and Type III [4,6,15]. A quick overview is
presented in Table 1; the origin of these mechanical properties will be discussed in a later
section in this review paper.
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Table 1. Overview of classification of carbon fibers based on their mechanical properties.
(UHM = ultrahigh-modulus; HM = high-modulus; IM = intermediate-modulus; HT = high-tensile-
strength; HTT = heat treatment temperature).

o Crystallite Young's Tensile Strength .
Type HTT CO) Orientation Modulus (GPa) (GPa) Tow Size (K)
UHM Parallel to >500 <4.0 1-12
Typel HM >2000 fiber axis >300 >3.0 3-24
M Parallel to >200 <25 12-50
Typell HT 1500 fiber axis +100 >4.0 >50
Type Il Isotropic <1000 Random <100 <1.0 >100

2.2.3. Precursor System

A more common way to classify carbon fibers is by the precursor material. The
precursor material is often a polymer which is subjected to heat treatment, eliminating most
non-carbon atoms in the process, resulting in the formation of an all-carbon structure [1,2].
Commercially, carbon fibers are manufactured solely from two different precursors due
to the excellent tunability of their mechanical properties: polyacrylonitrile (PAN) and
mesophase pitch. Lesser-used precursors are cellulose and polyethylene [1,16].

Different precursors require specific fabrication methods which result in carbon fibers
with significantly different structures and mechanical properties even when using the
same precursor, as can be observed in Figure 1 [17]. Because of the fundamental structural
differences between PAN and mesophase pitch precursors and their resulting carbon fibers,
certain properties are easier to develop in PAN-based carbon fibers, while others are easier
to develop in mesophase pitch-based carbon fibers [17,18]. Precursor systems are discussed
in greater detail in Section 5 of this review.

Il PAN | Mesophase Pitch

7 T T T T T T T T T
"New Generation"
Carbonized
below 2000 °C Carbonized -
above 2000 °C

5 / Improved mesophase =

()]
T

Tensile Strength (GPa)

0 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Young's Modulus (GPa)

Figure 1. Tensile strength versus modulus for a selection of commercially available carbon fibers.
Graph redrawn from Edie et al. [17].
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Precursor

Stabilization

Carbon fibers manufactured by the catalytic chemical vapor deposition (CCVD) pro-
cess, where fibers grow from the vapor of decomposed hydrocarbons as methane, ethane,
or coal gas in the presence of a metal catalyst, are labeled vapor-grown carbon fibers
(VGCFs) [5,19,20]. VGCFs are highly graphitic, often thin, and with short fibers with a
unique lamellar morphology. The mechanical properties of VGCFs are comparable with
Type II CFs from Table 1, and those of heat-treated VGCFs to Type I CFs.

2.3. General Synthesis of Carbon Fibers

The manufacturing process of carbon fibers greatly depends on the precursor material
and is often tailored to the specific application needs. The essential features, however, are
very similar, and can be divided into four different steps: precursor synthesis, stabilization,
carbonization, and surface treatment. A general schematic overview is presented in Figure 2.
First, the precursor material is acquired by either polymerization of the synthetic precursors
or extraction when using biobased polymers. In this state the polymers are unusable in the
manufacturing process and have to be spun into the precursor textile fiber. Stabilization,
the next step in the process, is a slow process where, gradually, intricate chemical reactions
occur under an oxidative atmosphere at temperatures between 200 °C and 300 °C, forming
a crosslinked polymer network. Following stabilization, the precursor is continuously
heated under an inert atmosphere in the carbonization step. Depending on the precursor,
this HTT can range from anywhere between 400 °C to 2000 °C. An optional subsequent
graphitization step can be performed if the precursor material is suited by further heating
the already carbonized fiber. The final step is the surface treatment of the carbon fiber,
protecting the fiber’s surface from damage during subsequent processing, and ensuring
better compatibility with the matrix material in composite applications [1,3,7,16,21].

Low-temp High-temp.

‘ Surface Carbon
carbonization > carbonization >

treatment i fiber

Figure 2. A general schematic representation of the carbon fiber manufacturing process with key
production stages [1,3,7,21].

2.4. Composites with Carbon Fibers

Composite materials consist of two or more materials which are suitably arranged or
distributed, creating distinct phases, and therefore usually show characteristics that are
not displayed by any of its components in isolation. Generally, the continuous phase is
referred to as the matrix, often a thermoset or thermoplastic polymer depending on the
application, while the distributed phase is called the reinforcement [22]. In CFRPs, strength
and stiffness are provided by the carbon fibers, whereas the polymer matrix maintains fiber
alignment and transfers structural load among the fibers [2,23].

3. Discovery and Development of Carbon Fibers
3.1. First Observations of Carbon Fibers

Carbon fibers were reported as early as the 19th century as part of the research towards
suitable materials to be used as filaments in incandescent light bulbs. Sir Joseph Swan was
the first, in 1860, to create a carbon fiber by heating paper and cotton fibers in the absence
of air, using the resulting carbonized filament in his first versions of the incandescent light
bulb, leading to a patent in 1880 after further optimization. Almost simultaneously, in
1879, Thomas Edison described the use of carbonized cotton and bamboo fibers as filament
in his patent for the incandescent light bulb [16,24]. Both methods effectively relied on
carbonizing the cellulose in these biomaterials. Edison reported his filament manufacturing
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process as involving the dissolution of the biomaterial in zinc chloride before extrusion into
a cellulose filament. The filament carbonizes when heated in a gas furnace in the absence
of air, forming a true carbon copy of the starting material [4,25]. The resulting carbon
fibers expressed poor mechanical properties, and while this application relied heavily on
their excellent heat resistance and electric conductivity, the more robust tungsten replaced
carbon fiber filaments in incandescent lightbulbs around 1910 [4,25]. This rendered the
usage of CF obsolete at the time, and research towards CF received little attention in the
coming decades [6,24,25].

3.2. Discovery of Synthetic Fibers

Naturally occurring fibers such as silk, cotton, or wool have always been utilized
throughout human history in many applications as garments or ropes. From the discovery
and rapid evolution of synthetic polymers in the early 20th century, the development
and characterization of synthetic, or textile, fibers was therefore a logical outcome as the
mechanical properties of fibers differ greatly from those of the starting bulk material. The
strength and stiffness of the material tend to increase more as the long-chain molecule
orientation is stretched along its fiber axis during fiber formation [26].

The mechanical properties of these fibers were limited, however, with tensile strengths
and moduli around 1 GPa and 15 GPa, respectively [27]. With the growing demand for
high-strength and high-modulus fibers, mostly driven by the aerospace industry during the
second World War and the space program, both backed by strong US government support,
in combination with reports of extraordinary mechanical properties of graphite [28], CF
research quickly rekindled in the 1950s [4,15,25].

One of the novel synthetic polymers was polyacrylonitrile (PAN), and in 1950, Amer-
ican researchers [29] wanted to determine the chemical and physical properties of PAN
textile fibers produced under the brand name Orlon. In one experiment among many, tex-
tile fiber samples heated to 200 °C for 16 to 20 h, in both air and N, atmospheres, showed
changes in solubility and weight compared to non-treated fibers. Color changes from
yellow to brown to black were also observed in the treated fibers, resulting in black yarn.
The most remarkable discovery, however, occurred when placing this black yarn in an open
Bunsen burner flame. Despite being exposed to the open flame, it never burned, melted,
nor deformed, and retained its tensile properties, although becoming more brittle, all with a
30% observed weight loss. The authors postulated a dehydrogenation mechanism resulting
in intramolecular heterocycles, the so-called ladder structure, occurring in the fiber [29].
While it was not yet understood that this black yarn was carbonized into a carbon fiber, the
postulated dehydrogenation mechanism somewhat resembles what actually is occurring in
the final carbonization process [1,25,29].

3.3. Golden Years of Carbon Fiber Research

The American research on carbon fibers focused on using rayon as precursor sys-
tems. Novel research at the US-based Union Carbide in 1959 resulted in the discovery
of a manufacturing process where carbon fibers were synthesized by heat-treating rayon
cloth up to 3000 °C [24,25]. Ongoing research led to an improved cellulose-based CF
manufacturing process in 1964 by hot-stretching and orienting the resulting graphite lay-
ers, together with a first postulation of a carbonization mechanism [30]. Shortly after,
in 1965, the first high-modulus rayon-based CFs became commercially available as the
Thornel range [1,24], with tensile strengths ranging from 1.25 GPa to 3.95 GPa and moduli
ranging from 172 GPa to 690 GPa [25]. These early CFs were predominantly used by the
US Air Force for high-temperature missile applications and as structural aircraft compo-
nents [4,11,24]. Arguably, these researchers were the first to discover carbon nanotubes
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in 1958, as the potential byproduct from carbon whisker synthesis [31]. Carbon whiskers
were grown by vaporizing a graphite cathode with electric current under high pressure,
essentially near the triple point of graphite, and showed an excellent tensile strength of
20 GPa and a modulus of 700 GPa [8,31]. Although their discovery was considered a real
breakthrough, manufacturing costs were estimated at several million USD per kg, and they
were therefore discontinued [24].

The breakthrough in carbon fiber research, however, occurred in the 1960s at the
Royal Aircraft Establishment (RAE) in the United Kingdom (UK) in the work of William
Watt. Reported to be inspired by the previous Orlon black yarn [28], Watt and his team
extensively studied the commercially available PAN fiber Courtelle in an attempt to un-
derstand and control the exothermic oxidation reaction [15,25]. Their research led to a
greater understanding of the carbonization process and structure of carbon fibers [32]. They
demonstrated the importance of maintaining and increasing polymer chain orientation dur-
ing the oxidation process [10], and developed both hightensile-strength and high-modulus
fibers [33]. They also discovered a correlation between mechanical properties and the heat
treatment temperatures. It was found that the tensile moduli of PAN-based carbon fibers
continuously increase with increasing HTT, whereas an optimal temperature range exists
where the tensile strength reaches its maximum. Further heating results in an initial drop
in tensile strength before remaining constant throughout any further heat treatment [34],
as will be discussed later. Their research would eventually lead to the RAE British patent
for producing high-modulus carbon fibers and was used in 1966 on fully commercial
production lines [15].

Around the same time, independently from the work of Watt, the research group of
Shindo of the Osaka Technical Research Center in Japan also focused on PAN as potential
CF precursor material, leading to the development of a pilot plant in 1964 [24]. Although
the resulting carbon fibers had mediocre mechanical properties with tensile strengths
around 1 GPa and moduli of 170 GPa, this discovery helped the technical and commercial
breakthrough for high-performance PAN-based CF, as acknowledged by Watt [25,28]. One
particular Japanese company Toray Industries took the lead in the carbon fiber market in
the 1970s, and has been constantly improving and fine-tuning their carbon fiber properties,
leading to a broad collection of their commercially available Torayca carbon fibers with
varying mechanical characteristics [4,24]. Toray also signed a technology agreement with
Union Carbide in 1970, shifting the US focus to PAN and away from rayon as the CF
precursor [24]. The choice for PAN fibers as the potential precursor system was based on
the all-carbon backbone, the reported ladder formation at 200 °C, and prior knowledge
of a potential high carbon yield [10,28]. In addition, other than their very tunable tensile
properties, the global interest in PAN-based CFs might also have been of economical nature
due to their simpler fabrication process and their carbon yield of 50% compared to only
30% for rayon-based carbon fibers [11,35].

3.4. Current Focus on Carbon Fiber Research

This extensive research in the third quarter of the 20th century uncovered most of
the important carbon fiber characteristics, allowing for an optimization of carbon fiber
performance based on improvements in precursor quality and processing conditions [36].
During the last few decades, however, research has been more focused on exploring
novel carbon fiber precursor systems [12,37-41] or investigating alternative precursor
fiber spinning possibilities [42,43], in order to lower carbon fiber manufacturing costs and
improve the sustainability of the CF manufacturing process [21,43].
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Polyethylene has emerged as one of the most promising of these alternative precursor
systems, combining low raw material cost, solvent-free melt spinning, and a theoretical
carbon yield exceeding that of PAN, as discussed in detail in Section 5.3.

4. Structure of Carbon Fibers and the Influence Thereof on
Mechanical Properties

The characteristic spatial structure and order is formed during the heat treatment steps
shown in Figure 2 by expelling essentially all non-carbon elements as a mixture of various
gases depending on the precursor, which triggers weight loss and dimensional changes.
Carbon fiber morphology is therefore very complex, and highly dependent on the choice of
precursor material and the utilized heat treatment protocols. However, the crystallographic
structure of all carbon fibers is similar. Carbon fiber structure consists of large planar
hexagonal networks of two-dimensional a, b long-range order basal planes of covalently
bound sp?-hybridized carbon atoms, while lacking any measurable crystallographic order
in the c-direction, except for more or less parallel stacking [4,6,7,44]. This hexagonal
network of carbon atoms is also observed in graphite, another allotropic form of carbon.
Understanding the structure and origin of the mechanical properties of graphite leads to
an understanding of CF structure and properties.

