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Abstract

Carbon fiber (CF) is the premier building material in multiple, important industries and
continues to grow in both its usage and demand. However, the cost of the premier CF, produced
from polyacrylonitrile (PAN), has limited the CF market. Therefore, alternative CF precursor
research remains an important topic with the goal of driving down cost while limiting

environmental impacts.

The aim of this dissertation is to explore the capabilities of one possible alternative precursor
material: mesophase pitch. The benefit of mesophase pitch lies in the production of the feedstock
and precursor fibers. Since mesophase pitch is a byproduct produced from petroleum distillation
and coal cracking, large cost saving opportunities exist. Additionally, it can be melt-spun, a more
cost-effective extrusion method which removes the need for any environmentally harmful
solvents required with PAN wet spinning. While the achievable strengths of mesophase pitch-
based CF (MPCF) cannot compete with PAN-CF, MPCF has found uses in industries which are
more concerned with stiffness-to-weight ratio, electrical and thermal conductivity, and low
thermal expansion. For MPCF to enter additional markets, such as general car manufacturing, the
cost must be further reduced while maintaining quality properties. This is possible through a

better understanding of CF structure-property-relationship.

Prior to extrusion, mesophase pitch can be modified through the introduction of waste
polymers. The addition of such polymers provides two benefits: 1) cost reductions and 2)
environmental sustainability. Such hybrid fibers have been previously produced, but these fibers
could not be converted into CF leaving the need for such exploration. By blending with linear

low-density polyethylene and polyethylene terephthalate, these experiments revealed that such
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fibers could be produced successfully, but special considerations of the polymer and its effect on

the fiber’s microstructure must be taken into account.

The focus on the fiber’s microstructure provided the basis for the remainder of this
dissertation. The production of MPCF involves extrusion, oxidation, and carbonization, with all
three steps playing a significant role in the CF development. Changes in the extrusion procedure
create different texture shapes, each with unique properties. However, the microstructure of these
different fibers has yet to be explored in detail and represents an opportunity to gain additional
understanding. The fibers must be thermally stabilized in oxygen, such that the fibers can survive
the final heat treatment process. A successful oxidation involves an even diffusion of oxygen
throughout the fiber. If heated to quickly in an effort to reduce cost, a core-shell structure is
developed resulting in depreciated tensile properties. However, if held at temperature for too
long to ensure complete diffusion, over-oxidation as a result of the removal of carbon atoms sets
in. Finding the balance of temperature and time for oxidation is vital and must be explored in
more depth. Finally, carbonization, or high temperature heat treatment, is the process of
removing noncarbon atoms resulting in carbon crystallite growth which are responsible for the
desired CF properties. Given the complicated reactions, relevant rates for industrial production

(> 50 °C/min) were examined, and a rate of 23.3 °C/min was found to produce the strongest

fiber.

The work presented in this dissertation contributes to the understanding of the affects each
production step has on the structure and properties of MPCF. Each alteration offers an

opportunity to provide cost-reductions, decrease environmental impact, and control the CF
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macro-properties through the microstructure. Additionally, recommendations for future work are

offered in the final chapter of this dissertation.
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Chapter 1: Introduction

1. Carbon Fiber Production and Market

Carbon fiber (CF) is a critical engineering material due to its high strength-to-weight ratio,
stiffness-to-weight ratio, electrical conductivity, and thermal conductivity. The invention of CF is
credited to Thomas Edison from his work in 1879 on incandescent light bulbs, which he later
patented in 1880 [1]. These carbon filaments were produced from cotton and bamboo (cellulose),
and while Edison replaced the carbon filaments for tungsten soon after, CF found usage in other
industries [2]. Later work in the 1960s by the Union Carbide Corporation resulted in the fabrication
of CF from polyacrylonitrile (PAN) and rayon, which were used as reinforcements due to their
structural benefits [3]. PAN-based CF was found to possess the highest tensile strength, making it
the ideal candidate for CF production. To this day, PAN-CF constitutes around 92% of the global

CF market, a $6 billion industry, with Toray being the leading manufacturer of PAN-CF [4,5].

Depending on the heat treatment and spinning processes used, various types of CF can be
produced, including: standard modulus (200-280 GPa), intermediate modulus (280-350 GPa), and
high modulus (>350 GPa) [6]. Given the range of achievable mechanical properties, PAN-CF has
found use in a number of industries including hydrogen storage tanks [7], lightweight vehicles [§],
electric vehicles (EVs) [9], batteries and supercapacitors [10,11], aerospace [12], sporting goods
[13], and others where the material properties importance outweighs the cost. However, there are
larger markets that would adopt CF but cannot afford the cost of PAN-CF. Since the production
of'the PAN precursor accounts for at least 50% of the total CF expense, many studies have focused

on finding alternative precursor materials [14].



Pitch is the name given to the viscoelastic, carbonaceous byproduct created during the
distillation of crude oil, coal, and organic materials [15]. As a byproduct material, pitch is
significantly less expensive than PAN and is mostly composed of aromatic hydrocarbons, making
it an ideal candidate for CF production [16]. However, mesophase pitch-based CF (MPCF) initially
struggled to compete with PAN-CF in terms of tensile strength, with the strongest MPCF reaching
values of 3.7 GPa [17], compared to 8 GPa for the Toray T1200 PAN-CF [18]. Additionally, while
the cost to produce mesophase pitch-based precursor fibers is significantly lower than that of PAN-
derived fibers, the stabilization times and temperatures negated any initial cost savings, leading
most researchers to move away from mesophase pitch in the 1990s [19]. However, some
researchers continued working with mesophase pitch, and recent advancements, coupled with new

industry needs, have led to a revival of MPCF.

Depending on the heat treatment, MPCF can achieve a tensile modulus as high as 1000 GPa
[20]. When combined with a tensile strength of 3-3.5 GPa, superior thermal and electrical
conductivity, and a low thermal coefficient of expansion, MPCF has gained interest in space
applications [21-23] and as dampeners [24] where stiffness and transport properties are more
important than strength. Producing such fibers remains challenging, and doing so in a cost-

effective manner further complicates the process.

This dissertation reviews the current state of MPCF and its production techniques, exploring
alternative methods at each processing step. The production of CF is broken down into four stages,
as outlined in Figure 1, to better understand the role each stage plays in the final fiber's
characteristics. Throughout this work, new insights into the role of each stage will be developed,

ultimately advancing the understanding of the material and the CF production process as a whole.



Stage 1 Stage 2 Stage 3 Stage 4

Extrusion Oxidation Carbonization
Me;c.)tpillase Precursor Oxidized Carbon
e Fiber Fiber Fiber

Figure 1. Breakdown of the four main CF production stages. The name of the stage is given as
well as the commonly used name for the fiber/filament produced at each step which will be used
throughout this work. Modified from [25]
2. Precursor

Pitch can be produced and modified in several ways, all of which affect its rheological
properties and the properties of the resulting CF. Therefore, a further breakdown of the different

pitch variations as a result of mesophase production, feedstock choice, and alterations made

through the addition of catalysts and polymers will be provided.

2.1. Isotropic and Mesophase Pitch Production

When first produced, byproduct pitch is an isotropic material composed of aromatic
hydrocarbons, sulfur, oxygen, and other non-organic compounds. Simple distillation steps are used
to remove larger impurities. The byproduct pitch is then heated for a week at 70 °C, allowing it to
become homogeneous [26]. The now-refined byproduct pitch is known as intermediate or isotropic
pitch. Isotropic pitch can be spun into fiber and used to produce CF; however, it must be thermally
or chemically treated to create spinnable isotropic pitch, defined as having a softening point below
300 °C [27]. The production of mesophase pitch requires additional costly steps, and for this

reason, many studies on isotropic pitch-based CF have been conducted.

Due to its ease of production, spinning, and subsequent low cost, many researchers have
focused on producing isotropic pitch CF capable of reaching tensile strengths of 1.7 GPa while
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keeping the cost below 10 USD/kg—the threshold set by the U.S. Department of Energy for low-
cost automobile commercial use [28]. Kim et al. were able to produce an isotropic pitch-based CF
with a tensile strength of 2.05 GPa through a combination of naphtha-cracked oil and coal tar pitch
[29]. However, this process involved bromination and dehydrobromination, leading to a significant
increase in cost and environmental impact, thereby negating the benefits of isotropic pitch-based
fibers. Outside of this work, most isotropic pitch CF possess a tensile strength of around 1 GPa
and a modulus ranging from 40-80 GPa [30-33]. Therefore, isotropic pitch CF is mainly used for
high-temperature insulation and other applications that take advantage of their thermal and
electrical properties, but do not require high mechanical properties [34]. To reach the desired

properties, conversion from isotropic to mesophase pitch is required.

The final step in converting isotropic pitch into mesophase pitch involves thermal
polycondensation or catalytic polymerization when using a synthetic feedstock [35]. Researchers
as early as 1928 showed that carbonized cokes exhibited optical anisotropy when viewed under
polarized light [36]. It was not until 1965 that Brooks and Taylor conducted experiments on a wide
range of carbonaceous materials, including some petroleum-derived samples, and described the
production of anisotropic carbons in an isotropic matrix [37]. They showed that with increasing
heat treatment temperatures, small fractions of anisotropic carbon formed into spheres, which were
reactive under polarized light. These spheres are now known as Brooks-Taylor spheres. As the
temperature increased, the percentage of material converting from isotropic to anisotropic also
increased, and the spheres began to coalesce, eventually spreading and losing their spherical shape
developing into the ‘mosaic’ phase, as shown in Figure 2. Eventually, the anisotropic material

solidified and formed semi-coke. This is why the anisotropic material was named mesophase by



Gray, as “mesos” translates to “intermediate,” and the mosaic phase represents the step between

isotropic pitch and semi-coke when fully heat-treated [38].

Figure 2. A polarized light image of pitch at an intermediate step in the mesophase production
process. The “P” in the nonreactive material shows the isotropic pitch while the spheres are the
mesophase, or liquid crystalline, material [37]

It is important to note that the term "mesophase pitch" is commonly used as a catch-all in the
literature and refers to pitch blends of anisotropic and isotropic pitch. The production of mesophase
pitch remains costly and difficult, requiring additional steps, such as nitrogen-bubbling treatment,
to achieve an 80% mesophase volume fraction [39]. To obtain 100% mesophase pitch, various
separation methods such as solvent extraction, supercritical solvent extraction, or high-temperature
centrifugation must be employed [16]. However, these methods are expensive, so most researchers
focus on a mixture of the two phases, although this can lead to phase separation during the spinning
process. Yuan et al. showed that a mixture with less than a 75/25 anisotropic/isotropic ratio would
result in a less spinnable material, leading to decreased spinnability [40]. Pitch with at least 75
vol.% anisotropic material is as spinnable as isotropic pitch, with the isotropic phases acting as

plasticizers that allow for consistent extrusion. Coupled with the fact that due to its higher
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crystallinity and alignment, CF produced with a higher anisotropic content will have a higher
tensile strength and modulus, a pitch of at least 75 vol% anisotropic is recommended for CF

production.

2.2. Feedstock Impact

The most common feedstocks for byproduct pitch include coal, petroleum, and organic matter,
while synthetic pitch has been produced from naphthalene [41]. Synthetic pitch has been
extensively explored by Mitsubishi Gas Company, and their results have shown some promise
[42]. However, any cost benefits are negated due to the higher price of the precursor material
compared to using a byproduct. Additionally, pitch produced from organic matter, known as rosin,
has not shown promise as a CF precursor material and has only been used as a catalyst to stimulate
mesophase growth in other pitch materials [43]. The two remaining pitch feedstock materials to
be discussed are petroleum and coal. CF produced from both feedstocks has been shown to be of

high quality and possess unique characteristics.

Coal tar pitch (CTP), as the name implies, is produced from the distillation of coal and is the
cheaper of the two main feedstock options. Compared to petroleum pitch, CTP possesses a higher
carbon yield due to the higher percentage of aromatic compounds present in the material (Figure
3a). However, it also contains a higher amount of impurities that must be filtered out, requiring a
more complicated refinement process [44]. The higher percentage of aromatic compounds also
leads to the production of more oriented fibers with a higher carbon-to-hydrogen (C/H) ratio. A
higher degree of orientation will lead to stiffer CF but also makes spinning precursor fibers more
difficult. With a higher C/H ratio and greater orientation, the softening point of the material is

higher, and CTP exhibits higher viscosity, meaning that melt-extrusion must be performed at a



higher temperature and pressure [27]. These factors ultimately result in a more complicated

spinning procedure, leading to larger-diameter fibers on average.

Figure 3. Schematic of the molecular representation of the a) CTP chemical structure and b) the
petroleum-based mesophase pitch structure. Modified from [45]

While slightly more expensive than CTP, petroleum-derived mesophase pitch possesses a
number of properties that make it a more ideal candidate for CF production. Most notably, the
precursor fibers can be drawn to a finer diameter at lower temperatures and pressures, making the
spinning process simpler and more repeatable [46]. Additionally, petroleum-derived pitch has a
lower percentage of nitrogen and sulfur and a higher percentage of aliphatic compounds (Figure
3b). T This results in a decreased C/H ratio, which leads to a lower char yield but better spinning
and stabilization characteristics. Lastly, the initial structure lends itself to better CF formation, as

the liquid crystals can reorganize more efficiently, leading to fewer voids and a stronger CF.

2.3. Mesophase Pitch Conversion via Blending
The lower tensile strength of MPCF compared to PAN-CF is due to the large grain size formed

by the planar aromatic molecules and the resultant liquid crystalline structure of the mesophase
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pitch [37,47-49]. Various strategies have been explored to increase the tensile strength of MPCF.
These include disrupting the liquid crystalline structure through manipulation of the material flow
[50,51], doping with heteroatoms and graphitic structure enhancers [52,53], and adding carbon-
based materials such as carbon black, graphene, and graphene oxide [54-58]. Each of these
methods has shown varying degrees of success, mostly focusing on alterations to the graphitic
structure of the CF. By disrupting crystalline growth, one can hope to increase the tensile strength
of the fiber, albeit at the expense of the tensile modulus. Based on these conclusions, another

approach was proposed.

Researchers set out to determine the effects of mixing polymer additives with mesophase pitch
during the refining of the feedstock and CF production. A number of polymers, including
polystyrene (PS), polyvinyl chloride (PVC), and polyphenylene oxide (PPO), have been explored
[59—64]. In some experiments, the polymer was added to the isotropic pitch before mesophase
production, and these studies showed several promising results. Most notably, mesophase
production was faster and occurred at lower temperatures as the polymeric material acted as a seed
for mesophase formation. Kim et al. found that the oxygen-containing groups in polyethylene
terephthalate (PET) enhanced mesophase production in pitch, indicating the compatibility between
the two materials [65]. They noted that the blends showed an increase in softening point and a
decrease in coking value as the weight percent of PET increased. Other researchers found that PET
would agglomerate in the CTP matrix if the PET weight percentage exceeded 25 wt.%, providing

a limit for creating uniform fibers from a pitch-PET blend [66].

More recently, multiple studies have focused on blending mesophase pitch with linear low-

density polyethylene (LLDPE) as a technique to increase the overall strain and strength of fibers



while maintaining the graphitic structure and ideal modulus of pitch CF [67—69]. LLDPE has
previously been converted into CF with a reported strength of 1.65 GPa and a modulus of 110
GPa, making it an ideal polymer to blend with mesophase pitch [70]. Additionally, the ability to
blend a low-cost waste plastic such as LLDPE could further reduce the cost of pitch CFs, thereby
creating a more competitive fiber capable of challenging PAN as the main feedstock for global CF
production. However, limited research has been conducted on pitch blends with commodity
plastics to produce CF [68,69]. Precursor fibers in these studies have diameters ranging from 100
to 200 microns [68,69] which greatly exceeds the maximum size for successful oxidation and

carbonization [71].

3. Extrusion

In the second CF production step, the mesophase pitch is extruded into precursor/green fibers,
which are wound onto a take-up winder and stored before further processing. For CF production,
melt-extrusion is the ideal method for producing fibers with optimal diameters (<10 microns) in a
continuous process. Several factors must be considered during melt-extrusion, as they can alter the
CF properties. The most important factors are the pressure system, the nozzle and reservoir design,

and the extrusion temperature.

3.1. Extrusion System

There are two extrusion systems predominantly used in mesophase pitch precursor fiber
production. Batch-scale extruders are used for lab-scale and experimental runs, while single-screw
extruders are well-suited for scaled-up, continuous production lines. Batch-scale extruders, also
commonly referred to as single-shot extruders, operate by loading a certain amount of material

into a closed, inert atmosphere and heating it beyond its softening point so it can be driven through
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a nozzle (Figure 4) [72]. The pressure mechanism is driven by a piston or by increasing the gas
flow from a high-pressure tank. These systems have many advantages, including simple operation,
low upfront costs, minimal material quantities, fast changeover between runs, and easy adaptability
to new parts. For these reasons, this system is used for all the fiber production completed in this

dissertation.

Relief Regulator
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Extruder Barrel
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-——— -~
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Figure 4. An example of a lab-scale pressure driven extruder used for the production of
precursor fibers [73]

For all the advantages of a pressure-driven extruder, large-scale, continuous spinning requires
a screw extruder for a constant material feed and high-volume production. Screw extruders have
existed for decades and are used in a number of industries and materials; however, screw extrusion
of mesophase pitch has not been widely reported, as the precursor fibers are brittle and fracture
easily, making the process difficult. Therefore, industry specialists tend to keep information

private, citing its proprietary nature. One group, Lim et al., presented a novel method of continuous
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pelletizing and extrusion for mesophase pitch (Figure S) and found that this process resulted in
increased tensile strength of the CF, highlighting the potential for scale-up required for MPCF to

compete with PAN-CF [32].
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Figure 5. A schematic of the pelletizing of pitch via a twin extruder and fiber extrusion via a single
screw extruder. This represents a cost and time effective, large-scale production method for
mesophase pitch precursor fibers [32]

3.2. Spinneret Design and Mesostructure Formation

In fiber production, the spinneret refers to the system of nozzles and reservoirs, as illustrated
in Figure 6 [74]. The simplest systems consist of a single circular nozzle and a cylindrical reservoir
with no edge tapering, located in the center of the spinneret plate [75]. Depending on the extrusion
system being utilized and the feedstock material chosen, each factor in the spinneret must be
considered. For MPCEF, it has been shown that simple 3D printer nozzles can be used to create

11



quality fibers with off-the-shelf parts [73]. For higher-end fibers, more specialized nozzles
fabricated by machining equipment, such as wire sinker EDM, must be used to ensure tight
tolerances and a smooth surface to avoid the formation of defects during fiber spinning.
Additionally, other factors, including the draw-down ratio (the ratio of the nozzle diameter to the
as-spun fiber diameter) greatly impact the CF properties, with a smaller ratio leading to a higher-
strength fiber [76]. Any changes made to the spinning procedure must be carefully considered, as

they will impact the structure of the CF microstructure.

Figure 6. A top-down diagram of a spinneret (left) with multiple nozzles. A vertical cross-section
of a typical nozzle (right) is shown highlighting the entry angles, reservoir, and exit [77]

The shear forces created during the spinning process deform the anisotropic spheres within the
mesophase pitch, aligning them along the fiber axis and laying the groundwork for the CF structure
[49]. The non-carbon atoms are removed through subsequent high-temperature heat treatment
(carbonization), and the crystallites grow, leading to a more observable transverse cross-section
texture. This texture is formed from the orientation of the mesostructure, which consists of ordered
crystallite aggregates [78]. Depending on the orientation of the mesostructure, the texture of the

fiber appears in cross-sectional patterns, which are used as naming conventions.
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The properties of the CF are tied to their mesostructure. Early studies found that mesophase
pitch could exhibit several different cross-sectional textures, such as “radial,” “random,” and
“onion-skin,” all named for their visual appearances in electron micrographs (Figure 7) [79].
MPCEF produced using a high shear stress-inducing spinning method will produce a “radial” texture
because the mesostructure is radially symmetric to a point in the center of the fiber. In cases where
the shear stress exceeds a certain threshold, the fibers will fracture and form a wedge-shaped void
known as a pac-man split [80]. These CFs with radial textures, especially those with a pac-man
split, have notably decreased tensile properties compared to CFs produced with different transverse

mesostructure orientations.

Radial Random Onionskin

Figure 7. Examples of different textures found that can be found in MPCF [80].

