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ABSTRACT

This study concerns the chemical and structural changes that occur during thermal
treatment of mesophase pitch-based carbon fibers. This task was part of a larger project
sponsored by the Manufacturing Technology Program of the Department of the Navy
aimed at producing high thermal conductivity carbon fibers from a thermally polymerized
petroleum residue. The pitch was melt spun into circular- and ribbon cross section fibers,
having radial (point) and line-origin textures, respectively. Then, the stabilization and
carbonization processes were studied using a combination of dynamic and post-treatment
techniques.

As a first step, some fundamental relationships were developed between the fiber
crystal structure and lattice-dependent physical properties, such as modulus or thermal
conductivity. They were based upon the theory of specific heat capacity and phonon
conduction in solids. These relationships provided a useful way of characterizing the
quality of graphitic structure developed during thermal treatment and allowed the prediction
of lattice-dependent physical properties from a minimum of structural data.

Next, the stabilization and carbonization processes were examined by a series of
analytical techniques. Such experiments were designed to clarify the chemical and
structural changes that occur, and to use this information to develop thermal treatment
processes for the production of hi gh quality carbon fibers. Several significant discoveries
were made, but the most important concerned the role of an impurity upon graphite
structural development. Large quantities (several mass percent) of sulfur are present in the
petroleum-based heat-soaked pitch and cannot be removed from the fiber until temperatures
in excess of 1600°C. There, sulfur removal can result in puffing, misorientation of the

graphite basal planes with respect to the fiber axis, and cracking. Proper design of the



iil
carbonization schedule, including rapid heating to the maximum temperature, allowed the
formation of elongated cracks that aided in sulfur removal, but prevented basal plane
misorientation. Improved lattice-dependent physical properties resulted, at the expense of

tensile strength. Increasing the time at maximum temperature, however, promoted crack

closure and improved tensile strength.
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CHAPTER 1
INTRODUCTION

Carbon fibers have been produced commercially from a variety of precursors,
including rayon, polyacrylonitrile (PAN), and pitch (both natural and synthetic). Each of
these materials has its own advantages and disadvantages in terms of carbon yield, ease of
processing, and the physical properties of the resulting fiber. There is, however, one
common factor. In each case, the goal is to utilize some combination of the strength,
stiffness, conductivity, high temperature stability, chemical resistivity, and low density of
the graphite structure (1-3). When combined with a matrix material, these fibers, in turn,
impart their physical properties to the composite, providing high-performance, low density
alternatives to the design engineer. The applications of carbon fiber-reinforced composites
already include aerospace structures, propulsion systems, hypersonic missiles, and
electronic packages, where their strength, stiffness, and thermal conductivity have enabled
more efficient thermal management and protection. However, continued use of carbon
fiber-reinforced composites, as well as their advancement into other high-performance
fields, depends upon improvements in fiber quality and reductions in production cost (4,
5).

Such critical applications require reinforcing fibers with excellent axial properties. As
the aromatic carbon-carbon bond is one of the strongest bonds found in nature (6), the
development of a graphitic structure within the fiber is a good starting point. The graphite
structure consists of basal layer planes, each composed of condensed six-membered carbon
rings, stacked in an orderly manner. Strong covalent bonding within the planes gives this
structure high strength and stiffness when a load is applied parallel to this direction. Weak
van der Waals forces provide cohesion in the transverse direction, but are less rigid and

allow easy shear between neighboring planes. The same level of anisotropy is observed in



transport properties as well. De-localization of electrons gives graphite metal-like electrical
conductivity in the basal plane. These free electrons combine with the excellent lattice wave
conduction of the basal plane to give graphite extremely high thermal conductivity. In both
cases, the transverse properties are more than an order lower (7). Therefore, the
orientation of the graphite basal plane parallel with the fiber axis is important in the
determination of fiber axial properties.

It is desirable to begin with a precursor that can be thermally treated in such a way to
produce well-oriented graphite. This effectively rules out such precursors as rayon,
isotropic pitch, and PAN, which do not graphitize easily (1). Despite their high strength
and elongation-to-failure, PAN-based carbon fibers typically display low conductivity (4,
5). A remaining option is the family of anisotropic pitches. Formed either from coal tar or
petroleum residue by extraction methods or by synthesis from small aromatic compounds,
they provide high carbon yields and graphitize easily. Proper forming and thermal
treatment conditions can yield a fiber that imitates the crystal structure and physical
properties of graphite. In fact, fibers having a thermal conductivity of up to three times that
of copper have been produced. However, high cost has limited their use to only a small
fraction of their potential applications. For example, ultra-high modulus fibers, such as
Thornel® P-120, may cost as much as $2000/kg (4).

The goal of the present research is to design a thermal treatment process aimed at
producing a high quality mesophase pitch-based carbon fiber at a much-reduced cost. As
previous work has shown the promise of non-circular fibers in developing a highly-
graphitic, parallel microstructure, both circular- and ribbon-shape fibers are considered. In
both cases, a greater understanding of the chemical and structural changes that occur during
thermal treatment is necessary. Such an understanding may allow the reduction of
processing time needed to achieve a specified physical property, or the improvement in

physical properties for a specified production rate.