4.1. Perfect Graphite Crystal

Graphite, more specifically the graphite crystal, was an early subject for X-ray diffraction
application and is therefore well documented [45-47]. Its structure consists of a network of
completely parallel aromatic layer planes of sp?-hybridized carbon atoms. Within a single basal
plane, each carbon atom is bonded with an atomic distance of 1.415 A to its three neighboring
atoms, resulting in two-dimensional hexagonal honeycomb layer planes, commonly referred
to as graphene, as presented in Figure 3. Subsequent graphene layers are stacked parallel
to each other, each layer shifted one atomic position relative to another layer due to sp?-
hybridization. The most commonly occurring stacking in bulky graphite is the ABA packing
sequence, resulting in the hexagonal space group. Rhombohedral ABC stacking occurs less
frequently and is less thermodynamically stable, transforming into ABA packing. This ideal
structure is never observed, since the presence of lattice imperfections in the structure of
graphite results in small fractions of turbostratic packing. The distance between subsequent
layers is characterized by the so-called dypp-spacing of 3.354 A [6,26,44-49].

The solid lines in Figure 3 represent the crystallographic hexagonal unit cell containing
four carbon atoms of two non-neighboring graphene layers (black circles) with lattice
parameters of 2.461 A and 6.708 A, which, unsurprisingly, is double the dgpp-spacing [47,50].

This spatial structure and specific ordering of carbon atoms are directly responsible for
the low density and excellent mechanical properties of graphite. The mechanical properties,
such as the tensile strength and Young’s modulus, of any material are expressed by using
the respective elastic stiffness constants Cjj inherent to the material. The elastic constants for
graphite are determined by both theoretical calculations as experimental data [6,26,51-53],
and its most important elastic constants are Cy; (load applied along fiber axis, crystallo-
graphic a-direction), C33 (load applied perpendicular to basal planes, c-direction), and Cyq4
(shear modulus, load applied parallel into the basal planes, b-direction) [10,26,44].

Lattice elasticity, specifically in carbon fibers, is directly impacted by the strong cova-
lent bonding of carbon atoms in graphene sheets, as well as the well-ordered planar hexag-
onal planes in the crystallographic a-direction. This leads to a large value for Cy;, which
translates in the theoretical maximum modulus for graphite of 1060 GPa [10,15,26,54,55].
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Figure 3. Crystallographic structure of graphite showing the ABA packing sequence of graphene
layers. The solid lines represent the hexagonal unit cell, black circles represent carbon atoms with
neighbors in adjacent graphene layers (x atoms), and white circles represent carbon without neighbors
in adjacent planes (3 atoms). Reprinted from Handbook of Carbon, Graphite, Diamonds and
Fullerenes, Hugh O. Pierson, Graphite Structure and Properties, Pages 43-69, Copyright 1993, with
permission from Elsevier [47].

Only weak Van der Waals interactions exist between the basal planes due to the
doo2-spacing, therefore lowering the strength perpendicular to those layers [26,51]. This
doo2-spacing indirectly leads to significantly lower values for Cs3 and C44 compared with
Cy1, at around 37 GPa, and 4.5 GPa, respectively [51]. Both the crystallite structure and
these findings explain the anisotropic properties: while stiff and strong along the plane, the
graphene layers are compliant in the transverse and interplanar shear directions [26,28,56].

4.2. The Crystalline Structure of Carbon Fiber

Despite the many similarities between the hexagonal network in graphite and carbon
fibers, their crystalline structures differ greatly, as carbon fiber crystallites display a higher
prevalence of lattice imperfections or defects compared to natural graphite. Small amounts
of lattice imperfections are observable in mesophase pitch-based carbon fibers, which
exhibit an almost identical crystallite structure to graphite.

Lattice defects occur within the layers, leading to lattice vacancies directly between
the layers under the form of stacking faults, or to disclination of the layers [47,51]. This
deviation is referred to as turbostratic packing, depicted in Figure 4a [1,50], the one-
dimensional stacking of out-of-plane distorted two-dimensional graphene-like sheets [57].
Turbostratic carbon may further involve tilting, splitting, or folding of graphene sheets,
as shown in Figure 4b [7]. The turbostratic conformation is the key factor leading to the
absence of an ordered stacking sequence in layer planes, resulting in an always higher
dooz-spacing in carbon fibers of minimum 3.440 A compared to perfect graphite [6,17,57].
Characteristics in the a, b plane, however, are similar. Section 3.4 describes the potential
origin of this distinctive packing sequence.
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Figure 4. Turbostratic packing of carbon fibers. The specific stacking of the layer planes in (a) resem-
bles the graphitic packing. The lack of any crystalline ordered stacking is depicted in (b). Reprinted
from (a) The surface topography of non-shear treated pitch and PAN carbon fibers as viewed by
the STM, W. P. Hoffman et al., Journal of Materials Research, Copyright 2011, with permission from
Springer Nature [50]; (b) Handbook of Carbon, Graphite, Diamonds and Fullerenes, Hugh O. Pierson,
Graphite Structure and Properties, Pages 4369, Copyright 1993, with permission from Elsevier [47].

4.3. Morphology of Carbon Fibers

Extensively researching the crystallographic structure of carbon fibers using multiple
X-ray and electron microscopic experiments led to a great understanding about the structure
and morphology of carbon fibers [18,32,58—65].

The morphology of carbon fibers is described by the interlayer distance dggy, and
the two characteristic length scales: crystallite stacking height L., and crystallite width
or lateral sheet extension L,. Crystalline width can be measured both parallel, L, I and
perpendicular, L, , to the fiber axis. Both L. and L, range between one and tens of
nanometers in size and are shown to increase with increasing HTT [57,66]. These parameters
define an arrangement of crystallites, referred to as basic structural units (BSUs) [45,57].
These BSUs can twist, fold, split, and join other BSUs, forming microdomains separated
by needle-shaped voids [57,67]. The morphology for PAN-based CFs and mesophase
pitch-based carbon fibers differ, based on their precursor structure.

4.3.1. Morphology of PAN-Based Carbon Fibers

Watt and coworkers were the first in a long series of experimenters to report the
internal structure of PAN-based CFs heated to 2500 °C as long, narrow fibrillar units
parallel to the fiber axis. The turbostratic crystallites showed a L. of 12 layer planes and L,
ranging from 60 A to 120 A [32].

Ruland et al. [61] were among the first to propose a schematic structure of the mor-
phology for Type I PAN-based carbon fibers. Their wrinkled-ribbon model, consisting of
curvilinear basal planes packed side by side with needle-shaped enclosed voids in between
(Figure 5), was consistent with many X-ray and electron microscopic data relating modulus
and preferred orientation [61,64,68,69].
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)

Figure 5. Wrinkled-ribbon model of Type I PAN-based CFs according to Ruland. Reproduced
from The microstructure of PAN-base carbon fibres, R. Perret & W. Ruland, Journal of Applied
Crystallography, Vol. 3, Page 526, Copyright 1970, John Wiley & Sons Limited. Reproduced with
permission of the Licensor through PLSclear [61].

Experiments by the Johnson group [62,68,70] disputed the regular existence of straight
and curved segments as suggested by this ribbon model. Their results revealed a more
detailed complex three-dimensional structure in type I fibers and suggested an updated
model of interlinked crystallites with sharp-edged voids and tilt and twist boundaries,
both longitudinally and laterally [63,67,69]. A simplified, two-dimensional representation
of the intercrystallite linked model is depicted in Figure 6a, an excerpt from the complex,
three-dimensional structure in Figure 6b.
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Figure 6. Representation of the interlinked model for Type I PAN-based carbon fibers according to
Johnson et al. (a) Schematic two-dimensional representation of longitudinal structure. (b) Three-
dimensional structural model. Reprinted from (a) Strength-structure relationships in PAN-based
carbon fibres, S. C. Bennett et al., Journal of Materials Science, Copyright 1983, with permission from
Springer Nature [63]; (b) High-resolution electron microscopy of high-modulus carbon fibres, D.
Crawford, D. J. Johnson, Journal of Microscopy, Vol. 94, Copyright 2011, with permission from John
Wiley and Sons [70].
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Diefendorf and Tokarsky [58] also reported discrepancies with the model proposed by
Ruland. Although they concede that Ruland’s model was suited to low modulus fibers,
they found from their collected data the description of a wrinkled-sheet ribbon model
better suited for high-modulus PAN-based CFs, as presented in Figure 7.

[Axial direction

T

Fiber
surface

|

Figure 7. Wrinkled-sheet ribbon model for Type I PAN-based CFs according to Diefendorf. Reprinted
from High-performance carbon fibers, R. ]. Diefendorf, E. Tokarsky, Polymer Engineering & Science,
Vol. 15, Copyright 2004, with permission from John Wiley and Sons [58].

200 A

The continuing research by the Johnson group on Type I PAN-based carbon fibers
revealed that some fibers exhibit skin-core heterogeneity [62,69]; they reported a skin varying
between 150 nm and 250 nm in thickness and containing larger and more aligned crystallites
than the core [62]. Basal planes in the skin region are essentially parallel aligned to the surface,
although many planes are folded up to 180°, resulting in a hairpin defect. Planes in the
lateral direction throughout the core are folded extensively in a random fashion, providing
coherence over larger cross-sectional areas of the fiber [67,69]. This led to the development of
the three-dimensional model in Figure 8, still the most relevant model to date.

Wedge

disclination |

NG
\ Hairpin defect

Figure 8. Three-dimensional skin-core model of Type I PAN-based carbon fiber structure by Johnson
et al. Reproduced from Structure-property relationships in carbon fibres, D] Johnson, Journal of
Physics D: Applied Physics, Vol. 20, p. 289, 1987, https://doi.org/10.1088 /0022-3727/20/3/007. ©
IOP Publishing. Reproduced with permission. All rights reserved [67].

https://doi.org/10.3390/ fib14070083


https://doi.org/10.1088/0022-3727/20/3/007
https://doi.org/10.3390/fib14070083

Fibers 2026, 14, 83

14 of 47

These models only represent Type I fibers, fibers with the highest of tensile moduli,
and thus highly oriented fibers. If layer planes with different degrees of disorder are
substituted in these models, then the models for Type II and Type III carbon fibers can be
imagined [63,67].

4.3.2. Morphology of Pitch-Based Carbon Fibers

It is generally accepted that the layer planes in mesophase pitch-based carbon fibers
develop a high stacking preference parallel to the fiber axis upon spinning, forming well
developed sheets within a graphitic structure. The degree of preferred orientation is
largely a function of the type of pitch precursor [56,69]. Unless relaxation occurs during
thermosetting, this morphology developed during precursor fiber formation is retained
after carbonization. The morphology of mesophase pitch-based carbon fibers is therefore
largely affected by spinning conditions and the spinneret geometry, with each morphology
exhibiting some advantages over the others (Figure 9) [18,56,71].

Onion-skin

Flat-layer Radial-folded Line-origin

Figure 9. Morphology of mesophase pitch-based carbon fibers. Reprinted from Pitch and Mesophase
Fibers, Dan D. Edie, Carbon Fibers Filaments and Composites, Springer Nature, 1990, with permission
from Springer Nature. This figure is not covered by the CC BY license of the published article [26].

The morphology of PE-derived carbon fibers remains comparatively less character-
ized than those of either PAN- or mesophase pitch-based systems, partly owing to the
field’s relative immaturity and partly due to the fundamentally different stabilization
chemistry involved; the current understanding of PE-based CF morphology is discussed in
Section 5.3.5.

4.4. Impact of Carbon Fiber Morphology on Mechanical Properties

Young’s modulus and tensile strength are the two characterizing elements of a carbon
fiber which are the result of the final structure of the carbon fiber. In short, both the high
degree of crystallinity and the alignment of crystallites along the fiber axis are responsible
for the high modulus of carbon fibers, while the strength of carbon fibers is primarily
affected by the lattice defects present in the crystalline morphology [7,26] The two factors
determining the carbon fiber structure are the initial structure of the precursor material,
and thermal processing conditions.