Multiple studies have shown that different nozzle designs, including shape, diameter, length,
and reservoir styles, affect the formation of non-radially oriented mesostructures [50,73,74,81,82].
Matsumoto et al. found that a reservoir with a noncircular cross-section, paired with a mesh filter,
created “distorted-radial” structures that removed the pac-man split and increased tensile strength
[75]. Mochida et al., by utilizing two synthetically produced mesophase pitches, naphthalene and

methylnaphthalene, and varying extrusion temperatures, were able to achieve four unique
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transverse cross-section textures, all produced with the same nozzle [83]. Yao et al. produced radial
CF with no pac-man split, despite using a high-shear nozzle style, by introducing and increasing
the number of filters stacked together directly preceding the nozzle reservoir [51]. They also found
that the CF produced with an increased number of filters had smaller microdomains, crystallites,
and higher misorientation of the transverse mesostructure, though they did not report the

corresponding mechanical properties.

4. Oxidation

Commercial-scale CF precursor materials, such as PAN, pitch, and cellulose/rayon, require
thermal stabilization prior to carbonization [20]. Thermal stabilization, sometimes referred to as
thermosetting, oxidation, or crosslinking, is performed on precursor fibers to enable the fibers to
maintain their shape during carbonization and mitigating undesirable/premature decomposition
stages that are inherently present in the precursor material [84]. Without thermal stabilization, the
as-spun polymeric precursor fibers either melt, decompose, and/or fuse together upon heating to
high temperatures during carbonization. Generally, thermal stabilization consists of polymer chain
crosslinking and/or attachment of oxygen-containing functional groups onto the polymeric
structure. Thermal stabilization of CF precursor fibers is a coupled diffusion-reaction process —
the oxygen diffuses into the precursor fiber and then reacts with the polymeric material. Thermal
stabilization is generally performed at moderate temperatures (200-300°C, below the polymer
melting temperature) in an oxygen-containing environment with the process ranging from 0.25-24
hours depending on factors such as temperature, diameter, precursor type, and oxygen partial
pressure [48,84—88]. On the commercial scale, thermal stabilization is usually kept relatively short

(<I hours) in the interest of cost. However, the effects of long-term oxidation (>48 hours) on the
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final CF properties have been noted by researchers [71,76,89,90]. The diffusion process is one of

the many reasons that precursor fibers are usually spun to extremely small diameters of <10 um.

Atmospheric pressure and composition are usually employed in the interest of keeping costs
low, but the oxygen partial pressure can be altered to accelerate this process [91]. A wide variety
of alternative stabilization techniques have been employed to improve the oxidation process such
as plasma stabilization, sulfuric acid stabilization, nitric acid stabilization, and KMNO4
stabilization of PAN [32,92-95]. The goal of these investigations is either to increase CF
mechanical properties, reduce production cost, or investigate scientific phenomena. In 2010, Xu
et al [96] investigated the use of gamma radiation to stabilize the fiber precursor structure. The use
of gamma radiation was found to provide limited benefits in terms of CF mechanical properties.
Coupled with the drastic increase in processing costs, the use of gamma radiation for the
stabilization of CF precursors has not been pursued, at least in the literature. However, electron
irradiation, a technique similar to gamma irradiation, was found to be very useful for the
stabilization of polycarbosilane precursors to produce silicon carbide fibers, and silicon carbide

fibers are currently still manufactured with this methodology [97].

Oxygen plasma assisted thermal stabilization of PAN precursor fibers has been explored [98—
100]. The theory is that oxygen radicals present in the plasma have significantly higher rates of
diffusion and reaction with the polymeric precursor fibers than standard O> molecules. Plasma
stabilization has been extensively researched by 4M Carbon Fiber Corp. [101] and is currently
being further developed for commercial-scale production lines. One of the benefits of plasma-
assisted thermal stabilization is the potential utilization of large diameter polymeric precursors

(>10 pum), owing to the increased rate of oxygen diffusion into the fiber microstructure [102].
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Oxygen-assisted thermal stabilization of polymeric fibers is a finicky process. CF producers
rely on sufficient diffusion of oxygen into the fiber microstructure, followed by the subsequent
oxygen reaction with the polymeric chains/molecules. This coupled diffusion-reaction process
depends on numerous factors, such as fiber diameter, fiber density, precursor material, and the
stabilization parameters (temperature, time, and environment). An imbalance of either the
diffusion or reaction processes can have dramatic impacts on the microstructure of the final CFs.
As such, the production of high-quality CF requires optimization of these parameters in-tandem,

which requires careful tuning on a production line.

Mapping techniques have shown that insufficient stabilization oftentimes yields a so-called
core-shell or skin-core microstructure in produced CFs. Mapping with AFM across the fiber cross-
sections has shown a large drop-off in mechanical properties in the insufficiently stabilized fiber
core. Mapping the stabilized fiber cross-sections with EDS and FTIR has also yielded parabolic
oxygen profiles, confirming that the core-shell phenomenon arises during stabilization, and
persists into the carbonized fibers as shown in Figure 8 [103—105]. In extreme cases of insufficient
stabilization, the core can “melt out” of the fibers during carbonization, leaving a hollow-core CF
[106]. This usually has negative results on the CF mechanical properties. However, it is worth
mentioning that hollow-core fibers have been produced purposefully through manipulation of the
precursor spinning process [107]. The increase in precursor fiber surface area has the potential to

reduce stabilization time by increasing the rate of oxygen diffusion.
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Figure 8. Example of a skin-core structure in a MPCF created from poor oxidation. Modified from
[108]

5. High Temperature Heat Treatment

The final step in the production of CF is high-temperature heat treatment, in which the fibers
are placed in an inert atmosphere (argon or nitrogen) and heated to at least 800 °C, resulting in
fibers that are more than 92 wt.% carbon [109]. This heat treatment is typically divided into two
stages, depending on the final temperature the fibers are subjected to. Treatment between 800 and
1800 °C is known as carbonization, resulting in the production of CF, while any heat treatment
beyond 1800 °C is referred to as graphitization, with the resulting fibers known as graphitic fibers.
Heat treatment of all feedstocks and temperature ranges has been studied for years, with many
publications focusing on the effect of the final heat treatment temperature on the CF microstructure
and subsequent mechanical properties [110—113]. Ultimately, heat treatment is crucial, as it is the
point at which the crystal structure of the fibers develops, leading to their desired properties such

as high tensile strength, modulus, and conductivity.

During carbonization, a 2-dimensional turbostratic microstructure in both PAN-CF and MPCF

is developed. The lateral crystallite dimension (La) increases with increasing heat treatment in a
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continuous, expected manner for PAN-CF or any polymer-based fiber Additionally, some growth
in the 3-dimensional crystal occurs with increasing heat treatment. For polymer-based fibers,
increasing temperature within the carbonization range directly correlates with increases in the
crystallite stacking height (Lc) and a decrease in the interlayer spacing (d002). MPCF exhibits a
different trend, as the crystallinity of the fiber decreases in the 800—1000 °C range, and La only
starts to grow beyond 1000 °C. There is virtually no 3-dimensional growth during carbonization
for MPCEF, as studies have shown that d002 and Lc remain virtually unchanged [44]. La for MPCF
is larger and better oriented on average compared to PAN-CF when treated at the same
temperature, as shown in Figure 9. As previously discussed, the liquid crystalline behavior of the
pitch and large aromatic compounds found in the precursor material allow for larger crystallites at
lower heat treatment temperatures and better crystallite orientation, which is formed during the

spinning process.
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Figure 9. Sketches highlighting the microstructure for a) PAN-CF and b) MPCF. Adapted from
[113]

Many studies have been conducted to correlate the microstructure properties with the macro-
scale functions of CF in a structure-property relationship [114—117]. Notably, the PAN precursor
allows for more cross-linking between layers and increased randomness in the structure formed
during heat treatment. These factors contribute to the higher tensile strength of the fiber, as the

layers are bonded and the random orientation allows for more relaxation when subjected to tensile
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force. It has been shown that PAN-CF reaches a maximum tensile strength at a heat treatment
temperature of 1700 °C [118]. However, these same conditions make standard PAN-based fibers
unsuitable for graphitization. At temperatures above 1800 °C, the tensile modulus of PAN-CF can
reach roughly 400 GPa, but the tensile strength of the CF decreases from 5.4 GPato 4.5 GPa[119].
Researchers believe this is due to the growth of microvoids and pores as the crystallites tighten,
leading to increased spaces between the layers. Combined with fewer covalent bonds between the

layers, the tensile strength is significantly reduced.

MPCF does not experience the same reduction in tensile strength as the heat treatment
temperature approaches and enters the graphitization range. Instead, the tensile strength of the CF
continues to increase slightly, while the tensile modulus can reach as high as 1000 GPa [113].
These property increases are due to the graphitic (3-dimensional) crystallite growth that occurs in
MPCEF at the graphitization level. Crystallites with a stacking height as large as 25 nm and a lateral
length of 35 nm have been recorded [48,83]. When combined with the fact that the precursor
material has a higher carbon yield and therefore less defect growth at higher temperatures, MPCF

is a much better candidate for graphitization.

Besides the final heat treatment temperature, the carbonization ramp rate (the rate of
temperature increase over time, °C/min) also plays a role in heat treating pitch [120]. Many believe
that using a slower ramp rate and thus holding the fibers at higher temperatures for longer periods
allows the crystallites to grow larger, leading to improved tensile and electrical properties. Rani et
al. and their group investigated whether ramp rate—the time it takes to reach carbonization
temperature—has any effect on CFs, focusing on times ranging from 20 to 80 hours to reach 1000

°C, or ramp rates of 0.81 °C/min and 0.2 °C/min, respectively [31]. They found that slower ramp
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rates resulted in larger crystallite sizes and a more graphitic structure. However, the ramp rates
tested were so slow that they are irrelevant when compared to CFs produced at a commercial scale,

leaving a gap in the literature.

6. Summary of Primary Research Questions

The production of MPCF is completed through a process consisting of four distinct steps. Each
production step presents an opportunity to modify both the composition and structure of the
material, leading to countless macro-property possibilities. However, each step also offers unique
challenges that must be addressed and understood in order to produce a fiber with the desired

characteristics in a manner that is both cost-effective and environmentally conscious.

For mesophase pitch feedstock production, multiple efforts have been made to improve the
conversion of mesophase pitch from isotropic pitch, with the goal of decreasing costs via lower
power requirements. Additionally, the mixing of waste polymers and mesophase pitch prior to
spinning has been explored with limited success, leaving room for deeper investigation.
Meanwhile, mesophase pitch extrusion is the most heavily investigated stage of carbon fiber
production. This is because the extrusion of mesophase pitch lays the groundwork for the crystal
structure exhibited in the CF and is visually represented in the texture shape of the CF cross-

section. Regardless of the exhibited texture, stabilization via oxidation is the next crucial step.

Due to the rate of oxygen diffusion through the fiber, this process is slow and requires large
amounts of energy due to the elevated temperatures required. In order to offset the associated costs,
the shortest oxidation times are desired, but full oxidation is necessary to produce a quality CF,
making the field a complicated give-and-take. Finally, high-temperature heat treatment in the

carbonization or graphitization range is performed, depending on the end-use case of the fibers. It
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is at these high temperatures that the crystallites in the fiber grow, resulting in a stronger, stiffer,
and more conductive material. While the effects of different final heat treatment temperatures have
been explored in detail, the ramp rate remains an important factor that has not received the same

amount of attention.

For all four stages, there are still many questions to be explored regarding their impact on CF
structure, properties, and the role they play in the cost and environmental impact of CFs. These

areas of focus give rise to four primary research questions.

How does combining mesophase pitch with recycled polymers affect CF properties and cost?

The majority of studies focus on the addition of waste polymers to isotropic pitch before
anisotropic conversion, aiming to assist liquid crystal formation by acting as a nucleation site
[63,65,121,122]. While important, these studies use a low weight percentage of polymer and do
not attempt to leverage any of the polymers' physical properties, as the material is completely
charred during treatment. A few publications have attempted to combine mesophase pitch with
polymers through various mixing techniques right before extrusion, in order to produce a multi-
material precursor fiber [67-69]. The idea stems from the hope that the high tensile strain of the
polymers will be maintained through the extrusion and CF production process, leading to fibers
with the stiffness of pitch CF but with improved tensile strain and, therefore, tensile strength.
However, these efforts have resulted in precursor fibers with diameters greater than 100 pum,
making it impossible to fully stabilize and carbonize them with any success. Therefore, the validity
of precursor fibers created from a mixture of mesophase pitch and polymers, as well as the
polymer's effect on the CF microstructure, cannot be determined without the production of thinner

fibers.
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How does a radial vs. random microstructure affect the CF properties?

Different cross-sectional patterns in MPCF have been discussed for decades, with studies
examining various techniques for producing specific texture shapes and the mechanical differences
between them [123]. The most common shape is radial, as it can be produced from a standard
nozzle geometry with no alterations in the spinning process. Since the radial structure stems from
high shear forces, it also lends itself to pac-man splitting, which greatly depreciates the tensile
properties of the CF. To combat this effect, flow disruptions and different nozzle geometries have
been utilized to produce a new texture with no specific pattern, known as random [51]. MPCF with
a random texture has been shown to have higher tensile strengths and strains, with a slightly lower
modulus. However, the microstructure of the random and radial CF has not been heavily
investigated. A deeper understanding of the structure-property relationship between the cross-

sectional texture shape and tensile properties is needed to explain their importance and role.

What role does oxygen uptake have on MPCF?

Oxygenated stabilization of mesophase pitch-based fibers is required to produce quality CF.
For this reason, multiple studies have focused on various factors, including oxidation temperature,
exposure time, oxygen concentration, and pressure [90,124]. To measure oxidation, weight gain
has been used as one possible method. Weight gain is achieved by simply measuring the increase
in sample weight after an oxidation procedure, without considering the amount of oxygen at
different locations within the fiber. However, over-oxidation at the surface, with poor diffusion to
the core, will lead to a core-shell structure, reducing the CF's tensile properties [87,125]. Therefore,
correlating the oxygen uptake with the location of the oxygen within the fiber is essential to

confirm successful oxidation.
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Can the carbonization ramp rate be optimized for MPCF production?

The final heat treatment temperature used greatly influences crystallite growth, microstructure,
and CF tensile properties, as the removal of non-carbon atoms leads to the formation of new
carbon-carbon bonds. Studies have shown that the microstructure of MPCF varies greatly
depending on the heat treatment temperature. The lateral crystallite dimension increases with
temperature immediately, but the crystallite stacking height and interlayer spacing remain steady
until temperatures exceed 1400 °C [44] . During the carbonization process, non-carbon atoms are
removed, and new carbon-carbon bonds are formed, creating the microstructure that dictates the

macroscale properties, highlighting the importance of the carbonization reactions.

While equally important, the ramp rate — which dictates the speed at which the fibers are heat-
treated and how quickly the reactions occur — has not been as thoroughly investigated. A study
has shown that slower ramp rates lead to larger crystallites, as the fibers are held at the reaction
temperature for longer, allowing more bonds to form [31]. However, the fastest ramp rate used in
this study was 0.8 °C/min, which is not comparable to those used in a commercial setting, leaving
a gap in the understanding of ramp rates and their role in MPCF microstructure and macro-

properties.

Each of these questions will be discussed throughout the next five chapters of this dissertation,
followed by a summary and recommendations for future work based on the results. The results
presented in Chapters 2 & 3 have been published in the Journal of Polymer Research [126,127],
Chapter 5 has been published in SMALL [128], and Chapter 6 has been published in Advanced
Engineering Materials [25]. As of the time this dissertation was published, Chapter 4 has yet to be

published but is expected within the next year.
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Chapter 2: Compatibility of mesophase pitch and linear low-density
polyethylene for low-cost carbon fiber

1. Introduction

The goal of this study is to produce precursor fibers from blends of varying weight percentages
of LLDPE and mesophase pitch that can be carbonized to study the effects on the resulting CFs.
The produced blended precursor fibers are stabilized and carbonized using a traditional pitch
oxidation/carbonization routine. The produced CFs are then characterized thermally to determine
their char yield and mechanically to determine their tensile modulus/strength. In addition, the
microstructure of the CFs were evaluated using X-ray diffraction, Raman spectroscopy, and
fracture surfaces imaging. This study will evaluate the compatibility of pitch and LLDPE and the

ability to produce quality CFs from a dry blend of the two.

2. Experimental Methods

2.1. Materials Preparation

The mesophase pitch used in this study was purchased from MotorCarbon LLC and used as
delivered. The softening point was experimentally determined to be near 200 °C with a mesophase
content of 75%. The LLDPE used in this study was purchased from Thermo Fisher Scientific and
it arrived in powder form with an average flake size of 500 microns and a density of 0.92 g/cm’

[126].

Select weights of pitch were ground and suspended in a solution of 300 mL of ethanol. LLDPE
powder was then added to the solution in differing amounts to create samples with varied weight
percentages outlined in Error! Reference source not found.. The total solution was mixed using a

Silverson L5M-A shear mixer at 2500 RPM for 1 hour. After shear mixing, the solution was
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dehydrated for 24 hours at 80 °C to evaporate the ethanol and obtain a dry, dispersed mixture of

pitch and LLDPE.

Table 1. Breakdown of different weight percentage blends of pitch and LLDPE

Pitch weight % LLDPE weight %
Blend 1 100 0
Blend 2 98 2
Blend 3 95 5
Blend 4 90 10
Blend 5 80 20

The blends of pitch and LLDPE were extruded using a custom lab-batch gas-pressure driven
extruder. The mixture melts in a nitrogen atmosphere while the extruder climbs to a target
temperature of 300 °C. The inert atmosphere prevents oxidative crosslinking and thus degradation.
Once the extrusion temperature is reached, the sample is heat-soaked for 30 minutes to allow the
sample to pass through the mesh filter and load the nozzle for extrusion. The filter removes any
large particulates that act as impurities in the pitch precursor from the extrudable material to limit
defects in the resulting fibers. The blended material was extruded through a 300 micron die. The
fibers were wound onto a custom high-speed take-up winder. This method provided precursor

fibers with diameters ranging from 15-30 microns.

The precursor fibers were oxidized at 280 °C in air under atmospheric pressure for 4 hours to
allow for total oxygen diffusion while avoiding harmful over oxidation [89]. Once oxidation was
completed, the fibers were cooled down to room temperature before carbonization was performed.
The oxidized fibers were further heat treated at a low carbonization temperature of 1000 °C for 15

minutes in an Argon environment to produce CFs.
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2.2. Characterization Methodology
DSC/TGA

Thermal analysis of the precursor fibers was performed simultaneously by differential
scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA) using a Netzsch STA 449 F1
Jupiter. The DSC/TGA was heated to 1000 °C with a heating and cooling rate of 10 °C/min under

an inert (argon) atmosphere.
Microscopy

Polarized light microscopy was performed using a Hirox digital light microscope. The material
was set in epoxy and then polished according to ASTM standard D4616-95 to take accurate images
of a smooth surface. The imaged material came from the blended pitch and LLDPE that remained

in the extruder after producing an adequate amount of fiber.

Scanning electron microscopy (SEM, FEI Quanta 650) was used to obtain images of fracture
surfaces obtained from single-filament tensile testing. All samples were gold sputtered using a

Cressington Sputter Coater to avoid charging during imaging.
Single Filament Tensile Testing

Single-fiber tensile tests were performed using a nanoscale tensile tester (MTS Nano Bionix
UTM), which has a maximum load capacity of 500 mN and 150 mm of extension. All tests were

run according to ASTM standard D3822-014 with the gauge length of 10 mm.
Microstructure Analysis

Raman scans of the CF were completed using a Renishaw InVia Confocal Raman microscope.

Multiple scans extending from 200 cm™ to 3200 cm™! were run on the surface of multiple filaments.
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The raw data was first corrected using an asymmetric least square smoothing method and then

multipeak fit using a mixture of Lorentzian and Gaussian curves.

The crystal structures of the produced CFs were characterized by X-ray diffraction (XRD)
using Cu K-a radiation (A = 0.15406 nm) in the range of 10° < 26 < 70° (Malvern-Panalytical,
Empyrean X-ray diffractometer). Bundles of filaments were aligned perpendicular to the X-ray
direction to acquire equatorial scans for determination of doo2 and Lc. Correction for instrumental

broadening was not conducted, as the scans were performed for comparison reasons in this study.

