AD=-AD44 631 NAVAL SURFACE WEAPONS CENTER WHITE OAK LAB SILVER SP--ETC F/6 7/3
THE EFFECT OF GAS BUBBLE PERCOLATION ON THE CARBONACEOUS MESOPH==ETC(U)
SEP 76 D O RESTER

UNCLASSIFIED NSWC/WOL/TR=76-113

| e 2

ADADSAB3I




1

NSWC/WOL TR 76-113 J

?
)

56

T¢E EFFECT OF GAS BUBBLE
PERCOLATION ON THE CARBONACEOUS

MESOPHASE PRODUCED FROM
ACENAPHTHYLENE

ADAGAA4 ¢

BY DENNIS O. RESTER

RESEARCH AND TECHNOLOGY DEPARTMENT

1 SEPTEMBER 1976

grae
i
§
b
|
L
1% |

NAVAL SURFACE WEAPONS CENTER

Dahlgren, Virginia 22448 e Silver Spring, Maryland 20910

1
ek
%

9
BOG FILE COPY

ATy M
3 I

FS




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
1 REPORT mma;a — !24 GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER
! NSWC/WOL/TR 76 113/ » {
: m——

4. TITLE (and Subtitle) 5. TYPE QF REPORT & PERIOD COVERED

/
"~ The Effect of Gas Bubble Percolation on the

Carbonaceous Mesophase Produced from 6. PERFORMING ORG. REPORT NUMBER
Acenaphthylene
7. AUTHOR(sS) 8. CONTRACT OR GRANT NUMBER(s)
Dennis 0./Rester | /!
3. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBER S
N /
s e L oazew; seAsesi=s94)
3 Y ‘v sF54594501 WR3501 ;
White Oak, Silver Spring, Maryland 20910 } — «’
1. CONTROLLING OFFICE NAME AND ADDRESS e . 1&.35&031 DATE
; | 1 Sept 76
T e | J T pe }
/ # - 3. NUMBER OF PAGES

14 MONITORING AGENCY NAME & ADDRESS({f different from Controlling Office) 5. SECURITY CLASS. (of this report)

UNCLASSIFIED

15a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)
Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

This technical effort is part of the Reentry Vehicle Materials Technology
(REVMAT) Program

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Carbonaceous Mesophase
Acenaphthylene

Liquid Crystals
Pyrolysis Hot stage microscopy

20. ABSTRACT (Continue on reverse aide {f necessary and identify by block number)

(Over)
M
DD . %5, 1473  €0iTioN OF 1 NOV 65 15 OBSOLETE UNCLASSIFIED
S/N 0102-014-6601
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

’j g

/

i




UNCLASSIFIED

CURITY CLASSIFICATION OF THIS PAGE/When Data Entered)

\LA study of mesophase formation in acenaphthylene was undertaken in an
attempt to determine the effect of gas bubble percolation during pyrolysis
on the mesophase microstructure. Samples of acenaphthylene approximately
20 g in size were pyrolyzed in test tubes to various temperatures between
400%C and 500°C. Examination of the pyrolysis residues revealed that
mesophase spheres up to 14 um in diameter were formed during heating
acenaphthylene to 4045¢, During heating to 450°C, the spheres grew in size
and coalesced to produce regions of fluid coalesced mesophase up to 2 mm
in size. Complete conversion to the mesophase occurred between 466°C and
500°C. The mesophase produced from acenaphthylene was found to contain a
small amount (2204) of the fine fibrous microstructure characteristic of

good needle cokes used in giaphite manufacture.

Acenaphthylene samples about 20 mg in size were pyrolyzed on a micro-
scope hot stage. Mesophase formation, coalescence, and deformation due to
gas bubble percolation was observed directly at pyrolysis temperatures
between 413°C and 455°C. After mesophase formation began at 413°C, gas
bubble percolation through the sample was found to cause coalescence of
mesophase droplets, formation of defect structures in coalesced droplets,

and deformation or stretching of the coalesced mesophase.

UNCLASSTIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




NSWC/WOL/TR 76-113

NSWC/WOL/TR 76-113 1 Sept 1976

THE EFFECT OF GAS BUBBLE PERCOLATION ON THE CARBONACEOUS MESOPHASE PRODUCT
FROM ACENAPHTHYLENE

This report presents the results of a study of the formation of the carbonaceous
mesophase during the pyrolysis of the hydrocarbon acenaphthylene. The work was
primarily directed toward determination of the influence of gas bubble percolation
on mesophase formation and coalescence of mesophase droplets. A literature survey
of the characteristics of the carbonaceous mesophase is also included in the report.
Both the literature survey and experimental work was submitted by the author to the
University of Maryland Graduate School as a thesis in partial fulfillment of the
requirements for a Master of Science degree.
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CHAPTER 1
INTRODUCTIONR
A. BACKGROUND

The importance of manufactured graphite as a high temperature material is due
to its combination of metallic and nonmetallic properties, and the large variety of
properties obtainable through variations in the microstructure. Manufactured
graphite materials are "polycrystalline', since they are composed of areas with a
near perfect graphite crystal structure (these areas are called crystallites) con-
nected by areas of amorphous carbon. The crystallites are composed of parallel
lavers of carbon atoms. Each layer contains carbon atoms arranged in a hexagonal
pattern. The term "amorphous carbon' is used to describe the many disordered forms
of carbon whose structure and properties are intermediate between the two extremes
represented bv natural graphite and diamond. Amorphous carbon may also consist of
small groups and in some cases ribbons of carbon layer planes of varying sizes with
little three-dimensional order. The properties of polvcryvstalline or manufactured
graphites are determined by the size, shape, orientation, and defect structure of
the crystallites, and the nature of the amorphous carbon regions holding the crys-
tallites together.

The polycrystalline structure of manufactured graphites is developed during
heating certain carbon based (organic) materials such as petroleum pitches to tem-
peratures as high as 2800°C. This heating process is called "graphitization", and
it results in the formation of crystallites whose three-dimensional structure is
similar to that of the ideal graphite crystal structure. Since the graphitization
process produces a polycrystalline material, it is necessary to define a method to
distinguish betwen materials whose crystallites have different degrees of disorder.
The term '"degree of graphitization'" is used to indicate the relative degree to which
the crvstallite structure developed during graphitization approaches the ideal
structure of single crystal graphite. An ideal graphite crystal has an interlayer
spacingl (cryvstal semilattice spacing) of 0.3350 nm. Interlayer spacings from
0.3350 to 0.3354 nm have been reported?,3 for natural graphite. Organic materials
which develop an average interlaver spacing less than 0.3360 nm during graphitiza-
tion (heating to 2800°C) usually counsidered? to be "graphitizing organics'. A
graphitizing organic is said to form a "well ordered graphitic structure" on heating
to 2800°C or to have a high "graphitizability'. In contrast to the above discussion,
an organic heated to 2800°C which develops an average interlaver spacing greater
than 0.3360 nm may be classified as a "non-graphitizing' organic, since the higher
interlayer spacing indicates a large number of defects in the crystallites. Such a
material would have a low degree of graphitization.

The average stacking height of the layer planes in crystallites is also used
as an indication of the relative degree of graphitization. For example, acenaph-
thylene is a graphitizing organic. It produces a graphitized material with an
average interlayer spacing of 0.3356 nm? and an average crystallite height of about
45 nm.”2 Non-graphitizing organics usually have an average crystallite height ot
5 nm or less.

Pyrolysis and carbonization are two additional terms used frequently in the

carbon industry. Carbonization is defined as the process of converting an organic
into carbon by heat treatment. This process is 99% complete after heating to

NSWC/WOL/TR 76-113
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1000°C, and carbonization is generally referred to as a heat treatment to
temperatures in the range of 1000 - 1200°C. Pyrolysis, on the other hand, is used
to describe the heat treatment of organics to temperatures less than 500°C.

It must be remembered that the classification of terms as described above is
arbitrary, and based on the average properties of a sample. Due to the nature of
polycrystalline materials, a manufactured graphite contains small regions which
could be classified as amorphous carbon (no three-dimensional order). Likewise, an
organic classified as non-graphitizing may also form a small number of nearly per-
fect graphite crystallites during heating to 2800°C.

The development of polycrystalline graphites has been empirical in nature,
since the fabrication procedure involves the carbonization of complex carbon based
materials (pitches and cokes) of unknown chemical composition. As a result, little
progress has been made in developing a scientific basis for control of the micro-
structure, and therefore the properties, of graphitic materials. However, it has
recently been shown® that the microstructure and properties of graphitic materials
are determined by the characteristics of an ordered fluid which is formed during
the pyrolysis of certain pitches and hydrocarbons used as precursors for manufac-
tured graphite. This ordered fluid forms in the 370 - 500°C temperature range, has
many of the properties of a nematic liquid crystal, and has been termed the ''carbo-

naceous mesophase'.

The carbonaceous mesophase 1is observed initially6‘9 as optically anisotropic
spheres of micron size. These spheres grow in size and coalesce with increases in
heat treatment time and temperature to produce an optically anisotropic fluid,
referred to as the coalesced mesophase. The coalesced mesophase is composed of
nearly parallel layers of large planar aromatic molecules, with no three-dimensional
order and numerous stacking defects. This ordering of planar aromatic molecules is
the beginning of the development of the graphite crystal structure. The number and
kinds of stacking defects in tne coalesced mesophase at the temperature of mesophase
solidification determines the type of graphitic crystallites formed during heating
to 2800°C. Therefore, the properties of manufactured graphites are controlled by
the ordering developed in the coalesced mesophase below 500°C.

The following studv deals primarily with the general characteristics of the
carbonaceous mesophase produced during the pyrolysis of acenaphthylene, and the
affect of gas bubble percolation on the mesophase microstructure. A review of our
current understanding of the physical and microstructural characteristics of the
carbonaceous mesophase is given in Chapter II. This review illustrates the impor-
tance of the mesophase in determining the microstructure and properties of graphitic
materials, and discusses those factors which are known to affect the ordering of
molecules in the carbonaceous mesophase.

B. STATEMENT OF THE PROBLEM

Decomposition and dehydrogenation reactions which occur during the pyrolysis
of mesophase forming organics at atmospheric pressure are known to produce large
volumes of volatile organics. Since the mesophase is fluid, the formation of gas
bubbles in the mesophase-untransformed pitch mixture and the stirring action of the
these bubbles as they move through the mesophase would be expected to have some
influence on the mesophase microstructure.

NSWC/WOL/TR 76113
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Both Dubois, et al.1l0 and White, et a1.11‘13 have reported that gas bubble
percolation in the completely coalesced mesophase produces a fine texture of
extinction contours around pores formed by the gas bubbles. This fine texture
represents both stacking defects in the molecular layers and folded layers in the
mesophase. Thus, the microstructure near a pore produced by gas bubble formation
in the coalesced mesophase has a structure entirely different from regions at some
distance from the pore. Nucleation, growth, and percolation of gas bubbles through
the coalesced mesophase was reportedl0,11,12 to increase the density of molecular
layer stacking defects and folds by several orders of magnitude when compared to
samples of freshly coalesced mesophase. It was postulated that since the coalesced
mesophase is a viscous fluid, gas bubble percolation results in plastic flow and
deformation of the coalesced mesophase. The strains produced increase the number
of defects in the ideal layer structure of the molecules in the coalesced mesophase.

White and Price have also reportedl4 that bubble percolation in a fluid coa-
lesced mesophase just prior to mesophase solidification (see Chapter II, Section
C.2) is responsible for formation of the fine fibrous microstructure. The fine
fibrous microstructure is important because it is the characteristic microstructure
found in highly graphitizing needle cokes. However, the studies mentioned above
are all based on polarized light observation of mesophase samples cooled to room
temperature. There is no direct evidence which shows the influence of gas bubbles
on the mesophase microstructure. This study i1s an attempt to determine by direct
observation the affect of gas bubble formation and percolation on mesophase spheres
and on the microstructure of the coalesced mesophase produced from acenaphthylene.
Acenaphthylene was selected for study since it is known to form the mesophasel3,16
and produces a well ordered graphite% on heating to 2800°C. Since the chemical
reactions which occur during the pyrolysis of acenaphthylene are known,% interpre-
tation of the results will be more meaningful. It is hoped that the results will
identify some additional factors which determine the characteristics of the meso-

phase microstructure. Control of the microstructure of the coalesced mesophase will

allow one to control or tailor the properties of manufactured graphitic materials.