The inherent structural differences between PAN-based CFs, mesophase pitch, and
any other precursor system are responsible for the differences in mechanical properties,
for which no amount of processing is able to compensate. However, the chemical and
physical processes influence the structure of the precursor during the heat treatment stages,
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and does affect the resulting carbon fiber structure and its mechanical properties. The
combination of both influences allows for the production of a wide selection of varying
mechanical properties carbon fibers.

4.4.1. Young’s Modulus

The theoretical maximum modulus for CFs is represented by the perfect graphite
crystal’s Cq; of 1060 GPa [6,15,51]. Young’'s moduli as high as 1000 GPa, however, are
unachievable due to the turbostratic order of carbon fibers, yet it provides a clear indication
of the modulus” magnitude [51]. Mesophase pitch-based carbon fibers achieve moduli up
to 85% of this theoretical maximum [18,26], and moduli up to 500 GPa are observed in Type
I PAN-based CF (as described in Table 1) [6,15].

It has already been well-established that a correlation existed between the CF’s pre-
ferred orientation and its resulting modulus [10,18,28,57,72]. Even in textile fibers, the
modulus is increased by extending or aligning polymer chains along the fiber axis, achiev-
ing moduli as high as 300 GPa, a significant increase from the early reported 15 GPa [15,73].

Ruland et al. [61,64,74] were the first to develop quantitative models describing the
modulus—orientation relationship, and successfully related carbon fiber stiffness to ori-
entation parameters by applying these models to experimental data obtained from X-ray
diffraction [57]. Figure 10 visualizes this relationship and depicts that the more highly
oriented the layer planes are, the higher the resulting carbon fiber’s modulus will be.

1000

800

600

400

Young's Modulus (GPa)

200

Preffered Orientation

Figure 10. Effect of carbon fibers’ preferred orientation and increase in Young’s modulus. Graph
redrawn from Fitzer et al. [6].

Ideal fiber orientation can be achieved by stretching the precursor fiber during different
heat treatment stages. Stretching fibers at the carbonization stage, where temperatures are
high enough for plastic flow to occur, is called hot-working or hot-stretching, as with the
hot-working of metals [10,75]. Hot-stretching rayon fibers resulted in achieving moduli
ranging from 300 GPa to 600 GPa. However, this method required effective fiber elongations
of 50% to 100% at temperatures above 2500 °C, and fell out of fashion due to the shift in
attention from rayon-based CF towards PAN-based CF research [6,30]. The hot-stretching
process can, in principle, also be applied to PAN-based Type I carbon fibers to achieve
further increases in modulus [10].

A more efficient way to increase modulus in PAN-based CF is pre-stretching the precursor
before treatment, although this method is applicable for every all-carbon backbone polymer
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Young's Modulus (GPa)

fiber. Pre-stretched PAN fiber is then utilized in the thermal stabilization processes [6]. During
stabilization it is important that tension is maintained, as PAN fibers have the tendency to
shrink during heating otherwise [28]. The preferred orientation can also be achieved by a
crystallization phenomenon during spinning, taking advantage of the thermodynamic stability
of liquid crystals from polyaromatic compounds as mesophase pitch [6].

The Young’'s modulus of CFs is also determined by final HTTs, as can be observed
from the classification in Table 1, with different outcomes, depending on both the precursor
and final temperature. Section 2.3 already briefly mentioned the observations by Watt
et al. [34] of increasing modulus with increasing HTT. Figure 11a depicts the same rela-
tion for ultimate tensile modulus in both PAN-based and mesophase pitch-based carbon
fibers [76]. This specific correlation exists because, as for all structural defects in a solid,
crystallographic stacking faults can be healed out by thermal treatment [6,77]. Research
by the Fitzer group [78] confirmed that increasing the final HTT resulted in decreased
dooz-spacing (Figure 12).
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Figure 11. Impact of final heat treatment temperatures on (a) Young’s modulus and (b) tensile
strength. Graph redrawn from Matsumoto et al. [76].
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Figure 12. Mean interlayer distance of PAN- and MP-based CFs depending on the HTT. Graph
redrawn from Fitzer et al. [78].
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Since the magnitude of the modulus is determined solely by precursor-dependent
pre-stretching conditions and the final HTT of carbon fibers, controlling the reproducibility
of the modulus in industrial production environments is relatively simple.

4.4.2. Tensile Strength

Determining or controlling the tensile strength, however, is more complicated. The
theoretical tensile strength can be approached by Equation (1), which relates the theoretical
tensile strength o} in the a-direction to the Young’s modulus E, surface energy v,, and
interplanar spacing distance a;. For perfect graphite, a theoretical strength of 100 GPa was
calculated using Equation (1), from which the carbon fiber strain to failure ratio ¢ = o¢/E
was determined to be 10% [51,63].

Ev,
agq

Ot = (1)

In practice, however, there is no simple relationship between flaw diameter, fiber
strength, and surface energy [79]. The most common approach to describe tensile strength
is therefore based on a model where the weakest link in brittle materials, in general the
largest structural flaw of a material, controls the strength [57,72]. According to the widely
accepted model by Reynolds and Sharp [79], experimental data from tests on single crystals
reveals that dislocation glide due to shear stress occurs sooner than tensile failure as
Ya < Yo, so that shear failure occurs on the basal plane, and is therefore influenced by
elastic constant C44. They found the strain-to-failure ratio for a perfect crystal of e = 216%,
and expected under normal circumstances in the presence of very small defects values of
et = 20%, which would lead to tensile strengths around 20 GPa [79].

There is, however, still a large difference between theoretical and practical values, as
shown in Figure 11b. It has been, and still is, therefore widely accepted that the presence of
gross flaws is the strength limiting factor [57,67], as was later demonstrated by Watt and
coworkers [80]. Measured fiber strength is also dependent on carbon fiber length, as there
is a higher probability of encountering structural flaws in longer filaments [72].

Figure 11b depicts the evolution of tensile strength in PAN-based and mesophase
pitch-based CFs with increasing HTT. Since final tensile strength is limited by structural
flaws, and proper heat treatment removes stacking faults, high-tensile-strength CFs are
manufactured at lower HTTs.

4.4.3. Impact of Precursor System on Tensile Modulus and Strength

Research has shown that PAN-based CFs develop fibrillar microstructures [58,67],
and are therefore unable to develop any extended graphitic structure [17]. The work
of Fitzer et al. [78] confirms that PAN-based CFs are unable to achieve dyp-spacings of
less than 3.440 A, even at the highest HTTs. Their structure always remains turbostratic,
inherently limiting the development of their Young’s moduli (Figure 12). Mesophase pitch-
based CFs become more graphitic with decreasing interlayer distance, without nearing the
doo2-spacing of graphite, leading to higher modulus development [17,57].

This phenomenon might be explained by the presence of crosslinks between the basal
planes in both CF structures. The shear modulus for PAN- and mesophase pitch-based
CF is higher than that of natural graphite, yet is expected to be lower, as shear modulus
decreases with increasing lattice imperfections [81]. It is believed that the presence of
the observed C-C and C-N sp3-sp® crosslinks between basal planes are responsible for the
higher shear moduli in carbon fibers [78,81]. These crosslinks are assumed to be located
near the edge of the basal planes, causing considerable stacking disorder and thus leading
to higher dggp-spacing. When the CF is exposed to high HTTs, the number of these sp3-sp®
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crosslinks is expected to decrease, leading to smaller dgp,-spacing distance between the
planes and thereby increasing the modulus [78,81].

On the other hand, the same graphitic structure of mesophase pitch-based CFs makes
them more sensitive to structural flaws and surface defects, therefore limiting the tensile
strength development [26]. The fibrillar microstructure of PAN-based CFs is much more
resistant to tensile failure resulting from microscopic flaws than the more extended graphitic
regions in mesophase pitch-based CFs, leading to higher tensile strengths in these types of
CFs [17].

Tensile strength is highest in PAN-based CFs for temperatures around 1500 °C at
low heating rates. Controlling the heating rate is essential in preventing the formation of
structural defects by the removal of volatiles, as these vacant spaces have been interpreted as
the main cause of strength decrease above these HTTs [78,82]. Therefore, some high-tensile-
strength PAN-based carbon fibers contain some residual nitrogen in their structure [17,57].

Because of CF’s inherent structure, and its limitation on the development of mechan-
ical properties, PAN-based CFs are better suited in applications where a higher tensile
strength is required, whereas mesophase pitch-based CFs are more applicable in high-
tensile-modulus situations. PE-based carbon fibers currently occupy an intermediate
position in this landscape, with mechanical properties governed by a fundamentally dif-
ferent stabilization route and defect structure than either PAN or mesophase pitch, as
examined in Section 5.3.

5. Different Precursor Systems Suited for Carbon Fiber Production

Carbon fibers are produced from a variety of precursor materials, of which polyacry-
lonitrile (PAN), mesophase pitch, and polyethylene (PE) are the three principal systems
discussed in this review. PAN currently dominates global carbon fiber production, with
a market share of approximately 90%, owing to its high carbon yield, well-established
processing infrastructure, and reliable mechanical performance. Mesophase pitch, while
representing a smaller market share, enables the production of ultra-high-modulus carbon
fibers unattainable from PAN. Polyethylene represents an emerging alternative precursor,
motivated primarily by its low raw material cost, melt spinnability, and high theoretical
carbon yield. The following sections discuss each of these precursor systems in detail,
examining polymer synthesis, fiber spinning, stabilization, carbonization, and the resulting
mechanical properties and morphology. Table 2 provides an integrated overview of the
key parameters across all three systems as a reference point for the comparative discussion
that follows. Cost figures reported in this table and, throughout the review, are based on
published cost models from 2019 and earlier, and reflect pre-2020 energy prices and pilot-
scale PE production conditions; a detailed breakdown with assumptions is provided in
Section 6.3. Figure 13 provides a schematic overview of the relationship between precursor
type, stabilization route, morphology development, and final mechanical properties for
each of these systems.

5.1. Polyacrylonitrile

Polyacrylonitrile is by far the most widely used precursor and accounts for a 90%
share of total global carbon fiber production [24,83]. This can be attributed to its great
carbon yield of 50% from its precursor, its inherent fibrous nature, which exhibits preferred
axial orientation during every heat treatment stage, and achievement of very high ten-
sile strengths with moderate moduli [84,85], as well established in the previous sections.
Many controlled steps are required before PAN converts into a carbon fiber, from polymer
synthesis to surface treatment.
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Comparative overview of PAN-, mesophase pitch-, and PE-based carbon fiber

Table 2.
production systems.
Parameter PAN Mesophase Pitch PE
Precursor Free radical polymerization of Thermal fractionation of Ziegler-Natta or radical
synthesis acrylonitrile petroleum or coal tar pitch polymerization of ethylene
Spinning method Wet/dry solution spinning Melt spinning Melt spinning
Spinning solvent required? Yes (e.g., DMSO, DMF) No No
Stabilization method Thermal oxidation in air Thermal oxidation in air Sulfonation with H,SOy4
Stabilization temperature 200-350 °C ~300 °C 110-130 °C
Carbonization temperature 1000-3000 °C 1000-3000 °C 1000-1300 °C
Carbon yield ~50% >75% ~70%
Tensile strength 1.0-4.0+ GPa 1.4-3.6 GPa 1.1-2.2 GPa
;‘(’)‘éﬁ; 100-500 GPa 140-900 GPa 60-400 GPa
Precursor cost o High High Low (~1 EUR/kg raw material)
(~53% of CF cost)
Estimated CF production cost ~25.7USD/kg Higher than PAN ~16.0 USD/kg
i Fally ] —— Pl sale (1 oo ow
Solvent-free spinning, no toxic

Established recycling pathways High carbon yield stabilization gases

Key sustainability advantage

Brittle fibers, complex precursor Limited scalability

Solvent-intensive spinning, toxic
synthesis

carbonization volatiles

Key limitation
Values compiled from the literature discussed in Sections 5-7; see respective sections for primary references.