CHAPTER 2
BACKGROUND

As use of carbon fiber-reinforced composites spreads into new high performance
applications, increasing demands are made upon the reinforcing fiber. Therefore,
understanding the potential of graphite fibers, and the difficulties in the realization of this
potential, is essential. The following review concentrates on three broad topics: the nature
of carbon and graphite, the development of structure and texture in carbon fibers, and fiber

physical properties.

2.1. The Forms and Properties of Carbon

The carbon atom has an atomic mass of 12 amu and an atomic number of six. Of the
six electrons, four from the outer shell are capable of forming chemical bonds with other
atoms. The ground state of the electrons in an isolated carbon atom is 1s22s%2p?, but in the
solid state, one 2s electron is excited to the n-suborbital, where it can participate in covalent
bonding. In diamond, sp3-hybridized bonds are arranged tetrahedrally, with an average
bond length of 1.54 A. Graphite, however, employs sp?-hybridized bonding to arrange
the carbon atoms in two-dimensional hexagonal network with an average in-plane atomic
separation of 1.415 A. Unlike close-packed structures in which the interatomic separation
is similar to that achieved by the packing of rigid spheres, graphite planes are separated by
a equilibrium distance of 3.354 A at room temperature (8). Another characteristic of the
graphite structure is the presence of an extra w-electron. It is used in the development of
out-of plane forces and in-plane resonance bonding, as well as in electrical conduction. (7,
9).

The unit cell structures of diamond and graphite are shown in Figures 2.1 and 2.2

(10). Diamond forms a highly-crystalline, face-centered cubic structure with well-defined




Figure 2.1. The diamond crystal structure (10).




Figure 2.2. The hexagonal graphite crystal structure (10).



lattice constants. Graphite, on the other hand, is related to several other forms of carbon,
such as glassy carbon, soot, and carbon black, each having very different crystal perfection
and physical properties (7). The difference between these classifications lies in the degree
of order with which the graphite-like planes are stacked.

The ideal graphite lattice can be described by the hexagonal stacking sequence ABAB,
in which alternating planes are in the same registry. The carbon atoms in any one plane lie
over the centroids of the six-membered rings in the plane directly below, as shown in
Figure 2.3 (11). With four atoms per unit cell and the interatomic separations presented
earlier, the theoretical density of graphite is 2.265 g/cm? (9). Carbon atoms are bound to
in-plane neighbors by an energy of around 10.5 eV (11), and the planes themselves are
stabilized by the resonance and mobility of the delocalized s—electrons (12). In the out-of-
plane direction, however, van der Waals forces, approximately 1/25th the strength of the
in-plane bonds, bind the planes together (7, 11). Therefore, stacking defects are quite
easily formed by the displacement of adjacent planes. So, while virtually all carbons
exhibit the hexagonal planar structure (7), deviations from the stable atomic positions cause
a relatively little increase in repulsive interaction between neighboring planes and allow a
decrease in stacking order.

An extreme example is the formation of the unstable rhombohedral structure, shown
in Figure 2.4 (11). Itis created by arranging the planes in an ABCABC stacking sequence,
so that the third layer bears the same relationship to the second layer as the second does to
the first (12). Natural graphite may consist of up to 30% rhombohedral phase (14), while
grinding of highly crystalline graphite may increase the proportion from 5 to 15% (15).
The rhombohedral phase is unstable and cannot be isolated. In fact, it cannot be created in
synthetic graphite and disappears upon the heating of natural graphite to temperatures
between 2000 and 3000°C (9).

Stacking defects of a more random nature give rise to what Warren termed a

turbostratic structure. It consists of "true graphite layers arranged roughly parallel and




Figure 2.3. The ABAB stacking of hexagonal graphite (11).




Figure 2.4. The rhombohedral graphite structure (11).




equidistant, but otherwise completely random" (16, 17). Traditionally, this term was used
to describe carbons that had not been heat treated to sufficiently high temperatures to
develop the graphite stacking order. More recently, however, the term has been used to
describe a geometry rather than thermal history. The most obvious result of this disorder is
an increase in spacing between graphite basal planes to a value near 3.44 A for graphitizing
carbons (8, 18, 19). A schematic of the disordered stacking that occurs is shown in Fi gure
2.5(20). As will be seen in the discussion of physical properties, both interplanar spacing
and the crystallite size are related to the degree to which the physical properties of a carbon
approach those of graphite (9).

There is also the potential for forming in-plane defects. A common example is edge
defects in layer planes of finite dimension. Because a C-C bond cannot be formed at the
molecule edge, some way of satisfying the carbon valence must be found. One possibility
is the localization of an electron, resulting in a loss of resonance energy and electrical
conduction in carbons of small crystal size. Otherwise, the valence may be satisfied by
bonding foreign atoms or groups, such as -H, -CH,, or -OH, to the periphery. These
impurities must be eliminated before complete ordering can occur (9).

Another example is the presence of vacancies, or holes, in the aromatic planes, as
shown in Figure 2.6 (9). If the valences of carbon atoms surrounding the holes are
satisfied by functional groups, repulsion between adjacent planes increases and the
hexagonal network buckles (21). Or, the electrons may remain unpaired in the vicinity of
the hole, inhibiting &-electron mobility and, again, electrical conduction (9). There is also
evidence of other in-plane defects, such as "claw defects", c-axis screw dislocations 9,11,
12), and twinning, as studied by electron microscopy (22).