3. Results and Discussion

3.1. Precursor Fibers

Figure 10 shows the melt puck of the blended pitch and LLDPE under polarized light. The
isotropic pitch is identified by Brooks and Taylor spheres present in the mosaic structures known
as anisotropic pitch [37]. The anisotropic pitch forms the liquid crystalline structure known as
mesophase pitch [40]. This blend of isotropic and anisotropic material creates a pitch that is easier
to extrude while still maintaining strong CF properties derived from a high anisotropic content.
Introducing LLDPE does not alter the pitch structure. However, as can be seen in Figure 10b, the
LLDPE agglomerates in the isotropic spheres and does not appear in the mosaic anisotropic phase.
This agglomeration behavior was the first indication that pitch and LLDPE are not compatible as
these materials were imaged post-extrusion leading to the conclusion that the LLDPE was most
likely agglomerated in the same phases within the spun precursor fibers rather than being

uniformly dispersed.
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Figure 10. Optical images taken using a polarized light microscope in the transverse flow direction
on a section of pitch: a) without LLDPE, b) with 20% LLDPE

Figure 11 presents DSC curves of the precursor fibers based on the weight percentage of
LLDPE. All samples have an exothermic reaction near 270 °C, which is the crystallization
temperature for the mesophase pitch. This peak is easily identifiable due to the high weight
percentage of pitch in all samples. While all blends have a clear crystallization point, the glass
transition temperature (Tg) is not clear for blends with 5% LLDPE or more. Pure pitch and 2%
LLDPE show a transition temperature near 200 °C and although the softening point of pitch and
T, are not identical, studies have shown that they are related [127]. For blends containing 5%
LLDPE or more, the melting temperature for LLDPE can be located between 125-128 °C. As the
weight percentage of LLDPE increases, the melting peak becomes steeper and more prevalent
while the crystallization peak widens making the Ty difficult to distinguish. These shifts in the
curves between blends provide insight into the rheology of the materials and the need for different
extruding parameters during melt spinning for further refinement. While all blends were spun at
300 °C, blends with higher weight percentages of LLDPE could have been extruded at lower

temperatures, resulting in the ability to produce thinner precursors.
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Figure 11. DSC of mesophase pitch precursor fibers with varying LLDPE weight percentages

Figure 12 shows the TGA and derivative thermogravimetry (DTG) curves of the different
blends. As expected, changing the weight percentages affects the char yield of the blended
material. TGA of the precursor fibers show a char yield of 86% for pure pitch which decreases to
76% at 20wt% LLDPE (Figure 12a). The TGA curves also indicate larger slopes at the reaction
onset temperature (200 °C) as the percentage of LLDPE increases. Figure 12b presents the
associated DTG curves to quantify this increase in slope. This is due to the volatilization of non-
stabilized LLDPE resulting in a larger loss of material when compared to the pure mesophase

pitch.
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Figure 12. (a) TGA data and (b) DTG data for precursor fibers with varying weight percentages
of LLDPE

The results of the single-filament tensile testing are shown in Figure 13a. The mechanical
response of the samples varies greatly with increasing LLDPE content as found in previous work
[31], [33]. At LLDPE contents less than 5 wt.%, the stress-strain curves are virtually linear and
exhibit the brittle material behavior characteristic of pitch. At higher levels of LLDPE, the
mechanical response changes dramatically to that of a two-phase material. This more complex

behavior is graphically represented in Figure 14.

The first region (I) illustrates the initial loading on the precursor fiber. This region is dominated
by the pitch component and is therefore linear in nature. Upon fracture of the pitch (region II), the
load is transferred to the embedded LLDPE as previously seen in Figure 13b. The LLDPE then
deforms elastically until it yields (region III) and begins plastic deformation (region 1V) until
ultimate failure. Precursor fibers blended with 20% LLDPE have an ultimate strain of 18.1% on

average. For comparison, the average strain of pitch precursor fibers is 0.67%, 27 times smaller.
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The increased ductility is a result of the plastic nature of LLDPE and is the desired tensile property

to carry over to CF. It is important to note that precursor fibers containing 10% LLDPE were the

weakest because there was enough polymer to disrupt the pitch matrix acting as large defects.

However, the volume of LLDPE fibrils were then not able to handle the load transferred from the

pitch matrix and immediately began to plasticly deform before ultimately failing at 2.9%.
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Figure 13. Tensile stress-strain curves for precursor fibers with varying percentages of LLDPE by
weight: a) ultimate strength and b) transition region
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Figure 14. Graphical abstract of the two-phase behavior seen in pitch-LLDPE precursor fibers
with a weight percentage of LLDPE 10 and higher

To further understand the tensile data, SEM inspection was performed on the fractured
precursor fibers (Figure 15). The pitch portion of the precursor fibers (Figure 15a) shows smooth
cleavage-like fracture surfaces indicating a brittle fracture. However, fibers from blends composed
of 5% LLDPE and more (Figure 15cde) contain elongated, sub-micron diameter, circular fibrils
comprised of LLDPE, which clearly indicates the plastic deformation of the LLDPE after the
brittle fracture of the pitch. At LLDPE concentrations at and below 5%, the precursor fibers exhibit
little to no plastic deformation. Therefore, the amount of LLDPE present was unable to withstand
loading after the pitch fracture which explains the transition from a fully linear stress-strain curve

to a two-phase behavior.
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Figure 15. SEM images of fracture surfaces from precursor fibers with varying LLDPE weight
percentages: a) 0% LLDPE, b) 2% LLDPE, c¢) 5% LLDPE, d) 10% LLDPE, e) 20% LLDPE

3.2. Carbon Fiber

All precursor fibers were successfully carbonized at 1000 °C. Figure 16 presents the stress-
strain curves for each CF produced from the different blends. Regardless of the weight percentages
present in the precursor fibers, all CFs share the same linear-shaped stress-strain curves with no
two-phase behavior present. The carbonization process removed the elastic nature present in the
precursor fibers with higher LLDPE weight percentages which is representative of a uniform
material. The uniformity of the materials occurs because of complexing between the pitch and
LLDPE or the removal of one of the components. While LLDPE can be carbonized, it must first
be sulfonated to be stabilized before further heat treatment [70]. However, sulfuric acid breaks
down pitch, and so the precursor fibers were only oxidized in air for this study. Therefore, the
LLDPE in the precursor fibers did not survive carbonization and was burnt off during the process,

leading to defects in the CFs.
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Figure 16. Tensile stress-strain curves for carbon fibers with varying LLDPE weight percentages

Although CFs produced from only pitch possessed strengths similar to other strengths reported
for MPCF at low carbonization temperatures [80], CFs produced from blends showed a decrease
in all tensile properties listed in Table 2. The decrease in mechanical properties is in line with
previous work on defects in CFs [128-130]. Due to the LLPDE agglomeration seen in the
precursor fibers, the burned off material left internal voids, weakening the CF structure leading to
the decrease in tensile strength. However, the LLDPE agglomeration was random in both size and
location for all blends, as shown by coefficients of variance (COV) for all tensile properties. An
increase in COV percentage shows an increase in variability for a given property. With the
introduction of LLDPE, the COV for CF strength increases for all blends showing the randomness
of the defects and therefore the LLDPE agglomeration. The COV for modulus and strain also
increase with the introduction of LLDPE further proving that the defects are both random in size

and location thus leading to larger deviations.
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Table 2. CF tensile testing results

Strength Modulus Strain
LLDPE % (GPa) COV (%) (GPa) COV (%) (%) COV (%)
0 1.23 12.4 99 4 1.24 12.1
2 0.55 22.6 86 19.4 0.86 24.7
5 0.52 23.9 76 19.4 0.85 28.6
10 0.63 27.1 89 11.6 0.88 243
20 0.54 24.2 84 14.9 0.82 27.0

The randomness of the voids created by the volatilization of the LLDPE was captured in SEM
images (Figure 17 and Figure 18). Voids were found throughout all CFs produced from blended
precursors, as expected from the tensile data. Figure 18 shows the classic striations observed on
the surface of CFs with sub-micron voids present in the blended CFs. The size and number of voids
were easier seen in the cross-sectional images in Figure 17 with the largest voids by diameter were
found in fibers produced from Swt% LLDPE (Figure 17¢) and 20wt% LLDPE (Figure 17¢) while
the CF produced from 10wt% LLDPE (Figure 17d) contained the most voids by number. This
variation in size and quantity further explains the increase in COV for all tensile properties.
Additionally, the fracture surfaces showed that different blend percentages altered the
microstructure of the CF. The change from 0% to 2% altered the microstructure from random
(Figure 17a) to planar polar (Figure 17b). Further increasing the LLDPE percentages reverted the
microstructure back to random but produced a larger melt within the core of the fiber (Figure
17cde). While a shift in microstructure would result in varying tensile properties [47], the voids

result in the CFs fracturing before the effect of different microstructures can be observed.
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Figure 17. SEM images of fracture surfaces from CFs with varying LLDPE weight percentages:
a) 0% LLDPE, b) 2% LLDPE, c¢) 5% LLDPE, d) 10% LLDPE, ¢) 20% LLDPE

Figure 18. SEM images of fiber surfaces from CFs with varying LLDPE weight percentages: a)
0% LLDPE, b) 2% LLDPE, ¢) 5% LLDPE, d) 10% LLDPE, e) 20% LLDPE

Due to the shifting of the microstructure with the addition of LLDPE, Raman spectroscopy
was utilized to further investigate microstructure differences in the CFs. Figure 19 presents the
raw Raman spectra separated by a constant factor for clarity. The same two peaks occur around

1375 em™ and 1600 cm™ which have been classified as the D and G bands, respectively [131-134].
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Previous studies have identified the D band as a representation of the disordered carbon structures
in the fiber which normally presents in the 1330-1350 cm™' region while the G band is related to
the graphitic structure and symmetry within the CF and has been recorded ranging between the
1590-1620 cm’'. The exact location of the D and G bands vary based on the curve fitting techniques
used, heat treatment temperature, and other identifiable peaks. The ratio of the intensity of these
bands, Ip/I, has been shown to correlate with changes in mechanical properties and microstructure
differences [131]. To strive for consistency, the ratio is calculated using the areas of the curves

produced by curve fitting software for the best accuracy [132].
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Figure 19. Raman spectra of CFs produced from varying weight percentages of LLDPE

Table 3 presents the data collected from the curve fitting of the raw Raman data. While there
are some slight variations in the location and intensity of both the D and G bands, the differences
are within one standard deviation thus showing no noticeable shifts. The same trend is found for
the Ip/lc values. When compared with literature, the CFs produced possess the same Ip/ls as

mesophase pitch which exhibits a Ip/ls value ranging from 0.5-1.5 depending on the feedstock
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used and the final heat treatment temperature [133]. Due to a lack of noticeable shifting in the
Ip/lg, D, and G band properties, the CFs appear to be composed of one consistent material in line
with the mesophase pitch properties, leading to the assumption that any LLDPE volatized leaving
behind pure pitch CFs. This coincides with the SEM images shown in Figure 17 and Figure 18,
but due to the point scanning nature of Raman spectroscopy, XRD was also performed as a method

to analyze the CF microstructure beyond the surface.

Table 3. Breakdown of Raman data from Lorentzian curve fitting for CFs with varying weight
percentages of LLDPE. Full-width half-max (FWHM)

D Band G Band
LLDPE weight Location FWHM Location FWHM Il
(%) (cm™) (em™) (em™) (em™) oo
0 1380.28 163.35 1598.58 102.47 1.15
2 1374.03 144.79 1594.53 116.87 1.09
5 1379.8 151.85 1601.47 99.22 1.19
10 1368.46 140.82 1604.71 86.33 1.08
20 1372.29 147.25 1603.09 92.79 1.17

Figure 20 presents the XRD spectra fitted using a multi-peak Lorentzian curve fit. The first
peak found near 25° corresponds to the (002) reflection and the second peak located near 44.5°
corresponds to the (10) reflection [135]. Due to the equatorial scan used to collect the XRD data,
the (002) plane presents with the largest intensity while the (10) plane is only present due to
misorientations of the graphite crystals along the fiber axis [136]. Theoretically, the presence of
both bands allows for the estimation of crystallite sizes along both the a and c-directions using
Scherrer’s equation [112]. However, only L. was calculated from the fitting of the (002) peak. To
increase the signal-to-noise ratio for the peak (10) peak corresponding to L., a meridional scan of

the fibers must be performed, which was not pursued in this study.

39



1 Pure Pitch
D - - = 2% LLDPE
-
: 0.8 -==--5% LLDPE
EJ 0.6 ——10% LLDPE
E - - =20% LLDPE
204
N
=
g 0.2
z.

0

10 15 20 25 30 35 40 45 50

29 (degrees)

Figure 20. XRD spectra with Lorentzian curve fitting from CFs with varying weight percentages
of LLDPE

The results of the curve fitting and subsequent calculations using Scherrer’s equation are listed
in Error! Reference source not found.4 as well as the spacing between the basal planes, doo,
which was calculated from Lc. The position and FWHM of the (002) peak for all CFs produced
from blends were within one standard deviation of each other; however, they were shifted from
the CF produced from pure pitch. This shift could have been caused due to differences in the
crystals or due to the inclusion of voids present in the CFs from blends. The L. and doo2 spacing
were found to be within a standard deviation of each other for all CFs. Therefore, there is no
difference in the crystallite structure for the different CFs and the shift must be present because of
the presence of voids. With this knowledge, one can conclude that the findings from Raman
spectroscopy are valid and that the CFs are all of one material, pitch, regardless of the blends from

which the precursor fibers were spun.
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Table 4. Breakdown of XRD data from Lorentzian curve fitting for CFs with varying weight
percentages of LLDPE

LLDPE (002) Peak FWHM L. doo2 spacing

weight (%) Position  (degrees)  (nm) (A)
0 24.48 6.58 1.23 3.63
2 24.99 5.35 1.50 3.57
5 24.88 5.71 1.41 3.58
10 24.86 5.45 1.48 3.58
20 24.85 5.86 1.37 3.58

4. Conclusion

Precursor fibers were spun from blends with varying weight percentages of LLDPE and
mesophase pitch. DSC data prove that increasing the weight percentage of LLDPE affects the
thermal properties of the blend. Polarized light microscopy revealed that the LLDPE is
incompatible with pitch and agglomerates in the isotropic spheres rather than uniformly dispersing
throughout the pitch. Consequently, tensile testing of the precursor fibers showed a two-phase
response. The precursor fibers were subjected to a high temperature stabilization before being
carbonized to 1000 °C. CFs produced from blends with any weight percentage of LLDPE contain
voids resulting in lower strengths compared to CF produced from pure pitch. Raman spectroscopy
and X-ray diffraction were used to further investigate the microstructures of the CFs finding that
the CFs were a uniform material with no variation between them beyond the presence of voids.
This confirms that the agglomerated LLDPE did not stabilize and volatized completely during
carbonization, resulting in weaker CFs. In summary, blending LLDPE with the mesophase pitch

for low-cost CFs requires both compatibilizers and conversion processes.
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Chapter 3: Exploration of fibers produced from petroleum based-
mesophase pitch and PET blends for carbon fiber production

1. Introduction

This chapter aims to investigate if petroleum-derived mesophase pitch can be blended with
PET to produce a fiber ideal for CF conversion. In this study, different weight percentages of PET
were added to petroleum-derived mesophase pitch with the resulting blends spun into precursor
fibers. The blends were investigated for changes in the thermal properties and molecular structure
as possible insights into the compatibility of the two materials. The fibers were spun using a
standard melt-spinning system and tensile tested to compare the mechanical properties of pure
petroleum-derived mesophase pitch precursors against PET blended precursor fibers. The
mechanical properties are recorded as well as the fracture surfaces and elemental composition of
the produced fibers. Afterwards, an ideal precursor blend ratio was determined. A set of fibers
from the ideal blend was oxidized and carbonized to be compared to CFs produced from only

petroleum-derived mesophase pitch.

2. Experimental Methods

2.1. Material and Preparation

Petroleum-derived mesophase pitch was purchased from MotorCarbon LLC and was used as
arrived. PET was purchased from Goodfellow in powder form with a maximum particle size of

300 microns and an average intrinsic viscosity of 0.8 dL/g [137].

Four different blends were created using pitch and PET powder each weighing 30 grams in
total. Pitch was ground down and suspended in 500 mL of ethanol. PET was then added to create

different solutions which were shear mixed for 2 hours at 2500 RPM using a Silverson LSM-A.
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Post mixing, the solutions were immediately dehydrated in a forced air oven at 80 °C for 24 hours

resulting in a powdered blend of pitch and PET broken down in Table 5.

Table 5. Breakdown of different weight percentage blends of pitch and PET

Pitch weight % PET weight %
Blend 1 100 0
Blend 2 95 5
Blend 3 90 10
Blend 4 85 15
Blend 5 80 20

The blends produced were extruded using a lab-scale pressure-driven extruder under an inert
N> atmosphere to avoid early oxidation. All blends were extruded from a 100-micron diameter
nozzle at 310 °C and were wound at 1500 RPMs resulting in a large range of fiber diameters. After
examination, the precursor blend which showed the most promise was oxidized at 220 °C and

carbonized in an Argon environment at 1000 °C.

2.2. Characterization Methodology
DSC/TGA

Thermal analysis of the precursor fibers was performed simultaneously by DSC and TGA
using a Netzsch STA 449 F1 Jupiter machine. The DSC/TGA samples were heated to 500 °C with
a heating and cooling rate of 10 °C/min under an inert (argon) atmosphere. Powder samples
weighing 10 + 1 mg were gathered from the material produced for extrusion and precursor samples

were produced by cutting fibers into short pieces to fit within the platinum crucible.
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Microscopy
Optical and polarized light microscopy was performed using a Hirox digital light microscope.
The samples were retrieved from material leftover post-extrusion and were mounted in epoxy and

polished according to ASTM standard D4616-95.

A FEI Quanta 650 SEM was used to obtain an energy dispersive x-ray spectroscopy (EDS)
map of the fiber cross sections after polishing. SEM images of fracture surfaces were also obtained
for both the precursor and carbonized fibers. All precursor fibers were gold sputtered using a

Cressington Sputter Coater to avoid charging during imaging.

Fourier-transform infrared spectroscopy (FTIR)

A Bruker Invenio-S FTIR Spectrometer was used to determine the FTIR spectra for the
produced blends and mono-materials. To minimize noise, 60 scans were completed with a 1 cm’!
resolution. PET was scanned using FTIR as arrived. The blends and mesophase pitch samples were

scanned using the polarized microscopy samples.

Single Filament Tensile Testing

Single-fiber tensile tests were performed using a nanoscale tensile tester (MTS Nano Bionix
UTM), which has a maximum load capacity of 500 mN and 150 mm of extension. All tests were
run according to ASTM standard D3822-014 with a gauge length of 10 mm, a strain rate of le-4
s! for the precursor fibers, and a strain rate of 2e-4 s™! for the CFs. The average strength, modulus,

and strain of the precursor fibers were determined by the produced stress-strain curves.

3. Results and Discussion
Figure 21 presents the DSC curves produced from the pre-extrusion blends listed in Table 5.

All blends show a characteristic exothermic peak around 260 °C known as the crystallization peak
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for mesophase pitch and can be seen in the sample of pure pitch. The temperature for crystallization
of mesophase pitch varies depending on the feedstock material and manufacturing process of the
pitch but can also be altered by the introduction of plasticizers and other carbonaceous materials.
However, these blends were produced via shear mixing with no thermal or chemical reactions so
there is no shift in the crystallization temperature. The blends with larger weight percentages of
PET (15 and 20%) do contain an endothermic peak near 235 °C which is consistent with the
melting temperature of PET [138]. This melting peak can only be seen in the higher concentration
blends due to the noise of the machine, but it can be assumed that 5% PET blends do show similar

melting characteristics.
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Figure 21. DSC of blended materials pre-extrusion

Since the two materials were mechanically mixed, TGA is used to separate the two materials
capitalizing on their different burn-off rates (Figure 22a). Pitch possesses a much larger carbon
content than PET and therefore has a higher char yield. PET has a char-yield of about 11% and the
difference between the two is what makes TGA a valuable tool for studying the consistency of the
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blends. At 500 °C, the difference between each of the samples ranges from 4-5%. This proves the
blends differ by 4-5% PET post drying and shear mixing ensuring no material was lost during
blending and that all tests moving forward can work under the assumption that the blends ratios

are accurate.