Key properties

Precursor Stabilization Morphology
PAN Thermal oxidation Turbostratic, High tensile
Fibrillar, oriented 200 - 350 °C, air fibrillar strength
Skin-core structure Tensile strength:

backbone Cyclization and
1.0 — 4.0+ GPa

Wet/dry spinning

solvent-based

ladder structure
formation

Needle-shaped voids

High defect tolerance

Modulus: 100 — 500 GPa

Mesophase pitch

Liquid crystalline
Melt spinning

Solvent-free

Thermal oxidation
~300 °C, air

Oxidation of aliphatic
side groups

No tension required

Highly graphitic

Radial, random,

—_— or onion-skin

Low defect density
Extended graphene

Ultra-high modulus

Tensile strength:
1.4 - 3.6 GPa

Modulus: 140 — 900 GPa

Polyethylene

Linear backbone

High drawability
Melt spinning

Solvent-free

Sulfonation

110 -130°C
H2S04 or
EB + molten sulfur
Infusibility by
reactive moieties

Turbostratic,
core-shell

Defect-rich core
from incomplete
sulfonation

Fewer crosslinks

Moderate strength
and modulus

Tensile strength:
11-22GPa

Modulus: 60 — 400 GPa

Low production cost

Figure 13. Schematic overview of the relationship between precursor type, stabilization route,
morphology development, and final mechanical properties for PAN-, mesophase pitch-, and PE-

based carbon fiber production systems.
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5.1.1. Polymer Synthesis

PAN is an atactic, linear polymer containing highly polar nitrile groups, and is the
result of the free radical polymerization of acrylonitrile 1 (AN) (Scheme 1). The polymer-
ization can be performed in both solution and suspension environments [1,3,18]. Solution
polymerization is most often used, as the resulting polymer solution can function as the
fiber-spinning solution directly for the solution spinning process, after complete recovery
of unreacted AN [1,86]. While the monomer recovery is a significant drawback in the solu-
tion polymerization process, it does, however, eliminate the PAN drying and redissolving
processes [7]. Suspension polymerization of AN can be performed under controlled condi-
tions, so that branching of the resulting polymer and byproducts formation are avoided.
Higher-molecular-weight PAN is often the result of suspension polymerization [1,7].

CN
/\\\N - M
n
1 PAN

Scheme 1. General representation of the polymerization of acrylonitrile.

PAN-based CF precursors have varying molecular weights ranging from 70,000 g/mol
to 260,000 g/mol and a polydispersity index of 1.5 to 3.5 [1,86]. Usually, low-molecular-
weight PAN (up to 200,000 g/mol) finds more use in textile applications [86], whereas PAN-
based CFs are produced from high-molecular-weight special-grade PAN precursors [16,86].
Higher molecular weights enhance the ultimate fiber’s drawability during stretching;
however, it also negatively affects polymer solubility, making the following spinning
process more difficult [86]. Some research has focused on using atom-transfer radical
polymerization (ATRP) or reversible addition-fragmentation chain transfer (RAFT) reaction
conditions to synthesize high-molecular-weight PANs with narrow polydispersities, yet
this remains somewhat unsuccessful and expensive [86].

However, the PAN homopolymer is seldom used in carbon fiber production. The polar
nitrile groups increase polymer reactivity, which results in poorer control over molecular
weight, and introduce extensive hydrogen bonding, both limiting the polymer’s drawabil-
ity [86]. Comonomers such as methacrylates or itaconic acid can be added to compensate
the disturbance of the high polarity during processing by acting as plasticizers, and con-
trol the oxidation rate during the carbon fiber production process [1,18,85,86]. While the
functions of different additives are known [86], the resulting mechanisms of their reactions
is not. It is assumed that these comonomers initiate nitrile polymerization during stabi-
lization [84]. Commercial PAN CF-precursors are therefore typically produced with two
comonomers with similar reactivities to ensure a homogenous distribution throughout the
chain, and contain a maximum of 5 mol% comonomers.

There are structural differences between textile-grade PAN, which is commonly used
in production for fabrics, and special-grade CF precursor PAN. Special-grade PAN fibers are
different from textile-grade PAN fibers in terms of chemical composition, type and amount
of comonomers, cross-section dimension, linear density, and tensile strength. Textile-grade
PAN is composed of only 85 w% AN and 15 w% comonomers and contains more impurities,
influencing its thermal behavior; has much larger tow sizes (varying from 160 K to 320 K);
and has larger diameter, and so is less suited for thermal processing [7,16]. Because of
these properties, textile-grade PAN fibers exhibit uncontrollable oxidation behavior and
extremely long stabilization times, and are therefore not readily suited for carbon fiber
production. However, since textile-grade PAN fibers can be produced in high volumes, its
production costs are significantly lower, and it is speculated that carbon fiber production
cost could be reduced up to 39% if adaptation of textile-grade PAN fibers for carbon
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fiber production is feasible [16]. Several studies have attempted CF production using
textile-grade PAN fibers by applying chemical and mechanical treatments before and after
stabilization processes for production of CF with suitable mechanical properties [16].

5.1.2. Precursor Preparation by Solution Spinning

Although precursor PAN fibers can be manufactured by either dry spinning or solution
spinning technologies, nearly all industrial PAN-based processes utilize solution spinning.
Solution spinning also leads to high-strength carbon fibers, as utilizing other spinning
methods are more prone to introducing voids and surface defects into the carbon fiber [86].
The more economical method of choice would be melt spinning, because it converts a
pure precursor directly into fibrillar form without adding the additional expense of solvent
recycling or recovery [17]. Using melt spinning is impossible, however, as PAN undergoes
thermally induced cyclization reactions well under its melting temperature, in this stage
leading to polymer degradation [1,16]. A classical solution spinning set up is presented in
Figure 14.

Temperature Sensor

i | i‘— Pressure sensor

| Polymer dope

&= Heating Jacket :
H Spinneret -+ Drying

|

Winding

Polymer filament

Filter _.Lu_

Coagulation bath Washing bath Drawing bath

Figure 14. Classical solution spinning set up. Reprinted from Producing high-quality precursor
polymer and fibers to achieve theoretical strength in carbon fibers: A review, Kaur et al., Journal of
Applied Polymer Science, Vol. 133, Copyright 2016, with permission from John Wiley and Sons [86].

In a typical solution-spinning process, the PAN copolymer is dissolved in highly polar
solvents as dimethylformamide (DMF) or dimethylacetamide (DMAc), yielding a solution
with a concentration of 10 w% to 30 w%, depending on the molecular weight [17]. After
filtration, the copolymer solution is extruded into a coagulation bath containing a mixture of
a solvent and non-solvent for PAN. The composition of the coagulation bath is an important
factor in the morphology of the resulting fiber, as the shear field tends to orient the resulting
fiber parallel to the flow direction. Using a solvent can decrease polymer entanglement
during extrusion, enhancing the orientation by doing so. Other processing parameters,
such as bath temperature, solvent concentration, and stretch, influence the fibrillar structure.
By using solution spinning, most of PAN polymers are organized into fibrils which are
already aligned parallel to the precursor fiber axis [1,17]. This axial orientation is enhanced
by stretching the PAN fiber in the drawing phase [18]. The drawability of a fiber is of the
utmost importance, as previous sections have explained that optimal mechanical properties
are achieved by proper polymer alignment along the fiber axis.

5.1.3. Precursor Stabilization

These as-spun acrylic fibers must undergo thermal stabilization in order to preserve
the morphology of the precursor fiber during the carbonization, and this is arguably the
most important step in the carbon fiber manufacturing process, as it increases the carbon
yield significantly [18,84]. The precursor fibers are treated in an oxidizing atmosphere
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at temperatures between 200 °C and 350 °C for more than an hour, during which the
aforementioned cyclization reactions occur, leading to the formation of the so-called lad-
der structure [10,16,18,85]. Controlling the heating rate, as acrylic fibers are known to
degrade when rapidly heated [84], and applying constant tension to limit relaxation [17,28],
are essential during stabilization. Although stabilization can be performed in an inert
atmosphere, the oxygen introduced in the polymer backbone during ladder formation
provides greater stability during the carbonization process, and is indispensable in the
dehydrogenation reaction [85].

Different models and reaction mechanisms have been proposed for the cyclization of
PAN, and the proper reaction mechanism for the ladder structure formation is still some-
what unclear. It is clear, however, that the reactions depend on the nature of the copolymers,
as they participate in the initial cyclization process. A simplified reaction mechanism for
PAN-precursor fiber stabilization and carbonization is presented in Scheme 2. During the
stabilization process, the polymer fibers are converted into heteroaromatic structures 4 by
either first undergoing an intramolecular cyclization followed by a dehydrogenation via
intermediate 2, or a dehydrogenation first, followed by the cyclization via 3. It remains
unclear whether the dehydrogenation process precedes or follows the cyclization, or if both
mechanisms occur simultaneously. Further oxidation of intermediate 4 results in the ladder
structure 5 (one of many proposed) [1,17,84,85].
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Scheme 2. Proposed reaction mechanisms of PAN stabilization and carbonization [3,84,85].
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5.1.4. Carbonization

In the carbonization step in Scheme 2, the stabilized ladder structures 5 are subjected
to thermal pyrolysis in an inert atmosphere. The first part of the process occurs at the lower
temperatures, ranging from 200 °C and 1000 °C, where most volatile non-carbon elements
are removed in the form of CHy, H,O, H,, HCN, CO, and CO, [6,18]. As stated earlier, the
rate of heating during these early stages is generally low so that the removal of volatiles
does not damage the fiber [82].

Subsequent heating to higher temperatures results in the formation of CFs 6 with
a carbon yield of 50 w% with respect to the original precursor [1,17]. Carbonization at
1000 °C will produce low-modulus CFs; Type Il PAN-based CFs are manufactured around
1600 °C. When the fiber undergoes heat treatment at 3000 °C, ordering and orientation of
the turbostratic crystallites along the fiber axis takes place, resulting in high-modulus Type
I carbon fibers [85]. This step is often referred to as graphitization [1]; however, previous
sections have made clear that the term here may only be loosely applied.

5.1.5. Surface Treatment

As almost all PAN-based CFs are used as reinforcements in CFRPs, their surfaces
are treated post-carbonization to improve the matrix adhesion. Most surface treatments
can be categorized as either gaseous or liquid oxidation processes, where the liquid an-
odic oxidation treatment is most often used in industrial applications. This method has
advantages over other oxidation methods in uniformity and control over the degree of
oxidation. Many electrolytes are suited for anodic oxidations, but alkaline electrolytes such
as NaOH and (NH4)HCO;3 are recommended, as their degradation products can be readily
washed off. The waste products of acidic oxidation treatment remain as residues on the
fiber surface [35,84].

5.1.6. Downsides to the PAN-Based CF Production Process

While the application potential of carbon fibers is tremendously positive with regards
to energy efficiency, and in turn to climate action, they also have their limitations. Carbon
fibers are very expensive (as will be discussed later) and for PAN-based CFs specifically,
the cost for CF production is highly determined by production cost of the precursor fiber,
accounting for over half of the total costs, at 53% [16,24]. The required large amounts of
energy for stabilization and carbonization, and the post treatment processes, are responsible
for the other half [16]. The solution spinning process requires a large amount of solvents,
which brings along additional energy and financial input for the solvent recuperation
process [7,41]. Furthermore, some of the excluded volatiles during carbonization are either
greenhouse gases or hazardous compounds.

Recent research has started focusing more on improving these shortcomings in carbon
fiber production instead of focusing purely on enhancing the mechanical properties. Some
focus on lowering the precursor costs by either searching melt-spinnable precursors such as
textile-grade PAN fibers [16] or biomaterials [12,38]; others focus on improving the energy
efficiency during stabilization [21,43].

The limitations outlined here—solvent-intensive spinning, costly stabilization, and
hazardous carbonization volatiles—define the benchmark against which alternative pre-
cursor systems must be evaluated. Polyethylene addresses several of these directly: its
melt-processability eliminates the need for solvents entirely, and its low raw material cost
significantly reduces the precursor contribution to total production costs. However, as
discussed in Section 5.3, PE introduces its own processing challenges, most notably the re-
quirement for sulfonation-based stabilization, which currently replaces one cost bottleneck
with another. Understanding precisely where PAN-based production falls short therefore
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provides the necessary context for a critical evaluation of what PE-based carbon fibers have
achieved and what remains to be solved.

5.2. Mesophase Pitch
5.2.1. Precursor Synthesis

Mesophase pitch is a liquid crystalline material, consisting of large polycyclic aromatic
hydrocarbons (Figure 15), derived from pitch [18]. Pitch is the collective name for tarry,
highly viscous substances with a very high carbon content that can be derived from
synthetic materials (by pyrolysis of polyaromatics or polymers) [1], but most often it is
obtained as petroleum distillation residue [76]. The composition of pitch is a highly complex
mixture of thousands aromatic fused ring systems with an average molecular weight under
1000 g/mol. A series of complex chemical and physical treatment steps are necessary before
pitch, an isotropic material, can be used for carbon fiber production. One of the resulting
products after thermal treatment is anisotropic pitch, more often referred to as mesophase
pitch [1,56,76].

Figure 15. Mesophase pitch. (a) Typical average chemical structure [56]. (b) Schematic stacking
arrangement illustration. Reprinted from Carbon Materials for Advanced Technologies, Dan D. Edie,
John J. McHugh, High Performance Carbon Fibers, Pages 119-138, Copyright 1999, with permission
from Elsevier [17].