On a more macroscopic scale, carbons often contain large voids, that can arise from
the removal of volatiles or from thermal stresses. Mrozowski (23) predicted that
misorientation of anisotropic graphite grains would result in thermal stresses upon cooling

from graphitization temperatures. These stresses might be relieved by the formation of




Figure 2.5. The turbostratic defect structure (20).
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Figure 2.6. Sketch of a graphite-like plane having vacancies (9).
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microcracks parallel to the basal plane. In both cases, pores or microcracks reduce the
strength, density, and thermal expansion of the carbon body (24).

From this brief description of the graphite crystal structure, it is apparent that graphitic
carbons have the potential to develop excellent mechanical, thermal, and electrical
properties along their basal plane. The extreme anisotropy of graphite, however, dictates
that the same properties will be lower in the transverse direction. For that reason,
polycrystalline graphite is often utilized in the form of fibers and films, in which the basal
planes of the individual crystals are arranged nearly parallel to the fiber axis or to the film
surface. The physical properties of such a product are limited only by basal plane
misorientation, finite crystal size, stacking defects, point defects, and porosity. In the next
section, the development of a graphite-like structure in mesophase pitch-based carbon

fibers is examined.

2.2 Development of Structure in Carbon Fibers

Carbon fibers are produced commercially from several precursors, such as rayon,
polyacrylonitrile (PAN), isotropic pitch, and mesophase pitch. Each requires different
forming and thermal treatment conditions, but all approach, to some degree, a structure
similar to that of graphite. The spinning conditions determine the structure of the raw
fibers, and this structure, together with the nature of the precursor, determines the fibers'
potential for developing an ordered graphite structure. Fibers then must be prevented from
melting during subsequent thermal treatment. This is done by reacting the fibers with
OXygen at a temperature just below their softening point. Following this treatment, known
as stabilization, the fibers are heated to temperatures up to 3000°C under an inert
atmosphere to obtain the desired structure and properties. Neither rayon-based nor PAN-
based fibers achieve a highly-graphitic structure, even upon heat treatment to such high

temperatures. However, fibers produced from mesophase pitches graphitize readily (1-5).
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The changes in crystal structure and physical properties that occur during pitch formation,

melt-spinning, and thermal treatment will be discussed in the following sections.

2.2.1. Carbonaceous Mesbphase

Carbonaceous mesophase is a nematic liquid crystal, composed of disk-like molecules
that orient parallel to one another when heated or subjected to a stress field (25). It can be
produced from isotropic pitches by one of two techniques. The first is thermal
polymerization, patented by Singer (26) in 1977. In this technique, an isotropic pitch was
heated to a temperature between 400 and 450°C under an inert atmosphere for around 40
hours. Approximately 50% of the isotropic phase was converted to an anisotropic
mesophase. Because its density was greater than that of the isotropic phase, it was
collected at the bottom of the heating vessel. The mesophase produced in this manner,
however, had a broad molecular weight distribution and a high softening point. Therefore,
it was difficult to melt spin into fibers. Improvements were made on this process by Lewis
(27) and Lewis and Chwastiak (28), who included agitation and an inert gas sparge,
respectively. A schematic of their process modifications are shown in Figure 2.7. While
processing remained lengthy, the final product was 100% mesophase and was easier to
melt spin. However, the mesophase still exhibited a broad molecular weight distribution
and had a high softening point.

An alternate technique was developed by Riggs and Diefendorf (29). Their process
employed solvents such as toluene, heptane, and benzene to extract the high molecular
weight fractions for the isotropic pitch. The extract then could be converted to mesophase
by heating to between 230 and 400°C for only 10 minutes.

The isotropic pitch feedstock used in these processes comes from the petroleum or
coal tar industry. While it is an inexpensive material, it may contain insoluble carbon solids
that decrease the mechanical properties of carbon fibers. In addition, the composition of

these pitches varies with time, depending upon the composition of the crude oil or coal.
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Figure 2.7. Production of mesophase pitch by thermal polymerization.
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Therefore, production of consistent, high-quality carbon fibers from these materials is
difficult (4).

Recently, mesophases of narrower molecular weight distribution and low impurity
content have been produced from pure aromatic hydrocarbons, such as naphthalene (30-
32). A process for producing mesophase commercially from naphthalene is being
developed by Mitsubishi Gas Chemical, Inc. In this process, naphthalene is polymerized
using HF/BF; as a catalyst. Polymerization is conducted in an autoclave, held at a
temperature between 260 and 300°C and a pressure between 2 and 3 MPa for around four
hours. Afterwards, the material is distilled to remove the catalyst, any unreacted monomer,
and impurities, leaving a 100% mesophase. Figure 2.8 shows a schematic of the
Mitsubishi process for producing their so-called AR mesophase (31). The advantages of
this material are its consistency of composition, improved melt-spinning, and its enhanced

stabilization reactivity as a result of increased hydrogen content.