3/4
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CHAPTER II
REVIEW OF THE LITERATURE
A. IMPORTANCE OF THE FLUID STATE

It has long been recognized that pitches, polymers, and hydrocarbons may be
divided into two groups: (1) those which graphitize or form three-dimensional
order on heat treatment to 2800°C, and (2) those which do not graphitize. Materials
which graphitize are known to exhibit regions of optical anisotrophy when observed
under polarized light after carbonization. Ramdohrl’ was one of the first investi-
gators to report in detail on the optical anisotropy of graphitizing materials which
had been heat treated above 500°C. He used the term 'mosaic" to describe the
observed microstructural features.

After Ramdohr's paper in 1928, numerous investigators described the optical
anisotropy of graphitizing materials (mostly coals) which had been heat treated
above 500°C. However, little progress was made in relating the microstructural
characteristics of graphitizing materials to the processes which occur during car-
bonization until Mackowsky's18 work was published in 1951. She observed that the
size of the optically anisotropic regions in thermally treated coals was dependent
upon the degree of plasticity which developed during heating from room temperature
to 550°C. Although numerous papers were published describing the "'mosaic'" struc-
ture of carbonized materials, little interest was developed in the microstructural
changes which occur during the heat treatment of graphitizing materials in the
temperature range below 500°C. The importance of the microstructural changes which
occur during this temperature range, and the potential of microscopy as a method of
document}sg these changes was not fully realized until the late Fifties and early
Sixties.

In a series of investigations by Kipling, et al.,20 and later by Kipling and
Shooter,21,22,23 the significance of the existence of a fluid state during carbon-
ization was established. Polymers and hydrocarbons which could be classified as
graphitizing were shown to be optically anisotropic after a 700°C heat treatment,
indicating that some degree of molecular orientation had occurred during the early
stages of carbonization. The existence of the fluid state during carbonization was
postulated by Kipling and co-workers and later by Ihnatowicz, et al.24 to permit
the molecular orientation necessary for the development of a graphitic structure.

The existence of a fluid state during the early stages of carbonization
(400 - 500°C) is necessary if the material is to develop a highly graphitic struc-
ture on heat treatment to 2800°C.25 The extent or degree of molecular mobility in
the 400 - 500°C temperature range determines the extent of formation of crvstalline
preorder, and therefore, the graphitizability of the material. Organic materials
which do not go through a state of fusion during pyrolysis at 400 - 500°C produce
non-graphitizing or disordered carbons. There are exceptions (i.e., materials
which do not fuse but graphitized on heat treatment to 2800°C); but in each case
reported, either metal catalysts were present or some form of "stress carbonization'

or "stress graphitization'" was employed.
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B. MESOPHASE SPHERE FORMATION AND GROWTH DURING r
PYROLYSIS OF HYDROCARBONS 1

J& General Microstructural Characteristics

In 1961, Taylor26 discovered that graphitizing organics can exist in a state
whose structure is intermediate between that of an isotropic fluid and a crystalline
solid. This ordered fluid was found to exist in the 400 - 500°C temperature range,
and was investigated in detail by Brooks and Taylor6‘9 during the pyrolysis of
organics such as naphthacene and coke oven pitches. Samples of organics heated to
400 - 500°C were cooled to room temperature, sectioned, polished, and observed using
polarized light microscopy. The observations made on samples heated to different
temperatures may be described as follows. As the temperature was increased, the
organic material melted to form an isotropic fluid which developed a pitch-like
nature due to decomposition of the starting material. Molecular rearrangements and
condensation reactions occurred to form large polynuclear aromatics. At tempera-
tures above 400°C, optically anisotropic spheres of micron size began to appear in
the isotropic pitch (see Figure 1). The temperature required for sphere formation
varied with the original chemical composition of the organic being pyrolyzed, but
was usually in the range of 400 - 450°C.

Increases in heating time or temperature of the material in which the spheres
had formed resulted in nucleation of new spheres and growth of spheres. When two
or more spheres made contact, coalescence of spheres occurred in three dimensions to
give a more complex structure (see Figure 2). Crowding and coalescence of spheres
caused deviations from the spherical shape when the transformation to the ordered
fluid was more than 507 complete. As coalescence of spheres became extensive,
growth of the ordered fluid occurred primarily around the edges of large regions of
coalesced spheres as shown in Figure 3, page 8 instead of through sphere nucleation
and growth. The process of sphere growth and coalescence was continued until the
isotropic fluid pitch had been completely converted into a viscous ''mosaic" struc-
ture (see Figure 4, page 8).

2. Mesophase Sphere Structure

The ordered fluid observed by Brooks and Taylor6—9 during the pyrolysis of
sraphitizing organics has many of the characteristics of certain types of '"liquid
crystals'. Therefore the term "carbonaceous mesophase'" or ''mesophase'* was selected
to describe the spheres and the complex mosaic structure formed by sphere coales-
cence. Both the spheres and the mosaic represent a state of aggregation with prop-
erties intermediate between those of an isotropic liquid and a crystalline solid.

Elemental analysis,g'16 infrared?+16:27 and ultraviolet9,27 absorption spectros-
copy, mass spectroscopy,28'3l nuclear magnetic resonance,16 and molecular weight
determinations9,16, have provided conclusive evidence that the mesophase spheres
are composed primarily of polynuclear aromatic hydrocarbons.

These results along with studies by Lewis, Singer, Edstrom, and
co-workers2s27,32-38 on the carbonization of pure hvdrocarbons have led to the

following explanation of the chemical changes which produce mesophase formation.
Organics which form the mesophase undergo a continuous series of decomposition,
*(Gk. "meso" - intermediate; and 'phasis' - state or phase)

6
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FIG. 1*. INITIAL FORMATION OF MESOPHASE SPHERES :
(Black Background is Isotropic Pitch) !

FIG. 2. GROWTH AND COALESCENCE OF MESOPHASE SPHERES DUE
TO INCREASES IN TEMPERATURE

*Figures 1 = 4 are 11 ! ra yolished samples
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FIG 3. ADVANCED STAGES OF SPHERE COALESCENCE

Polishing
Scratches

FIG.4. COMPLETELY COALESCED MESOPHASE
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dehydrogenation, rearrangement, and condensation reactions during heating to 400 -
500°C. These reactions produce a pitch material composed of tens to hundreds of
different aromatic ring systems, even when the starting material is a pure hydro-
carbon. Dehydrogenation results in the tormation of planar aromatic free radicals, 39
and is followed by rearrangement and condensation reactions which steadily increase
the size of the aromatic molecules and the C/H ratio. Thus, large aromatics are
formed by a process which mav be described as a free radical polymerization. Con-
tinuation of the temperature-time cyele leads to formation of aromatic molecules of
sufficient size to form mesophase spheres.

/

i 0 b 3 24
Since mesophase spheres™’ and the coalesced uu-s;nph.m.-l*‘““

are insoluble in
organic solvents such as pyridine and quinoline, they may be separated from the

untransformed pitch using solvent extraction techniques.

Results of studies on individual spheres indicate that molecules with molecular
weights in the range of 90016 to 17008 (about 25 to S0 rings) are necessary for
mesophase sphere formation (sce Table I). Table 1 illustrates that the sphere
formation process separates the heavier molecules from the lower molecular weight
species. As a result, mesophase spheres have a density of 1.4 to 1.5 g/cm3 compared
to about 1.3 g/cm3 for the organics not converted into the mesophase. Mesophase
spheres also contain a high concentration of free radicals,1® and condensation
reactions continually increase the molecular size of the planar aromatic molecules
in the mesophase. As the pvrolvsis continues, essentially all the organics are
converted into large planar molecules which are ordered into the mesophase.

Although aliphatic components have been identified in the mesophase produced
during pyrolysis of petroleum and coal tar pilrhrs.41*42'4; it is believed that any
aliphatic character present is due to aliphatic side chains attached to the aromatic
ring systems. Heterocyclics have also been identified in the mesophase produced
from coal tar pitch pyrolvsis. Apparently, the mesophase may contain small amounts
of non-aromatic species, depending on the oricinal chemical composition of the
organic being pyrolyzed. Yamada®0 has reported that the mesophase produced from an
asphalt may contain more aliphatic character than aromatic (see Table 1). This
reportl‘o is the only known example of a mesophase composed primarily of aliphatic
compounds.

Although the mesophase spheres are fluid at the temperature of formation, they
solidify on cooling to room temperaturc and may be polished for observation under
polarized light microscopyv. Brooks and Tavlor®-9
sphere has a lamellar structure as shown in Figure 5 with an axis of symmetry per-
pendicular to the lamellae. This structure was suggested by the nature of the
extinction contours observed under polarized light (see Figure 5), and the electron
diffraction patterns obtained from a single sphere. The extinction contours
observed on polished cross-sections ol mesophase spheres represent points where the
edges of the large planar aromatic molecules in the spheres are either perpendicular
or parallel to the plane of polarized light. (ln an ideal mesophase sphere, the
layers of aromatic molecules are about 0.35 am? apart and are curved in a manner
such that they are approximately normal to the surface of the sphere. The structure
of mesophase spheres discussed above has also been confirmed by White, et al. 11,12
Dubois, et al. O, and Honda, et al.%% in their studies of pvrolysis of a varietv of
different pitches.

found that an ideal mesophase
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SECTIONED PARALLEL DIRECTION OF CROSSED POLARIZERS
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SECTIONED PERPENDICULAR
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MEDIAN PLANE

(a) DASHED LINES REPRESENT EDGES OF LARGE AROMATIC
MOLECULES. AN IDEAL SPHERE HAS THE OPTICAL PROPERTIES
OF A UNIAXIAL POSITIVE CRYSTAL.

(b) EXTINCTION CONTOURS OBSERVED UNDER REFLECTED
POLARIZED LIGHT.

FIG.5. THE MOLECULAR ARRANGEMENT IN AN IDEAL MESOPHASE SPHERE
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Mesophase formation is a type of demixing of two fluids. It is the result of:
(1) the increasing probability of alignment of planar molecules as their size
increases (due to van der Waals forces) and (2) the increased mobility of the large
planar molecules as the heat treatment temperature is increased to the 400 - 500°C
temperature range. Spheres are formed initially due to differences in surface ten-
sion between the liquid mesophase and the untransformed liquid pitch material.?
The spherical shape is required to minimize the interfacial exposure of the large
planar aromatics, which also minimized the surface energy.

Only one exception to the initial formation at atmospheric pressure of the
mesophase in a spherical shape has been reported. Mesophase particles separated by
extraction from a partially carbonized coal tar pitch were observed by Yamada, et
al.%l to be "lemon" shaped if less than 5 ym in size. The common spherical shape
was observed for mesophase particles larger than 5 uym. In related studies, Honda,
et al.®3 reported that carbonization of a coal tar pitch to which 5% carbon black
was added resulted in the formation of mesophase spheres with a different molecular
arrangement than reported by Brooks and Taylor.9 This new mesophase sphere type
consists of layers of molecules arranged in an ''onion skin'' manner (see Figure 6).
An onion skin_arrangement of the layers of molecules in a mesophase sphere has also
been reported78 for mesophase spheres which form around micron size carbon black
particles.

3. Mesophase Sphere Coalescence and the Microstructure of the Coalesced Mesophase

The mesophase sphere structure (Figure 5) determined by Brooks and Taylor
represents an ideal case near the beginning of the mesophase transformation. Growth
of these spheres may occur in either of two methods: (1) direct incorporation of
molecules into the mesophase spheres, and (2) coalescence of two or more spheres.