5.2.2. Precursor Preparation by Melt Spinning

The mesophase pitch precursors used for carbon fiber production soften and flow
well below their degradation temperature, making them viable candidates for the melt
spinning process [18]. As already briefly mentioned, melt spinning is the most economic
approach due to the absence of solvents and the simplicity of the process, making it one
of the most popular methods for manufacturing polymer fibers [87]. The melt spinning
process converting mesophase pitch into fiber form, presented in Figure 16, is similar to
that for thermoplastic polymers.

Polymer pellets or granulates, in this case mesophase pitch, are loaded directly into
the hopper, where the rotating screw transports the precursor under pressure through the
melting section to the pumping section. Here, the melt is filtered before being extruded
through the spinneret at high pressure, while being subjected to high extensional and
shear stress. During the entire process, the extrusion temperature is kept roughly around
30 °C to 50 °C above the polymer’s melting temperature, and a constant mass flow rate
is achieved by positioning a pump inside the spinning head. After passing the spinneret,
the as-spun filaments are mechanically drawn to improve axial orientation and mechanical
properties [87]. The take-up speed is much higher than the extrusion velocity at the
spinneret exit, and the ratio between the spinning velocity and the extrusion velocity is
referred to as the draw ratio [87,88]. Greater fiber alignments are obtained by high draw
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ratios, resulting in higher mechanical properties. However, the draw ratio is dependent on
the material and spinning conditions, and drawing at too high a ratio will result in filament
breaks [88,89].

Polymer Hopper
pellets.
) Screen Adapter Breaker

Thermocouples
P pack heater plate

Barrel ‘ Spinning
Screw I head
Hopper . SRID 00T .5
cooling — G T2/ /Spinneret
jacket
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/ applicator
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Figure 16. Typical melt spinning process schematic. Reprinted from Advances in Filament Yarn
Spinning of Textiles and Polymers, A. Rawal, S. Mukhopadhyay, Melt spinning of synthetic polymeric
filaments, Pages 75-99, Copyright 2014, with permission from Elsevier [87].

Despite the simple schematic and description, melt spinning of mesophase pitch is not
a simple process, as the fiber being spun is brittle and possesses a high sensitivity to changes
in spinning temperatures. As a result, mesophase pitch precursor fibers break easily during
spinning and are difficult to handle before being carbonized [17,18,84]. Mesophase pitch-
fiber microstructure is developed during the spinning process and can take many forms,
while hardly impacting the development of mechanical properties. The structures depicted
in Figure 9 lead to differences in electrical and thermal conductivity, or providing more
surface area for better matrix bonding [56].

5.2.3. Stabilization

The weak as-spun fibers are oxidatively heat-treated to prevent the fibers from melting
during the subsequent carbonization step by introducing cross links. Similarly to the
PAN manufacturing process, stabilization is the slowest process, and is accomplished by
exposing the fibers to flowing air at temperatures of around 300 °C for a period ranging
from minutes to hours. Unlike PAN, these fibers are already highly oriented; therefore, no
tension is required during stabilization [17,18,56].

Stabilization of mesophase pitch precursor fibers occurs by oxidation of the aliphatic
side groups. At initial oxidation stage, water is lost but the fibers gain weight by the
formation of ketones, aldehydes, or carboxylic acids. At higher temperatures the fiber
begins to lose weight with the formation of CO; [17,18]. The maximum weight gain is often
in the 12% to 16% range; however, only 6% weight increase is necessary for sufficient fiber
stabilization [56].
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5.2.4. Carbonization

During carbonization, the stabilized fibers are heated in an inert atmosphere at tem-
peratures up to 3000 °C, eliminating all non-carbon elements. Typically, carbonization
proceeds in two stages. During the precarbonization stage, fibers are heated to 1000 °C,
where most of the weight loss occurs as CHy, Hy, and CO; are expelled. Mechanical
properties developed at these temperatures are often too low for structural applications.
During the following graphitization, the heat treatment temperature is increased to 3000 °C
in order to obtain high-modulus carbon fibers [17,56].

The processing route described here, melt spinning followed by oxidative stabilization
and high-temperature graphitization, yields carbon fibers with exceptional moduli but
at the cost of a complex, energy-intensive process and inherently brittle precursor fibers.
Polyethylene shares the melt-spinning advantage with mesophase pitch, but diverges
fundamentally at the stabilization stage: the absence of thermosettable aromatic charac-
ter in PE’s backbone necessitates sulfonation to introduce reactive moieties that render
the fiber infusible, in place of the thermal oxidation route used for pitch. Furthermore,
while mesophase pitch’s liquid-crystalline order provides inherent molecular alignment
during spinning, PE achieves comparable orientation through its exceptional solid-state
drawability, providing a different route to a similar structural objective, with important
consequences for the defect landscape and mechanical properties of the resulting carbon
fiber, as examined in Section 5.3.

5.3. Polyethylene

As the costs for precursor preparation constitute around half of the entire carbon
fiber production costs [90,91], successful implementation of an already low-cost material
as potential precursor into carbon fiber production might significantly reduce the total
production costs. Polyethylene (PE) is an excellent CF precursor candidate due to its low
production cost, melt spinnability, high carbon content of 86%, and consequently high car-
bonization ratio (the theoretical carbon yield is 70% [92], a significant increase from PAN’s
50%) [16,91,93]. Manufacturing PE-based CFs is not as straightforward as manufacturing
PAN-based CFs, as the PE-precursor fiber requires extensive stabilization [16,94,95].

PE is the most produced polymer in the entire world, with a production volume of
26.9% of the worldwide plastic production in 2021 [96], always guaranteeing a stable price
and supply [97]. There are many forms of PEs, depending on their molecular weight,
and the frequency and size of the side chains as a result of the polymerization method.
These different variants of PE are classified using acronyms which refer to either the
density or molecular weight [98,99]. Classically, PE is classified into low-density PE (LDPE)
(highly branched with chains containing hundreds of methylene moieties), linear low-
density PE (LLDPE) (moderately branched with short alkyl chains), or high-density PE
(HDPE) (low-branching concentration of short side chains, mostly introduced to enhance
solubility), although this classification based on density is relative, as the densities between
the different PE compositions vary from 0.910 g/mL to 0.965 g/mL [99]. Variants of
PE classified by its molecular weight are referred to as ultra-high-molecular-weight PE
(UHMWPE), which exhibits similar branching as HDPE, but has a molecular weight up to
two orders of magnitude higher [98]. All these variants have successfully been applied in
the CF manufacturing process [40,93,100,101].

5.3.1. Polymer Synthesis

Ethene 7 may be polymerized utilizing either a metal catalyst or radical initiator
(Scheme 3). The widely varying polymerization conditions are the reasons for the resulting
polyethylene compositions differing in structure and properties [99].
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Scheme 3. General representation of the polymerization of ethene.

PE was first synthesized by a free radical polymerization, initiated by the dissoci-
ation of organic peroxides [99,102]. This process requires extremely high pressures and
temperatures, causing ethene to exist in the liquid phase and polymerization to occur in
solution [102]. Resulting polyethylene chains are characterized by a high degree of both
short and long chain branching, hindering orderly crystallographic stacking and resulting
in the lowest densities found in PE. This product is known as LDPE [99], and remains the
only PE-variant still being synthesized by free radical polymerization.

All other possible variations of PE, however, are synthesized in a coordination poly-
merization, catalyzed by a Ziegler—Natta transition metal catalyst [103,104]. These cat-
alysts offer excellent control over branching and molecular weight, however not over
polydispersity.

5.3.2. Precursor Preparation by Fiber Melt Spinning

Melt spinning of polyethylene occurs analogously to the melt spinning process de-
scribed in Section 5.2.2. PE pellets are loaded into the feed hopper, where the molten
polymer is channeled into a number of individual capillary holes inside the spinneret. The
long extruded filaments are cooled, and undergo different drawing steps before being
winded (Figure 16). With the exception of UHMWPE due to its high molecular weight, all
variations of PE are melt-spun on industrial scale [98].

The spinning conditions influence the eventual properties of the PE-based carbon
fibers, as it does for the PAN- and mesophase pitch-based carbon fibers. It has been shown
that thinner melt-spun PE fibers resulted in improved carbon fiber tensile strength and
modulus [41,101]. Fibers with low diameters can be produced by working at the minimum
possible extrusion rate and the maximum take-up velocity, combined with a high draw
ratio [87,98,101]. Higher draw ratios lead to better mechanical properties, and drawability
can be further increased by increasing the temperature of the spinning thread [101]. Much
higher draw ratios are achievable with a gel spinning process [89], resulting in textile fibers
with greater tensile properties [105].

5.3.3. Precursor Stabilization

Thus far, the carbon fiber production process of PE closely resembles the PAN-based
CF process. The major difference between the two, however, is the manner in which the
precursor fibers are stabilized for the carbonization process. The stabilization of PAN-
precursors occurs under thermal treatment by the aforementioned intramolecular reactions
in Scheme 2. As most other polyolefins, PE exhibits a low melting point, which causes
it to melt, thereby losing its fibrous form, rather than creating a stabilized structure at
high temperatures. PE-precursor fibers are therefore stabilized in an additional crosslink-
inducing process, increasing thermal stability by doing so.

Even though many methods exist and are commercially applied for crosslinking
polyethylene [91], sulfonation of the PE fiber remains the most widely reported crosslinking
method capable of stabilizing PE-precursor fibers during the carbonization step, though
alternative stabilization routes have recently been explored [97,98,106]. Sulfonation of PE
fibers is a diffusion-controlled process [107] of treating the fibers with either concentrated
sulfuric acid, fuming sulfuric acid (oleum, solution of SOj3 in sulfuric acid), or chlorosulfonic
acid [94,97,108,109].
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Sulfonation is a harsh and complex process, as there are many factors that influence
the outcome of the reaction. PE-precursor fiber’s characteristics such as thickness and crys-
tallinity impact the sulfonation rate. Because it is a diffusion-controlled process, sulfonation
of the surface occurs faster than at the core of the fiber. PE-fiber diameter is therefore an
important factor, as longer treatment times are required for thick fibers, leading to surface
crack formation and declining tensile strength and Young’s modulus with longer acidic
treatment periods [94,101]. Amorphous domains in the fiber are most accessible to the
reagents; therefore, early sulfonation will take place selectively in these amorphous regions,
and later the more ordered crystalline domains [101]. Reaction conditions such as total
treatment time and temperature also impact the the resulting fiber. Shorter sulfonation
periods with a similar effect on tensile properties can be achieved by increasing the reac-
tion temperature [92], and for optimal sulfonation density, it is important to increase the
treatment temperature gradually [93]. During acidic treatment, tension must be applied to
the PE-precursor fiber for a similar reason as for PAN. Without tension, the PE fiber loses
its axial orientation. However, applying too much tension will cause the fiber to break [92].
After treatment, the fibers are removed from the solution and thoroughly washed with
distilled water or solvents such as chloroform and acetone, and gradually cooled to room
temperature [94,100,109].

During sulfonation, the polymer backbone is functionalized with sulfonic acid moieties
and unsaturations are introduced. The exact sulfonation mechanism, however, is not fully
understood, and both a radical [110] and an electrophilic [111] reaction mechanism are
proposed, as presented in Scheme 4.

Proposed radical sulfonation by Ihata

- - H,SO;
. - — - =
SO,H
N SO; 9
- Y ~
8
L > N ~
- H,SO;
10 .
SO, SN
\/\/\ ~ SO3H
PE 1
0
O:S\\q 0\9
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Proposed electrofilic addition by Kaneko

Scheme 4. Proposed sulfonation reaction mechanisms when treating PE fibers with fuming sulfuric
acid. The top route depicts the radical pathway as proposed by Ihata [110]; the bottom pathway
shows the electrophilic addition pathway as proposed by Kaneko [111].

Ihata suggested the formation of multiple PE-radicals in the same polymer 8 by the
abstraction of a hydrogen atom, as seen in the top route of Scheme 4. Radical 8 could then
react with either another SO3, forming a sulfonic acid group 9, or eliminate hydrogen to
form an unsaturated moiety 10 and sulfurous acid. According to his research data, further
elimination of sulfurous acid results a conjugated polymer 11 [110]. The reaction conditions,
however, are not ideal for radical formation. Fuming sulfuric acid is highly reactive and
often used in situations where its strong electrophilic nature is required. Since its acidity
is higher than the acidity of HySOy, the solution is categorized as a so-called superacid,
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capable of forming alkylcarbonium ions from alkanes via hydride abstraction [112]. Kaneko
therefore proposed a similar, electrophilic approach to the sulfonation of PE (bottom route
in Scheme 4). SOj3 abstracts a hydride from PE, resulting in the generation of carbocation 12,
which will immediately form a double bond by expelling an adjacent proton. This newly
formed double bond in 10 will react with another SO3 in a concerted [2 + 2] cycloaddition
fashion, resulting in the formation of four-membered cyclic sulfonic esters, the so-called
[-sultones 13. 3-Sultones are rather unstable and will rearrange into alkene sulfonic acids,
and in lesser extent to more stable y- or 5-sultones, leading to the conjugated structure
11 [111].