2.2.2. Melt-spinning

Melt-spinning involves three steps: melting the precursor, extrusion through a
spinnerette capillary, and drawing the fibers as they cool. Many investigators have
concluded that this process is the primary source of structure inb mesophase pitch-based
carbon fibers, and that thermal treatment only enhances this structure (4, 33). The effects
of melt-spinning conditions on the structure and properties of carbon fibers will be
discussed in this section.

Several process variables are important in determining the fibers' potential for
developing an ordered graphitic structure. The first is melt temperature. Each mesophase
has a range of temperature over which melt-spinning is possible. Spinning at temperatures
beneath this range results in high viscosities and brittle fracture during drawdown, while at
temperatures above this range, thermal degradation of the pitch (34) and dripping due to

low viscosity occur (4). The viscosities of all mesophases are highly dependent upon
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Figure 2.8. The process for producing AR mesophase (31).
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temperature, as shown in Figure 2.9 (35, 36); therefore, the temperature range for
successful melt-spinning is quite narrow. Using the AR mesophase, Mochida (37) found
that decreasing the melt-spinning temperature by even 15 degrees resulted in a four-fold
increase in viscosity and, in turn, significant decreases in tensile strength and Young's
modulus. It was concluded that a low melt viscosity was necessary for production of a
high quality carbon fibers.

The pitch flow profile in the capillaries is also important in terms of transverse basal
plane arrangement. A schematic of the transverse textures typically observed for carbon
fibers is shown in Figure 2.10 (4). They include the radial-folded texture, observed in Du
Pont's Fiber E and Kashima fibers (33), and the "flat-layer," or "Pan-Am," texture
observed in fibers produced by Amoco. Hamada et al. (38) showed that these textures of
fibers were developed during extrusion. By stirring the pitch just before it reached the
capillaries, they produced fibers having an onion-skin texture. Changing the shape of the
stirrer and moving it closer to the capillary resulted in a random texture. Stirring, however,
did not affect the orientation of basal planes about the fiber axis.

Similar results can be achieved through capillary design. For example, Matsumoto
(39) found that increasing the capillary length-to-diameter ratio produced a more radial
texture in circular fibers. He concluded that both shear rate and the residence time of the
pitch in the capillary were important parameters in texture determination. Die taper has also
been investigated; Riggs and Redick (40) patented a process by which the textures of the
fibers are changed from radial to onion-skin by increasing the capillary entry angle. And,
finally, Edie et al. (41) showed that extruding mesophase pitch through non-circular
capillaries generated a line-origin texture, in which aromatic molecules appear to emanate
from a central line.

These examples imply that texture and basal plane orientation are developed in the
spinnerette capillary, but that orientation is enhanced by conditions after exit from the

capillaries. These findings were confirmed by Edie at al. (41). After exiting the
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Figure 2.10. Typical textures observed in carbon fibers (4, 33).
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spinnerette, fibers are drawn during cooling and wound. During this step, the fiber area
decreases and the aromatic molecules are further oriented with the fiber axis, as shown in
Figure 2.11. Such orientation is necessary if the fibers are to achieve an ordered graphitic
structure during thermal treatment.

Other important variables include the mass flow rate, quench (or ambient) temperature,
and the cross-flow air velocity (4). Models to describe their effects on drawdown and
thread-line tension have been developed by Kase and Matsuo (42), and Kase (43), and
applied to mesophase pitch by and Edie and Dunham (34). Currently, McHugh is using a
model of the flow of discotic mesophases through converging channels in the design of

non-circular spinnerettes (44).

2.2.3. Stabilization

Carbons having low concentrations of oxygen, such as mesophase pitches, melt upon
heating to temperatures in excess of around 300°C. Therefore, fibers made from these
pitches must be stabilized, or thermoset, prior to the high temperature treatment (45).
Several methods exist for stabilization by oxidizing acids and ozone (46, 47), but the most
common method is thermal oxidation in air. Oxygen reacts rapidly with the a-carbon sites
on aromatic molecules that include alkyl side groups. Thus, materials with higher
concentrations of these side groups react more rapidly with oxygen, resulting in greater
oxygen concentrations after stabilization. Once the initial reaction of the alpha carbon sites
has taken place, dehydrogenation and polymerization can occur (48).

Several studies of stabilization have been conducted using infrared spectroscopy. The
most extensive was by Otani for ozone stabilization of a pitch derived from PVC (47). The
IR spectra from that study as a function of heat treatment temperature are shown in Figure
2.12. Otani showed that carbonyl and some C-O groups are formed by the oxidation of
alkyl side groups. Then, the formation of acid anhydride groups at elevated temperatures

crosslinked the structure. The use of ozone contributed to the formation of a highly
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crosslinked surface layer, but a less-stabilized interior. A similar result is observed, in
general, for stabilization under high oxygen concentrations (49), as stabilization has been
shown to be a diffusion-limited process (50-53). Thus, non-linear oxygen concentration
profiles are observed after stabilization, as shown in Figure 2.13 by Kasuh and Marsh for
pitch-based fibers (54). |

The stabilization process also has been examined by thermogravimetric analysis (50,
55). Typically, mass gain begins around 180°C, but the actual temperature and rate of
mass gain depends upon the pitch. Stevens and Diefendorf (51) found that a specific
mesophase pitch could be adequately stabilized at about 6% increase in mass. The exact
amount, however, is dependent upon the chemical composition of the mesophase, its
molecular architecture, and conditions in the stabilization oven (4). These crosslinking
reactions are highly exothermic, and they have been investigated by Hein and Weber (56)
for a coal tar pitch and Lavin (57) for model compound pitches using differential scanning
calorimetry. Typical dynamic DSC heat flow curves versus temperature are shown in
Figure 2.14 for four model compound pitches, such as anthracene, anthraquinone,
dihydroanthracene, and dimethylanthracene (57).