In the first case, sphere growth is similar to the growth of nematic liquid
crystals.46 It may be represented as a physical process which involves the ordering
of the large aromatic molecules present in the isotropic fluid pitch.28’4 The
physical growth process can occur only if large aromatics of sufficient size and
concentration are formed thermally. Mesophase sphere coalescence may occur when two
or more spheres come in contact as shown in Figure 2, page 7. Samples cooled to
room temperature for observation after the beginning of sphere formation frequently
show numerous examples of spheres in various stages of coalescence. Both mechanisms
of sphere growth are regulated to some extent by the viscosity of the mesophase-
pitch mixture at the temperature of sphere formation.

In the absence of interference from neighboring spheres, the coalescence
process produces a new spherical shaped region of complex internal structure. The
molecules in the newly formed sphere which results from coalescence tend to undergo
structural rearrangement in an attempt to form the ideal sphere structure. However,
this rearrangement is slow due to the high viscosity of the mesophase‘lo and may be
hindered by the beginning of the coalescence process with other spheres. As the
number and size of spheres increase, coalescence of spheres produces large irregular
shaped mesoghase droplets greater than 100 um in size. White, Dubois, and
co-workers10-12 reported that rearrangement of molecules in these droplets of
mesophase is much slower than the structural changes brought about by additional
coalescence. As a resu'’t, a defect structure is developed in the large mesophase
droplets. The mest common types of defect structures due to layer plane stacking
faultsazave been classified by White, et al.ll,12 and more recently by Honda,
et al.
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FIG.6. MESOPHASE SPHERE WITH AN “ONION SKIN MOLECULAR ARRANGEMENT
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Growth of mesophase droplets continues until the isotropic pitch is completely
converted into the anisotropic "bulk" or "completely coalesced" mesophase (sece
Figure 4, page 8). Heat treatment of the coalesced mesophase to about 500°C con-
verts the viscous mesophase into a solid coke. At this point, the microstructure
of the coalesced mesophase is frozen and except for shrinkage cracks, remains rela-
tively unchanged on heat treatment to 2800°C.

The microstructure of the coalesced mesophase is important because it is a
direct result of the extent and type of ordering of the large planar aromatic mole-
cules which make up the mesophase. This ordering of planar aromatics is the begin-~
ning of the development of the graphite crystal structure, and the degree of preorder
developed in the coalesced mesophase just prior to hardening determines the tvpe of
graphitic material formed on heat treatment to 2800°C. All organics which form the
mesophase during pyrolysis develop a graphitic structure to some degree during heat-
ing to 2800°C. However, they may not all be classified as graphitizing. The degree
of ordering of the molecules and the number and kinds of stacking defects in the
coalesced mesophase determines the extent to which the graphitic crystal structure
is formed on heat treatment to 2800°C. Factors which affect the microstructure of
the coalesced mesophase must be controlled or altered in order to control or tailor
the microstructure and properties of the resultant graphitic material.

C. FACTORS WHICH CONTROL THE MESOPHASE MICROSTRUCTURE

The previously described process of mesophase sphere formation, growth, and
coalescence is generally true for any aromatic hydrocarbon, or other organic mater-
ial which develops a highly graphitic structure on heat treatment to 2800°C. How-
ever, several factors are known to affect sphere growth and coalescence, as well as
the microstructure of the coalesced mesophase. These factors will be discussed in
this section.

1. Temperature, Heat Treatment Time, and Rate of Heating

The general characteristics of mesophase sphere formation, growth, and coales-
cence due to increases in temperature or time have already been presented. A more
detailed account of the influence of the temperature-time cvcle on the mesophase is
given below. It must be remembered, however, that microstructural changes produced
in the mesophase due to specific heating conditions are different for materials of
different chemical composition. Both the temperature and time required during
pyrolysis for formation of large planar aromatics of size and concentration suffi-
cient for mesophase sphere formation is dependent upon the original chemical compo-
sition of the organic being pyrolyzed. As a result, different starting materials
require a different temperature for initial formation of mesophase S]\hvl‘vs.g This
temperature is usually in the 380 - 430°C range. Not only is a certain temperature
required for formation of the molecules which comprise the mesophase, but the vis-
cosity of the liquid must also be low enough to allow movement and ordering of mole
cules into the layered mesophase structure. The viscosity of mesophase forming
hydrocarbons is temperature dependent and has been found to decrease to a minimum
in the 350 - 420°C temperature range.9:42 After sphere formation begins, increases
in heating time or temperature produce more planar aromatics of a larger size which
cause mesophase growth and a rapid increase in the viscositv.?< The rate of forma-
tion of the large aromatic molecules, and the extent and rate of ordering (the
mobility) of these molecules into the mesophase are time-temperature dependent.

I
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Microstructural changes give only a qualitative indication of the affect of
heat treatment on the mesophase (see Figures 1-4, pages 7, 8). Since the mesophase
is insoluble in many hydrocarbon solvents at room temperature, the weight percent of
insoluble material may be used as a quantitative indication of the amount of meso-
phase formed as a function of temperature or heating time.13,24,48,51 por example,
Honda, et al.48,49 and Sanada, et al.?0 used the quinoline insoluble content to
determine the weight percent mesophuse formed in a coal tar pitch as a function of
heating time at constant temperature. The results illustrate that increases in time
at a constant temperature produces a slower mesophase transformation than increases
in temperature. Several other researchers have also reported that sphere growth
and coalescence occurs at a faster rate with temperature increases than with
increases in time at a fixed temperature.8’15‘42 The time required for the complete
conversion of an organic into the coalesced mesophase depends upon the heating tem-—
perature and the chemical composition of the material being pyrolyzed.l3’l4’42

Temperature and time are complementary in the mesophase transformation. As
shown in Figure 7, sphere formation in a naphtha tar pitch occurs after 20 hours at
350°C or on heating to 400°C at 3°C/min. Following the onset of mesophase sphere
formation, sphere growth, coalescence, and complete conversion to the coalesced
mesophase may be achieved by temperature increases or increases in time at a fixed
temperature.4 A Similar results were noted by Horneld for acenaphthylene and
cinnamylideneindene, and by Whittaker and Grindstaff%2 in their study of wesophase
formation in coker feedstocks.

Mesophase formation has been studied in the 380 - 500°C temperature range using
heating rates of 0.3°C/min,%7 0.5°C/min,24 2°C/min, 47 and 5°C/hr.13514 The results
indicate that the weight percent mesophase formed during pyrolysis is a linear func-
tion of temperature in the range of approximately 20 to 85% conversion of the
organics into the mesophase (see Figure 8). Small changes in heating rate (0.3 to
2°C/min)47 do not appear to significantly alter the amount of mesophase formed as a
function of temperature. It has also been reportod5 that the reaction order and
activation energy of the mesophase transformation in a coal tar pitch are indepen-
dent of heating rates in the range of 1.1 to 5.4°C/min.

After complete conversion of a material into the mesophase, continued heating
of the fluid coalesced mesophase produces dehvdrogenation and condensation reactions
which rapidly increase the mesophase Viscosity.lo’zl"z*z’s3 Finally, the coalesced
mesophase solidifies and the ordered structure with its discontinuities, folds, and
various stacking defects is frozen. The microstructure o. the solidified mesophase
remains essentially unchanged on heating to 2800°C, except for the formation of
shrinkage cracks. *? 2 Shrinkage crack formation, sharjening of folds or bends in
layers, and layer plane displacements relative to one another reduce the disorder
in layer stacking sequences and lead to the formation of highly graphitic regions
during heating to 2800°C.

The temperature required for complete conversion into the mesophase depends on
the time-temperature cycle and the chemical composition. It has been observed to
occur as low as 420°C and as high as 470°¢c13, 14 during pyrolysis of coker feedstocks
at 5°C/hr. Although the exact solidification temperature may not be important, the
viscosity of the coalesced mesophase and the time required for solidification of the
coalesced mesophase determine the size and structure of the larger regions of molec-
ular order. Therefore, materials which produce a highly fluid mesophase which does
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not solidify immediately after complete coalescence produce a well ordered graphitic
crystal structure during heating to 2800°C.

2. Chemical Composition of the Precursor Material

The single greatest influence on the coalesced mesophase microstructure is the
chemical composition of the organic material which was used to form the mesophase.
As demonstrated by Horne, Smith, and co—workers,15’54‘60 proper selection of starting
materials and the use of mixtures of pure compounds will enable one to vary the
microstructure of the coalesced mesophase from well ordered to almost isotropic.
Therefore, control of the microstructure and properties of graphitic materials can-
not be accomplished without control of the chemical composition of the raw materials.

| An excellent example of the affect of chemical composition on the coalesced
mesophase microstructure has been 8rovided by the work of Dubois, et al., 0 price

I and W’nite,sl and White and Price.l3>1% Five different coker feedstocks were pyro-

lyzedl3,14 at 5°C/hr from 360°C to 510°C to determine the amount of mesophase

formed as a function of temperature and chemical composition (see Figure 8). The

temperature of sphere formation, the range of temperature required for the mesophase

transformation to occur, and the temperature of complete conversion to the coalesced

mesophase were found to be a function of chemical composition. Other studies of .

pitch pyrolysi524’42’47’48 confirm these findings. ‘

White and Pricel3,1%4 identified six types of coalesced mesophase microstructure
resulting from variations in the chemical composition of the coker feedstocks. The
two most common classes of microstructure were called "isotropic'" and "fibrous'.

The term isotropic was used to indicate that the extinction contours of the coalesced
mesophase appear random and have no preferential order on a scale of 50 to 100 um.

A fibrous microstructure was defined as a region of size greater than 100 to 200 um
in which the estinction contours are nearly parallel to one another. Types of micro-
structure were also classified in terms of the average distance between the extinc-
tion contours observed under polarized light. For example, a fibrous microstructure
with polarized light extinction contours spaced less than 10 um apart was defined as
"fine'" fibrous. Both the fibrous and isotropic microstructures were present in
different amounts in each of the pyrolyzed coker feedstocks. Organics completely
transformed into the coalesced mesophase below 430°C such as an air blown asphalt

are of lower aromatic character and form predominately the isotropic microstructure. ]
In each feedstock pyrolyzed, the isotropic microstructure formed almost entirely
below 430°C. It is also the predominate microstructural type found in coalesced
mesophase prepared by pyrolysis of organics with high concentrations (5 wt 7% or
more) of oxygen, sulfur, and heterocyclics.

The fibrous microstructure is a major component in the coalesced mesophase
formed above 430°C as in the decant oil (see Figure 8, page 17). It results from
: the pyrolysis of highly aromatic compounds and produces a more graphitic structure
; than the isotropic mesophase on heating to 2800°C. The relationship between the
| mesophase microstructure and molecular structure is not well understood. It is
known that the fine isotropic microstructure is a result of rapid solidification of |
coalesced spheres which have not grown to a size larger than a few micrometers. |
This prevents the development of extended regions of molecular order. In contrast,
fibrous microstructures result from coalescence of larger spheres which are formed
above 430°C with the particular heating cycle used.l4 The important difference,
however, is that mesophase formed above 430° remains fluid for some time after

18 i
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coalescence. This allows molecular rearrangements to occur and produces regions
several hundred micrometers in size in which nearly parallel molecular stacking
exists. In addition, deformation of the fluid mesophase by gas bubbles is thought
to play a major role in forming the fibrous microstructure.l4

Changes in the time-temperature cycle may alter the mesophase transformation
urves (see Figure 8, page 17) and the temperature of sphere formation. However,
the trend of formation and rapid solidification of the less ordered isotropic micro-
structure first is expected to occur regardless of the heating conditions.