The extruded fibers were also tested using TGA to look for any differences between pre- and
post-extrusion (Figure 22b). Although the extruder is run in an inert atmosphere, off-gassing
occurs from both the pitch and PET and the two materials can be expected to react with each other
when at such high temperatures for an extended period. The fibers were run to 1000 °C to search
for any changes in the materials thermo-gravimetric profiles and to discern any important
characteristics for CF production. At 1000 °C, the fibers produced from the 20% PET blend had
the smallest char yield but only differed by 4% from the pure pitch fibers. All the fibers produced
from the other blends fall somewhere between the 20% PET blend and the pure pitch, and with
such a small difference in char yield it is safe to assume that the fibers do not contain the same
weight ratios as the original blends. As already mentioned, this could arise from burn-off during
extrusion or reactions occurring between the mesophase pitch and PET to form a more stable

composite.
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Figure 22. TGA of (a) powdered material pre-extrusion and (b) precursor fibers as spun

The new material created from the extrusion of pitch and PET would possess chemical
signatures of both. Using FTIR, it is possible to examine a composite material and compare it to
the scans of the two pure substances to determine whether the composite is in fact a mixture of the
two materials. Figure 23 presents the FTIR spectra for all the blended materials, pitch post
extrusion, and as delivered PET powder. There are two noticeable differences between pitch and
the blends which occur in regions (ii1) and (v). The chemical structure for these regions is broken
down in Table 6 [139]. Both regions (iii) and (v) stem from oxygen included bonds which are not
present in significant quantities for pitch. However, the FTIR spectra of the PET powder shows
large peaks in these regions which is expected given PET’s chemical backbone. Therefore, it can
be concluded that the samples prepared post-extrusion do contain both pitch and PET and are

suitable blends for further testing.
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Figure 23. FTIR spectra of materials post-extrusion with varying PET weight %

Table 6. Breakdown of FTIR band assignments and labels

Label Structure Wavenumber (cm™)
i sp? C-H 3150-3050
il sp® C-H 3000-2850
il Carboxyl 1725-1700
v CHz - CH;3; 1465-1375
\ C-0, OH 1300-1000

Next, the same sample pucks used for FTIR were observed under polarized light (Figure 24).
The pucks show the standard pattern for pitch produced from a blend of mesophase and isotropic
pitch. The anisotropic or mesophase pitch is optically reactive and creates the background with
varying shapes and mosaics due to its liquid crystal nature [37]. Meanwhile, the isotropic pitch
coalesces into spheres with a slightly darker tint due to a lower reaction to the polarized light. In
addition to the mesophase and isotropic pitch, PET can be seen in each sample exhibiting a copper
hue. For the blends created from 5 and 10 wt.% PET (Figure 24ab), the PET tends to agglomerate
and form spheres which settle in the isotropic phase of pitch. This behavior has been noted and

seen in blends created from pitch and LLDPE [140]. However, the blends with higher PET weight
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percentages (Figure 24cd) do not show the same agglomeration behavior. Instead, the PET appears
to lose its spherical shape and starts to show a more liquid flow similar to mesophase pitch. This
change in behavior indicates a critical PET concentration in the blend and that incorporating higher
weight percentages of PET could lead to better mixing and compatibility between the two materials
as the PET begins to spread out more evenly in the mixture rather than forming small, tight spheres

in one region of the pitch.

Figure 24. Polarized light images of post-extruded materials with varying PET weight %: (a) 5
wt.% PET, (b) 10 wt.% PET, (c) 15 wt.% PET, and (d) 20 wt.% PET

Seeing the distribution of the PET in the polished pucks, EDS of the extruded precursor fibers
was used to probe for differences between the blends (Figure 25). An initial map of a pitch
precursor fiber was completed to obtain the carbon and oxygen percentages to serve as a baseline

(Figure 25a). The oxygen content of the pure pitch fiber averaged around 2% with no large
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variations across the fiber’s cross-section. The fibers produced from blends were then scanned in
a similar fashion with all of them possessing islands of increased oxygen content significantly
above the 2% baseline. The source of these islands is attributed to the PET given it has an atomic
oxygen composition of 18.2% as determined from its chemical formula (C10HgO4)n [65]. All the
islands contained approximately the same oxygen atomic percentage of 11.7% which is a decrease
from the expected value for untreated PET. It should be noted that due to the high softening point
of mesophase pitch, these precursor fibers were spun at temperatures above 300 °C. At these high
temperatures, the PET decomposed and acetaldehyde was produced through off gassing. [141].
This kind of decomposition would yield a material with a lower oxidation percentage as found by

EDS and explains the TGA results for the precursor fibers seen in Figure 22b.
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Figure 25. EDS map of the cross sections of precursor fibers with varying PET weight %: (a) 0
wt.% PET, (b) 5 wt.% PET, (¢) 10 wt.% PET, (d) 15 wt.% PET, (e) 20 wt.% PET, and (f) spectra
of normalized counts for carbon and oxygen of pitch and a PET island

The precursor fibers were tensile tested to discern the impact blending PET with pitch had on

the mechanical properties (Figure 26). All fibers possessed a linear stress-strain curve

characteristic for mesophase pitch due to its brittle nature. However, the blended fibers all showed
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a different modulus than that of pure pitch independent of the PET. The fibers with the largest
ultimate strength were from pure pitch with the next strongest coming from the precursor fibers
spun from 5 wt.% PET. The 5 wt.% PET fibers showed a strength decrease of 7.6% while having
an improved strain of 219%, which is promising for a low cost, high strain CF should these
properties carry through carbonization. It should be noted that while the other blended fibers share

the same modulus as the 5 wt.% batch, they all showed decreased strength and strain values.
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Figure 26. Stress-strain curves for precursor fibers with different PET weight %

Fracture surfaces from the tensile testing were preserved and imaged to probe the effects the
PET addition had on the internal structure of the precursor fibers (Figure 27). Pure pitch (Figure
27a) had a smooth texture across its cross section which is standard for a brittle fracture. The same
smooth face fracture can be seen in the 5 wt.% PET precursor fiber (Figure 27b) which is to be
expected due to their similar mechanical strengths. The precursor fibers produced from 15 and 20

wt.% PET (Figure 27de) have significant distributions of macroscale defects and pitting on the
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cross section due to the decomposition of PET and explains why they have the lowest strengths at

failure.

Figure 27. SEM images of precursor fibers post fracture varied by PET weight %: (a) 0 wt.% PET,
(b) 5 wt.% PET, (c) 10 wt.% PET, (d) 15 wt.% PET, and (e) 20 wt.% PET

Fibers produced from the blend containing 5 wt.% PET showed the most promise as a CF
precursor and were therefore oxidized and carbonized. The carbonized fibers were mechanically
tested, and their tensile properties are listed in Table 7. Similar to the precursor fibers, pitch CFs
have a higher tensile strength as compared to the CFs produced from the blend with 5 wt.% PET.
However, the CFs produced from this blend are now stiffer, showing an increase in the modulus
and a decrease in strain which is the inverse of the relationship for the precursor fibers and
highlighting the effect the PET has on the CF microstructure. The microstructure of the CF, shown
in Figure 28a, presents a radial structure with a random core. A skin radial-core random CF
possesses a large tensile modulus as compared to a random microstructure due to more graphitic
sheets being in line with the fiber’s axis [83]. PET is a linear polymer with long chains which are

pulled in line with the fiber axis due to shearing forces during extrusion. The shear force starts at
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the edges of the extrusion nozzle and diffuses inward resulting in a radial structure. The long,
polymeric chains of PET assist in aligning the more aromatic molecules from the petroleum-
derived pitch feedstock which then form graphitic sheets during carbonization. The same tensile
results can be seen for the CFs produced from blends of CTP and PET when compared to CFs

produced only from CTP [21]. A typical surface of the carbonized fiber is shown in Figure 28b.

Table 7. A comparison of pitch and pitch-blend CF mechanical properties

. CTP-PET Petroleum  Petroleum pitch-  Petroleum pitch-
Mechanical = CTPCF & o/ op  DichCF LLDPE (5 wt%)  PET (5 wt.%)

Properties [142] [142] [140] CF [140] CF
Strength (GPa)  0.525 0.474 123 0.52 0.91
Modulus (GPa) 23 26 99 76 109

Strain (%) 2.28 1.82 1.24 0.85 0.92

Figure 28. SEM images of the cross-section (a) and the surface (b) of carbonized fibers containing
5wt.% PET
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LLDPE has the same influence due to its linear chains. However, LLDPE is entirely volatilized
during carbonization and leaves voids which decrease all CF tensile properties as compared to CFs
produced from pure pitch [14]. To this point, blends of petroleum-derived pitch and PET show the
most promise for creating a less expensive CF with suitable mechanical properties which can be

used outside of laboratory experiments.

4. Conclusion

This study investigated the effects of blending PET with petroleum-derived mesophase pitch
to produce precursor fibers and CFs. The introduction of PET into mesophase pitch leads to
changes in the thermal properties of the bulk material. As the blends are spun, the PET decomposes
and agglomerates leading to small pockets of higher oxygen percentage material within the
precursor fibers. These blended fibers have different mechanical properties, the most significant
of which being a decreased modulus independent of the amount of PET included in the original
blends. However, the ultimate strength of the fibers decreased as the PET weight percentage
increased. The most promising precursor fibers were created using a 5 wt.% PET blend and were
thus oxidized and carbonized. The resulting CFs continued to show a decrease in tensile strength
as compared to the CFs produced from pitch, but now possessed an increased modulus due to a
change in transverse microstructure. This provides a framework for modifying the precursor
material to achieve different CF mechanical properties which may be more ideal in certain settings

while also decreasing the overall cost by blending in far less expensive feedstock.
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Chapter 4: Comparative analysis of radial and random
microstructures of mesophase pitch carbon fibers

1. Introduction

This study aimed to utilize a specific nozzle design and an established location for a single
disruption filter to alter the microstructure of the resulting fiber. One batch was produced with a
high-shear nozzle and no disruption filter to produce radial CF. A second set of fibers was extruded
using a conical entry nozzle with a single disruption filter under the reservoir to disrupt the flow
as late in the spinning process as possible. SEM was used to image the texture of the transverse
cross sections. Tensile testing was carried out with fibers to determine their average mechanical
properties, and they were then analyzed using Weibull analysis. Wide-angle x-ray diffraction
(WAXD), small-angle x-ray scattering (SAXS), Raman microscopy, and transmission electron
microscopy (TEM) were used to gather a complete picture of the CF microstructures. Ultimately,
this work aims at further developing the understanding of the effects of different mesostructures

on CF’s micro and macro scale properties.

2. Experimental Methods

2.1. Materials and Preparation

The mesophase pitch used in this study was provided by MotorCarbon LLC and used as
received. The mesophase pitch, called Meso-C, was found to have 75 vol.% mesophase content.
Proximate analysis and total carbon and sulfur contents were carried out, with the results reported

in Table 8.
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Table 8. Total carbon, total sulfur, and proximate analysis performed on MotorCarbon’s Meso-C
mesophase pitch

Parameter Result (%)
Total carbon 94.61
Total sulfur 0.58
Ash content 0.02
Moisture 0.13
Fixed Carbon 80.92
Volatile matter 19.06

Extrusion was completed using a lab-batch gas-pressure driven extruder. 100 grams of pitch
was loaded before being sealed and flushed with nitrogen. Once an inert atmosphere was
established, heating began until the nozzle extrusion temperature reached 310 °C. Pressure was
increased until an even and constant pitch flow was maintained through a 14-micron mesh filter
section to remove any solid impurities. Two 100-micron nozzles with different geometries were
used to create two fiber types with unique microstructures. Both nozzles had the same length-to-
diameter (L/D) ratio of 2, but one had a I mm cylindrical pitch reservoir while the other had a
conical reservoir. This conical shape allowed a disruption filter to be placed directly above the
nozzle so the pitch flow could be altered directly before spinning. The goal of the second nozzle
was to break down any structure generated by the shear forces from the nozzle walls and produce
a non-radial fiber. Both sets of fibers were wound using a drum with varying rotating speeds to
achieve average precursor fiber diameters of 12.2 (£0.9) um with a filter and 12.7 (£0.7) um
without a filter (Figure 29). A t-test was completed, and a p-value of 0.26 was found. Given this
p-value, greater than 0.05, it was determined that the difference in the fiber diameters was not

statistically significant.
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Figure 29. SEM images of precursor fibers produced a) without a disruption filter and b) with a
disruption filter. A histogram (c) of the precursor fiber diameters created with disrupted and
undisrupted flow is also shown with the calculated average fiber diameters

Both types of fibers were further processed with the same heat treatment. Stabilization was
conducted at 210 °C to ensure complete oxygen diffusion while avoiding over-oxidation [87]. To
check the quality of the oxidation procedure, EDS was carried out as a scan to measure the oxygen
atomic weight percentage through the oxidized fiber cross-section (Figure 30) [143]. The fibers
spun with and without a filter both had identical, flat oxidation profiles, signifying complete
oxidation from the edge to the core of the fibers. Finally, carbonization was carried out in a GSL

1800X tube furnace at 1750 °C.
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Figure 30. Oxygen wt.% across the fiber cross-section measured by EDS. The near-identical
oxygen distribution between the samples indicates that variations in mechanical and structural
properties cannot be attributed to different oxygen contents

2.2. Characterization Methodology
Single Filament Tensile Testing

The diameters of all CF monofilaments were measured using an Olympus BXS53 optical
microscope with a 50x objective lens and custom image analysis script prior to testing. The single-
fiber tensile tests were run in accordance with ASTM standard D3822-014 on a nanoscale tensile
tester (MTS Nano Bionix UTM). A gauge length of 10 mm and a strain rate of Imm min™! were

used.

Weibull analysis was used to analyze the tensile test results further. Tensile strength is
susceptible to defects and is primarily affected by sample volume [79,144]. Since the same gauge
length was used for the CF tested, the radius of each CF is the only value that changes the sample
volume. With this fact in mind, the Weibull parameters can be utilized to predict the CF strength
at different gauge lengths given an identical diameter or the CF strength at different diameters

given an identical gauge length [145]. The tensile strength of the radial CF was predicted at a
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diameter of 9.1 um, the average CF diameter of the non-radial CF. This was done to ensure an

even comparison between the CF regardless of any differences in their average diameters.

Electron Microscopy

SEM was completed using a FEI Quanta 650 field-emission SEM with an acceleration voltage
set to 7 kV. The SEM images were all produced in secondary electron mode with an Everhart-
Thornley detector. To avoid charging effects, the mesophase pitch precursor fibers were sputter
coated with AuPd using a Cressington Sputter Coater. All cross-sectional images were produced
by mounting the fibers vertically on an SEM stage and then sectioning using a fresh razor blade to

minimize crushing and altering of the microstructures.

All TEM images and electron diffraction measurements were completed using a Themis Z 3.1
microscope operating at 300 kV. The samples were manufactured using a Helios UC G4 Dual
Beam Focused Ion Beam-SEM. FIB milling was used to create a longitudinal section of 20 (£2)
microns along the fiber axis which was 50-70 nm thick. It was then placed on a copper TEM
pronged grid for imaging (Figure 31). FIB was chosen as the method to produce the samples as it
maintains the structural integrity of the samples with the drawback of possible GA™ ion
implantation, which must be accounted for when analyzing the elemental composition of the
section with a method like electron energy loss spectroscopy (EELS) [146]. Fast Fourier

Transform (FFT) images were generated using ImageJ with a spectrum overlay for easy reading.
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Figure 31. a) Schematic showing the section of the CF cut using FIB and b) the placement of the
CF section on a TEM prong grid. ¢) A 50x image of the TEM sample

Raman Spectroscopy

The CFs were mounted vertically in epoxy and polished according to ASTM standard D4616-
95 for cross-section analysis. Raman cross-sectional maps were obtained using a Renishaw 100
confocal Raman microscope with a laser wavelength of 532 nm. A point spectrum was taken from
the center of the cross-section, and the maps were created with a 200 nm X-Y step resolution. The
depth resolution is estimated to be less than 100 nm [147]. Following previous works, a curve
fitting procedure including five bands was utilized to analyze each point spectrum using the Wire
software (Renishaw) [6]. These bands were the I band (~1200 cm™), D band (~1350 cm™), G band
(~1580 cm™), A band (~1520 cm™), and D’ band (~1620 cm™), as displayed in Figure 32. Only
the D and G bands were used for the generation of the maps and any changes in the ratio of the D

and G bandwidths, locations, and relative intensities (Ip/lg) were investigated.
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Figure 32. Raman spectra fitting used for the cross-sectional mapping. The D/G bands are shown
in red as they are used for analysis, while the other bands are shown in yellow and were not used
in any analyses as they stem from amorphous or small crystalline carbons

Using the Tuinstra-Koenig (TK) equation, (1), with laser dependent coefficient, C(A4,), the
crystallite size L, was estimated using the average relative intensity ratio [148,149]. Depending
on the wavelength used, C(4,) can range from 44-120 A [149,150]. For this study, a constant value
of 44 A was used. This estimation is only valid for crystallites with a L, > 2nm as the TK equation

has shown to fail below this limit [132].
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A separate method for calculating L, by using the FWHM of the G band has been shown. Maslova
et al. generated Equation (2) with a linear fitting of their FWHM values and L, determined from
XRD [151]. This relationship leverages the consistent nature of the FWHM(G) regardless of the

wavelength laser used.

430
FWHM(G) = 14 + Q)
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Wide Angle X-Ray Diffraction

WAXD was conducted with a Bruker D8 Venture utilizing Cu-Ka radiation at a wavelength
of 0.154 nm. The scans were completed with the beam oriented perpendicular to the fiber axis and
the 2D detector plane positioned perpendicular to the beam. The air background was subtracted,
and the Bruker APEX4 software was used to integrate the 2D patterns into 1D patterns. Integration
was performed along narrow slices along the equatorial and meridional directions, producing
equatorial and meridional 1D patterns with a 20 range of 10-106°. The crystallite sizes (LcL and
Lal) were calculated from the equatorial and meridional patterns, respectively, using Scherrer’s

Equation (3). Interplanar spacings, doo2 and dio, were calculated using Bragg’s Law (4) [152].

L K2 L K2 \
L7 FWHM,, c0s(802) '™ FWHM,, cos(610) )
n/l = 2d002 Sin(gooz) Tl/l = 2d10 Sin(elo) (4)

For Equation (3) and Equation (4), A is the wavelength of the x-rays, K is the shape factor, 6 is
half the profile fit Bragg angle (260), and n is the diffraction order. The FWHM of both peaks was
found by fitting the 1D trace plots with pseudo-Voigt functions, and K was set as 0.9 for the (002)
plane and 1.84 for the (10) plane [153]. It has been shown that the shape factor significantly
deviates from these constants for crystallite sizes less than 15 nm, so some error should be expected

when calculating Lgjand L¢, [154,155].

The average orientation of the graphite crystallites along the fiber axis was determined using
the half width half max along the (002) plane of the azimuthal intensity. The orientation parameter,
(cos?(@)), was calculated using Equation (5) and Herman’s orientation factor, fyo,, was

calculated using Equation (6) [119,156].
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Small Angle X-ray Scattering

SAXS was performed with a Xenox Xeuss SAXS setup using an Excillum liquid metal jet Ga-
source with a wavelength of 0.134 nm. The scans were completed on a single fiber with the x-rays
parallel to the fiber axis and an exposure time of 1200 seconds. It should be noted that this is the
first time that SAXS data has been obtained with an X-ray beam parallel to the fiber axis to our
knowledge. The radial CF provides the optimum configuration for radially symmetric information
with the least distortion due to the longer-range structure formation parallel to the fiber axis. A
Dectris Pilatus 2D detector was used, and the SAXSutilities2 program was chosen to visualize the
diffracted patterns. 1D azimuthal trace plots were generated for the entire phi region (360°) due to

the expected radial symmetry.