Structurally, stabilization serves to freeze the orientation of the aromatic layers in the
fibers. However, stabilization at temperatures near or above its softening point may result
in relaxation. As shown by Riggs et al. (2) in Figure 2.15, this leads to a decrease in
Young's modulus with increasing stabilization temperature. Stabilization also has the effect
of increasing the separation of the basal planes. As stabilization time and, therefore,
oxygen content; are increased, the basal plane separation becomes greater.

Clearly, stabilization has a dramatic effect upon structural development during the
subsequent processes (58). The formation of an infusible surface layer on the fiber is
essential to the prevention of fiber sticking (47), but the orientation of the basal planes must
be preserved throughout the fiber. In addition, an optimum oxygen content is desirable to

reduce mass loss during the following processes.
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Figure 2.13. Oxygen concentration profiles in mesophase pitch-based fibers (54).
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2.2.4. Thermolysis

After stabilization, fibers are able to withstand subsequent thermal treatment.
However, they still contain large quantities of hydrogen and oxygen, which form volatile
species upon heating (59). Such a treatment is termed carbonization, or thermolysis (45).
As used here, both terms will imply thermal decomposition of the carbonaceous material,
resulting in a composition consisting of at least 95% carbon. Thus, thermolysis primarily
involves the removal of non-carbon elements in the form of low molecular weight gases,
such as methane, carbon dioxide, and hydrogen. Much of the mass loss occurs at
temperatures below 1000°C (4, 59). Heating the fibers too rapidly during this period may
cause bloating (60, 61) or cracking (48). To minimize these flaws, a low heating rate is
often employed between 700 and 900°C, with a brief soak at maximum temperature to
insure complete devolatilization (4, 59).

Several researchers have investigated the chemical changes that occur during
thermolysis of carbons (62-67). Kasuh and Marsh (62) studied the carbonization of
oxidized mesophase pitch fibers and identified the evolved gases as, in order with
increasing temperature, CO,, CO, CH,, and H,. A plot of the concentrations of these
gases with temperature is shown in Figure 2.16. No change in composition was observed
below 300°C, but further heating was accompanied by rapid loss of oxygen and an increase
in the quinoline insoluble (QI) content. Quinoline, and sometimes benzene, insoluble
contents are used as measures of aromatic carbon content and infusibility of carbonaceous
materials. A high QI means that a material will give a high carbon yield upon further
thermal treatment (4). Assuming that the QI value was related to the degree of ring
condensation, they concluded that deoxygenation caused condensation at low temperatures.
Infrared spectra showed that the carboxyl absorption band near 1750 cm™! disappeared,
while the carbonyl band near 1700 cm'! remained strong. Thus, the removal of oxygen
that lead to condensation between 300 and 400°C was by decarboxylation. Infrared and

elemental analysis confirmed that evolution of carbon dioxide occurred between 300 and
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600°C, and carbon monoxide between 350 and 900°C. A similar phenomenon was
observed by Otani (47) in the thermolysis of PVC pitch under nitrogen.

At temperatures nearer 1000°C, hydrogen evolution becomes more pronounced.
Carbonization kinetics have been studied by hydrogen evolution measurements from cokes
containing little or no oxygen (68-70). According to Singer and Lewis (71, 72), coke
formation is accomplished through the removal of hydrogen, and the cumulative hydrogen
evolution is an indicator of the mean size of aromatic molecules. Carbonization, then, is
viewed as free-radical process, in which the rate-limiting step is the cleavage of carbon-
hydrogen bonds to form free-radicals.

Subsequently, Kawamura and Bragg (69) studied the carbonization kinetics of several
pitch cokes using thermogravimetric analysis. They found an activation energy for
carbonization of around 100 kcal/mole, and related this to the C-H bond energy. Thus,
they concluded that the rupture of C-H bonds was the rate-limiting step in carbonization.
This study of a graphitizing carbon confirmed a previous study by Lapina et al. (68), who
concluded that the activation energy of carbonization for a given coke was an indicator of
its graphitizability. They found that activation energies ranged between 17 and 112
kcal/mole for a variety of pitches, coals, resins, and polymers. Bond rupture, creating
free-radicals, gave rise to highly endothermic reactions, requiring large activation energies.
On the other hand, immediate condensation resulted in heat evolution, and an activation
energy near zero. Such materials as furan resins, for example, which develop a rigid,
disordered structure and do not graphitize, exhibited low activation energies. Using
activation enefgy data and the basal plane separations of these materials after heat treatment
to 2700°C, they showed a correlation between carbonization and graphitizability: non-
graphitizing carbons have activation energies below 30 kcal/mole, while graphitizable
carbons have values above 60 kcal/mole.