Numerous other studies also have shown that different chemical species form the
mesophase at different temperatures and produce different degrees of molecular order
in the coalesced mesophase. Pyrolysis of a mixture of pure hydrocarbons31’43’61’62 ]
may produce two or more distinctly different types of coalesced mesophase micro-
Structure, each of which may be obtained by pyrolysis of the pure compounds sepa-
rately. Apparently each type of organic in a mixture may undergo a different
sequence of pyrolysis reactions. If the free radical intermediates from each com-
ponent in the mixture do not interact or are produced at different temperatures, the
coalesced mesophase will contain different microstructural types.28’29’63 Favorable
interaction of intermediates also occurs in some cases,él*‘68 and results in a more
ordered mesophase than that obtained by separate pyrolysis of each of the components
in a mixture.

Oxygen present in an organic originally20,22,24 or added during pyrolysis69
produces nonplanar free radicals which crosslink the pyrolysis products. As a
result, the viscosity is increased,22’24’70 the molecular mobility is reduced, the
temperature range during which the mesophase is fluid is reduced, and the formation
of large regions of order in the coalesced mesophase is prevented. Observable
changes in the microstructure of the mesophase usually occur if more than 57 by
weight of oxygen is present in the material being pyrolyzed. Oxygen contents
greater than 57 by weight reduce the mesophase sphere size, prevent normal sphere
coalescence, and reduce the graphitizability of the material. Similar observations
have been made during pyrolysis of pure hydrocarbons,69 coker fucdstovks,AZ coal
tars,’/l coal tar pitches, and fusible coals.0%s71 However, one cannot generalize
these results, since examples-©®»°2> are known in which the addition of oxyvgen or
oxygen containing compounds has actually increased the degree of molecular order
developed in the mesophase.

The affect of sulfur on mesophase formation in pure hydrocarh0n55’58’72 and
pitche350772’73 is similar to that described above for oxygen. Sulfur does not
influence the mesophase microstructure as long as the primary reaction during pyrol-
ysis is dehydrogenation of hydrocarbons with release of HjS. 2 Heterocyclic com-
pounds and other non-graphitizing organic543'64' 8 also begin to reduce the molecular
order in the mesophase if present in amounts greater than about 57 by weight.

In reality, it is not the original molecular structure but the structure, g
reactivity, and fluidity of the thermally formed intermediates which determines the
microstructure of the coalesced mesophase. Heating time and temperature influence

the mesophase microstructure only in terms of the types of chemical species produced

and the rate of production of these species in the 400 - 500°C temperature range. :
Any chemical process which alters the normal build-up of large planar aromatics as 1
discussed in Chapter II, Section B.2 may reduce the molecular ordering in the meso- y
phase and produce a less graphitic material on heating to 2800°C. The formation of
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crosslinked or nonplanar intermcdintos,69 steric cffects,2’25’53 and the presence
of non-graphitizing organics (for example, biphcny]62v74) hinder the formation of a
well ordered mesophase, and in the extreme case may prevent mesophase formation.

3. Pressure

Two groups of investigator339’61'64'68 have reported on mesophase microstruc-
tural changes caused by pyrolysis of pure hydrocarbons at pressures from 34 to
300 MN/mZ (5000 to 43,500 psi). High pressure pyrolysis of organics such as anthra-
cene,28’75 phenanthrenc,74 and aconuphthylun043 at 550°C produces only uncoalesced
mesophase spheres less than 20 ym in size. Since these spheres do not fuse or
coalesce, large regions of ordered molecules cannot form to produce a highly
graphitic material on heating to 2800°C. Pyrolysis of anthracene under various
pressure-temperature cycles has also been shown to produce a mesophase composed
of "cylindrical"3 and "spaghetti shaped"?8,43 anisotropic units. The spaghetti
shaped units are thought to be a result of partial coalescence along one axis of
the mesophase spheres.

It is well known that any increase in pressure above atmospheric will increase
the char yield during pvrolysis of pitches and hydrocarbons. It should also decrease
any changes in the mesophase microstructure which result from gas bubble percolation.
Pressure increases during pvrolysis affect the reaction medium, the atmosphere of
the pyrolyzing material, the reaction path, the type of intermediates formed, and
the overall rate of pyrolysis. Pressures above 30 to 50 NM/m2 are thought to sig-
nificantly increase the viscosity of the liquid being pyrolyvzed and may reduce the
mobility of molecules which form mesophase spheres. Apparently, one major influence
of high pressure pyrolysis is to change the chemical composition of the pyrolyzing
material. In some cases this produces a more graphitic material, while in others
crystallite size and interlayer spacing data indicates a less graphitic material is
produced.25

4. Insoluble Particles and Material Surfaces

Both coal tar and petroleum pitches are known to contain particles similar to
carbon blacks which are insoluble in quinoline. Some pitches may contain as much
as 20% by weight of these particles which are usually less than 2 ym in size. These
particles are referred to as "insolubles'" or "quinoline insolubles'". Studies con-
ducted to date indicate that insoluble carbon particles of a size less than 5 pm
either present in the pitch originally 2,48,49 1 added prior to pvrolysis64“67
alter the mesophase microstructure. Insoluble carbon particles present in concen-
trations greater than two or three percent by weight (1) accumulate on the mesophase
sphere surface or are pushed along the mesophase surfaced-isotropic pitch interface
as the spheres grow in SiZ(‘,9’76—78 (2) reduce the average mesophase sphere
s12¢64-67 and restrict growth of mesophase sphoros9 (possibly by decreasing molecu-
lar diffusion and increasing viscosity), (3) produce an irregular mesophase sphere
shape and surface characteristics,9,48,49 (4) restrict or hinder normal coalescence,
and (5) produce a three-dimensional network of incompletely coalesced mesophase
spheres surrounded by a three-dimensional network of insoluble pnr{ivlvs.lo Addi-
tions of a few percent of micron size metal oxide purtivlv59-77 to pitches prior to
pvrolysis al#o flave the same influence on mesophase sphere growth and coalescense as
noted for quineline insoluble carbon particles.
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The insolubles prevent normal sphere coalescence and reduce the formation of
large regions of molecular order in the bulk mesophase. As a result, the graphi-
tizability of the material is decreased. The extent to which the mesophase micro-
structure and the resulting graphitic microstructure is altered by insolubles is
determined by the size and percent of insolubles present in the organic prior to
pyrolysis.

When particles of natural flake graphite, needle coke, pyrolytic carbon, or
graphite fibers are present in a pitch being pyrolyzed, the molecules in the meso-
phase align themselves parallel to the layvered structure in the partivlcs.9*10'79
Graphite fibers’9 have been reported to definitely be a preferred site for mesophase
sphere nucleation. It is possible that large insoluble molecules and solid surfaces
in general are nucleation sites for mesophase formation. However, mesophase growth
and coalescence after the nucleation process occurs is different in each case.
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CHAPTER ITI
EXPERIMENTAL TECHNIQUES
A. REAGENTS

The acenaphthylene used in this study (see Table I1) was obtained from Aldrich
Chemical Company, (catalog number A80-5) and was stated to be 997 pure. The major
impurity in acenaphthylene is acenaphthene, which will vaporize during pyrolysis.57

B. TEST TUBE PYROLYSIS METHODS

Samples of approximately 20 g in size were pyrolyzed in 25 mm diameter by
300 mm long pyrex test tubes in the furnace shown in Figure 9, page 25. Test tubes
containing samples were placed in six separate holes in a heated copper block.
This technique allowed removal of individual samples at different points in the
time-temperature cycle for study at room temperature using polarized light micros-
copy. A uniform temperature was produced in all samples due to the high conduc-
tivity of the copper block. The samples were heated to various temperatures
between 350°C and 500°C using a heating rate of 100°C/hr to 200°C, followed by
20°C/hr to the desired temperature. Each sample was heated under refluxing condi-
tions in ar atmosphere of the pyrolysis gases. No attempt was made to rigorouslv
exclude air from the samples during pyrolysis.

A Data Trak P.ogrammer, Model FGE 5110, from Research Incorporated was used to
program the heating rate (see Figure 10). The Data Trak output signal established
a temperature set point in a Barber Colman Model 541B solid state controller. Fur-
nace temperature was measured with a chromel-alumel thermocouple which also produced
an input signal to the 541B controller. The difference between the actual and
desired temperature was translated by the 541B controller into a direct current
output signal. Power in proportion to this signal was supplied to the furnace by
means of a Barber Colman solid state Power Controller, Model 621A. The temperatur:
of the copper block was reported as the sample temperature. It was measured using
a chromel-alumel thermocouple and a potentiometer, and recorded as a function of
time with a Brown Electronik recorder. Heating rates above 200°C were reproducible
to within + 2°C/hr. The temperature of the samples in the copper block were all
uniform within 5°C. Temperature measurements using the potentiometer were accurate
ko = 4°€ at 450°C.

C. SAMPLE PREPARATION FOR POLARIZED LIGHT MICROSCOPY

Samples heated in test tubes were removed from the copper block and allowed to
cool to room temperature. The pyrolysis residues were sectioned using a circular
saw with a diamond-tipped blade. EPON 82B epoxy resin (Shell Chemical Co.) with 87
by weight diethylenetriamine as the curing agent was used to mount the samples in
3.2 c¢cm diameter bakelite ring forms from Buehler, Ltd. A vacuum of approximately
I mm of mercury was applied during the mounting procedure to remove air bubbles and
impregnate the open porosity in the sample with epoxy resin. After an overnight
cure at room temperature, the samples were ground on silicon carbide grinding paper
using grit sizes of 240, 320, and 600 in successive steps on a grinding wheel
(180 RPM). Polishing was accomplished in three stages with 9.5, 1, and 0.05
aluminum oxide powder from Buehler, Ltd. The first two stages were conducted on 4
wheel (180 RPM) covered with Metcloth (Buehler Ltd.). Final polishing by hand using
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TABLE Il
PROPERTIES OF ACENAPHTHYLENE USED IN THIS STUDY

Property Theoretical Measured

Chemical Formula o

NT. % C 94.702 94.43(3)
NT. % H 5.298 5.28(@)
C/H 1.50 1.50

WT. % N 0 0.01(®)
NT. % O 0 0.18(@
WT. % S 0 0.12(®)
Melting Point, °C - 86-90

(a) Average of determinations on 3 different samples by
Galbraith Laboratories, Knoxville, Tn.

P
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0.05 ym aluminum oxide on Rayvel cloth (Buehler Ltd.) provided a surface for
microscopy relatively free of scratches. A solution of methanol in water (50/50 by
volume) was used in each step as a lubricant.

Samples were examined for relative degree of conversion into the mesophase with
a Zeiss Universal microscope equipped with reflected polarized light optics. Photo-
graphs were made with a Polaroid sheet film holder (10 by 12.5 cm) and type 52 black
and white film.

D. PYROLYSIS USING A MICROSCOPE HOT STAGE

A microscope hot stage was built to pyrolyze samples of approximately 20 mg in
size (see Figure 11). The samples were placed between two microscope cover slides
(Corning Number 1) and heated rapidly in air to 370°C in 40 minutes. After a 25-
minute hold at about 370°C, the samples were heated at 0.6 to 1.3°C/min to temper-
atures between 413°C and 455°C. A variac was used to control the temperature-time
cycle. After the samples melted, a liquid film about 50 ym to 70 pm thick formed
between the 18 mm diameter cover glasses. Continued heating to about 413°C
resulted in mesophase sphere formation. Since the mesophase wets glass surfaces,
it could be observed directly at temperature through the top cover glass using
reflected polarized light microscopy. This experimental technique allowed direct
observation of the coalescence and deformation of mesophase droplets as a result of
gas bubble movement in the sample.

A chromel-alumel thermocouple touching the bottom cover glass was used to
measure temperature. Due to the lack of insulation on the top cover glass directly
below the microscope objective, a severe temperature gradient existed from the
bottom to the top cover glass. Calibration of the hot stage using melting point
standards indicated the temperature measurements may have been as much as 30°C
higher than the actual sample temperature at 400°C. However, since the purpose of
this study was to determine by direct observation the influence of gas bubbles on
mesophase spheres and the coalesced mesophase, the actual temperature is not impor-
tant in the hot stage experiments.

|
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CHAPTER 1V
RESULTS AND DISCUSSION
A. GENERAL CONSIDERATIONS

Although the sequence of the major chemical reactions which occur during
acenaphthylene pyrolysis have been known for years, a brief review of the chemistry
involved during the heating of acenaphthylene to 500°C is considered important at
this point. Such a review will provide an understanding of the chemical processes
which result in mesophase formation.