Using the azimuthal trace plots, the natural log of the intensity multiplied by the wave vector,
q, was plotted against q* to generate cross-section Guinier plots, which allows for analysis of the
radius of the scatterer present in the CF. Many works have previously assigned needle-like pores
as being responsible for the scattering present in the small q range (q <2 nm™') [157-161]. Recent
articles have suggested that the scattering may be due to density fluctuations in the mesoscopic
structures present in CF [78]. Regardless of the scattering origin, the method for determining the
lengths of these scatters remains the same. The approximate average radius of gyration, Rg, of the

scatterers can be determined using Equation (7):
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(g1) = (Iq), (exp (—%qZRgZ) (7)
Where Ry is estimated using the slope of the linear portion of the cross-section Guinier plot.
To be valid, the q value must be sufficiently small such that gR; < 1, also known as the Guinier
region [162]. Depending on the expected shape of the scatter cross-section, the diameter, d, can be
calculated. As previously mentioned, the accepted structure is a needle-like shape, which can be
thought of as a rod with the long axis parallel to the long axis of the CF. Since these scans were
parallel to the fiber’s long axis, the expected cross-section would be circular [163]. Therefore, the

diameter of the cross-section of the scatter can be determined with Equation (8):

d =2,/5/3R, ®)

3. Results and Discussion

Post carbonization, both sets of CF were imaged by SEM to observe the carbon microstructure
of fibers extruded with and without a disruption filter. With no flow disruption, a typical radial
microstructure with the graphitic planes converging towards the center was created (Figure 33a).
This uniform alignment of the graphitic sheets can be best observed near the edge of the CF as
shown in Figure 33b. This radial structure has been identified before and is produced due to
shearing forces during extrusion which align the liquid crystal mesogens in the mesophase pitch.
Due to the long, cylindrical reservoir, no disruption filter, circular nozzle geometry, and a L/D of
2, a radially uniform structure was expected [83]. The relatively large shearing forces are equal

around the entire edge, leading to a focal point in the middle of the fiber.

The second nozzle used in this study consisted of a large, conical reservoir. This geometry

significantly dissipates the shear forces effect on the microstructure, given that more volume per
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surface area is allowed to pass through the reservoir. Paired with a disruption filter at the nozzle
entry, any structural developments should be distorted. This was done to create a “random”
microstructure, observed and shown in Figure 33c. The edge alignment (Figure 33d) better
highlights this effect. It displays the highest order, but the graphitic planes show no order in the
transverse directions. The difference in observed textures shows that a combination of nozzle
geometry and disruption filters formed two unique microstructures. From this point, sample 1 CF
spun with no disruption filter will be referred to as “radial CF,” and sample 2 CF spun with a

disruption filter will be referred to as “random CF.”

Figure 33. SEM of the radial CF’ a) transverse cross-section and b) edge plane alignment. The
radially symmetric structure is visible. SEM of the random CF’ c) transverse cross-section and d)
edge plane alignment where structure at similar length scales can be seen without radial symmetry
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Before tensile testing, the diameter of each fiber was measured using an optical microscope
with a 50x lens (Table 9). The random CF showed a 25.3% (£4.2) decrease in diameter compared
to their precursor pitch fibers, while the radial CF’ diameter decreased by 21.4% (£2.2) on average.
The increased shrinking rate of the random CF was thought to be due to the decrease in transverse
orientation, which allowed for more shrinkage in that direction. The average tensile properties and
their associated standard deviations, based on a set of 20 filaments, are listed in Table 9. The
random CF showed superior strength, modulus, and strain at break. This aligns with previous
works showing that mesophase-pitch-based CF with a random microstructure is tougher, with a
higher strain to failure [83]. This has been attributed to relaxation in the graphitic sheet alignment,
which increases strain with a minimal loss in modulus, leading to an overall increase in tensile

strength.

Table 9. Diameter measurements and mechanical properties for the radial and random CF

. Tensile strength  Tensile modulus  Strain at break
Diameter (um)

(GPa) (GPa) (%)
Radial 9.98 +£0.49 1.69 +£0.56 252.1+34.3 0.68 +£0.21
Random 9.10+0.87 2.23+0.71 287.5+52.9 0.78 £0.21

When comparing the mechanical properties of CF, Weibull statistical analysis has proven to
be the most reliable method, as it removes the uncertainties caused by variations in the average
fiber diameters. Figure 34ac displays the linear fittings of the CF strengths in Weibull coordinates
and the equation of the best linear trendline fit. The shape factor, a, is determined from the slope
of the line, giving a value of 3.1 (+0.12) for the radial CF and 3.2 (+0.15) for the random CF. A
typical shape parameter for commercially available CF ranges from 3-10, with a larger o indicating
a homogeneous flaw distribution, smaller defects, and a lower scattering in tensile strength [164].
For a value of a between 3-4, Weibull approximates a normal distribution [165]. The shape
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parameters for the radial and random CF are at the bottom of the range for commercial CF, but the
linear fit is of quality, as shown with both fits having an R? value greater than 0.9, and the Weibull
predicted probability of failure can be plotted against the experimental results (Figure 34bd). The
predicted fit is aligned with the experimental results, ensuring the calculated Weibull parameters

are accurate.

Weibull analysis was used to predict the strength of the radial CF with the same average
diameter as for the random CF. The predicted tensile strength of the radial CF was 1.79 (£0.19)
GPa at 9.10 um compared to the measured strength of 1.69 GPa at 9.98 pum. This is still a 20%
decrease in tensile strength compared to the random CF's measured strength. This is significant
and proves that the difference in mechanical properties of the two sets of CF is not diameter-

dependent and is instead directly related to the different carbon microstructures of the CF.
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Figure 34. Linear fittings in Weibull coordinates used to calculate shape parameters for the a)
radial CF and the c¢) random CF with the Weibull fit compared to the experimental data for the b)
radial CF and the d) random CF

Consequently, these microstructures were characterized to establish structure/property
relationships. The Raman maps of the random CF are displayed in Figure 35. Raman analysis
provides information on the graphitic structure of the CF and can be used to estimate crystal sizes
and their orientation parallel to the laser direction [166]. The most common method for analyzing
the CF Raman spectra is studying the peak intensity ratio of the D and G bands, Ip/Ig (Figure 35a)
[131,167,168]. A clear, uniform Ip/Ic was found, concluding that no differences were present
between the core and shell of the fiber and that the crystal structure was uniform across the cross-
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section. The average value of Ip/Ig was found to be 1.26, with a standard deviation of 0.13. Given
the long and even oxidation, as previously shown, paired with the slow ramp rate used during

carbonization, uniformity with a low standard deviation was the expected result [125].

The ratio of the D and G peak widths (Figure 35b) and positions (Figure 35c) were also
plotted, as previous works have shown that these parameters also provide insight into the CF
carbon structure, such as defects and strain dependencies [6,169]. The widths of the two bands
tend to have the most significant statistical deviation given the fitting procedure. Therefore, some
variation is expected. The average ratio of the peak widths was 1.25, with a standard deviation of
0.34. The deviation in this ratio is roughly 3x that of the intensity ratio; however, the randomness
of the peak width ratio throughout the fiber still indicates uniformity in the CF microstructure
across its cross-section. The ratio of the peak positions also confirms this, as it is the least affected
by the fitting procedure. Here, the ratio of the peak positions was found to be 0.85 on average,
with a standard deviation of 0.002. As expected, the deviation of the peak positions is significantly
smaller than those found in the peak widths and intensities. All in all, no significant differences in
the crystal size and orientation across the CF cross-section were found. This was the same case for

the radial CF Raman maps.
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Figure 35. Raman mapping of a random CF cross section showing the ratio of D and G bands: a)
intensities, b) peak widths, and c) peak positions

The average Ip/lg and FWHM(G) for both the radial and random CF were calculated and listed
in Table 10. Using these values and Equation Error! Reference source not found. and Equation
Error! Reference source not found., values for L. were estimated and listed in Table 10. Equation
Error! Reference source not found. utilizes the Ip/Ig and estimated L. to 3.70 nm and 3.49 nm for

the radial and random CF, respectively. These values are greater than 2 nm, stating that the TK
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equation is valid. However, the constant value used in the calculations was for a 514.5 nm laser,
which forces an underestimation of the crystallite size since these experiments were run with a 532
nm laser, and the constant value for this wavelength has not yet been determined. The L. values
calculated from Equation Error! Reference source not found. are 10.6 nm and 12.7 nm for the
radial and random CF, respectively. These estimated values are much larger, but this method does
not rely on a wavelength-dependent constant, leading to a more reliable conclusion. Both results

were compared to the calculated values using WAXD.

Table 10. Raman parameters for radial and random CF with calculated La values

L. (nm) Error! L. (nm) Error!
In/la Reference FWHM(G) Reference
source not source not
found. found.
Radial 1.19 £ .21 3.70 + .65 544+74 106 +1.4
Random 1.26 +£.13 349 + .36 47.8+6.5 127+ 1.7

WAXD was utilized to estimate the crystallite sizes and their orientation along the fiber axis.
The 2-dimensional intensity plots are presented in Figure 36ab for the random and radial CF,
respectively. Utilizing these plots, the 1-dimensional trace plots in the meridional direction
(Figure 36¢) and equatorial direction (Figure 36d) were plotted. The 1-dimensional trace plots
were used to find the crystal peaks and the parameters of these peaks. Although powdered samples
(40-50 pm) are commonly used for WAXD analysis due to the high reproducibility of results and
simplicity in experimental set up [170], collecting WAXD patterns from long, oriented bundles of
CF has many advantages. Due to the configuration of the bundles, parameters such as crystallite
orientation and crystallite lengths in specific directions can be estimated. This important
orientational information is lost when the samples are in powder form. Additionally, the structural
characterizations change depending on the breadth of grinding and method utilized due to a
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breakdown in the crystals over time and an increase in amorphous carbons present [171]. Lastly,
the benefit of performing WAXD on an entire CF bundle is that the fibers can be retrieved and
mechanically tested post processing, thus developing a better correlation of the effects the

crystallographic properties on the CF tensile properties.
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Figure 36. 2-D WAXD plots with equatorial integration region shown for the a) random and b)
radial CF. The 1-D trace plots were graphed in the ¢) meridional and d) equatorial directions. The
intensities are normalized to the maximum value for their respective 1D trace plot
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Using Scherrer’s Equation (3) and Bragg’s Law (4), the interlayer spacings (dnki) and the

average crystallite sizes (Lgyjand L, ) were calculated (Table 11). It was not possible to calculate
Lq,and Ly as the (10) intensity in the equatorial plot and the (002) intensity in the meridional plot
were not intense enough to fit with any reliable accuracy. Therefore, Ly and L, will be referred

to as L,and L, for the rest of the manuscript. The interlayer spacing in the fiber axis direction (c)
and the interatomic distance in the perpendicular direction (a) are identical for the radial and
random CF, while the crystallite sizes vary. This equivalence leads to the conclusion that the final

HTT determines the interlayer and interatomic distances, not the mesoscopic texture of the fiber.

The radial CF crystallites are slightly thicker in the fiber direction. However, the difference is
only 0.8 A, less than the interlayer distance doo2 (3.43 A), making the difference between the
samples statistically negligible, indicating that the texture does not significantly impact crystallite
stacking. However, the difference between L, values is 7.5 A. This is equivalent to 3-4 times the
interatomic distance dio. This significant difference shows that the radial and random

microstructures influence crystallite growth.

It was also found that the radial and random microstructures affect the orientation of the
crystallites. By calculating Herman’s orientation factor, f,o,, using Equation (5) and Equation (6),
it can be seen that the random CF is slightly more oriented about the fiber axis. This is slightly
surprising given that the radial CF is produced through increased shear forces, which should
provide more axial alignment. However, crystallites with smaller dimensions in the perpendicular

direction may be more prone to misorientation.
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Table 11. Crystallite parameters generated from WAXD 1-dimensional trace plots, using
Scherrer’s Equation and Bragg’s Law

dooz (A) L. (nm) dio (A) L, (nm) foo2
Radial 3.43 + .01 727+ 41 2.11 £ .01 5.94 + 20 0.82 +.01
Random 3.43 + .01 7.19 + .40 2.11 £ .01 6.69 + .24 0.86 +.01

Due to the high electron density contrast between possible scatters, pores, or crystallite density
fluctuations, and all other material phases that can be present in the fibers, the SAXS data is
dominated by the presence of such scatters and can be utilized to assess their sizes in the radial
and random CF. The SAXS 2-dimensional plots are shown in Figure 37ab. While a completely
symmetric plot was expected, given the parallel configuration, some asymmetry can be seen. This
asymmetry is due to experimental limitations, specifically dealing with the inability to have zero
sample tilt. While limited, any sample tilt will be visible in SAXS, especially due to the increased
distance between the sample and detector compared to WAXD. Azimuthal integration for the
entire breadth of the scatter was completed. The azimuthal data was then utilized to create cross-
section Guinier plots, shown in Figure 37c, to estimate the radius of gyration, Rg, and diameter of

the scatterers, d, for both CF.

The linear fit was generated for the cross-section Guinier plots of the radial and random CF,
and the Ry for each was estimated to be 1.5 nm and 1.7 nm, respectively (7). The fit was within
the Guinier region, making further analysis possible without the increased error associated with
exceeding the Guinier limit. Assuming a circular cross-section of the scatter given the parallel
beam orientation with the long axis of the fiber, the diameter of the scatter was estimated using
Equation (8). For the radial CF, the estimated average diameter of a scatterer was 3.8 (£0.4) nm,
and the random CF average estimated scatter diameter was 4.6 (+0.5) nm. Literature comparison
is less direct as these are the first reported values calculated using SAXS in a parallel configuration.
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Li et al. studied features of various CF using SAXS in the perpendicular orientation but calculated
the diameters for the scatter in the parallel and perpendicular directions [172]. The short axis they
calculated should be comparable to the diameters calculated here with a parallel orientation. Li et
al. found a perpendicular diameter ranging from 1.9 nm to 6.3 nm using a Debye fitting procedure.
The results reported using a parallel configuration fall within that range and are on equivalent
length scales to the L, values estimated using Raman and WAXD. Therefore, the authors find that
SAXS completed in the parallel orientation can be used successfully to determine information
about the scatters’ length scales perpendicular to the fiber axis while removing noise from larger

structures along the fiber axis.
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Figure 37. 2-dimensional SAXS plots of the (a) random and (b) radial CF. A 1-dimensional
azimuthal trace plot was generated from ® = 0° to @ = 360° for both CF and was used to calculate
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the (c) cross-section Guinier plot for both. The black lines show the linear fitting, while the vertical
dashed lines represent the Guinier limit for the respective scattering plot

In addition to SAXS, TEM is a powerful tool for studying the microstructure of semicrystalline
materials, as it enables a direct visual inspection of the microstructural features. TEM images and
selected area electron diffraction (SAED) of the longitudinal section of the radial CF (Figure
38abc) and the random CF (Figure 38def) were completed. Figure 38ad shows the standard bright
field TEM image of the radial and random CF. Both show the fiber axis oriented left to right and
the electron diffraction pattern in the top right. Using this diffraction method, a selected area
aperture was used to isolate the diffraction patterns at different fiber positions. Figure 38be shows
only crystallites with orientation in (002) direction, and Figure 38cf shows only crystallites with
orientation in (10) direction. When observing the (10) diffraction intensities, small clusters of
bright spots scatter throughout both the radial and random CF. This was unexpected and is most
likely due to contamination in both samples and a strong crystalline (10) diffraction pattern. More
notably, however, the radial CF showed a distinct core when the (002) diffraction intensity was

isolated, as displayed in Figure 38b. This core-shell structure was not present in the random CF.
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Figure 38. TEM image and SAED of the a) radial CF and the d) random CF. Using a selected area
aperture, the (002) plane intensity was isolated and imaged for the b) radial CF and ¢) random CF,
and the (100) plan was isolated and imaged for the c) radial CF and the f) random CF

More detailed TEM images were taken after discovering a core-shell structure in the radial CF
sample. The magnification was increased from 3300x to 27kx and focused on the transition
core/shell structure (Figure 39a). This image showed a clear difference in the crystallite structure
depending on location. A further increase in magnification to 230kx allowed for individual
analysis of the core and shell regions at the atomic level. Figure 39bc shows the TEM images of
the radial CF’s shell at crystallite length scales. The crystallites show a high orientation with the
fiber axis [172]. On the contrary, the crystallites in the core region shown in Figure 39de lack
orientation and are visually smaller. One reason for this core-shell development lies in the
mesostructure of the CF, as a radial pattern forces different growth at the shell as compared to the

core. As the graphitic sheets converge in the center, or core, of the CF they have less mobility due
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to structural constraints. Therefore, the crystallites in the core are unable to grow and expand at
the rate as compared to the shell. This congested growth would produce smaller crystallites with

less orientation as evidenced in Table 11.

To further emphasize the impact of the core-shell structure, FFT images of the HRTEM shown
in Figure 39bd were produced and presented in Figure 40. It should be noted that the FFT images
were produced with a horizontal fiber alignment as compared to the vertical alignment used in
WAXD, thus creating a similar diffraction pattern but rotated 90°. The FFT of the radial CF shell
(Figure 40a) presents a standard pattern expected for CF [155]. The (002) plane possesses a clear
orientation in the equatorial direction (vertical for this fiber alignment as compared to Figure 36a)
with a narrow width corresponding to larger crystallites. Meanwhile, the FFT of the core of the
radial CF, Figure 40b, echoes a pattern similar to that found in unoriented crystalline carbon. The
rings are symmetrical around the center, insinuating no preferred alignment of crystallites, and the
width of the rings is broader, meaning the crystallites are smaller than those found in the shell.
This core region, while it is only 800 nm in diameter, explains the decrease in average L. and £,

as compared to the random CF.
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Figure 39. TEM image of the a) core-shell in the radial CF sample. HRTEM images of the shell
(b and ¢) and the core (d and e). The HRTEM of the shell presents well-ordered graphitic
crystallites oriented in the fiber axis direction while the core is crystalline, but the crystallites are
smaller and unordered

Shell

Core

Figure 40. FFT of the HRTEM images of the radial CF’s a) shell and b) core. The pattern for the
shell shows a clear orientation expected for CF, while the core presents with rings similar to
amorphous carbon, demonstrating a lack of order

As seen in Figure 38def, the random CF did not have the same core-shell structure and was

instead homogeneous in structure across the longitudinal cross-section. Further magnification was
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also done for this sample to examine if the crystallites were well-ordered, as predicted by WAXD.
They are shown in Figure 41. The crystallites formed large sheets which are all parallel in the
fiber direction, along with some slight waviness to them, as explained by f;q, not being equal to
1. Overall, the TEM of the random CF sample showed a well-ordered structure, which indeed

correlates with their high mechanical performance.

Figure 41. HRTEM of the a) random CF and b) its crystal structure. HRTEM shows that the
graphitic crystallites are well-ordered and oriented in the fiber direction

Further examination of the contaminants discovered in Figure 38cf was also completed. With
the high intensity shown by these contaminants when the (10) plane was isolated, it was known
that they were highly crystalline, as shown in Figure 42ab, and noncarbon. TEM high-angle
annular dark-field (HAADF) was selected and used with a larger viewing area (Figure 42c). Using
ImageJ, the long and short axes of some of the contaminants, mainly the larger ones, were
measured with the long axis found to average 280 (£20) nm and the short axis averaged 55 (+10)
nm. HAADF combined with EELS enables elemental analysis of the sample, as shown in Figure
38de, using overlays. The presence of sulfur was unsurprising, given that the mesophase pitch
feedstock contains sulfur. Typically, the sulfur off-gases during carbonization, but the presence of
calcium enabled it to bond and form an ionic salt. Calcium sulfide (CaS) is a compound that

crystallizes, explaining the structure observed, and it possesses a melting temperature of 2525 °C,
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meaning that it cannot be removed at standard carbonization temperatures [173]. The presence of
CaS also explains the unknown peaks found at 26~32°in the WA XD meridional trace plots [174].
The calcium came from residuals on the extrusion equipment as it was not present in the pitch as
delivered. To limit this problem, the CF would need to be produced in an environment that
significantly limits the amount of calcium and other non-carbon elements from contaminating the

pitch precursor.

82



400 nm

400 nm

Figure 42. HRTEM of the a) contamination particle and of the b) contamination’s crystal structure.
Utilizing c) HAADF, elemental mapping was completed, and the overlays of d) Sulfur and e)
Calcium show that the particles are made of a mixture of the two elements

Given the prevalence of contaminants, the Griffith’s Theory can be applied to understand the
increase of strength that may be achievable should the CF be reproduced contaminant-free.
Griffith’s Theory outlines that as the critical flaw size decreases, the estimated tensile strength of

the CF increases [175]:
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Where o5 is the tensile strength at fracture, E' is the measured modulus from Table 9, and y is the
surface energy. For CF, the assumption that no plastic deformation occurs is valid, and the total
fraction energy equals double the surface energy [128]. The surface energy of CF can be calculated

by equation (10):

2Ycr = 2y¢ %(COS (9)) (10)

Where y;; is the thermodynamic surface energy of graphite crystal (4.8 J/m?), pc is the density of
the CF (assumed to be 1800 kg/m?), p; is the density of a graphite crystal (2265 kg/m?), and
(cos (@)) is the average cosine of the crystallite orientation previously determined using WAXD

and calculating Herman’s orientation factor.