Newman (70) also concluded that the development of high molecular weight

compounds at low temperatures resulted in a poorly-graphitizing carbon. He employed
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measurement of hydrogen evolution to study the carbonization kinetics of several materials.
He found a value of 97.5 kcal/mole, similar to that found by Kawamura and Bragg (69),
for a vacuum residue used to make "normal" coke, but values of 43.5 and 57.8 kcal/mole
for "premium" and "intermediate" petroleum tars used for needle-coke production,
respectively. The latter values agreed with the values previously reported by Singer and
Lewis (71) for petroleum pitches. Newman concluded that the rate of carbonization was
not as important to the quality of coke produced as was the molecular weight of the
polymer early in the carbonization process. It was essential, he believed, to limit
condensation at low temperatures in order to prevent the development of a non-graphitizing
carbon. This finding is dependent upon the molecular structure and viscosity of the coke.
The effect of carbonization conditions upon the structure and properties of PAN-based
carbon fibers has been studied by Fitzer et al. (73, 74). Their work showed that high
heating rate during carbonization had a deleterious effect upon tensile strength and
modulus. In addition, employing a two-step process of heating the fiber to the
devolatilization range and cooling prior to high temperature treatment produced improved
physical properties. Using mesophase pitch, Schikner (75) found that precarbonization
rate had little effect upon the tensile properties of graphitized fibers. He did, however, find
that a two-step process, consisting of pre-carbonization to 1000°C and cooling, gave
improved tensile properties. As the two-step process was devised to allow gas evolution
and then to re-densify the fiber through thermal contraction during cooling (76), crack
population was deemed an imporfant factor. It follows that reduced mass loss during this

treatment would reduce cracking, and result in improved tensile properties.

2.2.5. Graphitization
The final stage of heat treatment is called graphitization and it involves the
transformation of disordered carbon lamellae into a three dimensional graphite structure.

Prior to graphitization, graphitizable carbons usually consist of small domains of two-
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dimensional aromatic layer planes, each misoriented with respect to its neighbor by a twist
or translation. Pure graphite has a regular hexagonal stacking sequence, ABAB, whereas
carbonized materials display a random layer order and a greater repulsive force between
planes (77). Together with the influence of sp® hybridized linkages at plane peripheries,
this produces a d(0002) spacing, or basal plane separation, greater than that of graphite
(78). During graphitization, these interplanar defects are removed thermally and the planes
form ordered stacks with graphite-like spacings in the lattice c-direction. Stacking changes
are accompanied by a growth of the graphite domains in the a-direction and orientation of
the planes along the fiber axis. These are the result of both large-scale motion and the
removal of chemical species attached to the plane edges. Graphitization, then, is
accomplished primarily by atomic diffusion and crystallite growth, both thermally activated
processes with well-defined and physically-significant activation energies (79). Several
authors have attempted to quantify the graphitization reactions and relate their rate
properties to atomic-level processes. An explanation of the process and its kinetics are
presented here.

Entering the graphitization process, carbon fibers might consist of greater than 95%
carbon by mass, with trace impurities such as hydrogen. According to Mrozowski (80),
almost all of the gaseous products have been removed and the structure is purely carbon
with only a few hydrogen atoms attached at plane edges. There is an orderly arrangement
of atoms in each plane but a random layer stacking. To describe this, Warren proposed a
“turbostratic” model in which perfect platelets are stacked in a completely disordered
manner (16, 17). He suggested that graphitizable layer planes had firmly attached
interstitials on both sides and that these interstitials contributed to the lattice distortion.
Graphitization was described as the process of removing these point defects and ordering
the graphite stacks. A subsequent model by Maire and Mering (78) considered imperfect
layer planes with attached interstitials and obtained a range of d(0002) spacings between
3.354 and 3.440 A, better explaining experimental observations, such as electronic and

magnetic measurements. Other models exist, e.g., Ruland (81) and Ergun (82), that rely
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primarily on the annealing of in-plane defects and preclude non-graphitic d(0002) spacings.
For example, Ruland proposed that graphitization involves translation of layers in the a and
b crystallographic directions. The initial displacement of these layers is the result of basal
plane unevenness, which in turn is the result of interstitials.

For the structure to homogenize on a large three-dimensional scale, it is necessary for
defects between layer planes to be annealed away and for planes to move into ordered
arrays. Most of the hydrogen is released from the fiber by around 1200°C, allowing the
interplanar spacing to decrease slightly (83, 84). More significantly, the destruction of
attached hydrocarbon species results in the formation of active sites for condensation (85).
This period is characterized by rapid growth of crystallites in the c-direction and a slight
decrease in d(0002), while little change occurs in the a-direction (79). The difference in
growth rate may be related to the comparative ease with which m-bonds are formed between
basal planes as compared to o-bonds within the planes. In addition, it is believed that the
development of three-dimensional order (decrease in basal plane separation) is necessary
prior to a-directional crystal growth (86). Figure 2.17 illustrates the behavior of the L/L.
ratio with heat treatment temperature according to Richards (87).

The subsequent stage involves growth of the crystallites in both the a- and c-directions
by drawing on material from the surrounding disordered phase. This occurs until the phase
is depleted, which Mrozowski observed at 1300°C. From that point, the crystallites must
grow at the expense of their neighbors. Unlike ceramic grain growth processes, however,
in which abnormal grain growth can occur, the crystallites grow to an average size
determined by the time-temperature conditions of heat treatment and practically stop there
(80, 86).