Numerous studies have been made on the pyrolysis of acenaphthylene. However,
the work of Lewis and co-workersls’”"37*38 has provided much of the information
describing the chemical processes which occur during pyrolysis of acenaphthylene.
Acenaphthylene begins to undergo a thermally induced vinyl polymerization at tem-—
peratures in the range of 185°C teo 200°C."»7: The resulting polymer has an aver-
age molecular wcight“7’34'37 corresponding to twelve acenaphthylene units at 300°C.
N-ray diffraction studies 0 have indicated that the acenaphthylene polymer has a
helical structure with three to five acenaphthylene units per turn. Between 300°C
and 400°C the polymer begins to thermally degrade 16,38 4nd produces a complex
mixture of dimers, trimers, and tetramers of acenaphthylene. Many of these species
are free radicals. The acenaphthylene polymer is degraded to an average size of
six acenaphthylene units at 360°C. 27534

Most of the monomer free radicals formed as a result of polymer decomposition
undergo rapid hydrogen transfer reactions to produce acenaphthene. Approximately
50% by weight of the pyrolvzed sample is lost as volatile acenaphthene?’ between
320°C and 410°C. Acenaphthene radicals may combine to form biacenaphthylidene,
fluorocyclene, and decacyclene.l6b, 38 These compounds are also known to form during
polymer degradation reactions. The dimer biacenaphthylidene is a major component
of the pyrolysis residue’ and undergoes rearrangement to form zethrene,%4,38 a six
ring aromatic hydrocarbon, in the temperature range of 360°C to 400°C. Condensation
of two or more zethrene units3,80 results in the formation of large aromatic mole-
cules in the 400°C to 500°C temperature range. It is these large aromatic molecules
which produce mesophase formation.

The above discussion represents one major mechanism for formation of large
aromatics during acenaphthylene pyrolysis. This mechanism has been verified in part
bv other studies.”»39,81,82 However, it must be remembered that several reaction
mechanisms are probably taking place at the same time, and the relative importance
of each mechanism is dependent upon the specific pyrolysis conditions.
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B. MESOPHASE TRANSFORMATION IN ACENAPHTHYLENE
PYROLYZED IN TEST TUBES

The characteristics of the mesophase transformation in acenaphthylene were
determined at relatively slow rates of heating (20°C/hr) during pyrolysis of samples
in test tubes. Table III gives a list of a series of samples of acenaphthylene
which were pyrolyzed to different temperatures from 306°C to 500°C. The 3% weight
loss up to 306°C is probably due to evaporation of acenaphthylene.27 Above 306°C
an additional 52-537% of the original sample weight was lost due primarily to vapori-
zation of acenaphthene as discussed in Section A of this chapter. Plots of weight
loss and the atomic C/H ratio as a function of temperature are given in Figures 12
and 13, pages 31 and 32 respectively. The rapid weight loss between 300°C and
400°C occurs as the C/H ratio increases from 1.52 to 2.10. A change in the residue
appearance from yellow-orange to a black pitch-like material takes place during
this temperature range as the acenaphthylene polymer is converted to large planar
aromatics. The C/H ratio of 2.1 at 494°C (see Table III) and the molecular weight
data given in references 27 and 37 indicate the formation of aromatic molecules of
approximately 30 rings in size at 404°C. Larger molecules would be expected to be
present if the sample is held at this temperature for long periods of time.

There are no major differences between the C/H ratios and weight loss data
given in Table III and those reported in the literature37,38 for pyrolysis of acena-
phthylene at 10°C/min in argon. However, pvrolvsis in air does permit the incorpora-
tion of small amounts of oxygen into the pyrolysis residue (see Table III, page 33),

Polished sections of each sample listed in Table IIY, page 33, were observed
at room temperature using reflected polarized light microscopy to determine the
general characteristics of the mesophase transformation as a function of pyrolysis
temperature. Mesophase spheres were first observed in samples of acenaphthylene
heated to 404°C (see Figure 14). The spheres were randomly dispersed throughout the
sample and varied in size up to a maximum of 14 ym in diameter. For the particular
heating cycle used in this study, the actual temperature of formation of micron
size spheres is probably in the 390°C to 404°C temperature range. There was no
optical anisotropy in samples heated in 306°C and 351°C. Continued heating to 426°C
resulted in sphere growth and ccalescence as illustrated in Figure 15, page 35.
Mesophase spheres as large as 200 um in diameter were observed in this sample.
Figure 15 confirms earlier workl® which concluded that large spheres are formed
primarily by sphere coalescence during acenaphthylene pyrolysis. After heating to
426°C, a random distribution of spheres was found.

Heat treatment of acenaphthylene to 450°C produced nucleation of new spheres
and additional growth of spheres formed at lower temperatures (see Figures 16-18,
pages 35-37). Sphere growth occurred as a result of direct incorporation of mole-
cules from the isotropic fluid pitch and sphere coalescence. As shown in Figure 18,
page 37, coalesced spheres as large as 500 - 600 um were observed. The larger
spheres usually show a complex arrangement of extinction contours when observed
using crossed polarizers due to numerous coalescence processes which occur faster
than rearrangement of molecules to produce the ideal sphere structure. The increase
in viscosity which occurs as the mesophase forms also tends to hinder molecular
rearrangements. Coalescence of spheres does not necessarily start to occur as soon
as two spheres come in contact. Examples of mesophase spheres which are in contact

30
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FIG. 15. ACENAPHTHYLENE HEATED TO 426°C
(Note: the examples of sphere coalescence and the range of sphere sizes)

FIG. 16. ACENAPHTHYLENE HEATED TO 450°C
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but have not begun growing together are shown in Figure 18, page 37 and Figures 19
and 20. Figures 19 and 20 are photomicrographs of the same area at different magni-
fications. After the reflected polarized light photomicrograph was made (Figure 19),
the polished surface of the sample was etched for about 10 seconds in acetone. The
untransformed pitch is more soluble than the mesophase and is preferentially etched
away; producing a sharp line at the mesophase sphere-untransformed pitch interface
which may be observed under reflected light (sece Figure 20). This technique is
useful to indicate sphere coalescence as shown in Figure 20, and makes it possible

to detect micron size mesophase spheres in pyrolyzed samples (see Figure 21,

page 40).

The sample heated to 450°C also contained regions larger than 2 mm in size in
which spheres had grown together to produce the coalesced mesophase (see Figures
22-25, pages 40~43)., Figures 16 through 25, pages 35-43, represent different areas
in the same sample, and illustrate the inhomogeneous nature of the mesophase formed
during heating acenaphthylene to 450°C. White and Pricel4 have classified several
types of coalesced mesophase microstructures which are known to form during the
pyrolysis of petroleum pitches. Some of these microstructural types also formed
during acenaphthylene pyvrolysis. Using the terminology of White and Price,l4
Figure 24, page 60 would represent a coalesced mesophase region with a "course
isotropic'" microstructure. In contrast to the isotropic structure, Figures 22 and
23, pages 40 and 41 give examples of the coalesced mesophase with a "fibrous" micro-
structure. Fibrous microstructuresl% have been classified as 'fine fibrous" if the
distance between the extinction contours observed under polarized light microscopy
is less than 10 um. As shown in Figures 25 and 26, page 43, the fibrous structures
found in the coalesced mesophase from acenaphthylene heated to 450PC would be
classified as '"course.'

Figure 24, page 42 shows several types of nodes and crosses which were observed

using crossed polarizers. They are commonly observed in the coalesced mesophase

and in large coalesced spheres (see Figure 18, page 37). These nodes and crosses
are produced by the coalescence of ideal mesophase spheresl2;44 and represent
defects in the stacking of the large aromatic molecules which comprise the meso-
phase. Various types of nodes and crosses represent particular stacking defects
which have been characterized for nematic liquid crystals®” and also for the
coalesced mesophase.lz’ah

Using boiling quinoline in a soxhlet extractor, a sample of acenaphthylene
previously heated to 450°C was extracted for ten hours. This procedure was used
to separate the insoluble mesophase from the untransformed pitch material which is
quinoline soluble. After extraction, mesophase spheres were obtained and examined
using reflected light (see Figure 27). Single spheres were easily fractured when
a slight stress was applied with a probe. The fracturing process often resulted
in hemispheres, confirming that the laver structure of the molecules in an ideal
sphere is a plane of weakness.

Samples of extracted mesophase were also glued to an aluminum sample holder,
coated with a gold film about 50 nm thick in a vacuum evaporator, and observed
using scanning electron microscopy (SEM). As shown in Figure 28, the extracted
sample contained spheres and picces of coalesced mesophase. Examples of single
mesophase spheres and clusters of spheres are given in Figures 29-31, pages 46 and

38
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FIG. 19. REFLECTED POLARIZED LIGHT PHOTOMICROGRAPH
OF MESOPHASE SPHERE COALESCENCE

FIG. 20. REFLECTED LIGHT PHOTOMICROGRAPH OF
MESOPHASE SPHERE COALESCENCE
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FIG. 21. REFLECTED LIGHT PHOTOMICROGRAPH OF MICRON SIZE

22

FIG. 22,

MESOPHASE SPHERES FORMED DURING HEATING
ACENAPHTHYLENE TO 450°C

5pm

COALESCED MESOPHASE AND MESOPHASE SPHERES
IN ACENAPHTHYLENE HEATED TO 450°C
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FIG. 23. FIBROUS MICROSTRUCTURE IN THE COALESCED MESOPHASE
FROM ACENAPHTHYLENE
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FIG. 25. COARSE FIBROUS MICROSTRUCTURE (REGION B) NEAR
A GAS PORE IN THE COALESCED MESOPHASE FORMED
DURING HEATING ACENAPHTHYLENE TO 450°C

FIG. 26. HIGHER MAGNIFICATION OF REGION B IN FIGURE 25
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FIG. 27. REFLECTED LIGHT PHOTOMICROGRAPH OF AN EXTRACTED
SAMPLE OF MESOPHASE PRODUCED DURING HEATING

ACENAPHTHYLENE TO 450°C

FIG. 28. EXTRACTED MESOPHASE SPHERES AND COALESCED
MESOPHASE PARTICLES OBSERVED WITH A SCANNING
ELECTRON MICROSCOPE
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47. These photomicrographs illustrate a range of sphere sizes from less than 5 um

to about 500 pym. Figures 29-31 indicate that extracted spheres larger than about
15 pym in diameter usually were cracked. The harsh extraction conditions are
believed to be responsible for the cracks in spheres. Heating of extracted spheres
to 500°C on a microscope hot stage produced no evidence of melting or softening of
the spheres. Apparently extraction removed some of the low molecular weight hydro-
carbons in mesophase spheres which are responsible for the fluid nature of the
spheres at the temperature of sphere formation. This would explain the cracks in
extracted spheres, and would make them infusible.

A density gradient column composed of toluene and 1, 1, 2, 2 - tetrabromo-
ethane (ASTM standard D1505) was used to determine the density of extracted meso-
phase spheres. Spheres and 0.5 mm diameter particles of coalesced mesophase were
found to vary in density from 1.40 ;;/cm's ta 1.52 g/cm3. Lewis and Singler]“
reported a value of 1.52 g/cm’ for the density of mesophase spheres formed during
heating acenaphthylene at 400°C for 12 hours. Mesophase spheres separated from
pyvrolyzed pitches (see Table I, page 10) are known to be more dense than the
isotropic unconverted pitch and have been reported 10,24,48 ¢4 sink to the bottom
of the pyrolysis vessel during heating. However, the samples observed in this
study did not show any conclusive evidence of the mesophase sinking to the bottom
of the test tubes. Convection currents and stirring of the mesophase-pitch mixture
by volatile pyrolysis by-products may have prevented mesophase spheres from sinking
to the bottom of the test tubes.