Figure 43 shows the plot of the Griffith’s Theory predicted tensile strength of the CF against
the critical flaw size ranging from 10-500 nm with the average experimental tensile strength for
both the random and radial CF shown with solid dots. Using Equation (9), the critical flaw size for
both CF can be backed out using the average tensile strength values of 200 nm for the radial CF
and 133 nm for the random CF. The critical flaw size direction is perpendicular to the fiber, and
therefore, the calculated flaw size for both CF was larger than the measured contaminants in
Figure 42c, 55 (£10) nm. Given the randomness of these defects’ locations and the very limited

area probed by TEM, it is coherent to assume larger contaminants exist. If the CF were produced
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in a way that limited their average critical flaw size to those recorded in the literature (18-66 nm)

[176], the tensile strength of both samples would exceed 3 GPa and possibly reach 4 GPa.
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Figure 43. Griffith’s theory predicted tensile strength with filled circles representing the
experimental strength and dotted lines representing the average defect size according to SAXS

It is important to note that Griffith’s Theory does not perfectly represent the strengths that
could be reached, as it typically results in overestimating tensile strength [177]. Also, it is unclear
what effects the core-shell structure in the radial CF has on the mechanical properties. The Griftith-
Irwin relationship is, however, an acceptable method for examining the potential the random CF
could have regarding their tensile strength, given that they are uniform in their structure, as

evidenced by TEM (Figure 38d) and Raman (Figure 35).

4. Conclusion

Two types of CF were produced using the same feedstock, mesophase pitch. The first set of
CF (sample 1) was produced with a “standard” cylindrical entry nozzle and no disruption filter,
resulting in a typical radial microstructure (radial CF). The second set of CF (sample 2) was

produced using a conical entry and a disruption filter to decrease the applied shear stress and
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breakdown of any developed microstructure, which is thus referred to as random CF. Both types
of CF were mechanically tested, and it was found that the tensile strength of the radial CF was
1.67 GPa as compared to 2.23 GPa for the random CF. Weibull analysis was performed better to
compare the tensile strengths of the two CF given their slightly different diameters, and it was
found that the radial samples had a predicted tensile strength of 1.79 GPa when their diameters
were scaled down to those of the random CF. Therefore, it was determined that the difference in

the tensile strengths was due to differences in the microstructures.

To further examine the effects of the different microstructures, Raman mapping was completed
on the cross-section of the random and radial CF and revealed that carbonization resulted in a
uniform, crystalline material. WAXD was then used to determine the parameters of the crystallites
present in the CF, and the radial and random CF possessed identical interlayer spacing, interatomic
spacing, and L., but different values for La. La of the radial CF was found to be smaller, thus
showing the influence spinning has on the basal plane size. To the authors' knowledge, the SAXS
experiments conducted with the beam parallel to the fiber are reported for the first time. Using an
azimuthal integration and cross-section Guinier plots, the average diameter of the scattering cross-
sections was calculated and determined to be on the same length scale as L., showing the validity
of this method. The parallel scan benefits lie in removing noise generated by long-range-oriented
effects along the fiber axis, allowing for improved analysis in the transverse direction. Future work
examining graphitized fibers with significantly larger crystal length scales could greatly benefit

from implementing parallel scans.

TEM showed the presence of a core-shell structure for the radial samples, with the core

consisting of smaller and less oriented crystallites. FFT of the core and shell images were generated
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and showed the orientation present in the shell and lack of preferred ordering in the core, thus
confirming the decrease in L. shown in WAXD. TEM also showed the presence of contaminants
identified through EELS as CaS, which were expected to have negatively impacted the tensile
strength of the CF, given their size. Griffith’s Theory was examined was examined to predict the
strength of the CF if the contaminants were removed or decreased in size. If the CF could be
produced so that the largest contaminants were the same size as the average critical flaw sizes

found in literature, the radial and random CF tensile strengths could reach 3 GPa and above.
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Chapter 5: Influence of oxygen uptake on pitch carbon fiber

1. Introduction

In this work, mesophase pitch precursor fibers were oxidized to various weight percentage
increases (1 wt%, 3.5 wt%, 5 wt%, 7.5 wt%) at different temperatures (260°C, 280°C, 290°C). A
weight increase percentage is usually taken as a metric for bulk fiber stabilization, and, from a
simplistic standpoint, can be used as a measure of how much oxygen is present in the fiber. The
stabilization procedures were first performed in-situ using a combined DSC and TGA. The TGA
measurement was used to determine time required at a specific temperature to achieve a specific
oxygen weight percentage increase (1 wt%, 3.5 wt%, 5 wt%, 7.5 wt%). Following this, fiber
bundles were stabilized under the same conditions and then carbonized up to 1000°C in a nitrogen
atmosphere. The carbonized fiber filaments for each stabilization temperature and time were then
tested for tensile performance. Micrographs of the CF filament fracture surfaces were then
acquired. Conclusions were drawn regarding oxygen weight uptake percentage, stabilization

temperature, stabilization time, fiber microstructure, and mechanical properties.

2. Experimental Methods

2.1. Material Manufacturing

The mesophase pitch used in this study was purchased from MotorCarbon LLC and was used
as received, with an approximate mesophase volume fraction of 70% [140]. The pitch was ground
and loaded into a pressure-driven batch extruder at room temperature. The pitch was kept in an
inert (nitrogen) atmosphere while the extruder climbed to a target temperature of 315 °C. Once the
target temperature was reached, the mesophase pitch was extruded to produce precursor fibers

using a high pressure and were wound onto a roller. The extruder was equipped with a mesh filter
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to remove any large particulates remaining in the pitch precursor from the extrudable material to
limit defects in the resulting fibers. This method provided precursor fibers with diameters ranging

from 18-22 microns.

2.2. Switch-gas experiments

TGA was performed on a TA instruments Q600 SDT thermogravimetric analyzers. Oxygen
uptake and carbon yield of the fibers were determined through switch-gas experiments with two
steps: (1) an oxidation step and (ii) a carbonization step. An example of the switch-gas experiment
is shown in Figure 44. The experiment started in an air atmosphere allowing the sample to oxidize.
The amount of oxygen uptake was measured during the oxidation phase by the increase in fiber
weight over time. Three different oxidation temperatures (260, 280, and 290°C) were used for this
study all with a ramp rate of 10°C/min. Each sample was run for different amounts of hold times
for each oxidation temperature to achieve different oxygen uptake percentages of 1 wt%, 3.5 wt%,
5 wt%, and 7.5 wt%. The full time from ramp up to cool down for an oxidation run was labelled

the stabilization time.

In order to remove any residual free oxygen, the samples were then cooled to room temperature
before proceeding with the carbonization step. The gas was switched to nitrogen and the samples
were heated to 1000°C with a ramp rate of 10°C/min. Carbon yield was then recorded using the

final fiber weight compared with the precursor fiber weight before oxidation.
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Figure 44. Typical experimental data (260°C oxidation temperature with 55 minute hold) for
switch-gas experiments labeled with critical data

2.3. Characterization techniques

Upon completion of the switch-gas experiments, 80 mm length sections of the precursor fibers
were cut and rerun with the same oxidation and carbonization procedures in a tube furnace. Similar
to the switch-gas experiments, the oxidation was run in the tube furnace with an air environment
and the carbonization was run in a Nitrogen environment. The longer length sections allowed for
further characterization of the fibers’ microstructural properties, the oxygen’s penetration into the

fiber, and the carbon fibers’ mechanical performance.

Characterization of oxidation process

Thermal analysis of the carbonization process was performed by a combined DSC and TGA
using a Netzsch STA 449 F1 Jupiter. This instrument was used because it allowed for capturing
the DSC of the oxidized material up to the carbonization temperature of 1000°C. This instrument,
which includes TGA, also served as an additional check that the longer (80 mm) section of fibers

validated TGA results from the switch-gas experiments. The DSC/TGA samples were heated to
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1000°C with a heating and cooling rate of 10°C/min with the samples under an inert (argon)

atmosphere.

Images of the oxidized fiber cross sections were taken using a FEI Quanta 650 SEM at 5 kV.
The oxidized fibers were gold sputtered using a Cressington Sputter Coater to avoid charging
during imaging. EDS was used to determine the amount of oxygen and carbon in the cross section
(Figure 45a). An oxygen profile over the cross-section’s diameter is presented in Figure 45bc for
a precursor and oxidized fiber, respectively. Measurements of oxygen and carbon content were
made every 0.05 pm across the diameter and then normalized to the size of the fiber to keep
measurements consistent. Composition of the elements was performed with Aztec software with a

“QuantLine” scan.

The precursor fiber contained a uniform concentration of oxygen of approximately 2.2 wt%
across the fiber diameter. This amount of oxygen was used as a baseline and removed from the
oxidized fibers to determine the amount of oxygen taken up by the fiber during stabilization. The
oxidized fiber had a non-constant oxygen profile. Figure 45c shows an example of the oxygen
profile detected by EDS plotted against a normalized diameter. The plots showed a characteristic

parabolic shape, and a curve fit was utilized to find the best fit with the data using Equation (11):

f(x) =ax*>+b an

where a, b are the fitting parameters and x is the normalized diameter. This equation was derived
to ensure that the curve was symmetric about the center (x = 0) of the normalized diameter and

that df /0x is zero at the center. Integrating Equation (11) over the interval of -0.5 to 0.5 and
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dividing by the domain distance is used to determine the average of the oxygen profile. This

operation results in the average in terms of fitting parameters to be:

0Xgpg = a/12 +b (2)
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Figure 45. (a) SEM of the oxidized fiber cross section showing the region selected for a line scan
and the EDS measurements resulting from the line scan over the normalized diameter of (b) a
precursor fiber and (c) an example oxidized fiber ran at 260°C for 285 minutes with precursor fiber
oxygen content removed

Characterization of carbonization process

Images of the CF cross sections were also taken using a FEI Quanta 650 SEM. The cross-
sectional images came from the fracture surfaces of the CFs following tensile testing. To avoid
damaging the surfaces, the post-test single-filament tests were gold sputtered using a Cressington

Sputter Coater and then imaged with SEM.

Single-fiber tensile tests were performed using an MTS Nano Bionix UTM nanoscale tensile
tester, which has a maximum load capacity of 500 mN and 150 mm of extension. All tests were
run according to ASTM standard D3822-014 at a gauge length of 10 mm and a strain rate of 2e-4
s’l. The average strength, modulus, and strain of the CFs were determined by the measured stress-

strain curves.
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3. Results and Discussion

3.1. Oxidation

TGA of the oxidation portion from the switch-gas experiments revealed the amount of time
needed to oxidize the pitch precursor fibers for different amounts of oxygen uptake and the results
are presented in Figure 46. The weight gained during the oxidation process is primarily attributed
to the attachment of oxygen-containing functional groups onto the pitch structure and therefore we
attributed any weight gain to this attachment [71]. As expected, there are differences in hold times
required to reach a specific amount of oxygen uptake for the different temperatures. To reach an
oxygen uptake of 3.5 wt% (Figure 46a), the time spent at the specified temperature varies for each
chosen oxidation point. However, for higher oxygen uptakes (Figure 46bc), the hold time for
280°C and 290°C become indistinguishable. The reason these become indistinguishable may be
due to additional reactions reducing weight, such as decarboxylation [89]. However, the weight
continually increases. This indicated that these additional reactions occur at a slower rate as

compared to the oxidation process.

The 260°C samples, as expected, take longer to produce the same amount of oxygen uptake
than higher temperatures. This can be attributed to the diffusion rate’s relationship to temperature
and the rate of diffusion of oxygen into the fiber being lower for the lower temperature. Figure
46d presents the amount of hold time needed to reach certain oxidation percentages. The hold time
can be estimated by a parabolic shape and shows the dramatic increase in time needed to reach

higher oxygen percentages with the 260°C sample needing slightly more than double (2.19x) the

93



hold time to reach the same 7.5% oxygen percentage as compared to the higher temperature

samples. Increasing the hold time has a direct increase in the full stabilization time.
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Figure 46. Oxygen uptake weight gained versus time for the (a) 3%, (b) 5%, and (c) 7% uptake
percentages. (d) is hold time needed for oxygen uptake percentage at different oxidation
temperatures

Figure 47 shows the temperature profiles and the DTG analysis curves. It is clear that different
temperatures change the diffusion rate of oxygen uptake with higher temperatures increasing the
diffusion rate and lower temperatures decreasing diffusion rate. This trend holds for both the low
(~3% oxygen uptake) and medium (~5% oxygen uptake) hold times (Figure 47ab). However, as

similarly shown in Figure 46c, the 290°C oxidation temperature did not differ from the 280°C for

the largest oxygen uptake wt%. The DTG curves reveal that the oxidation reaction starts at 150°C
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and follows a decaying rate with increasing time. Since the rate is not constant, it could mean that

the chemical bonding with oxygen slows the rate of diffusion into the center of the fiber.
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Figure 47. Temperature profile and DTG curve for (a) 3%, (b) 5%, and (c) 7% oxygen uptake
The amount of oxygen absorbed by the fibers during oxidation is shown in Figure 48. EDS
showed that the amount of oxygen absorbed by the fibers is similar to the amount of weight gained
during the TGA experiments for stable oxidation temperatures of 260 °C and 280 °C (Figure
48abcd). As the hold times are extended to promote more oxidation, the differences between the

290°C samples compared to the other two temperatures increases. This supports the results seen
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from Figure 46 and is indicative of another reaction happening that is removing weight as well as
adding oxygen to the fibers. Lim and Yeo note in [89] that excess oxidation causes more unstable
0O=0 bonding rather than stable C-O and C=0 bonds. We attribute the 290°C to be causing
excessive oxidation rapidly changing the bonds that are being formed. The C-O and C=0 bonds
are necessary as they limit fusibility and interrupt the compact crystal structure after carbonization.
The large variation in Figure 48a may be due to the small amount of oxygen penetration and the

accuracy of the EDS at this level of oxygen percentage.

The normalized oxygen uptakes are shown in Figure 48efgh. The results show that as hold
time increases, the variation across the fiber cross section becomes less pronounced and
approaches an equilibrium. This indicates that hold time in air is needed to stop fibers from fusing
during carbonization. This study suggests at least 2% oxygen uptake is needed at the center of the
fiber to stop fibers fusing together. We suspect that longer hold times at similar temperatures allow
for further diffusion of oxygen into the fiber structure, however, the parabolic shapes of oxygen
profiles could not be avoided at any of the temperatures or hold times tested here. Longer hold
times at even lower temperatures could lead to a more homogenous radial oxygen distribution
profile in the fiber. This could potentially increase mechanical properties and eliminate the
formation of an under-oxidized fiber core as indicated by other work with atmospheric pressure

[91].
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(a) is ~1-2%, (b) 1s ~3.6%, (c) 1s ~5.2% and (d) is ~7.5% and the normalized oxygen uptake for
(e) is ~1-2%, (f) is ~3.6%, (g) is ~5.2% and(h) is ~7.5%

Table 12 presents the results of the fitting parameters to the EDS oxygen profiles, the oxygen
weight at the center (0x.) & edge (0X.q4¢), the average oxygen weight content from EDS, the
average oxidation weight from the TGA experiments, and the percent difference between these
oxidation percentages. The difference between the average oxygen percentage from TGA and EDS

are compared. Oxidation at low temperatures have relatively smaller differences between the two

techniques for the 260°C and 280°C samples than the 290°C samples. The fact that all oxygen
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percentage from EDS is markedly higher than the TGA results indicates that some of the reaction
can be removing weight during the sample while still adhering oxygen to the sample. The weight
gain as suggested by previous researchers [90] can be gaseous CO and CO> reducing weight in the
precursor fiber during oxidation. The discrepancy between 260°C and 290°C suggests that there
are competing reactions of oxygen uptake and degradation, which is intensified at higher

temperatures.

Table 12. Oxidation fitting parameters by sample with oxidation averages from calculated from
fitting parameters and a comparison of the percent difference between EDS calculated oxidation
average and TGA weight uptake averages

Fitting Parameters 0Xeage OXavg .% . %
Sample a b, o0x. (%) (%) (%) OX{,‘EEOH Difference

260°C Omin 8.62 0.05 2.21 0.77 1.0 -23.0
260°C 55min 25.82 1.12 7.57 3.27 3.6 9.1
260°C 127min 26.62 3.39 10.1 5.61 5.2 7.9
260°C 285min 22.23 5.45 11.0 7.30 7.6 -4.0
280°C Omin 12.50 0.38 3.50 1.42 1.7 -16.5
280°C 38min 29.04 1.92 9.18 4.34 3.5 24.0
280°C 68min 21.67 4.02 9.44 5.83 5.1 14.3
280°C 130min 18.27 7.37 11.9 8.89 7.5 18.5
290°C Omin 6.73 1.94 3.62 2.50 1.5 66.5
290°C 22min 23.52 2.51 8.38 4.47 3.6 24.0
290°C 65min 27.44 6.25 13.1 8.54 53 61.1
290°C 130min 18.01 10.74 15.2 12.24 7.5 63.2

Figure 49 presents the ratio of the oxidation at the edge to the center (0x.q4¢/0%.) plotted
against hold time and oxygen uptake. Figure 49a shows the relationship with hold time. The ratio
of the oxygen at the edge to the center becomes closer to 1 as hold time increases and the fact that
this ratio reduces more slowly with temperature. Figure 49b shows the same ratio against oxygen

uptake. The ratio follows the same trend with increased oxygen uptake brings the center oxygen
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uptake closer to the edge oxygen uptake. With more oxygen uptake these ratios become more

consistent.
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Figure 49. Ratio of oxygen uptake from the edge to the center against (a) hold time and (b) average
oxygen uptake

3.2. Carbonization

Figure 50 shows the differential heat flow of the sample during the carbonization process. All
samples that were oxidized with a zero-hold time produced similar heat flows. These samples show
a crystallization temperature between 300°C and 400°C indicating that the pitch has not been
thermally stabilized (Figure S0efg). The crystallization reaction temperature changes with
increasing oxidation temperature with 260°C starting at 275°C, 280°C starting at 300°C, and
290°C starting at 325°C. Then, approximately around 600°C, the start of a large endothermic
reaction begins taking place. This is attributed to melting of the fibers because the fibers were not
stabilized enough to maintain their shape leading to fusing. The stabilized fibers with a hold time

greater than zero successfully removed the glass transition and the fusing of the sample. The
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reaction shows a stable heat flow up to the 1000°C carbonization temperature indicating that the
transition between a stabilized fiber and fiber that fuses is 1.5% and 3.5% oxygen uptake. As

indicated by the oxidized fibers, there is a dramatic improvement in melt stability.
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Figure 50. DSC of carbonization process (10°C/min in an argon atmosphere with heat flows
shown as Exo up) for the (a) 260°C, (b) 280°C, and (c) 290°C samples. A subset of the DSC shown
for the crystallization temperature range of 250°C-400°C for the (d) 260°C, (e) 280°C, and (f)
290°C samples

Figure 51 presents the carbon yield with different oxidation percentages. After normalizing
the data to the sample precursor weight, it is clear that increasing oxidation percentages result in a
decrease in carbon yields for all temperatures studied here. All samples exhibit similar decreases.
However, it is interesting to note that the slopes from the linear trend lines increase in magnitude

with temperature. The fiber deteriorates more at higher temperatures with extended oxygen uptake

leading to a larger decrease in carbon yield as compared to lower temperatures. It is important to
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note that while the lowest oxygen uptake produced the highest carbon yield, it also resulted in

fused fibers (Figure 52ab).