In similar fashion with the ladder structure 5 of PAN, the exact structure of the
sulfonated fiber 17 is not exactly known, and some different compositions are proposed.
Studies of the sulfonated fiber have shown that one out of every five or seven carbon atoms
is substituted after an equilibrium sulfonation, with around 70% of those substitutions
being sulfonic acid. Various sultone-, sulfone- and sulfate-groups comprise the remaining
sulfuric moieties [107,108,111]. These observations allowed Gries [98] to draw up a general
model for the sulfonated PE fiber 14 in Figure 17.

Figure 17. Proposed structural formula of sulfonated PE fiber [98].

These structural models, however, are derived exclusively from acid-based sulfona-
tion routes, and more recent work has explored whether comparable stabilization can be
achieved through fundamentally different chemistry.

A notable departure from conventional sulfonation routes was reported by Frank
et al., who demonstrated that PE-precursor fibers can be stabilized by a combined elec-
tron beam (EB) irradiation and sulfurization approach using elemental sulfur (Sg) rather
than sulfuric acid [106]. In this process, melt-spun PE fibers are first crosslinked by EB
irradiation to prevent melting, after which oxidative dehydrogenation is achieved by im-
mersion in molten sulfur at temperatures between 240 °C and 280 °C. Structural analysis by
solid-state NMR, Raman spectroscopy, and WAXS revealed that this sulfurization converts
PE into poly(thienothiophene) (PTTP) intermediates, which remain stable under an inert
atmosphere up to 700 °C before condensing into poly(naphthathienophene) (PNTP) struc-
tures and, ultimately, graphitic carbon upon further pyrolysis. Energy-dispersive X-ray
spectroscopy analysis confirmed homogeneous sulfur distribution throughout the fiber
cross-section, and carbon yields of up to 76% were reported, approaching the theoretical
maximum. The use of elemental sulfur rather than corrosive acid reagents, combined with
a proposed closed-loop sulfur recycling scheme, represents a potentially more sustainable
stabilization pathway, though the process has so far been demonstrated only at laboratory
scale [106].

5.3.4. Carbonization

By introducing unsaturations and sulfonic acid moieties, the PE-precursor fibers are
transformed into stable materials under thermal treatment, where the sulfonic acid moieties
will act as the crosslinking reagent between multiple fibers and so initiating the formation
of the desired hexagonal crystalline structure during the carbonization process. Here, the
sulfonated PE-precursor fibers are gradually heated to around 900 °C to 1000 °C in an inert
atmosphere under slight tension [16,92].

https://doi.org/10.3390/fib14070083


https://doi.org/10.3390/fib14070083

Fibers 2026, 14, 83

30 of 47

To date there have been only two major publications [108,109] detailing these structural
chemical changes of sulfonated polyethylene during high-temperature treatment steps.
Younker et al. studied the elimination mechanism of sulfonic acid [108], whereas Barton
and coworkers researched and described both the stabilization and carbonization in greater
detail [109]. As these elimination reactions already occur around 150 °C to 200 °C, there
is a possibility that these reactions might take place during the process of sulfonation at
elevated temperatures itself.

Younker et al. performed mechanistic studies of the elimination of sulfonic acid at
higher temperatures, by first studying the process on n-heptane-4-sulfonic acid 15 as the
model compound and then applying these findings to PE-precursor fibers [108]. They
studied two probable elimination mechanisms for sulfonic acid: a five-centered internal
elimination (E;5) or a radical chain reaction, as shown in Scheme 5. The E;5-elimination
(top) was thought to be similar in nature to the E;-elimination occurring with sulfoxides,
where one of the nucleophilic oxygens abstracts a 3-hydrogen, forming 3-heptene 16
and sulfurous acid as products. The second mechanism involved two interconnected
radical chain reactions (bottom), where chain propagation occurs through either SO;H-
or OH-radicals. Their reasoning for radical chain reaction propagation follows from the
observation that a source for continuous radical formation is not feasible under the reaction
conditions. Homolytic cleavage of sulfonic acid would initiate the radical chain reaction
by abstracting a nearby hydrogen. 3-Heptene 16 is formed from 17 by expelling a new
SOsH-radical which could either propagate the chain reaction, or decompose into SO,
and an OH-radical, which in their turn would abstract a hydrogen, thus continuing the
process [108].

(?H
O:(S:OH’)
s —_— A+ H,S0,

H
15 16

QH
0=S=0 .
OH

15

o A/l SO,
OH
0=S=0
— N+ SO3H
17 16
Scheme 5. Proposed desulfonation mechanism by Younker et al. [108] for n-heptane-4-sulfonic acid
21: (top) E;5 elimination; (bottom) radical chain reaction.

The rate constants of the two different mechanisms were determined through density
functional theory (DFT) and transition state theory (TST) calculations, where these com-
puted values were then applied in a simulated pyrolysis experiment of sulfonated PE fiber.
By comparing the simulated results with experimental TGA analysis results, Younker et al.
concluded that the radical chain reaction is the more probable desulfonation mechanism
for HTTs below 350 °C, whereas at higher temperatures the internal elimination process
becomes the more probable pathway [108].

Unsatisfied with the chemical understanding of the PE sulfonation and carbonization
processes, Barton and colleagues from the Dow Chemical Company R&D department
(at time of publication) conducted a series of studies describing sulfonation rate and
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subsequent thermal treatment steps [109]. They first investigated the sulfonation rate of
both fuming sulfuric acid and concentrated sulfuric acid at different temperatures with
varying reaction time on three larger hydrocarbons: the linear icosane, the branched 4-
methyloctadecane, and the alkene 11-docosene. Afterwards, the reaction products were
identified by LC-MS as polyacetylenic species containing a varying number of sulfonic
acid moieties; their relatively low conversions confirmed prior reported mechanisms with
the initial slow reaction of PE with SOj as the rate-determining step, followed by rapid
additions and eliminations [109]. Various PE fibers were then sulfonated to mechanistically
study the effect on molecular weight, and structural and density changes; the results
allowed them to propose the complete stabilization and carbonization mechanism for
sulfonated PE fibers in Scheme 6.

120°C-220°C
H,S0,
(H,0 +S0,)

H,, CO,
€0, H,0

- 300 °C - 600 °C

Scheme 6. Simplified mechanistic transformation of PE fibers, proposed by Barton et al. [109].

Barton et al. applied attenuated total reflectance (ATR)-IR on the sulfonated PE fibers
to understand the chemical structure, and confirmed the earlier reported presence of unsat-
urations and sulfonic acid moieties. More interestingly. However. was their observation of
both carbonyl and hydroxyl moieties along the polymer backbone, implying the formation
of carboxylic acids and ketones or aldehydes as additional functionalities besides sulfonic
acid. They also described the occurrence of sp?-hybridized carbon atoms in some of the
sulfonated fibers, indicating that extensive crosslinking and aromatization already occurs
before the subsequent thermal treatment steps [109]. Thus, the researchers proposed that
structure 18 would more accurately describe the sulfonated PE fiber according to their
findings, rather than proposal 14 by Gries in Figure 17.

In a later process, the thermolysis of the sulfonated fibers 18 during carbonization was
studied by employing evolved gas analysis-gas chromatography (EGA-GC) and ATR-IR.
Between 120 °C and 220 °C, the evolution of substantial amounts of SO, and H,O and the
loss of S=O-vibrations in combination with a decreased intensity of alkyl vibrations was
reported, confirming prior proposed crosslinking by expelling sulfonic acid, which results
in a crosslinked network 19. Further heating allowed for the observation of gas evolution
of CO, CO,, Cy- and Cz-hydrocarbons, and, to a lesser extent, H,, between 300 °C and
600 °C. Above 600 °C is where most of the Hj is released, indicating graphene formation
and leading to the hexagonal carbon fiber structure 20 [109].
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5.3.5. Mechanical Properties and Morphology of PE-Based Carbon Fibers

In comparison with PAN- and mesophase pitch-based CFs, PE-based carbon fibers
have average tensile properties with tensile strengths ranging from 1.1 GPa to 2.16 GPa
and moduli going from 60 GPa up to 400 GPa [16,113]. Similarly to PAN- and mesophase
pitch-based carbon fibers, these mechanical properties are determined by carbon fiber
morphology, which is dependent on the sulfonation and carbonization methods, although
not much is known about PE-based CF morphology. From the very first works presented
on PE-based CFs, it was clear that longer sulfonation times led to a decline in both tensile
strength and modulus [94,101]; it was much later that the effect of applying stress during
both sulfonation and carbonization to enhance the mechanical properties was reported [92].

Barton and colleagues from the Dow Chemical Company research group were the
first to derive a structure-property model for PE-based CFs, relating tensile modulus to the
elastic properties and fiber alignment along the axis [114]. They also reported smaller shear
moduli in these PE-based CFs than for PAN- and mesophase pitch-based CFs, suggesting
fewer C-C sp3-sp> crosslinks connecting adjacent layer planes. Because the PE-based CFs
possess fewer crosslinks, it is anticipated that these systems are easier to orient during
carbonization and could even reach the so-called graphitization stage at higher HTTs,
yielding a highly oriented structure with a high tensile modulus [114].

The structure—property relationships established for PAN- and mesophase pitch-based
carbon fibers in Sections 4, 5.1 and 5.2. Apply equally to PE-derived systems, though with
important distinctions rooted in precursor chemistry. The exceptional drawability of PE,
arising from its simple linear backbone and high crystallinity, enables a degree of molecular
orientation in the precursor fiber that is difficult to achieve with PAN. This high initial chain
alignment is preserved through sulfonation when mechanical tension is applied during
stabilization, and translates directly into improved preferred orientation of the graphitic
layer planes in the final carbon fiber, the same parameter that governs tensile modulus
in PAN- and pitch-based systems. However, the sulfonation-based stabilization pathway
introduces a fundamentally different defect landscape compared to the cyclization and
oxidation reactions of PAN stabilization: incomplete sulfonation across the fiber cross-
section generates a core-shell structure with a defect-rich, poorly graphitized core, directly
limiting both tensile strength and modulus. This defect evolution during stabilization
therefore represents the PE-specific analogue of the oxidation gradient problem well-
documented in thick PAN precursor fibers, and underscores why filament diameter control,
as discussed in Section 5.3.2., is as critical for PE-based CF quality as draw ratio is for
PAN-based systems.

Recent progress in both fiber properties and process scalability has further strength-
ened the case for PE-based carbon fibers as a viable industrial material. Langer et al.
demonstrated that continuous sulfonation and carbonization of melt-spun HDPE precursor
fibers processed through an industrial yarn (IDY) route at filament diameters of approx-
imately 9.4 pm yields PE-based carbon fibers with tensile strengths up to 2.0 GPa and
elastic moduli up to 170 GPa, without surface defects [115]. These values represent among
the highest reported for PE-based CFs produced via continuous processing at moderate
carbonization temperatures, and fall well within the performance range of PAN-based stan-
dard modulus fibers. Equally relevantly from a manufacturing perspective, the same study
demonstrated that inline filament merging during melt spinning can produce tows of up to
6000 filaments, a critical step toward closing the gap with industrial PAN-based precursor
tow sizes of 6000 to 50,000 filaments, and a clear indication that the scalability barrier that
has historically limited PE-based CF production is beginning to be addressed [115].

The mechanical properties reported for PE-based carbon fibers, including tensile
strengths up to 2.0 GPa and moduli up to 170 GPa from continuous processing, position
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PE-based carbon fibers as viable reinforcement materials for an emerging and cost-sensitive
application: continuous carbon fiber-reinforced thermoplastic (CFRTP) composites pro-
duced by fused deposition modeling (FDM). In this additive manufacturing context, the
performance ceiling of the printed composite is currently determined less by the intrinsic
fiber properties than by process-inherent limitations such as incomplete fiber impregna-
tion, void formation, and limited fiber volume fraction, with composite tensile strengths
reaching 544 MPa and elastic moduli up to 13.6 GPa reported for CF/PLA systems at 40%
fiber volume fraction [116], and up to approximately 700 MPa and 85 GPa for optimized
continuous CF/polyamide systems across the broader literature [117]. PE-based carbon
fibers, even at the lower end of their reported property range, are mechanically sufficient to
serve as reinforcement in such systems. More critically, their substantially lower projected
production cost compared to PAN-based carbon fibers (estimated at 16.0 USD/kg versus
25.7 USD/kg [16], as will be discussed in Section 6.3) could enable broader adoption of
CFRTP 3D printing in cost-sensitive sectors such as automotive tooling, consumer goods,
and medical devices, where PAN-based carbon fibers remain economically prohibitive.