After heating to 466°C, acenaphthylene was more than 507 converted into the
ordered mesophase. The microstructure of the 466°C heated sample was verv similar
and just as inhomogeneous as that of the 450°C pyvrolyzed sample described above.
Regions containing mesophase spheres and coalesced mesophase were present (sece
Figure 32), but the extent of formation of the completely coalesced mesophase was
much greater than in the acenaphthylene sample pyrolyzed to 450°C.

Between 466°C and 500°C, acenaphthylene was completely converted into the
coalesced mesophase, producing a microstructure as shown in Figures 33 and 34. At
500°C the mesophase had solidified and the microstructure or molecular ordering
became fixed. The microstructure developed at this point will not change signifi-
cantly on heating to graphitization temperatures (28’00°C).”’]2

Hornel® has reported that pyrolysis of acenaphthylene below the temperature
of depolymerization for long periods of time (14 hrs. at 300°C) will result in a
pitch which undergoes mesophase sphere formation as low as 370°C. This acenaph-
thylene pitch was completely converted into the coalesced mesophase after heating
for 18 hrs. at 400°C in argon. A 50% by weight conversion of acenaphthvlene into
the mesophase was found after heating at 400°C for 12 hours.16 Singer and Lewis Y
reported that acenaphthylene pyrolyzed in an argon atmosphere to 430°C produced
mesophase spheres up to 100 ym in size. In the current study, spheres as large as
200 ym were observed in samples pyrolvzed to 426°C. These different studies illus-
trate the wide range of temperature-time conditions which produce sphere formation
in acenaphthylene and complete conversion into the coalesced mesophase. Complete
conversion of acenaphthylene into uncoalesced spheres is also known to occur if
the pyvrolysis is conducted at high pressures (260 MN/m<).0?,00
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MESOPHASE SPHERES SEPARATED BY EXTRACTION AND
PHOTOGRAPHED USING A SCANNING ELECTRON MICROSCOPE
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FIG. 30. SCANNING ELECTRON PHOTOMICROGRAPH OF MESOPHASE
SPHERES ISOLATED BY EXTRACTING A SAMPLE OF
ACENAPHTHYLENE WHICH WAS PYROLYZED TO 450°C

FIG. 31. HIGHER MAGNIFICATION OF REGION A IN FIGURE 30
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FIG. 32. MESOPHASE GROWTH AND COALESCENCE IN AN
ACENAPHTHYLENE SAMPLE HEATED TO 466°C
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FIG. 33. COMPLETELY COALESCED MESOPHASE IN A SAMPLE OF
ACENAPHTHYLENE HEATED TO 500°C
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FIG. 34. ACENAPHTHYLENE COMPLETELY TRANSFORMED INTO THE
COALESCED MESOPHASE AT 500°C
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Several factors are considered noteworthy at this point. Acenaphthylene
samples cooled rapidly to room temperature after pyrolysis first begin to show
gas bubbles frozen in the residue at 450°C. Numerous bubbles were present in
samples cooled rapidly from 462°C, 466°C, and 500°C. This is characteristic of
viscosity increases as the degree of mesophase transformation increases. The
regions around the gas bubbles or pores were more often than not composed of the
fibrous microstructure (see Figures 35 and 36). In addition, the fine fibrous
microstructure was not observed until acenaphthylene was heated above 466°C. (see
Figure 36). However, only a small percent (<20%) of the total sample was trans-
formed into regions showing the fine fibrous microstructure. White and Pricel3,
have reported that gas bubble formation stresses the coalesced mesophase formed
during the pyrolysis of pitches. The stress deforms the coalesced mesophase and
causes the formation of the fine fibrous structure which is characteristic of good
needle cokes. This can happen only if the coalesced mesophase is sufficiently
fluid to undergo extensive mechanical deformation just prior to solidification.
Apparently, this same phenomenon produces the fine fibrous microstructure in the
mesophase from acenaphthylene.

14

C. PYROLYSIS OF ACENAPHTHYLENE USING A
MICROSCOPE HOT STAGE

A common method used to study liquid crystal formation is direct observation
of the sample using a microscope hot stage. Since liquid crystals wet glass, their
formation may be observed in liquid films between glass plates with a polarized
light microscope. The carbonaceous mesophase is similar to a nematic liquid crystal
and is known to wet mica, 9 carbon and graphite particles, 9,10 and metal oxide
particles.’7 A simple microscope hot stage was built (see Figure 11, page 28) to
observe mesophase formation in acenaphthylene in the 400°C to 500°C temperature
range. The intent was to obtain direct information on the influence of gas bubble
tormation and percolation on the mesophase at the temperature of mesophase formation.

1. Preliminary Experiments

Preliminary experiments using the microscope hot stage revealed a number of
technical problems. As reported earlier, 567 of the sample weight is removed during
pyrolysis to 500°C as volatile by-products. These gases tend to condense on the
microscope objective and prevent direct observation of the sample while it is being
heated. The hot gases also have a corrosive effect on the objective. If a glass
plate is placed between the objective and the cover glass on the hot stage, gasecous
pyrolysis products condense on it immediately and also prevent direct observation
of the sample using reflected polarized light.*

An attempt was made to remove the volatile by-products by passing an inert gas
(argon) over the top cover glass and also directing a stream of gas across the tip
of the objective. This technique prevented volatile by-products from obscuring the
view; however, it caused a severe temperature gradient from the bottom glass slide
to the top cover glass. As a result, the top cover glass was below the temperature
*Films of the black pitch-mesophase mixture as thin as 50 um were not transparent

to light, and the samples could be observed only with reflected polarized light.
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FIG. 35. FIBROUS MICROSTRUCTURE IN ACENAPHTHYLENE PYROLYZED TO 500°C
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FIG. 36. FINE FIBROUS MICROSTRUCTURE AROUND A GAS PORE IN
AN ACENAPHTHYLENE SAMPLE HEATED TO 500°C
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required for mesophase formation (400°C) and the mesophase transformation could not
be observed. Several experiments were conducted using the argon flow to sweep awav
the pyrolysis gases. No optical anisotropy was observed at elevated temperature
even when the samples of acenaphthylene were heated on the hot stage to 460°C.%

Two experiments were conducted in which no argon was used to sweep away the
volatile by-products. The objective was raised away from the hot stage to prevent
gases from condensing on it. When the hot stage reached 440°C,* the objective was
lowered and mesophase sphere formation and coalescence uld be observed directly
for one or two minutes before the objective tip was coated with condensate. Samples
of acenaphthylene pyrolyzed in this manner were rapidly cooled to room temperature
in two to three minutes by removing them from the hot stage with tweezers. Mesophase
droplets were found to wet the glass slides. As a result, polarized light extinction
contours which represent molecular ordering could be observed directly through eicher
the top or bottom glass slides. Figures 37 through 40, pages 53 and 54, summarize
the results of observations made at room temperature using reflected polarized light.
A random distribution of mesophase droplets up to 16 um in size was observed in
several regions as shown in Figure 37. This photomicrograph gives many examples of
extinction contours and crosses which indicate that the majority of the droplets
have the same optical characteristics as observed in polished cross sections of
samples containing ideal mesophase spheres. In other regions of the samples, strings
of coalesced mesophase droplets were observed (see Figures 38-40, pages 53, 54).

The coalesced droplets were found to be as large as 60 pym in size, indicating that
several smaller spheres had coalesced to produce the strings of mesophase droplets.
I't is now known that these strings of coalesced mesophase droplets are formed by
gas bubble percolation through the sample. This phenomenon will be described in
detail in the following section.

The term mesophase "droplet" instead of mesophase sphere will be used in dis-
cussing the hot stage results. Since the mesophase must wet the cover glass to be
observed, it does not form as a perfect sphere. The mesophase probably takes on a
hemispherical shape in these experiments with the flat part of the hemisphere next
to the cover glass. Therefore, the term droplet will be used to describe the mesophase
particles formed initially during hot stage pyrolysis.

The microstructures illustrated by the photographs on pages 53 and 54, and all
other photographs in Section C of Chapter .V, could be observed through either the
top or bottom glass slide. Unless stated otherwise, all photographs were taken at
room temperature using reflected polarized light which passed through the glass
slide. Careful separation of the glass slides frequently caused the pyrolysis residue
to cleave away from the glass surface. In such cases the surface of the pyrolysis
residue which had wet the glass slide could be examined directly using reflected
polarized light. The microstructure of the sample surface was the same when observed
directly as it was when observed through the glass slide. In addition, no apparent
differences were noted between the mesophase microstructure observed at 420°C to
450°C and that observed at room temperature. This indicates that the polarized

light extinction contours observed in the hot stage microscopy part of this study

were a result of molecular ordering, and not due to strain effects in the glass

slides or the sample itself.

*No ﬂttlﬁﬁﬁ_;h;.mado to accurately program the temperature-time cycle in the prelimi-
nary experiments. The actual sample temperature was 20 - 30°C lower than that of the
hot stage. A discussion on temperature measurement is given in section C.2 of this
Chapter.
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MESOPHASE DROPLET FORMATION DURING HOT STAGE

FIG 37
PYROLYSIS OF ACENAPHTHY LENE
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2. [nfluence of Gas Bubbles on Mesophase Formation

Changes were made in the hot stage pvrolysis technique to allow direct
observation of the sample using reflected polarized light. The microscope and hot
stage were positioned next to a large vent attached to an exhaust fan. This allowed
efficient removal of the volatile pyrolysis gases without causing a large temperature
gradient from the bottom glass slide to the top cover slide. As a result, mesophase
formation, growth, and coalescence could be observed at the temperature of formation.

A thermocouple touching the bottom glass slide (see Figure 11, page 28) was
used to measure the temperature. The actual sample temperature would be expected
to be less than the measured temperature, since a temperature gradient probably
exists from the bottom glass slide to the top cover slide. 1In order to better
determine the sample temperature, melting point standards which melt at 206°C,
216°C, 258°C, and 318°C were used to calibrate the hot stage. The results indicate
the measured temperature is 20°C to 30°C higher than the true temperature of the
sample, A hole had been cut in the insulation covering the top of the sample (see
Figure 11, page 43) in order to observe mesophase formation during pyrolysis. This
probably caused a temperature variation of a few degrees across the sample in the
horizontal direction from the center to the edge of the glass slides. Accurate
temperature measurements would enable one to determine the temperature-time condi-
tions necessary for mesophase formation. However, it is not essential to know the
exact temperature in a study of the influence of gas bubble percolation on the
mesophase. In this discussion of the hot stage pyrolysis of acenaphthylene, the
sample temperatures reported are approximate and were determined by subtracting
25°C from the measured temperature of the copper heating block.

Figures 41 and 42, pages 56 and 57, give examples of the maximum and minimum
heating rates for the hot stage. As indicated, samples were heated rapidly to about
370°C in 40 minutes. This temperature was held for approximately 25 minutes to
allow removal of the large amounts of volatile acenaphthylene formed during pvrolysis.
Mesophase formation was accomplished using heating rates of 0.6°C/min to 1.3°C/min.
The slower heating rate produced mesophase formation at temperatures as low as
413°C compared to 421°C for the 1.3°C/min heating rate. Samples pyrolyzed in test
tubes (see Chapter IV, Section B) at 0.3°C/min were heated for longer times near
400°C and produced sphere formation at even lower temperatures (about 400°C).