The addition of oxygen uptake did not directly correlate to a reduction in carbon yield. This

indicates that not all oxygen introduced into the carbon fiber burnt off at 1000°C. The introduced

oxygen is a part of the backbone of the pitch produced carbon fiber.
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Figure 51. Carbon yield of different oxidation temperature and oxygen uptake percentages
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Figure 52. An example of fused carbonized fibers from 280°C no hold samples

Oxidation affects the mechanical properties of the CF. Figure 53 presents the tensile strength,
failure strain, and modulus values based on different oxidation percentages. Figure 53a shows
different results for all three different oxidation temperatures. The 290°C oxidized fibers decrease
tensile strength of the resultant CF with increasing oxidation percentage. The mechanical
properties for the carbonized 280°C fibers were consistent regardless of increasing oxygen uptake
percentage. The 260°C oxidation temperature showed that there is a higher strength at 5 wt%
oxidation and lower. The variability in the 260°C oxidized CF indicates that there is an optimal
oxygen uptake for different oxidation temperatures. Figure 53b shows the average moduli results
for the carbonized fibers. The oxidation temperature revealed decreasing modulus for the 290°C
oxidized samples and increasing modulus for 260°C with increasing oxidation time, while the

280°C CFs remained relatively constant. Although 260°C resulted in the highest tensile strength
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at 5% oxygen uptake, the 260°C samples had the highest standard deviation indicating that the

samples are highly variable.
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Figure 53. (a) The average of the tensile strength and fracture strain averages based on oxidation
percentages and temperature with error bars indicating standard deviation of fracture strain and
tensile strength and (b) is the average modulus based on oxygen uptake with error bars indicating
standard deviation

Figure 54 presents the SEM images of the carbonized fibers. While typical temperatures of
carbonization are 1000°C - 1500°C, 1000°C is a lower carbonization temperature. At 1000°C the
microstructure may not be fully developed; however, some trends can be seen. The lower oxidation
percentages (Figure 54adg) show melted cores due to the low hold times which do not allow
oxygen to penetrate the middle of the fibers. The 290°C oxidations (Figure 54ghi) all reveal cracks
akin to pac-man splits that are likely due to the high oxidation temperature [20]. High oxidation
temperatures could lead to over-aggressive thermosetting of the fibers, which yield stress
concentrations during the carbonization process. The crack opening starts at the surface and
propagates to the center. Therefore, it is concluded that the rapid increase in oxygen diffusion at

the surface causes the first crack.
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Figure 54. SEM images of carbonized fibers at different oxidation temperatures and oxygen
uptake (a) 260°C 3.7%, (b) 260°C 4.6%, (c) 260°C 7.5%, (d) 280°C 3.6%, (e) 280°C 5.2%, (f)
280°C 7.5%, (g) 290°C 3.6%, (h) 290°C 5.4%, and (i) 290°C 7.5%

Oxygen uptake during oxidation has been shown to have a time and temperature dependent
effect on the mechanical performance of a CF. The results from this study show that applying
oxidation temperatures above 280°C results in deterioration of the microstructure and ensuing
mechanical performance with greater effect at longer hold times. In particular, the resulting CFs

produced from the 290°C have pac-man splitting like cracking defects in the cross-sections. High
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oxidation temperatures are potentially providing overly-aggressive oxygen uptake that the
thermosetting of the fibers causes stress concentrations. These stress concentrations then build up

and during the carbonization process create cracks in the fiber.

The best mechanical performance occurred at 5% oxidation, which is differs from previous
reports [1,31,32] that suggest the optimal oxidation percentage is 8%. Therefore, we suspect that
the optimal oxidation point is not a universal number, but rather dependent on intrinsic material
and processing parameters such as pitch type, diameter of fiber, and spinning conditions, as well

as the oxidation cycle in terms of time and temperature.

The consistency of the 280°C mechanical properties shows that the lowest oxidation time may
be used without detrimental effects to the mechanical properties. In this regard, a stabilization time
of 60 minutes could be used to match properties that had a stabilization time of 156 minutes. This
is a large reduction from the 4 hour oxidation previously utilized (as seen in [89]). While treatment
at 280°C produced a constant oxygen uptake within this study’s test parameters, these tests should
be repeated for different fiber types to determine the applicability to a broader set of PAN-CF or

MPCF.

4. Conclusion

Mesophase pitch precursor fibers were oxidized to four different oxygen weight percentages
at three different temperatures. The TGA measurement was used to determine the time required at
a specific temperature to achieve a specific oxygen weight percentage increase and indicated the
large effect that temperature has on the diffusion of oxygen into the precursor fiber. The results
showed that the lowest oxygen uptake percentage (the no-hold fibers) did not stabilize the fiber

enough and resulted in the fibers melting/fusing during carbonization. The highest mechanical
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strength came from the lowest temperature oxidation of 260°C with a 5% oxygen uptake. Finally,

an upper limit of 280°C oxidation temperature is proposed to avoid cracks in the subsequent CFs.

Oxygen uptake as a standalone metric is not sufficient to predict mechanical performance, as
time and temperature are important considerations as well. This study compared the pitch CF at
relatively similar stabilization states and found for similar oxidation states, the mechanical

properties of the resulting CFs are dependent on the stabilization process.
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Chapter 6: Tuning microstructure of mesophase pitch carbon fiber
by altering the carbonization ramp rate

1. Introduction

This study aims to investigate high ramp rates and the effects this may have on CF
microstructure as well as to establish the relationship between ramp rate and CF microstructure.
The goal is to inform future efforts in designing the microstructure of the fibers which can be
leveraged for specific applications such as EVs, fuel storage, or supercapacitors. Ramp rates were
set at 1, 5, 10, 30, and 50 °C/min to 1000 °C from ambient temperature. DSC, TGA, and DTG
were utilized to determine the thermal effects of ramp rate on mesophase pitch’s microstructure.
All fibers were mechanically tested and the results were compared to establish trends between
ramp rate and mechanical properties. SEM, Raman spectroscopy, and XRD of the tensile test
samples were employed to investigate any microstructure differences resulting from the various
ramp rates. Through these investigations, this study aims to tune MPCF microstructure while
contributing to ongoing research into the reactions and graphitic growth occurring during

carbonization.

2. Experimental Methods

2.1. Materials and Preparation

The mesophase pitch used in this study was purchased from MotorCarbon LLC and used as
delivered. According to MotorCarbon, their Meso-C mesophase pitch has a carbon content of 94
to 94.5 wt.%, a coking value in the 89 to 90% range, and an approximate mesophase content of
75%. Figure 55 shows an optical polarized image of the mesophase pitch that distinguishes the

isotropic and anisotropic regions.

107



Figure 55. Polarized image of mesophase pitch

The mesophase pitch produces a mosaic-like structure when viewed under polarized light with
dark and circular isotropic regions as first described by Brooks and Taylor [37]. By calculating the
area of the isotropic circles in Figure 55, one can estimate the mesophase region to be around 75%
which aligns with the approximation given by MotorCarbon. Following the analysis of the raw
mesophase pitch, it was converted into CF through the process outlined in Figure 1. The

carbonization ramp rate was varied for each sample.

Extrusion was completed using a custom lab-scale batch extruder capable of extruding 20
grams of material per batch. The extruder was flushed with nitrogen after loading the feedstock
pitch and positive pressure was maintained inside the melt chamber throughout the entire process
to ensure no oxidation took place prior to extrusion. The extruder temperature was set to 310 °C,
roughly 50 °C above the material’s softening point, and the internal pressure was increased to 200
PSI to extrude the pitch through a custom 100-micron nozzle. The extrudate was cooled over a 60
cm air gap before being taken up on a 15 cm diameter drum at a rate of 700 m/min. The collected
fiber was cut from the drum to form a tow of more than 1000 filaments averaging 15 microns in

diameter.
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The tow was divided into multiple, 7 cm strips of a few hundred filaments for testing. Each
section was oxidized at 220 °C for 48 hours. Researchers have shown that successful oxidation
can be achieved in as little one hour, but this requires temperatures of 280 °C, which can lead to
overoxidation [29, 42]. Therefore, a long duration oxidation was employed to prevent oxidation-

induced defects that may obscure the effects of carbonization temperature ramp rate.

2.2. Carbonization

All oxidized fibers were carbonized under an inert environment (argon) at ramp rates of 1, 5,
10, 30, and 50 °C/min from ambient temperature to 1000 °C and were held at this temperature for
30 minutes. This process required the use of two furnaces to accommodate ramp rates ranging
from 1 °C/min up to 50 °C/min. A GSL-1500 tube furnace was used for ramp rates of 10 °C/min
and less while a Thermolyne 21100 tube furnace was used for all ramp rates greater than 10
°C/min. The temperature profile of each carbonization was recorded to ensure that the target ramp
rate was reached and maintained within an acceptable range. Due to oscillations induced by the
temperature controllers’ responses during heating, the target ramp rate was defined as an average

of the ramp rate during heating between 300 and 800 °C, Figure 56.

- 50 1000
E ~—
B= 40 200 OU
S P
g 30 600 &
p £
g 20 100 8
o Yoo B
g 10 200 =
[
0

0 5 10 15 20 25 30 35
Run Time (minutes)

Figure 56. Example of a carbonization thermal history curve showing the furnace temperature
(red), the ramp rate (black), and the average ramp rate from 300 to 800 °C (black dashed)
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2.3. Characterization Methodology
DSC/TGA/DTG

Thermal analysis of the mesophase pitch powder was performed via DSC and TGA
simultaneously using a Netzsch STA 449 F1 Jupiter. The DTG curve was calculated by taking the
slope along each data point, and the resulting curve was smoothed using a moving forward average
of 20 data points. DSC/TGA was conducted under an inert atmosphere (argon) and the samples
were heated to 1000°C from ambient temperature with an initial ramp rate of 10°C/min up to
300°C followed by the sample target ramp rate up to the ultimate carbonization temperature.
Samples weighing 10 + 1 mg were produced from powdered pitch taken from inside the extruder
following a spinning trial and oxidized to ensure identical thermal histories between the powder
material and the CFs. The resulting DSC curves provided insight into the endothermic and
exothermic reactions while the TGA and DTG curves were used to determine the char yield and

weight loss regions of the pitch.

Microscopy
Images of the carbon fiber fracture cross sections were taken using an FEI Quanta 650 SEM
following single filament tensile testing. The fibers were gold sputtered using a Cressington

Sputter Coater to avoid charging during imaging.

Single Filament Tensile Testing

Single-fiber tensile tests were performed using a nanoscale tensile tester (MTS Nano Bionix
UTM), which has a maximum load capacity of 500 mN and 150 mm of extension. All tests were
performed according to ASTM standard D3822-014 with the gauge length of 10 mm and a strain

rate of 2e™*. The average strength, modulus, and strain of CFs were calculated based on the load-
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displacement curves measured by the machine and the tested fibers’ diameter as measured via
optical microscopy. An initial diameter measurement was taken using an Olympus BX53 optical
microscope with a 50x objective lens and custom image analysis script. This method can lead to
slight overestimation of diameters due to edge distortion, so a correction factor was applied based
on an average of the fiber diameter of the sample batch. Each batch of CF was mounted vertically
and polished according to ASTM standard D4616-95, then imaged using a Hirox scope with a
1000x lens. 100 fibers were randomly selected and measured using ImageJ to get an average
diameter. Each tensile sample diameter measurement was then multiplied by a ratio of the average

diameter to the sample measured diameter.

Microstructural Characterization

Raman spectroscopy of the CFs were completed using a Renishaw InVia Confocal Raman
microscope. Each scan was completed using a 514 nm argon laser in conjunction with a 50x lens.
The raw data was baselined and multipeak fit with five Voigt curves which are identified in Figure
57 [6]. Each peak fit was held at constant center with the intensity and FWHM allowed to vary
across samples. The G peak is centered at 1580 cm™ and is associated with Exg symmetry
stemming from sp? carbon atoms present in the graphitic regions. The D peak is centered at 1350
cm’! and stems from defects such as edges and voids in the graphitic structure [169]. For both of
these peaks, the areas were recorded to determine Ip/Ig [166]. Given the inhomogeneity of MPCF
often resulting in skin-core structures [178], scans were taken at the surface of the fiber and the
center of the cross section using the same polished samples used to calculate the average diameter.
Five scans were performed on both the surface and core. The Ip/Ig ratios for each sample were

calculated and the averages were then compared resulting in 12 unique data points.
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Figure 57. Curve fitting example of the Raman spectra of a CF from this study

XRD was conducted with a Bruker D8 Venture utilizing Cu-Ka radiation at a wavelength of
0.154 nm. Glass capillaries, Imm in diameter, were used and a baseline scan was completed in air
before the capillaries were filled with CF and scanned in the azimuthal direction. Bruker APEX4
software was used to integrate the scans producing a 20 spread of 10-106°. Crystallite sizes (L
and La) were estimated using Scherrer’s Equation Error! Reference source not found. and
interplanar spacing (doo2) was calculated using Bragg’s Law Error! Reference source not found.)
[56]. For the equations mentioned, A is the wavelength of the X-rays, k is the shape factor, 0 is the
center of denoted peak, and n is the diffraction order. For the most consistent results, a standard
ruler method was utilized to determine the FWHM of both peaks and the shape factor was set such
that “k” is equal to 1 for both L. and L. due to the determined value representing an averaged

measurement of crystallite sizes [179].

3. Results and Discussion
The DSC curves of the oxidized mesophase pitch powders produced with varying ramp rates
are shown in Figure 58 with an arbitrary offset for clarity. Previous work was completed by Yue

et. al. [50] and they showed that mesophase pitch has two DSC features, which can be seen in the
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450-600 °C and 600-1100 °C range. Both features were shown to be exothermic in nature
regardless of ramp rates while the intensity of the features increased with faster ramp rates. Yue
et. al [180] also noted that slower ramp rates, less than 30 °C/min, led to an endothermic shift at
higher temperatures and an exothermic process for higher heating rates. It should be noted that
these results stem from mesophase pitch which was not first oxidized leading to more intense
reactions as compared to the material used in this study. Therefore, both expected features are
muted for the two slowest ramp rates, Figure 58ab, as they possess the smoothest DSC curves

with no distinguishable peaks.

For ramp rates of 10 °C/min and greater (Figure 58cde), the expected exothermic reactions
can be identified. Figure 58c shows an exothermic reaction around 500 °C for the 10 °C/min
sample, responsible for crystallization. Figure 58d does not show the same exothermic peak at
500 °C, rather, it shows an overall exothermic shift once temperature reaches 300 °C which
continues until roughly 800 °C. This was due to some increased crystallization reactions which
onset at a lower temperature. The DSC profile produced with a ramp rate of 50 °C/min (Figure
58e) is the most active. It contains a similar crystallization onset as the material with a ramp rate
of 30 °C/min, but the trend is interrupted as a reaction occurs at 500 °C. This reaction is exothermic
in nature and is similar to the reaction shown for 10 °C/min at the same temperature. While these
reactions are difficult to identify due to the large range of aromatics and non-carbons in mesophase
pitch, a temperature range of 300 to 800 °C can be identified as the most influential thereby

indicating bounds for an area of interest.
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Figure 58. DSC curves of mesophase pitch powder from 25 °C to 1000 °C with varied ramp rates
of: (a) 1 °C/min, (b) 5 °C/min, (c) 10 °C/min, (d) 30 °C/min, (e) 50 °C/min

Next, TGA was performed and DTG curves were created to assess the pitch weight loss vs
temperature. As shown in Figure 59, 300 °C is just before weight loss occurs and weight loss has
mostly stabilized by 800 °C. A large weight loss can be seen for 50 °C/min from 800 to 1000 °C
but this is attributed to noise induced by the machine in its efforts avoid overshooting while
approaching its final temperature. The material was weighed after testing to ensure that weight
loss measurements were accurate. Therefore, similar to all the other ramp rates, it is assumed that
the material holds steady at 50C/min with only 1-2 wt.% loss from 800 to 1000 °C. The two areas
of interest from TGA were weight loss onset and final char yield. As shown in Figure 59a, the
onset of weight loss is directly tied to the ramp rate with slower ramp rates leading to lower onset
temperatures. Slower ramp rates also possess larger final char yields, with the exception of 30
°C/min. While the weight loss onset temperature for 30 °C/min falls between the onset
temperatures of 10 and 50 °C/min as expected, a 30 °C/min ramp rate produced the largest char
yield compared to all other samples, Table 13. Given this unexpected result, the sample was rerun,

and an identical result was found.
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The DTG curves show at which temperature and what intensity the maximum weight loss
occurs at for each ramp rate (Figure 59b, Table 13). The slowest ramp rate of 1 °C/min has the
lowest temperature for maximum weight loss at 439 °C. Similar to weight loss onset temperature,
the temperature for maximum weight loss increases as ramp rate increases with the exception of
30 °C/min which had the highest temperature for maximum weight loss. A ramp rate of 30 °C/min
also results in a DTG peak with the largest width. This means that carbonization reactions resulting
in material loss, or off-gassing, occurred over the largest temperature span for material produced
with a 30 °C/min ramp rate. As previously noted, the same material also has the highest char yield.
Therefore, the intensity or the amount of off-gassing at any temperature must be small in
comparison and this is most clearly seen when comparing to the DTG curve produced with a 50
°C/min ramp rate. A 50 °C/min ramp rate resulted in a maximum weight loss rate of nearly -0.3
%/°C which is roughly three times larger than the maximum weight loss for 30 °C/min. In other
words, the material produced with a 50 °C/min ramp rate lost the most weight in the shortest span

highlighting the role ramp rate has on mesophase pitch.
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Figure 59. TGA curves of the mesophase pitch powder (a) and the calculated DTG curves (b)
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Table 13. List of char yields and the temperature at maximum weight loss for varying ramp rates

Ramp  Charyield Temperature of
Rate at 1000 °C  maximum weight

(°C/min) (%) loss (°C)
1 75.98 439
5 75.86 483
10 74.82 500
30 76.30 552
50 73.92 527

Following thermal analysis, these carbonization ramp rates were used to make CF for
microstructural and mechanical characterization. The carbonization profile for each ramp rate is
shown in Figure 60. As previously mentioned, the furnace has a difficult time controlling the
temperature at higher ramp rates and this creates an oscillation. From the TGA and DTG curves,
the most important range for evaluation lies between 300 and 800 °C. Therefore, the average ramp
rate in this region was calculated. As expected, the Thermolyne F21100 furnace responsible for
two highest ramp rates, Figure 60ab, had the largest error between average ramp rate and set point.
All CFs produced via the GSL-1500 tube furnace experienced ramp rate oscillation during
carbonization as well, but the average ramp rate for the temperature range of interest was much

closer to the set point.
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Figure 60. CF thermal history from ramp rates of: (a) 50 °C/min, (b) 30 °C/min, (c) 10 °C/min,
(d) 5 °C/min, (e) 1 °C/min. Measured temperature is presented in red with calculated ramp rate

1000

800

47.2 °C/mind 400

400

200

5 10 15

20
Run Time (minutes)

AL

9.9 °C/min

1000

1 800

1 600

1 400

1 200

0

10 20 30 40 50 60 70 80

Run Time (minutes)

Ramp Rate (°C/minute)

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

40

30

20

Temperature (°C)

Ramp Rate (°C/minute)

10

-
3

.7 °C/min

10

Run Time (minutes)

15 20 25 30

12

10

Temperature (°C)

Ramp Rate (°C/minute)
(=2

5.2 °C/min

(@

0 25

1 °C/min

(e)

0 150 300 450 600 750 900
Run Time (minutes)

50

75 100 125 150 175

Run Time (minutes)

1000

800

600

400

200

Temperature (°C)

presented in black and average ramp rate from 300 to 800 °C is included

Each carbonization run shown in Figure 60 produced high quality CFs capable of being
handled and tensile tested. The results of the single filament tests are listed in Table 14 and the

strength and modulus values presented are corrected using the measured average diameter which
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is also listed for each ramp rate. The slowest ramp rate, 1 °C/min, and fastest ramp rate, 50 °C/min,
had the weakest fibers with both barely reaching an average tensile strength of 1 GPa and an
average strain at failure less than 1%. A ramp rate of 47.2 °C/min was found to produce the largest
diameter CFs which was assumed to be due to reactions occurring so quickly that the fiber had
difficulty creating new bonds thereby inhibiting the axial shrinkage that would typically occur as
the graphitic planes shift closer. At slower ramp rates, the graphitic planes should be able to bond
and shrink the fiber, but the opposite was observed. At the slowest ramp rate, the diameter of the
fibers is nearly identical to the CFs produced from 47.2 °C/min. One possible explanation for the
lack of axial shrinkage at such a low ramp rate could stem from the carbonization reactions
occurring across a longer period. This would result in a smaller number of bondable carbons being

present at any given time and thus limit the amount the graphitic planes can bond.