5.4. Biobased Materials

The very first carbon fibers were produced using rayon, a fiber spun from cellulose,
but received little attention due to high production costs and low carbon yields. Interest in
cellulose-based carbon fibers rekindled in the search for precursor materials which increase
the CF manufacturing sustainability, lower production costs, or preferably both at once [12].
Natural cellulose fibers, however, cannot be used as CF precursor due to their discontinuous
character, low degree of orientation, and large impurity concentration [12,118]. The rayon-
based CF production process relies on the solution spinning of a precursor obtained from
the xanthation of natural cellulose with CS; [118] and have a very low carbon yield of
30% [78], meaning that the reasons to switch the focus of early carbon fiber research from
rayon to PAN have not fundamentally changed.

Lignin, an aromatic biopolymer, is the second most abundant biopolymer next to
cellulose. It is one of three major components of lignocellulose, the feedstock of the
paper-making process. Lignin is separated from cellulose during this process and has
been regarded as a waste byproduct for the longest time. However, lignin has received
much attention these last few years as biobased feedstock precursor material for many
applications [119], including carbon fiber production, due to its highly aromatic compo-
sition [1,16,24]. Converting lignin into a suitable carbon fiber precursor is a challenging
and complex process, as many modifications are required before it becomes applicable for
spinning into a fiber. The benefits of lignin-based CFs, however, are the precursor’s melt
spinnability, and a conservatively estimated three-times-lower production cost [12,38]. The
mechanical properties of lignin-based CFs are significantly lower than those of PAN, which
is why they are most often used in PAN/lignin carbon fiber precursor blends [38].

6. Market Evolution and Application Potential of CF and Composites
6.1. Market and Price Evolution

Starting from their early development in the 1960s, carbon fibers were extremely
expensive, and therefore solely used in military aerospace technologies. In 1982, high-
modulus PAN-based CFs cost 260 USD/kg, and high-modulus mesophase pitch-based CFs
even 2800 USD/kg [120]. It was not until the 1990s when general prices for CFRPs dropped
below 100 EUR/kg [121], and the early 2000s when PAN-based CFs reached a price range
of 20-30 USD/kg [92], that other sectors slowly began to adopt carbon fibers as lightweight
materials in their applications, resulting in the global CF and CFRP market doubling in
size between 1998 and 2006 [121].
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Carbon fiber demand increased from 26,500 tons in 2009 [122] to 82,500 tons in
2019 [123], perfectly following the estimated annual growth rate of 10% to 13% [122,124].
The global COVID-19 pandemic is solely responsible for the massive drop in demand in
2020; the market recovered quickly, however, and a global average carbon fiber demand
of 107,000 tons was reported in 2022 [123]. For the period between 2010 and 2022, this
corresponds to an average annual growth rate of 10.3%, whereas a growth rate of 8.4% is
reported for the development period during the pandemic between 2018 and 2022 [123].
Figure 18 depicts the evolution of carbon fiber demand between 2010 and 2022, together
with future growth predictions (the light blue estimation follows the post-COVID-19 pan-
demic conservative growth rate; the dark blue prediction is based on current supply and
demand) [123].
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Figure 18. Development of the global average CF demand from 2010 to 2025 (* estimates; light
blue follows the conservative COVID-19-pandemic growth rate; dark blue the current supply and
demand). Chart redrawn from the 2022 Composites United market report [123].

6.2. Carbon Fiber Application per Industry as Lightweight Materials

Sectors where fuel efficiency and structural integrity are of the utmost importance
conducted extensive research towards lightweight materials, and CFs are, as a consequence,
extensively utilized across many application fields, including the military, construction,
medicinal, and sports industries [1,7]. The three most important sectors, however, in
sequential order are the automotive, aviation, and wind power energy sectors [125]. The
lightweight materials market, valued at EUR 117 billion in 2019, is projected to reach EUR
221 billion in 2027 [125], with the automotive industry dominating by far, with 73% of total
sale shares in 2021 [126] and is only expected to grow as lightweight materials have the
ability to reduce weight by 50% and improve fuel efficiency by 35% for passenger cars [125].
The use of lightweight materials comes with higher costs compared to traditional materials,
however. In a direct comparison to steel, for instance, high-strength steel offers a 20%
weight reduction with a 15% increase in cost per part, while aluminum provides a 40%
reduction at 30% higher cost [127].

In general, lightweight materials are categorized into (1) lightweight metals and alloys
such as aluminum, titanium, magnesium, or high-strength steel; (2) polymers such as poly-
carbonate (PC), polyethylene terephthalate (PET), or polypropylene (PP); and (3) polymer
composite materials such as CFRPs and glass fiber-reinforced polymers (GFRPs). While
high-strength steel dominates the lightweight market by volume, polymers and polymer
composites lead in terms of revenue, at 79%. The volume of high-strength steel, aluminum,
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and carbon fiber is only expected to increase significantly over the next decades, reaching
more than EUR 300 billion by 2032 [125].

Composite materials, especially CFRPs, offer notable advantages over other lightweight
materials, the most important being their high strength-to-weight ratios. CFRPs are 35%
and 60% lighter than, respectively, aluminum and steel for comparable structural stiffness
and strength [128]. They are also significantly more expensive. With the global polymer
composite and polymer markets expected to reach EUR 116 billion and EUR 582 billion,
respectively, by 2025 [125], research towards improving processing conditions and develop-
ing novel polymer precursors remains crucial. CFRPs are used in a wide array of sectors
and applications ranging from automotive to construction materials.

An overview of the 2021 global CFRP market is presented per application in Figure 19,
per demand in kilotons (kt) (a) and revenue in billions of USD (b). The aerospace, wind
energy, and sports industries remain historically the largest sectors, with the automotive
sector following closely behind [129]. Wind turbine blade consumption was extremely
high in 2021, constituting more than a quarter of total CFRP demand. Unlike the luxury
sport and leisure market, which remained steady during the pandemic, the consumption
in aerospace sharply decreased, at 23% compared to 2018, to 25.4 kt. This is also observable
in the annual revenue. The total CFRP revenue in 2021 reached around USD 20.05 billion,
which declined from the USD 24.80 billion in 2018 following the COVID-19 pandemic [129].
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Figure 19. Global CFRP application overview in 2021 by demand in kiloton (a) and revenue in billions
of USD (b). Bar-chart combines the demand and revenue per sector (c). Pie-charts redrawn from
Zhang & Wang et al. [129].
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6.2.1. Aerospace

The use of CFRP in aerospace technologies started from secondary structures such
as the rudders, and displaced the more conventional aluminum and titanium alloys for
primary structural applications in wings and tails as CF(RP) mechanical properties im-
proved with improving manufacturing technologies [23]. Some of the first use cases of CFs
in aerospace structural applications were in military aircraft and spacecraft, sectors where
the excellent mechanical properties were valuable enough to justify their high price [2,129].

Usage of CFs in commercial aircraft by Boeing and Airbus gradually increased over
time. Early aircraft models from both companies respectively utilized 3 w% and 8 w%
CFRPs as secondary structures, which resulted in a weight reduction of 400 kg to 800 kg
compared with traditional aluminum alloys. Both companies eventually manufactured
aircraft consisting of over 50 w% composites [2,129]. The aerospace sector still remains the
largest and most important sector for CF usage. Despite its sharp decline following the
pandemic, the aerospace CF demand was still 16.5 kt, representing 18% of the 2021 global
CF demand [123,129], and accounts for close to half the revenue of the global CFRP market,
as can be seen in Figure 19b [129]. This is in line with the numbers for the aerospace market
in 2012, where the CF demand reached around 12 kt, accounting for a share of 27% of the
global CF market [2,123]. The aerospace industry utilized 16.3 kt CFRP, accounting for 25%
of global CFRP demand and 45% of global CFRP revenue [2,124], despite representing only
3% of the total raw materials required for aircraft manufacturing [2].

6.2.2. Wind Energy

Wind power has the technical potential to deliver around 700,000 TWh annually,
although many factors, such as available land and economic and policy limitations, signifi-
cantly lower the potential to around 120,000 TWh [130]. To improve the energy capture
efficiency and economics of wind energy, wind turbines have experienced continuing
growth in both power output and physical size, as rotor blades have doubled in size be-
tween 1998 and 2013, from 50 m to 97 m [2,129]. In 2012, carbon fiber usage in turbine
blades comprised the second largest sector, at 7.7 kt (17%) of total worldwide carbon fiber
demand [2,124], and this was still the case in 2021, from Figure 19a [129]. Due to the high
wind speeds and massive size, the blade material has to bear high stress, which can be
reduced by utilizing lightweight materials [127]. Carbon fibers have some advantages
over E-glass fibers, the material which is mostly used as constructive material for rotor
blades. CFs possess up to a three-times-higher modulus, up to four times the stiffness-to-
weight ratio, and a higher fatigue resistance, while offering a 27% weight reduction. They
are, however, also immensely more expensive, which limits their widespread application
potential in the wind energy sector, despite its already large share in the global CF(RP)
market [2,131].

6.2.3. Automotive Sector

The automotive sector is one of the most important sectors for potential CF usage,
although it does not appear that way when looking at the number in Figure 19¢. The first
application of CF(RP)s in the automotive sector was as structural components for racing
cars in 1981, and they were used extensively in a variety of low-volume supercars by the
1990s. Ever since, CFRPs have been used in over 5000 supercars, 500,000 premium luxury
cars, and over 100 million non-luxury cars [129].

Emission regulation policies (Table 3) have been drawn up to reduce the transport
sector’s large share of total greenhouse gas emissions. As of 2020, the EU set out to halve
its light commercial fleet (car and light truck) CO, emissions by 2034, to facilitate the
transition to complete elimination of emissions from 2035 onwards [132]. US regulations
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focus on increasing fuel efficiencies, rather than reducing CO, emissions [133]. In 1975,
they enacted the corporate average fuel economy standards (CAFE) to increase the light
commercial fleet fuel economy by imposing fleet-wide averages for each auto manufacturer
per model year [134]. The most efficient method for increasing fuel economy is achieved by
weight reduction, as every 10% reduction in weight will reduce fuel consumption by about
7% [135]. In absolute terms, every 100 kg of weight reduction will yield a reduction in fuel
consumption of 0.39 L/100 km and in CO, emission by 20 g/km, or an increase in EV drive
range by 100 km [39,135,136]. However, despite the far superior mechanical properties
of carbon fibers over conventional automotive materials while offering significant weight
reduction, the uptake of CFRPs is again limited due to the high costs [14,39,137].

Table 3. Overview of the evolution of emission regulations for the EU [132] and US [133] (US numbers
converted from mpg).

il EU Emission Standards (g/km) US Fuel Efficiency (L/100 km)
eet 2024 2029 2034 2027 2030 2032
Cars 95.0 93.6 49.5 3.92 3.69 3.54
Light 147.0 153.9 90.6 5.30 4.69 4.32
trucks

6.2.4. Other Sectors

Carbon fibers can be considered as an extensive upgrade in any sector for any ma-
terial, lightweight or not. They have the ability to replace classic glass fibers wherever
they are applied, show better performance in carbon/carbon composite (C/C composite)
applications such as thermal protection systems or aircraft brakes, and have the ability to
extend the service life of bridges and buildings. So far, however, the aerospace industry
and sports and leisure are the only sectors where their additional strengths justify the high
costs, even for the least expensive large-tow carbon fibers [129,138].

6.3. Total Cost of Carbon Fiber Production

The high cost of CF and CFRP, mostly driven by its energy intensity [43], is the major
limitation to an industry-wide carbon fiber application, yet determining a formal cost
model for carbon fibers has appeared challenging, as knowledge of all industrial processes,
parts, labor, and material costs is required, which differs from specific region to region.
The output of carbon fiber manufactures also influences the total production costs, as mass
production of a commodity reduces its specific costs [137]. In an attempt to simplify the
formal cost determination process, Singh Gill et al. proposed a general model where all
different factors and their sensitivities to the final cost are incorporated [137]. Some studies
have tried to empirically determine the price of carbon fibers, where the most recent and
up-to-date pricing for Type I PAN-based CFs is determined to be 25.7 USD/kg [16].