A total of seven experiments were conducted in which mesophase formation,
growth, and coalescence was observed directly using reflected polarized 1light
microscope during the pyrolysis of acenaphthylene on the hot stage. The discussion
that follows is based on actual observations (at magnifications of 50 and 100) ot
mesophase formation and coalescence between 413°C and 455°C
graphs were taken as the samples were being pyvrolyzed, photographs taken after the
heated samples were rapidly cooled to room temperature can be used to illustrate the

Although no photo-

results of these experiments. The results will be discussed in terms of the tvpe:
of physical effects that gas bubbles have on the mesophase. These occur to some
extent throughout the entire temperature range, even though increases in time or
temperature gradually increase the percent of coalesced mesophase present in the
sample.
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On melting at 86 ~ 90°C, acenaphthylene was converted into a light vellow
liquid. The yellow liquid darkens and changes from yellow to orange to red-orange |
in the 300°C to 350°C temperature range. Soon afterwards a black pitch-like liquid
forms and gas evolution becomes rapid in the 350°C to 400°C temperature range. This
corresponds to the removal of gaseous by-products, primarily acenaphthene, which
forms as a result of degradation of the acenaphthylene polymers. During this
temperature range gas bubbles were observed to move across the field of view in a
fraction of a second (at 100X, the field of view was about 1000 pm in diameter). |
The gas bubbles were usually in the range of 250 to 300 um in diameter, but varied
in size from a few micrometers to 1000 um.

Above 400°C the formation of gas bubbles decreased rapidly and two to ten
seconds were required for bubbles to travel 1000 pym in the sample. Bubbles were
observed to form and move through the 1000 um diameter field of view at 5 to 10
second intervals. After heating to temperatures in the range of 413°C to 421°C,
mesophase droplets were found in all samples when observed through either the top
or bottom glass slide. These droplets were usually less than 20 ym in diameter and
were randomly dispersed throughout the liquid pitch as shown in Figure 43. Gas
bubbles were observed to push the mesophase droplets around almost immediately after
they were formed. Bubble formation in a region similar to that shown in Figure 43
pushed the mesophase droplets aside and forced them together, causing coalescence.
Movement of gas bubbles through the same region caused coalescence of mesophase
dronplets along the front and sides of the gas bubble track. As a result, the
buobles produced a line or string of coalesced mesophase droplets along the boundary

the bubble path (See Figures 44 and 45, page 60).

Temperature increases or increased in time at a fixed temperature caused the
mesophase droplets to grow in size and number. However, the primary mode of droplet
srowth was coalescence caused by gas bubbles pushing droplets together. Repeated
bubble percolation through the same region formed strings of coalesced mesophase
md coalesced droplets an order of magnitude larger in size than the mesophase
droplets formed in regions of the sample with little or no gas bubble percolation
(see Figures 46 and 47).

The influence of gas bubble percolation on mesophase formation in a large
region of the sample is illustrated in Figure 48, page 62. Figure 48 is a composite
photograph showing one-fourth of a sample of acenaphthylene heated to about 425°C
and held at this temperature for forty minutes. This photograph shows several
examples of strings of coalesced mesophase droplets formed by bubble percolation.
Gas bubbles formed in the region at A and moved through the sample along the bubble
tracks indicated at B. The white-spotted circular region at C is a gas bubble
about 400 ym in size which was moving from A toward the large bubble at D. The
bubble at C in Figure 48, page 62 was frozen in place by rapid cooling of the sample.
During pyrolysis, about 10 to 15 seconds were required for bubbles to move from A
to D. Gas bubbles repeatedly moved from A to D and pushed droplets of mesophase less
than 20 - 30 ym in size to the sides of the bubble path where they became crowded
together and were forced to coalesced. This pattern of droplet formation, followed
by forced coalescence due to bubble percolation was observed in all seven experiments,
At higher magnifications (see Figures 49 and 50, pages 63 and 65), it appears that the
gas bubble at C in Figure 48, page 62 has undergone deformation from its normal cir-
cular shape due to a collision with a coalesced droplet of mesophase along the side
ot the bubble track. Apparently, coalesced droplets larger than about 100 ym in
size resist being pushed aside by gas bubbles due to the increased contact between
the glass slide and the droplet.
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FIG. 43. INITIAL FORMATION OF MESOPHASE DROPLETS IN ACENAPHTHYLENE
HEATED TO 421°C ON THE MICROSCOPE HOT STAGE
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FIG.44. STRINGS OF COALESCED DROPLETS OF MESOPHASE FORMED
BY GAS BUBBLE PERCOLATION

FIG. 45 HIGHER MAGNIFICATION OF BEGION A IN FIGURE 44

- = e i i o oh B il sl n




NSWC/WOL/TR 76-113

FIG.46. ACCELERATED COALESCENCE OF VIESOPHASE DROPLETS DUE TO GAS
BUBBLE PERCOLATION DURING HOT STAGE PYROLYSIS OF ACENAPHTHYLENE

FIG.47. COALESCED MESOPHASE DROPLETS OUTLING THE PATH OF GAS
BUBBLES WHICH FORMED DURING ACENAPHTHYLENE PYROLYSIS
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FIG. 48 COMPOSITE PHOTOGRAPH SHOWING STRINGS OF MESOPHASH
DROPLETS FORMED BY GAS BUBBLE PERCOLATION DURING PYROL YSIS
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GAS BUBBLE (C) TRAPPED IN A BUBBLE TRACK BY RAPID COOLING

FiG. 49.
OF A SAMPLE OF ACENAPHTHYLENE PYROLYZED ON THE HOT STAGE
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Figure 48, page 62 and Figure 50, page 65 illustrate another point. As discussed
previously, most droplets of mesophase in the path of a gas bubble are pushed aside.
Small droplets of mesophase not visible in front of a gas bubble were observed to be
pushed against the top cover glass by the bubble. This caused the mesophase droplets
to become attached to the top cover glass inside the gas bubble. As a result, the
droplets became visible as white spots inside the bubble as shown at C in Figure 49,
page 63 and Figure 50, page 65. After the gas bubble moved away, the droplets wetting
the top cover glass slowly lost contact with the glass and disappeared into the
liquid pitch. This phenomenon was not observed consistently. However, when it did
occur, the trail of small mesophase droplets attached to the top cover glass dis-
appeared a few seconds after the bubble moved away.

Another area of the sample described above shows long strings of coalesced
mesophase almost one mm long (see Figure 51). These strings of completely coalesced
mesophase were formed when a single gas bubble moved from A to B in the photo. Prior
to the gas bubble movement, the entire region was composed of small mesophase droplets
similar to region D. Repeated gas bubble percolation through a region causes a rapid
increase in the size of the coalesced droplets but decreases the total number of
droplets present. |

When a gas bubble moved a mesophase droplet, the polarized light extinction
contours were changed, indicating rearrangemenc of the molecular structure in the
droplet. In most cases, at least part of the droplet lost contact with the glass
surface and it was not possible to observe the entire droplet. The surface of meso-
phase droplets next to the cover glass became torn and disorganized if the droplets
were repeatedly moved around. They could not maintain a smooth surface next to the
cover glass, and it was not possible to distinguish the extinction contours as shown
in Figure 52, The appearance of mesophase droplets in Figure 52 is in sharp contrast
to the well defined extinction contours observed in droplets which remain stationary
for 10 to 20 minutes as shown in Figure 46, page 60.

Coalescence of mesophase droplets was observed along the front and sides of gas
bubbles moving through the sample. The actual coalescence process occured within
five seconds after initial contact of two droplets. Coalescence in such a short
period of time indicates that the mesophase droplets are very fluid at 410°C to
450°C. Polarized light extinction contours began to change in each droplet immedi-
ately after their initial contact, indicating rearrangement of the molecules in the
mesophase droplet. Movement of the extinction contours continued until the two drop-
lets grew together into an oblong shape. In samples pyrolyzed in test tubes spheres
in contact with one another were sometimes observed to be deformed rather than
coalesced. Coalescence would not be expected to occur if the molecular layers of
each sphere are orientated at the point of contact in a manner that prevents inter-
leaving of the layers. However, the stress applied to mesophase droplets by gas
bubble percolation is apparently sufficient to force mesophase droplets to coalesce
regardless of the orientation of molecules at the point of contact.

Other indications of the fluid nature of the acenaphthylene mesophase were
found. Droplets of mesophase larger than approximately 200 um in diameter tend to
resist being moved by bubbles of about the same size., When a gas bubble hit on one
of these large droplets, movement of the polarized light extinction contours in the
droplet could be observed, even though the droplet itself did not move. A moving
gas bubble can apparently apply a stress to the mesophase droplet, which tries to
relieve the stress by rearrangement of the large planar molecules in the mesophase.
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FIG. b0 COMPOSITE HOTOGRAPH OF MESOPHASE DROPLETS ORDERED
DURING PYROLYSIS BY GAS BUBBLE MOVEMENT
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FIG. 52. MESOPHASE DROPLETS SHOWING A TORN SURFACE WITH ONLY
PARTIAL CONTACT WITH THE COVER GLASS
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Figure 53 gives an example of a curved string of coalesced mesophase droplets
resulting from the slow formation of a large (1.5 ~ 2 mm) gas bubble in region A.
Mesophase droplets were pushed along the gas-liquid interface as the gas bubble
formed. The increasing size of the bubble crowded mesophase droplets together along
the gas-liquid interface, causing them to coalesce. When the gas bubble collapsed
as the volatile by-products escaped from the sample, the region occupied by the
bubble was rapidly filled with untransformed pitch. The more viscous mesophase
droplets remained in place, outlining the original liquid-gas interface. The photo~
micrograph shown in Figure 53, page 69 was taken through the top cover glass using
reflected polarized light. Figure 54, page 69 shows the same area photographed
through the bottom cover glass. These figures illustrate that once the mesophase
droplets become as large in diameter as the sample is thick (about 50 - 60 um)
they wet the top and bottom glass slides. Droplets of this size show the same
general characteristics when observed from either side of the sample. However, the
molecular order in a single droplet, and therefore the polarized light extinction
contours, is usually not the same at the top and bottom of the sample.

A band of coalesced mesophase was observed to some extent around the edge of
all samples (see Figure 55). In general, the mesophase droplets next to this band
of coalesced mesophase were larger in size than droplets a mm away from the edge of
the cover glass (provided no bubble percolation had occurred in the region). There
are several possible explanations for this observation. Since the sample and glass
slides were placed in a recess in the heated copper block (see Figure 11, page 28),
it is possible that the temperature around the edge of the sample was higher. This
would cause a faster rate of mesophase growth near the sample edge. Oxygen present
in amounts greater than about 5% by weight 14, 24 is known to cause formation of an
isotropic coalesced mesophase (see page 32). These hot stage experiments were con-
ducted in air, and one cannot rule out the possibility that the coalesced mesophase
band along the sample edge is a result of reactions involving oxygen. However, in
two experiments large gas bubbles were observed to repeatedly push mesophase droplets
to the edge of the sample, where coalescence occurred to produce a band of coalesced
mesophase. A similar effect is shown in Figure 56, region B, in which gas bubbles
have pushed mesophase droplets from A to B. The result is a rapid build~up in the
size of the coalesced mesophase droplets at the edge of the liquid in region B.
Except in the case of the "edge effects" as illustrated in Figure 56, region B,
strings of coalesced mesophase or droplets of mesophase are formed parallel to the
direction of gas bubble movement.

The size of the coalesced mesophase regions near the edge of the glass slides
grew larger with increases in temperature or time. At about 455°C, regions of
coalesced mesophase larger than 1 mm were formed next to the sample edge. This
coalesced mesophase had not been subjected to bubble percolation and as shown in
Figure 57, page 72, produced a fine isotropic microstructure when observed under
polarized light. Coalesced mesophase formed by bubble percolation had a much
larger spacing between the polarized light extinction contours as illustrated in
Figures 58 and 59, page 73.