Table 14. Table of mechanical properties with their standard deviations for CFs produced from
varying ramp rates

R(%Iélfmli{s;e Diameter (um)  Strength (GPa)  Modulus (GPa) Strain (%)
1 12.45+1.25 1.02 +£0.31 1322+ 12.3 0.77 £0.23

52 12.13+£0.94 1.46 £0.33 132.3+10.3 1.10+£0.26

9.9 11.93 £0.86 1.57+0.32 148.8 £9.6 1.06 £0.23
33.7 12.08 £0.93 1.64 £0.39 145.8 £ 14.3 1.12+0.28
47.2 12.51£0.90 1.17£0.38 120.9 £13.1 0.97 +0.26

These results align with the findings of Mochida et al. [181], who found an increase in tensile
strength and decrease in fiber diameter when carbonizing coal tar MPCF at 10 °C/min as compared
to 5 °C/min. They found that their CFs possessed a core-shell structure for both ramp rates and
that the CFs carbonized at 10 °C/min had a broader core. This increase in a disordered core, as
compared to the more graphitic shell, could explain the increase in tensile strength. Qian et al.

found a connection between CF disorder and mechanical strength [131]. High strength PAN-CF
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were more disordered as compared to high modulus, moderate strength pitch CFs. Therefore,
MPCEF produced with a disordered core would have a high strength region increasing the tensile
strength of the entire fiber. However, as also shown by Mochida [181] and in this study, too fast

of a ramp rate during carbonization will lead to defects which will result in a decrease of the CFs’

mechanical properties.

Given that both extreme ramp rates showed decreased mechanical properties and increased
diameters, MATLAB was used to derive a parabolic fit (13)Error! Reference source not found.
with the goal of finding a ramp rate capable of producing the strongest CF. The fit was found to

be of acceptable quality with an R-square value of 0.9 and is shown in Figure 61.
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Figure 61. Strength vs ramp rate curve fit with a parabolic function

The parabolic fit also presents a vertex which could signify a ramp rate which would produce
a stronger CF. That vertex was determined to occur at a ramp rate of 24.3 °C/min. A new batch of
fiber was carbonized in the Thermolyne furnace with the new set ramp rate, Figure 62. Once again,
the furnace was unable to control the rate perfectly and the average ramp rate for the region of

interest was 26.5 °C/min. The CFs produced with this rate were subjected to the same mechanical
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tests and the result was a stronger fiber with an average ultimate stress of 1.74 GPa as compared
to 1.64 GPa for a ramp rate of 33.7 °C/min. The average diameter of the CFs produced with a ramp
rate of 26.5 °C/min also yielded the smallest average diameter of 11.67 microns which is a 6.3%
reduction compared to the CFs produced with a ramp rate of 1 °C/min. While an increase in
strength for a ramp rate of 26.5 °C/min was correctly predicted, it is still unclear as to why this is

the case requiring investigation of the sample fibers’ microstructure.
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Figure 62. CF thermal history produced with a set ramp rate of 23.3 °C/min

SEM images of the CF cross sections were taken post-fracture and are presented in Figure 63.
Initial observations concluded that no macroscale defects such as Pac-man splitting were present
in any of the CFs regardless of ramp rate. Therefore, the differences between the CFs’ mechanical
properties must be induced via microstructure changes. All CFs possess a radial microstructure
which is most clearly defined near the edge of the fibers. A radial microstructure is expected given
the use of a 100-micron circular nozzle with no disruption pack to prohibit this type of crystalline
alignment [51]. SEM provided no visual difference in the macro and microstructures between the

CFs, so Raman and XRD were used to probe the crystalline microstructure for differences.
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Figure 63. SEM images of tensile fracture surfaces of CF produced via varied ramp rates: (a) 1
°C/min, (b) 5.2 °C/min, (¢) 9.9 °C/min, (d) 26.5 °C/min, (¢) 33.7 °C/min, (f) 47.2 °C/min

Previous works have investigated the use of Raman spectroscopy to identify microstructural
differences in CFs based on precursor material, final carbonization temperature, and thermal
history [6]. The most common method for analyzing the results has been the use of In/Ig which
has shown to range from values of near zero to greater than 4 [169]. Given that the ratio is
calculated by dividing the area of the D band by the area of the G band, a lower value is associated
with a more graphitic structure. As the number of defects present increases, Ip/Ig increases as the
material becomes less graphitic in nature. It should be noted that defects is a term which
encompasses edges, voids, sp® bonding, and the presence of non-carbon atoms [182]. Therefore,
an increase in defects is not directly related to a decrease in mechanical properties but rather a
disruption of the pristine graphitic structure. Due to mesophase pitch being an aromatic precursor,
its CFs tend to have lower Ip/lg values when compared to CFs produced from PAN [134].
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Researchers have used this difference to study if Ip/Ig can be used to predict tensile strength since
the largest values of Ip/Ig stem from higher quality PAN-CF with strengths of 4 GPa and greater

[131].

The values of Ip/lg along the surface and core of the CFs produced from varying ramp rates
are shown in Figure 64. Regardless of the ramp rate used to carbonize the CFs, the Ip/Ig value is
larger for the core of the fibers when compared to the surface. MPCF are known to have slightly
less graphitic cores because they experience lower carbonization temperatures than the surface of
the fiber. This phenomenon arises from poor oxidation which inhibits conductive heating through
the skin of the fiber [33, 53-55]. Often referred to as “skin-core” structure in literature, the
differences in experienced temperatures throughout the cross section of the fibers yields a more
graphitic outer shell which wraps around a less graphitic core. Therefore, it is expected that Ip/Ig

increases when moving from the surface of the fiber to its core.

For ramp rates of 26.5 °C/min and below, the difference between the Ip/lg values at the core
and surface of the fiber is no greater than 7% and the average surface values all fall within one
standard deviation of the cores’ values. This shows that at lower carbonization ramp rates, the core
of the fibers was carbonized to nearly the same degree as the surface of the fiber. However, a ramp
rate 0of 33.7 °C/min led to 15.8% difference between the core and surface’s Ip/lg values. The fastest
ramp rate, 47.2 °C/min, created an even larger difference between the core and surface with the
surface Ip/Ig average value being 20% less than that of the core. As previously mentioned, Qian et
al. found an increase in disorder, the Ip/Ig ratio, corresponded to an increase in tensile strength
[131]. Given a core with a higher tensile strength and a graphitic shell with a higher modulus, there

would exist an ideal ratio of core to shell to produce the strongest CF. This paper shows that ratio
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is created using a ramp rate of 26.5 °C/min. With any faster ramp rates, defects are introduced
resulting in the decrease of mechanical properties. While Raman spectroscopy analyzes parts of
the CF, it is not possible to extract the entire graphitic structure and is best used in conjunction

with XRD [132].
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Figure 64. Ip/I; for surface (blue) and core (orange) scans of CF produced with varying ramp rates
with their respective standard deviations

Both the mean interlayer spacing, doo2, and Lc were calculated using the (002) peak position
and FWHM, while L. was determined from the (10) peak and all values are presented in Figure
65. L. was found to consistently increase in size with faster ramp rates with the only exception
being the fastest ramp rate of 47.2 °C/min which had an estimated L. equal to that of the L.
produced with a ramp rate of 33.7 °C/min (Figure 65a). L. did not follow a linear path but instead
produced a pseudo parabolic shape with the minimum value being a result of the 10 °C/min ramp
rate (Figure 65b). Given that the two fastest ramp rates had the largest values of both L and L., it
can be concluded that these CFs contain a more graphitic structure as compared to the other CFs
produced from slower ramp rates. Of note, doo2 is not affected by ramp rate in the same manner as

crystallite size. Rather, doo2 holds constant with the largest disparity being .004 nm which came
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from CFs produced with a ramp rate of 1 and 5.2 °C/min. This shows that doo> was influenced by

the final heat treatment temperature and not the ramp rate used to achieve 1000 °C (Figure 65c¢).

XRD analysis of the fibers supports the conclusion that the graphitic nature of the CFs
increases with an increase in ramp rate with an increase in crystallite size and a decrease in
interlayer spacing. By juxtaposing L. and L. with the Ip/Ig values calculated using Raman
spectroscopy, the increase in Ip/Ig at the surface for an increase in ramp rate was due solely to an

increase in defects and not crystallite edges or a decrease in the graphitic structure.
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Figure 65. Crystallite parameters: (a) Lc, (b) La, and (c) d002
4. Conclusion

The microstructure and mechanical properties of MPCF was tuned by varying ramp rates
ranging from 1 °C/min to 47.2 °C/min with the goal of reducing production cost through reducing
cycle time. An optimal ramp rate was found to be 26.5 °C/min producing a CF with the highest

strength reaching 1.74 GPa on average. SEM inspections revealed a radial microstructure without
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Pac-man splitting or other large defects. Raman spectroscopy found that faster ramp rates lead to
a breakdown in the CF’s graphitic structure with higher values of In/Ig found for faster ramp rates
while also leading the creation of skin-core structures. The ratio of skin-core alters the mechanical
properties, and the ideal structure was created using a ramp rate of 26.5 °C/min. XRD was used to
discover that the largest graphitic crystallite growth occurred for faster ramp rates proving that the
increase in the Ip/Ig surface scans was due to increases in graphitic defects, not reductions in the
crystallite sizes. Investigations into carbonization and the complicated reactions that occur during
thermal treatment are continuing to be explored. This paper highlights that carbonization ramp rate

can be used to tune the microstructure of MPCF for different applications.
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Chapter 7: Concluding remarks and recommendations

1. Summary

MPCEF is a high-performance material that has been used in multiple applications, including
aerospace, space satellites, and defense [21-23]. These specialized fibers have tensile strengths as
high as 3.7 GPa, with a tensile modulus that can approach 1000 GPa [20]. Meanwhile, their high
thermal and electrical conductivity make them highly sought after in fields that require advanced
material properties, such as radar absorption and low thermal expansion [185,186]. However,
despite their significant uses, MPCF makes up only 10% of the CF market due to high cost, lower

tensile strength (compared to PAN-CF), and difficulty in scaling [4].

In order to create more opportunities for MPCF, tailoring its macro-properties through
alterations in the microstructure must be understood to produce CF for specific end-use cases. The
structure of MPCF is complicated but also easily modified at every step of the CF production
process. Mesophase pitch has been shown to be dependent on the feedstock material, mesophase
formation, and any additives introduced prior to mesophase conversion or directly before
extrusion. The extrusion of the fibers lays the groundwork for the microstructure and cross-
sectional texture shape, both of which have a significant impact on CF macro-properties and can

be controlled using specialized nozzles and flow disrupters.

Oxygen stabilization is a delicate process. Under-oxidation leads to the formation of a skin-
core structure, resulting in depressed tensile properties, while over-oxidation causes fiber
deterioration, also leading to lower tensile properties. This highlights the importance of finding
the correct balance of temperature and exposure time. Finally, high-temperature heat treatment is

what produces CF, as the majority of non-carbon atoms exit the fibers and new carbon-carbon
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bonds are formed, developing crystallites and the final structure. These complicated reactions
depend not only on the final temperature but also on the rate at which they occur, a subject currently

under review.

Through this dissertation, I set out to examine each processing step in MPCF production and
identify key areas that could be altered or improved in an effort to control the microstructure of
the fiber. With this effort, new methods for microstructure alteration were introduced and
discussed, and a deeper understanding of the structure-property relationship was developed. This
relationship is key for all CF production, not just MPCF, as a deeper understanding of these
interactions will allow for the creation of stronger, stiffer, and highly conductive CF in the future.

The contributions made to each production step in this dissertation are summarized below.

2. Key contributions and broader impacts

2.1. Precursor

Mesophase pitch, as a precursor material, represents a lower-cost alternative to PAN, but there
is still room for cost reduction if CF is to be used in markets such as car manufacturing, as well as
an environmental impact that must be considered. In Chapters 2 and 3, the hypothesis that blending
polymers with mesophase pitch to spin hybrid precursor fibers could create quality CF at a lower
cost and reduced environmental impact was tested by probing the weight percentages of two
different polymers: LLDPE (Chapter 2) and PET (Chapter 3). Previous works have attempted the
combination of both LLDPE [68,69] and PET [142] to create hybrid precursor fibers, but they
failed to spin them at diameters small enough for sufficient stabilization to be completed and did

not analyze the structure or the developed CF.
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The results in these chapters found that both LLDPE and PET could be combined with
mesophase pitch and spun into precursor fibers with diameters less than 30 um. However, upon
further analysis, it was found that the materials did not mix well and instead, the polymers
coalesced in the lower molecular weight isotropic pitch regions. The resulting pitch-LLDPE CF
tested poorly for all combinations, with the LLDPE volatilizing during carbonization and leaving
large voids, which greatly reduced the tensile properties of the CF. This disproved the hypothesis
that a pitch-LLDPE combination would inherit the better qualities of both materials. However, the
combination of mesophase pitch and 5 wt.% PET resulted in CF with a slightly lower tensile
strength but an increased modulus and better crystallinity. These fibers represent the possibility
that higher crystalline MPCF could be developed using a waste polymer, which would result in

direct cost reduction and a recycling opportunity for PET.

2.2. Extrusion

Extrusion of mesophase pitch-based fibers is the most explored and published area of all the
CF production steps, given the number of variables that can be altered and the large impact each
one has on the subsequent structure of the fiber. Previous works have shown that changes to the
nozzle geometry, reservoir cross-section, extrusion temperature, and the addition of flow
disruptors result in the transformation of the CF cross-sectional texture shape from ‘radial’ to
‘onion’ and to ‘random,’ as well as their impact on the CF macro-properties [51,74,82]. However,
these publications have lacked explanations of the micro- and mesostructural characteristic
differences and their role in the CF tensile properties. In Chapter 4, this gap is addressed through
the creation of ‘radial’ and ‘random’ textured MPCF, followed by a sweeping analysis of the

microstructure for both sets of CF. By completing a full microstructure analysis alongside tensile
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results, a better understanding of the structure-property relationship of MPCF can be developed

and leveraged in future works.

Using WAXD, it was found in Chapter 4 that the random-texture CF possessed higher
crystallinity, larger crystallites, and better axial orientation than the radial-texture CF. A deeper
probe using TEM and FFT revealed that the radial fibers developed a core-shell structure despite
a successful and identical oxidation treatment. The radial profile was created from high shear stress
during extrusion, which aligned the graphitic sheets to a single point at the center of the fiber.
Therefore, at the center of the fiber, there was less mobility for the crystallites to restructure during
carbonization, forcing them to grow slower and in more randomized directions—something not
previously published. The random fibers, of similar size and identical treatment, contained no such
core-shell structure and had uniform crystallites throughout the entire CF. This difference explains
the variation in tensile properties, as the random fibers were found to be mechanically superior.
This highlights the importance of developing a better understanding of the microstructure’s impact

on the macro-scale properties.

2.3. Oxidation

Oxygenated stabilization of mesophase pitch precursor fibers makes high-temperature heat
treatment possible. However, oxidation remains a complicated and difficult process, as under-
oxidation leads to a core-shell structure, while over-oxidation hampers crystallite growth, and both
result in reduced mechanical properties [103,108,125,178]. To combat this conundrum, the work
in Chapter 5 highlights two methods for measuring oxygen uptake as a way to determine successful
oxidation, something not yet discussed in previous works. By simply measuring the weight

increase during oxidation, a higher temperature is able to reach a mark of 10 wt.% oxygen more
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quickly, which could result in cost reduction, as operating oxidation furnaces is expensive.
However, this method may lead to over-oxidation, as it does not account for additional reactions
in which carbon is removed via CO, resulting in a fiber with higher oxygen content and
mechanically poor properties. Rather, atomic mapping across the fiber’s cross-section to account
for total oxidation and its location stands as a better method to avoid core-shell formation and
prevent co-reactions that lead to a higher-than-desired oxygen level. This method developed a
better understanding of the oxidation reactions in mesophase pitch and provided the groundwork
for any researchers wishing to study these reactions at different temperatures or with different

materials.

2.4. Carbonization

The role of the final heat treatment temperature on MPCF has been well established and
evaluated in numerous studies [187]. However, the ramp rate utilized during these temperature
treatments has been largely ignored, with some publications neglecting to even record it. Chapter
6 highlights the importance of ramp rates, as carbonization is a multi-reaction process in which
atoms are removed and new bonds are formed, resulting in significant shifts in both the
microstructure and macro-properties. The only previous work that discussed this focused on ramp
rates set below 1 °C/min, which cannot be compared to large-scale runs, as they typically use ramp
rates much closer to 50 °C/min due to the high cost of operating these energy-intensive furnaces.
By examining ramp rates ranging from 1 to 50 °C/min, it was identified that a rate of approximately
23.3 °C/min should be used to achieve a CF with the highest potential tensile strength while still
operating in a manner that ensures cost reduction, and a lower environmental impact compared to

rates around 1 °C/min.
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3. Recommendations for future work

The result of this dissertation is a roadmap for the production of MPCF and the development
of methods at each step to control the microstructure in order to tailor the fiber to the user's desires,
whether that be cost reduction, increased strength, or environmental concerns. Each step discussed
still presents opportunities for future work, as any change will alter the final structure, and

combinations of changes still need to be explored.

3.1. Mesophase pitch-polystyrene

As demonstrated in Chapter 3, if the correct polymer is chosen, blending mesophase pitch with
a polymer can result in fibers that possess unique and useful characteristics, while also representing
a new recycling alternative for some waste plastics and offering a cost-reduction opportunity.
However, the wrong choice of polymer, as illustrated in Chapter 2, will lead to a complete
deterioration of mechanical properties. To this end, future work should focus on selecting common
polymers with higher char yields and functional groups that can assist with blending with
mesophase pitch. For example, polystyrene (PS) is one interesting candidate. PS is a very common
plastic that is difficult to recycle and inexpensive [188]. It contains an aromatic hydrocarbon along
its backbone, making it an 1deal candidate to blend with mesophase pitch [189]. Some groups have
shown that PS can be used to increase mesophase production [59], but no one has blended it
directly with pitch prior to extrusion in an effort to leverage the polymer’s mechanical properties.
The addition of polymers has proven to make pitch extrusion simpler by acting as a plasticizer
while also altering the microstructure [63]. Therefore, mixing mesophase pitch with PS, a polymer
already shown to interact well with mesophase pitch, provides an interesting framework for future

blending studies.
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3.2. Radial-random texture

Chapter 4 presents a process for creating and analyzing the microstructure of MPCF with
different cross-sectional textures. This work discusses only the differences between ‘radial’ and
‘random’ textures, but there are many more, each with unique characteristics. In the immediate
future, the combination of a radial-random texture, which possesses a random core but a radial
shell, should be examined. Such a structure has been recorded before [83,190]. While some works
originally stated that the difference in mesoscopic textures had little effect on the mechanical
properties [191], the work presented in Chapter 4 offers a different conclusion. A ‘radial-random’
combination texture could represent an avenue in which the CF has a stiff shell combined with
larger crystallites in the core, allowing for a high tensile strength and modulus fiber. If possible,

the benefits of both structures could be leveraged, enabling the production of the best MPCF.

3.3. Heat-treatment advancements

High-temperature heat treatment of mesophase pitch to create CF involves multiple reactions
that occur at different rates and onset temperatures. The major outcome of Chapter 6 is proof that
the ramp rate must be considered when treating CF, as different rates lead to different
microstructure growth and orientations. To this end, there are two future efforts that can be

undertaken immediately following this work.

Oxidation studies have been completed using a variable rate method in which the rates are
modified depending on the temperature zone [192,193]. As shown in Chapter 6, the largest amount
of weight loss occurs in the 300—800 °C region. It would be interesting to examine the outcome if
one were to slow the rate in this region and then use a higher ramp rate above 800 °C. The idea is

that a slow ramp rate in the lower region allows for more noncarbon atoms to be removed from
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the system before increasing the rate to achieve maximum cost reductions. Conversely, a faster
ramp rate in the same region could result in a higher percentage of noncarbon atoms remaining but
more cross-bonding between layers, generating a structure similar to PAN-CF and possibly

resulting in an increase in tensile strength.

Additionally, it would be of interest to examine whether the increase in tensile strength for a
ramp rate of 23.3 °C/min would carry over with increased heat treatment temperatures. Most
notably, would the differences in structure from varied ramp rates hold if all the fibers were treated
to graphitization levels (> 1800 °C) at the same rates? Given that extrusion studies have shown
that the groundwork for the CF structure is laid early in the process [194], one might find that
further heat treatment results in an identical graphitized fiber regardless of the rate used to remove
the noncarbon atoms in the carbonization region. Alternatively, it is possible that the different
growth rates of the crystals at the skin, shell, and core of the CF are set and will continue to grow
at different rates during graphitization. Such a difference in crystalline structure throughout a
graphitized fiber could provide interesting tensile results, as well as influence electrical and

thermal properties, as graphitized fibers are typically used for these applications.
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