Multiple cost structure models were proposed for PAN-based CFs without offering
insights on the determination of cost prediction, until Ellringmann et al. presented an
as-transparent-as-possible cost structure model for high-tow 24 K PAN-based carbon
fibers [138], as its mechanical properties are best suited for the applications where the high
cost hinders the uptake. According to their model, the price for such type of carbon fiber,
at the time of publication, was about 19.64 EUR/kg, which was well in line with the actual
cost of 18 EUR/kg [138].

The global industry would arguably benefit from less expensive carbon fibers, and
good cost models can provide novel insights into the overall price of products, which
allow the identification of cost-reducing opportunities or improvement. In the case for
carbon fiber production, the cost of the precursor is only one element of the final cost
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of the carbon fiber, and even if this is relatively low, the processing cost could make the
entire technology nonviable [137]. These insights are of the utmost importance, since, for
instance, the automotive industry requires carbon fiber prices in the range of 11 USD/kg to
15 USD/kg (or 10 EUR/kg to 14 EUR/kg) for it to become an attractive material [14,139].

Most of the carbon fiber research of the last couple decades was therefore predomi-
nantly focused on lowering production cost by exploring new precursor materials; a smaller
number focused on altering the manufacturing process. Polyolefins were long considered
as the potential novel precursor material, and in 2014, the Dow Chemical company, Oak
Ridge National Lab, and US Department of Energy spent around USD 10 million to improve
the melt spinning and sulfonation/desulfonation processes of PE fibers, with the ultimate
goal of designing a well-suited development plant. Despite positive and promising results,
it was decided to halt the project, as the levelized economic cost of the process provided
only a slight incremental reduction over the PAN-based process, mainly influenced by the
high costs of the sulfonation process [140]. It is estimated that PE-based carbon fibers cost
around 16.0 USD/kg [16], where the sulfonation represents around 35% to 50% of the total
costs [16,98]. Table 4 provides a simplified cost breakdown comparing PAN- and PE-based
carbon fiber production, consolidating the estimates discussed in this section.

Table 4. Simplified cost breakdown for PAN- and PE-based carbon fiber production.

Cost Element

PAN-Based CF PE-Based CF

Raw material/ precursor cost ~53% of total production cost Low (~1 EUR/kg raw polymer)

Stabilization cost

35-50% of total

Incl i i .
ncluded in processing costs production costs

Estimated total
production cost ~25.7 USD/kg ~16.0 USD/kg
Automotive sector 11-15 USD/kg 11-15 USD/kg
cost target
Reference year 2019 2019
Production scale Industrial (24 K tow) Pilot scale

Cost estimates from Choi et al. [16]; PAN cost breakdown from Ellringmann et al. [138] and Singh Gill et al. [137].
Both estimates reflect pre-2020 energy prices. PE-based CF costs are based on pilot-scale projections and assume
further process optimization; direct cost comparison with industrial-scale PAN-based production should therefore
be interpreted with caution.

Improving the sulfonation rate, or discovering alternative crosslinking methods that
withstand the harsh carbonization conditions, might thus significantly lower PE-based car-
bon fiber manufacturing costs, potentially leading to a more widespread carbon fiber usage.
Recent work has begun to explore exactly such alternatives. Frank et al. demonstrated that
PE-precursor fibers can be stabilized via a combined electron beam irradiation and sulfura-
tion approach using elemental sulfur rather than sulfuric acid, bypassing the conventional
sulfonation step entirely (see Section 5.3.3) [106]. Beyond avoiding corrosive acid reagents,
the process incorporates a closed-loop sulfur recycling scheme, which could further reduce
both the operational costs and environmental footprint of PE-based carbon fiber production.
While currently demonstrated only at laboratory scale, this approach illustrates that the
cost bottleneck identified by the Dow /Oak Ridge project is more a processing challenge
that remains open to chemical innovation, rather than a fundamental barrier.

7. Environmental Impact of Carbon Fiber Production

Numerous examples throughout this review have demonstrated the profound positive
influence of carbon fibers across a wide array of applications. Yet their adoption remains
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limited, largely driven by the high prices associated with their energy-intensive production
process. While carbon fibers are an excellent tool for increasing the overall sustainability of
a process or industry, from a life cycle perspective, CFRPs can provide a viable alternative
to conventional steel structures when a sufficiently long functional lifetime is assured. Even
if composites are incinerated rather than recycled [141], their production processes remain
significantly more energy-intensive than those of other structural materials [128]. This
energy burden is not only the largest single contributor to high carbon fiber production
costs, but also substantially increases the environmental impact of manufacturing. There
therefore remains considerable room for improvement in the sustainability of carbon fiber
production processes.

7.1. Energy Intensity of Carbon Fiber Production

Regardless of the type of precursor, high temperatures and reaction times are required
in the carbon fiber manufacturing process, leading to high energy usage. It is estimated
that the production of carbon fibers consumes around 198 MJ/kg to 595 MJ/kg [142].
When comparing the production processes of CFRP with the classic example, steel for
mass-produced passenger cars, it is found that the CFRP process is up to five times more
energy-intensive: the energy intensity for steel is around 48 M] /kg, for thermoset CFRP
production around 234 MJ/kg, and for thermoplastic CFRP around 150 MJ/kg [143]. The
impact reduction caused by fuel savings in the automotive sector by utilizing CFRPs is
therefore, to a large extent, offset by this energy-intensive nature [141].

The largest contributor to the overall high energy intensity is the stabilization process.
This much slower process compared with carbonization arises from the poor heat tolerance
of the precursor fiber and the requirement to control the exothermic reaction during
oxidation [21]. Intensive research is therefore dedicated to increasing the rate of oxidation
in an attempt to lower the energy intensity [21], or utilizing renewable energy during the
carbonization stages [43]. Perhaps a more viable alternative is utilizing recycled carbon
fibers (rCF) instead of the classic virgin carbon fibers (vCF). According to recent literature,
around 38 MJ/kg is consumed by recycling CFRPs using a chemical method, corresponding
to 10% to 30% of the total energy required to manufacture vCFs [142]. For mass-produced
cars, the energy intensity by using recycled thermoset and thermoplastic CFRP is lowered,
respectively, to 33 MJ/kg and 15 M]J /kg [143].

From a precursor-specific perspective, PE-based carbon fiber production offers mean-
ingful sustainability advantages over conventional PAN-based routes. Recent life cycle
assessment of PAN-based virgin carbon fiber production calculated a cumulative energy
demand of 747 MJ/kg and a global warming potential of 34.3 kg CO;-eq per kg of car-
bon fiber produced, with PAN production itself identified as the most environmentally
intensive step, driven by its substantial electricity demand and chemical inputs, including
acrylonitrile monomer and solvent (DMF or DMSO) [144]. PE-based processing has the
potential to eliminate several of the largest contributors to this environmental burden,
though quantitative confirmation awaits dedicated comparative LCA data: melt spinning
requires no solvent, removing both the energy and financial cost of solvent recovery, and
the raw material synthesis is substantially simpler than that of acrylonitrile production.
Furthermore, sulfonation of PE fibers occurs at relatively mild temperatures of 110-130 °C,
compared to the 200-350 °C required for thermal stabilization of PAN, representing a mean-
ingful reduction in thermal energy input at the stabilization stage. These advantages are
partially offset by the sulfonation process itself, which is chemically intensive and currently
responsible for 35-50% of total PE-based CF production costs [16,98], and by carbonization
temperatures that remain similarly high across all precursor systems. A dedicated life cycle
assessment directly comparing PAN- and PE-based carbon fiber production routes, to the
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best of our knowledge, does not yet exist in the literature and would be of considerable
value in quantifying the net environmental benefit of polyethylene-based systems.

7.2. Recycling of Carbon Fiber Composites

Recycling of carbon fiber composites addresses another significant environmental issue
related to the carbon fiber manufacturing process. The enormous growth of the market for
carbon fibers and their composites has presented major challenges regarding wastes, such
as off-cuts during CFRP manufacturing process, and end-of-life (EoL) CFRP products [142].
It is estimated that around 62 kt of unused EoL and CFRP off-cuts accumulates annually,
the majority contributed by the aviation and wind energy industries. If left unrecycled,
around 24 kt/yr will be accumulated by the aviation industry by 2035, whereas EoL wind
turbines will be accumulating 483 kt of CFRP waste by 2050 [145].

CFRP recycling revolves around separating the reinforcement materials from the
matrix, and can generally be categorized into three methods, i.e., mechanical, thermal,
and chemical recycling [142,145]. Mechanical recycling, the most mature CFRP method,
involves multiple steps to reduce the size of the CFRP waste. Composites are first shredded
slowly into so-called recyclates of 50 mm to 100 mm in size, followed by further grinding
or milling to obtain recyclates varying in sizes from fine powder to fibrous materials.
Heat is used in a thermal recycling process to separate the fibers from the volatile matrix
components. With chemical recycling, the matrix materials are disintegrated by dissolving
the composite in a diverse range of solvents [142,145].

Carbon fibers retrieved from recycled CFRPs are shown to display similar carbon,
slightly elevated oxygen, and lower nitrogen concentrations than comparable vCFs. Further,
the same functional groups were found to be present on both virgin and recycled surfaces.
Characteristics such as the density, morphology, and diameter of rCFs are nearly identical
to those of virgin fibers of the same type. When examining the mechanical properties of
rCFs, it is determined that acceptable mechanical properties are retained with regards to
their virgin counterparts [146,147]. Multiple LCAs therefore suggest that the application of
rCFRPs in varying industries exert a positive influence regarding the environmental impact
and reduction in cost [141,147-153].

8. Closing Remarks

Over decades of development, carbon fibers have established themselves as indispens-
able materials in modern lightweight engineering, combining low density with excellent
mechanical performance. Their strength and stiffness originate from the complex interplay
between precursor chemistry, processing parameters, and the resulting microstructure,
which has been extensively explored through studies on PAN- and mesophase pitch-based
carbon fibers. These systems have set the benchmark for mechanical excellence, yet their
production remains costly and energy-intensive. The dependence on solvent-based spin-
ning, oxidative stabilization, and high-temperature carbonization contributes not only to
the high price of carbon fibers but also to their substantial environmental footprint.

As highlighted throughout this review, the current challenge lies more in maintaining
mechanical performance while improving sustainability and reducing energy demand.
The energy intensity of conventional carbon fiber production far exceeds that of most
other structural materials, which limits their environmental advantage despite significant
performance benefits during use. The stabilization step, in particular, remains a major
bottleneck both in cost and energy consumption. Research aimed at incorporating renew-
able energy sources, or developing recyclable carbon fiber-reinforced polymers, represents
meaningful progress toward more sustainable manufacturing. Moreover, the increasing
availability of recycled carbon fibers demonstrates that significant reductions in embodied
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energy and greenhouse gas emissions are achievable without compromising performance
in secondary applications.

The exploration of alternative precursor systems reinforces this broader sustainability
objective. PE-based carbon fibers offer a compelling route to balance cost, energy efficiency,
and performance: their melt-processable nature eliminates the need for solvents, and their
inherently high drawability promotes molecular alignment, providing a foundation for
competitive mechanical properties after carbonization. Recent progress has demonstrated
tensile strengths up to 2.0 GPa and elastic moduli up to 170 GPa from continuously pro-
cessed PE-based carbon fibers at moderate carbonization temperatures, alongside the first
demonstration of industrially relevant 6 K tow production via inline filament merging.
Alternative stabilization chemistries, such as the combined electron beam and molten sulfur
approach reported by Frank et al., further suggest that the sulfonation cost bottleneck,
currently responsible for 35-50% of PE-based CF production costs, is an open engineering
challenge rather than a fundamental barrier. Together, these developments indicate that PE-
based carbon fibers are approaching the performance and scalability thresholds required for
cost-sensitive structural applications, including continuous fiber-reinforced thermoplastic
composites in additive manufacturing, where their lower projected production cost relative
to PAN-based systems could enable broader industrial adoption.

Taking everything into consideration, decades of research have provided a coherent
framework linking precursor structure, process control, and resulting properties to the
mechanical and environmental performance of carbon fibers. The sector now stands at a
stage where advancing sustainability is as essential as enhancing strength or modulus once
used to be. Through continued refinement of precursor chemistry, processing efficiency,
and recycling technologies, carbon fibers can evolve into not only the strongest and lightest,
but also among the most sustainable, materials in structural applications.
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