According to Mrozowski (80) and Heintz (86), once the crystallites reach a certain size
in the a-direction, the turbostratic to graphite conversion becomes energetically favorable.
A d(0002) spacing decrease caused by the rotation or translation of neighboring planes with

respect to one another is accompanied by a release of energy proportional to the crystallite
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Figure 2.17. Ratio of coherence length to stack height with graphitization temperature

(86).
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area, or L,2. However, an amount of energy proportional to the crystallite circumference is
needed to break some, or all, peripheral bonds and to orient the planes. Ata crystallite size
(L,) of around 100 A, the released energy exceeds the required energy and the
transformation becomes energetically possible. This condition to break all bonds occurs
somewhere in excess of 1700°C, depending upon size distribution and peripheral bond
density (80). Conditions are then favorable for macroscopic orientation and rapid a-
directional crystallite growth. This explains the somewhat arbitrary demarcation between
the terms carbonization and graphitization at 1700°C (4). The presence of dislocations and
vacancies might allow this this process to occur without breaking all peripheral bonds and,
therefore, at lower energy.

For rapid growth to occur, the platelets should be straight and arranged in graphite-like
stacks. A. Oberlin (88) observed that all graphitizing carbons behave in a similar way:
below 2000°C, they consist of small mosaic elements, each almost parallel with its
neighbor in a wrinkled layer structure. Above 2000°C, de-wrinkling occurs as a-axis
misorientation is eliminated and L, increases rapidly. Oberlin divides the graphitization
process into three stages: an increase in the number of layers per stack, development of
large, wrinkled sheets, and sheet perfection by unwrinkling. Fi gure 2.18 illustrates the
relative temperature relationship of stack height, L., and coherence length, L. Specific to
pitch-based fibers, Johnson concluded that increase in crystallite size is enhanced when the
majority of the layer planes are in the fiber axis direction (89). His model of orientation
change, minus the possibility of polygonization for such drastic bending, is presented in
Figure 2.19.

The nature of crystallite growth, especially in the a-direction, can be described on the
basis of vacancy diffusion within the layer planes. Vacant positions have additional energy

as a result of four factors;
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(1) rupture of 3 o-bonds that bind the atom to its neighbors,

(2) loss of m-electron delocalization (resonance energy),

(3) interaction of the 3 sp? hybrids left dangling, and

(4) energy of attraction and repulsion between the layers.

Such vacant sites, naturally present in a disordered graphene plane, migrate to the edges of
growing planes and account for the large increase in L, at high temperatures (90).

In summary, the graphitization process consists of several discrete stages which, due
to the non-uniform nature of the starting material, overlap to form a “smooth” transition.
The stepwise nature of the process has been observed by several authors (79, 91-93) from
the discrete values of d(0002) which occur at 3.44, 3.40, 3.37, and 3.36 A, as well as
from discontinuities in magnetic susceptibility, with increasing treatment time at a given
temperature. In particular, Pacault (91) observed this phenomena using "electron micro-
diffraction". He found that carbons having magnetic susceptibility data points falling on
the same plateau gave similar electron diffraction patterns, while those having data near a
step or discontinuity gave very different patterns. A possible explanation for the discrete
values of d(0002) is that a given time interval is necessary for the elimination of a given
structural fault. He reasoned that, when the number of defects fell below some critical
level, evolution of structure occurs and the corresponding properties (e.g., d(0002) and
magnetic susceptibility) attain another plateau. It is also possible that a carbon passes
through a rhombohedral form during graphitization, resulting in d(0002) that reflect the
proportion of rhombohedral (larger plane separation) and graphitic (smaller plane
separation) phéses.

Clarification of the mechanism by which graphitization occurs lead to studies of its
kinetics. Using the d(0002) spacing as the criterion, the rate of disappearance of

disordered carbon can be expressed as

g£= -kcnt
m ken, 2.1

where k is the reaction rate constant and n is the reaction order (79, 91). The concentration
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of disordered carbon, c, given by
o= 4(0002) -3.354 A
3440 A -3354 A°
1s the inverse of Mering’s degree of graphitization (78). Several authors (77, 79, 84) have

(2.2)

shown graphitization to obey first order kinetics (n = 1). Then, equation 2.1 can be
integrated to obtain

c(T,t) = c exp(-kt); (2.3)
C, 1s the initial value of ¢ and equals 1 when d(0002) = 3.440 A. The rate constant, k,
obeys an Arrhenius-type temperature relationship,

k =k e(-AE/RT), (2.4)
where the pre-exponential term, k, is related to the entropy change, AE is the process
activation energy, R is the gas constant, and T is the absolute temperature. The major
argument with the expression of a graphitization rate equation is the use of a constant
activation energy to define the entire process.