Figures 58 and 59 also show that rapid forced coalescence of mesophase droplets
due to bubble percolation leads in many cases to entrapment of untranstormed pitch
within the coalesced mesophase., Mesophase droplets will form inside these entrapped
pools of untransformed pitch if the pyrolysis is continued.
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FIG.53. COALESCED MESOPHASE DROPLETS OUTLINING ONE SIDE OF A
GAS BUBBLE WHICH FORMED DURING HOT STAGE PYROLYSIS OF
ACENAPHTHYLENE

FIG. 54. PHOTOGRAPH OF THE BOTTOMSIDE OF THE AREA SHOWN IN FIGURE 53
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FIG. 55 BAN F COALESCED MESOPHASE AT THE EDGE OF THE SAMPLE COVER GLASS
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FIG.57. COALESCED MESOPHASE WITH AN ISOTROPIC MICROSTRUCTURE
FORMED DURING HEATING ACENAPHTHYLENE TO APPROXIMATELY
455°C ON THE MICROSCOPE HOT STAGE
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A wide variety of polarized light extinction contours was observed in the
coalesced mesophase, and examples are given in Figures 60 through 63, pages 75 and
76. One feature common to all the examples of coalesced mesophase microstructure
is the high concentration of extinction crosses. Extinction crosses are known%% to
be a result of the coalescence of mesophase spheres. The molecular arrangements
which produce the extinction crosses when the sample is observed under polarized
light (crossed polarizers) have also been determined by White, et al.12 1In
this study, regions of coalesced mesophase larger than 500 pm in size which were
formed as a result of bubble percolation were consistently found to have extinction
crosses stretched out in one direction as shown in Figures 62 and 63, page 76. As
illustrated at A in Figure 62, page 105, the polarized light extinction crosses took
on an appearance which resembled parallel lines. It is not known if deformation due
to bubble percolation causes the molecular rearrangements which produce the stretched
out extinction crosses. Deformation and stretching of the coalesced mesophase by
gas bubbles was so severe in some cases that the coalesced mesophase was torn apart
as shown in Figure 64, page 77. Since this usually occurred in less than 10 seconds,
it was not possible to determine how the polarized light extinction contours changed
as the coalesced mesophase was being deformed by a gas bubble. However, deformation
of the coalesced mesophase just prior to hardening has been reported by White and
Pricel# to form the fine fibrous microstructure characteristic of needle cokes.

Although the usefulness of hot stage microscopy in studies of mesophase formation
has been demonstrated in this work, the observations must be interpreted with caution.
The behavior of a liquid crystal film between glass slides may be different from that
which occurs in bulk samples. Some of the conclusions resulting from observations
made during hot stage pyrolysis of acenaphthylene would be expected to be invalid for
pyrolysis studies conducted on bulk samples. For example, the "edge effects'" dis-
cussed on pages 69-71 would not occur during pyrolysis of bulk samples in large test
tubes. Gas bubbles can move in only two dimensions in samples pyrolyzed between
glass slides on the hot stage. As a result, mesophase droplets are pushed together
and forced to coalesce by gas bubble movement. The coalesced droplets form an outline
of the bubble path. Once these mesophase droplets become firmly attached to the
glass slide, additional bubble movement in the same region will usually follow the
previously established bubble path.

At some point after mesophase formation begins during pyrolysis of acenaphthylene
in test tubes, the size and number of mesophase spheres becomes so large that gas

bubble percolation could not occur without pushing numerous mesophase spheres together.

Therefore, it is believed that bubble percolation in bulk samples leads to accelerated
coalescence in a manner similar to that observed during the hot stage pyrolysis
experiments., In bulk samples, gas bubbles produced during pyrolysis are free to move
randomly in three dimensions and are less likely to repeatedly move along the same
path as in the hot stage pyrolysis experiments., Therefore, one would not expect to
see strings of coalesced mesophase spheres outlining bubble paths in samples pyrolyzed
in bulk. As the mesophase transformation nears completion, the viscosity and percent
of coalesced mesophase increases to an extent that any bubble percolation in bulk
samples would cause stretching and tearing of the mesophase as observed during hot
stage pyrolysis (See Figure 64, page 77).
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F1G. 60. REGION OF COALESCED MESOPHASE CONTAINING A
HIGH CONCENTRATION OF EXTINCTION CROSSES

F'G.61. LARGE DROPLET OF COALESCED MESOPHASE FORMED DURING
HOT STAGE PYROLYSIS OF ACEFM/APHTHYLENE
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FIG. 62. STRETCHED OUT EXTINCTION CROSSES IN THE COALESCED MESOPHASE

EXTINCTION CROSSES DEFORMED TO PRODUCE NEARLY
ALLEL LINESIN THE COALESCED MESOPHASE FROM
S OF ACENAPHTHY LENE
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FIG. 64. MESOPHASE DROPLETS STRETCHED AND TORN APART
DUE TO STRESSES CAUSED BY GAS BUBBLE FORMATION

AND MOVEMENT
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3 Formation of Fibrous Extinction Crosses

The type of microstructure illustrated by Figure 65 has been observed in six
different samples of acenaphthylene pyrolyzed in the microscope hot stage at tempera-
tures between 420°C and 450°C. However, it has never been observed in samples of
acenaphthylene pyrolyzed in test tubes. As shown in Figure 65, regions as large as
1 mm have been observed in which only extinction crosses of various sizes are present.
The crosses are all orientated in the same direction and have a fibrous or thread-like
character. In one case (see Figure 66) an extinction cross of about 1 mm in diameter
was observed in an acenaphthylene sample heated to about 450°C. This type of extinc-—
tion cross observed using polarized light may be classified as a co-rotating crossl?
or a fixed type integral nucleus83 since the brushes of the cross rotate clockwise
as the plane of polarization of the incident light is rotated clockwise (see Figure
67, page 80). Regions composed of fibrous extinction crosses have been observed
next to the top and bottom cover glasses using reflected polariced light. The same
patterns were also observed using transmitted polarized light.

Some samples heated on the hot stage did not produce the fibrous extinction
crosses, When present, the fibrous crosses were always observed ko occur together
in a cluster in only one region of the sample, and were near the edge of the liquid
film between the glass slides. The fibrous extinction crosses were usually observed
in a thin film attached to either the top or bottom cover glass, This film was thin
compared to the thickness of the mesophase sample between the cover glasses. In
some cases, droplets of coalesced mesophase are left attached to the glass slides
when gas bubbles rapidly push the fluid, untransformed pitch material away. Since
the bulk mesophase is opaque, regions of coalesced mesophase appear black when
observed using transmitted light as in Figure 68. The white areas in Figure 68
represent regions where there is no pitch or mesophase, or regions where there is
a thin film which is transparent. Gray areas surrounded by black in Figure 68 also
represent thin film regions somewhat transparent to light. The same area observed
using reflected polarized light is illustrated in Figure 69. Fibrous extinction
crosses appear in those regions which were shown in Figure 68 to contain transparent
thin films. 1If one were to illustrate this with a diagram, it would appear as
given below:

TOP COVER GLASS

THIN FILM - 2

(;:)BNRTOAJ IS\JING ~ \ COALESCED
— %' MESOPHASE

EXTINCTION = S ]

CROSSES

BOTTOM GLASS SLIDE
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FIG. 65. FIBROUS EXTINCTION CROSSES OBSERVED IN A SAMPLE OF
ACENAPHTHYLENE PYROLYZED ON THE MICROSCOPE HOT STAGE

SINGLE EXTINCTION CROSS ILLUSTRATING THE FIBROUS NATURE

FIG. 66
OF THE FXTINCTION CROSS BRUSHES
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FIG. 68. TRANSMITTED LIGHT PHOTOMICROGRAPH OF ACENAPHTHYLENE
PYROLYZED ON THE HOT STAGE

FIG. 69 REFLECTED POLARIZED LIGHT (CROSSED POLARIZERS)
PHOTOMICROGRAPH OF THE SAME REGION SHOWN IN FIGURE 68
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The glass slides containing pyrolyzed samples of acenaphthylene were separated
in three instances. Fibrous extinction crosses were observed using reflected polar-
ized light directed on the surface of the pyrolysis residue. The thin film on a
cover glass containing the fibrous extinction crosses was easily scraped from the
glass surface with a needle point.

Fibrous extinction crosses are different from the normal extinction crosses
observed in cross sections of an ideal mesophase sphere (Figure 70), coalesced
mesophase droplets (Figure 71, page 84), or large regions of coalesced mesophase
formed between glass slides on the hot stage (Figure 72, page 85). Extinction
crosses in the mesophase from acenaphthylene or any other organic have never been
reported to have the fibrous brushes as shown in Figure 66, page 79. The fibrous
crosses were observed in one sample of acenaphthylene heated to 380°C - 400°C on
the hot stage. In this experiment, no mesophase was formed. These results indicate
that the fibrous extinction crosses are a result of crystallization of some organic
by-product produced during the pyrolysis of acenaphthylene. Since it forms in a
thin film on the cover glasses near the edge of a pitch-mesophase region, it probably
is a volatile by-product which condenses and crystallizes on rapid cooling of the
sample to room temperature (possibly polyacenaphthylene). Microstructures similar
to those shown in Figures 65-67, pages 79 and 80 are common in liquid crystal
systems such as cholesteryl acetate,8 and polymers such as polyethylene and poly-
carbonates crystallized from the melt.

et s R - —
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FIG. 72. EXTINCTION CROSSES IN COALESCED MESOPHASE FORMED DURING
PYROLYSIS OF ACENAPHTHYLENE ON THE MICROSCOPE HOT STAGE
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

Mesophase sphere formation, growth, and coalescence during pyrolysis of
acenaphthylene is time-temperature dependent. For the particular heating cycle
used in this study, mesophase sphere formation began at approximately 400°C. Sphere
growth and coalescence continued during pyrolysis until the entire sample was trans-
formed into the coalesced mesophase between 466°C and 500°C. The mesophase formed
during acenaphthylene pyrolysis is fluid over a wide temperature range (from about
400°C to at least 466°C) and has a high solidification point (between 466°C and
500°C). Both of these characteristics is indicative of a highly graphitizing
organic.l4 Above 450°C, a small percent (<20%) of the coalesced mesophase was
observed to form the fine fibrous microstructure which is characteristic of highly
graphitizing needle cokes. The fine fibrous microstructure was usually associated
with gas bubbles. This provides additional evidence to support White's suggestion14
that gas bubble percolation through a fluid coalesced mesophase just prior to meso-
phase solidification is responsible for formation of the fine fibrous microstructure.

The usefulness of hot stage microscopy as a technique for investigating meso-
phase formation was demonstrated in this study. Direct observation of mesophase
formation in acenaphthyvlene during hot stage pyrolysis revealed that gas bubbles
move mesophase droplets around, crowd them together along the gas bubble-liquid
pitch interface, and cause the droplets to coalesce. Apparently, a mechanical stress
such as that produced by gas bubble percolation increases the rate of coalescence
compared to that which would normally occur in the absence of bubble percolation.

Gas bubble formation and percolation also stresses the coalesced mesophase, which
must constantly undergo rearrangement of the ordered molecules to relieve the applied
stress. The physical action of gas bubble percolation must now be added to the list
of factors which control the mesophase microstructure. In addition, the rate of gas
bubble percolation and the temperature at which pyrolysis gases are formed must be
considered as factors which may influence mesophase growth and coalescence.

In order to develop an improved understanding of how the various types of
mesophase microstructure are formed during acenaphthylene pyrolysis, several arecas
of study should be pursued. The absence of the fine fibrous microstructure in
samples pyrolyzed on the hot stage is believed to be due to the use of small samples
and insufficiently low pyrolysis temperatures (455°C). Therefore, additional hot
stage experiments should be coiducted at temperatures up to 500°C in an attempt to
observe directly the formation of the fine fibrous microstructure. The use of
thicker samples (0.5 c¢m or more) would also allow one to obtain cross-sectional
views of the phenomenon observed directly through the top cover glass. Improved
methods of measuring sample temperature on the hot stage should be developed to
provide an accurate method for determination of the temperature-time conditions
necessary for mesophase formation during the pyrolysis of organic materials.

Since the fine fibrous microstructure of needle cokes is believed to result
from deformation of a highly fluid coalesced mesophase bv gas bubble percolation,
it should be possible to increase the percent of the fine fibrous microstructural
component by application of a mechanical stress to the coalesced mesophase just
prior to its solidification. Such an approach may lead to the development of a new
method to produce improved needle cokes for use in artificial graphite manufacture

87
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