The activation energy has been determined by a variety of experiments, including
isothermal hydrogen evolution (68, 84), crystallite growth, and dynamic/isothermal X-ray
diffraction (69, 79, 94). In 1951, Franklin (95), proposed a graphitization mechanism by
which small layer plane segments are joined together to form larger planes. Then, the
larger planes are rotated and translated into position as a whole. From these assumptions,
she concluded that the activation energy increased with increasing crystallite size.
However, Fischbach (79) showed that pitch-based carbons have a constant activation
energy of between 240 and 280 kcal/mole above 2000°C, but a distribution of rate
constants for a. collection of first order reactions. His isothermal studies illustrated that
graphitization behavior is independent of heat treatment temperature and that the activation
energies for d(0002) spacing decrease, crystallite growth, and orientation increase are the
same. This activation energy has a physical meaning if atomic transport within the layer
planes is considered. The energy required to form a carbon vacancy is approximately 170

kcal/mole and the energy necessary for its migration through the graphite lattice is 70
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kcal/mole. Thus, vacancy diffusion, which is the summation of these two processes, has
an effective activation energy of 240 kcal/mole. An interstitial transport mechanism may
also occur, with an activation energy of around 220 kcal/mole in the c-direction or 166
kcal/mole in the a-direction (69, 79, 94, 96, 97). Because of their proximity in value and
the lack of precision of high temperature measurement, these mechanisms cannot be
distinguished. Therefore, both are considered together as point defect mechanisms. Much
lower activation energies (10 kcal/mole during heating and 65 kcal/mole prior to
stabilization at the isotherm) have been observed during heating or within the first minute of
isothermal treatment, emphasizing the dependence of these data on equilibrium thermal
conditions (94). These low activation energies were attributed to elimination of mobile
single interstitial atoms or loops (AE = 10 kcal/mole) and interstitial migration (AE = 65
kcal/mole) (69, 94). They admit, however, that it is unlikely a single activation energy can
be used to describe this region. It is also possible that graphitization during rapid heating is
stress-induced.

The graphitizability of carbon is heavily dependent upon the chemical structure of the
material entering the graphitization process (98). Carbonaceous materials with a high
degree of crosslinking develop a rigid turbostratic structure at low temperatures and are
difficult to graphitize. Their aromatic clusters are linked together in a random way by
thermally stable crosslinks, restricting axial orientation and growth. Such “hard carbons”
do no graphitize easily until temperatures in excess of 3000°C (95) are used. However,
removing oxygen or adding hydrogen to the starting material increases its graphitizability
(84, 98-100). "Soft” carbons such as petroleum- or tar-derived pitches are less rigid and
more oriented, and graphitize more readily (95).

Beyond the chemical nature of the carbonaceous precursor, graphitization can be
strongly influenced by the rate and conditions of thermal treatment. Patrick et al. (101)
showed that increased heating rate results in an increased rate of graphite transformation

and that prolonged dwell at high temperatures enhances anisotropy. In addition, the
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application of tensile stress during treatment serves to de-wrinkle layer planes once a
temperature favorable for lattice creep is attained. De-wrinkling the planes at an earlier
stage allows more rapid orientation toward the fiber axis and, consequently, more rapid
crystallite growth (102).

The effects of graphitization temperature and time-at-temperature on both the crystal
structure and physical properties of carbon fibers are well known. For example, Ri ggs (2)
showed that increasing the maximum graphitization temperature, as shown in Fi gure 2.20.
And, because the degree of graphitization, crystallite size, degree of basal plane orientation
are known to increase with graphitization temperature (88), other lattice-dependent physical
properties such as electrical and thermal conductivity would also be expected to increase as

well (5,7,9, 11, 12).

2.2.6. Influence of Sulfur upon Graphitization

Impurities may have a pronounced effect upon the graphitization process. Sulfur, in
particular, is a common impurity in petroleum feedstocks and has been found to affect their
behavior during thermal treatment. Interestingly, it is both blamed for the irreversible
volumetric expansion that accompanies its removal, and labelled a graphitization catalyst for
its ability to remove disordered carbon atoms. It is well known that carbon can be used to
bind sulfur, but the nature of this binding is not understood (103, 104). Liquid
chromatography allows the identification of thiophene functional groups only (105), but
other analytical methods have located various aliphatic arrangements (103).

As sulfur may take a variety of forms in carbons, there is considerable disagreement
with regard to .its role during thermal treatment. Understanding the nature of sulfur's
influence is becoming increasingly important as the sulfur content observed in cokes
continues to rise (86, 106).

The irreversible volumetric expansion of soft carbons at high temperatures, known as
puffing, has been reported by many researchers. Present in the form of organic complex

compounds (107), sulfur has been associated with puffing because expansion occurs over
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the same temperature range as its removal. Other impurities that could be related to
puffing, such as oxygen and nitrogen, are lost at lower temperatures (108). Figure 2.21
shows the relative volume expansion and sulfur content of a typical puffing coke during
high temperature treatment. Therefore, puffing is thought to result from the intercrystalline
pressures generated by resistance to sulfur migration out of the carbon (108, 109).

Generally speaking, puffing occurs in the treatment of soft carbons to temperatures in
excess of 1400°C. (107, 110-112). The exact temperature range, however, depends upon
the sulfur content of the starting material, and the structure of the host carbon (86, 105,
111) For example, Brandtzceg (111, 113) reported a decrease in density and an increase in
pore volume upon the treatment of cokes between 1400 and 1800°C. He also concluded
that cokes of high sulfur content have a lower onset temperature for irreversible expansion
than those of low sulfur content. While this temperature r