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ABSTRACT

Pyrolysis of pyrene has been carried out to examine whether it is possible to
produce condensed planar sheets of aromatic rings to form graphite and also to
investigate whether the degree of graphitization relatively increases compared
with other lower aromatic ring compounds or not. In the initial stages of
nucleation and growth, a liquid-state mesophase of optical anisotropy appears
as spherules in the sample. As carbonization progresses, the growing
mesophase spherules change in shape in forming relatively complex bulk
mesophase and mosaic texture. Reflected polarized-light micrography using
cross polarizers with a gypsum plate at 45° with one of the polars [Sensitive Tint
Technique] has been employed to investigate the microstructure of
carbonaceous mesophase displaying maltese cross patterns and nodes as well
as mosaic texture. Differential thermal analysis has been employed to locate the
temperature region of mesophase formation. Thermogravimetric analysis has
been used to see the quantitative analysis of the sample and to calculate the
dynamic weight loss of the sample during carbonization. Interlayer spacing
calculated from the X-ray diffractograms of the carbonized samples is found to
decrease with heat-treatment temperature and duration. A comparative study
has been carried out with the interlayer spacings of some lower aromatic
compounds under. similar condition. IR spectra have been used to substantiate
the above results about the structural modifications of the carbonized samples.
The broadening of the peak area of the aromatic band by IR study reveals about
the order of the degree of graphitization.
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CHAPTER I

1.1 INTRODUCTION

INTRODUC1TON

The synthetic manufacture of graphite has become more interesting and got

recognition in the hew material science of organic materials since 1961 after the

discovery of mesophase transformation by Brooks and Taylor [1-4]. The expansion

ofthis interest is continued, as carbon exhibits potential applications in new areas.

The pyrolysis of organic compounds in the temperatures between 3500C -600°C is

the most important process for the production of carbons [5-8]. This new approach

to graphite fabrication have been developed from the study of carbonaceous

mesophase.

The mesophase transformation takes place in organic materials starting from single

benzene ring to higher aromatic rings during pyrolysis at the temperatures between

3500C and 6000C. During the heat-treatment of polycondensed aromatic

hydrocarbon, thermal decomposition and thermal polymerization reactions takes

place.

For graphitizing carbons, the size of the elemental domains of the bulk mesophase

is evaluated by measuring the isochromatic areas of course mosaics in the optical

micrographs. The smallest domains correspond to non-graphitizing carbons. The

ability to graphitize of any carbonaceous material is thus predetermined entirely by

the size ofthe elemental domains of the bulk mesophase.

The graphitizing carbons are generally formed from substances containing more

hydrogen, and less oxygen. Substances including the vitrinites of medium volatile

coking coal, high temperature coal tar pitch, petroleum bitumens, polymers such as

1
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polyvinyl chloride and poly-nuclear aromatic compounds such as napthacene and

dibenzenthrone belong to the group of graphitizing carbon. This substances pass

through a plastic stage on heat-treatment [9-11]. The crystallites remain relatively

mobile during the early stages of carbonization and cross linking in the mass is

weak. The structure is more compact and there is in all stages a strong tendency for

neighbouring crystallites to arrange themselves nearly parallel to one another,

leaving only small holes between the basal planes of neighbouring groups.

Fonnation ofthe anisotropic mesophase is a function of heat-treatment temperature

and duration of heat-treatment [12-14]. As carbonization progresses with

increasing temperature and duration of heat-treatment, the growing mesophase .

spherules, which are more dense than the isotropic parent phase, sink to the bottom

of the container. When spherules meet coalescence occurs to produce larger

droplates, leading eventually to a bulk mesophase. When viewed microscopically

with cross polarizers, the bulk mesophase displays a complex ensemble of

extinction contours. The polarized-light extinction contours display nodes and

crosses. The processes of the formation, coalescence and deformation of the plastic

mesophase establishes the basic elements ofthe graphite microstructure.

Retlected polarized-light microscopy using crossed polarizers with a gypsum plate

has been employed to investigate the microstructure of carbonaceous mesophase

iormed at the early stage of carbonization. It follows from the changes in

pleochroism and isogyres occuring with the stage rotation, that a simple mesophase

spharule is optically a uniaxial positive liquid crystal belonging to the hexagonal

system with a straight extinction i.e., the parallel alignment of the aromatic layer

planes and the rearrangement of the hexagonal ring structure viz. the graphite

structure.

2
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The teclmique of differential thermal analysis (DTA) has been employed as an

additional information to study the structural changes occuring in the organic

materials under heat-treatment [15]. These changes may be due to dehydration,

transition from one crystalline variety to another, destruction of crystalline lattices,

oxidation, decomposition etc.. This technique has recently attained considerable

importance in determining the carbonizing and graphitizing properties of pure

organic compounds, coals and pitches, etc..

Somemore additional informations are also necessary to supplement the polarized-

light and DTA techniques to interpret the above result still more correctly. These

are themlogravimetric analysis (TGA), X-ray diffraction, infrared absorption

spectroscopy, etc..

Thermogravimetric analysis (TGA) involves the determination of weight loss from

a sample as a function of time or temperature [m=ftt or T)] while a sample is

heated or cooled at a constant rate. This technique is effective for quantitative

analysis ofthermal reactions that are accompanied by mass changes due to release

of volatile matter, evaporation, decomposition, gas absorption, desorption and

dehydration.

In the graphitic carbon, tlle extent of ordering that is associated with increaseing

order of graphitization can be estimated from X-ray diffraction pattern. With

increasing carbonization, the interplanar spacing of carbon hexagonal planes

decreases and approaches a regular crystalline structure to that of graphite [16-I7].

Infrared spectroscopic study provides valuable information concerning the nature

and variation witll carbon content of the substituent groups as well as the nature of

3
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the aromatic systems (18-19]. Under heat-treatment the existing functional groups

have been identified by the IR spectroscopic study.

The objective of this research is to see whether the degree of graphitization

increases with increasing of number of rings in the aromatic compounds and to

have a better understanding of the optical properties of anisotropic carbons.

The order of the degree of graphitization can be ascertatined from the following

studies: (i) the change in the interlayer spacing by X-ray diffraction study; (ii) the

broadening of the peak area of the aromatic band region by IR study; (iii) the

mesophase transition study by a combination of DT A analysis and polarized-light

technique. The optical anisotropic observation will be carried out by polarized light

tmcroscopy.
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CHAPTER II

2.1 INTRODUCTION

CARBONIZA110N IfND GRAPHrnzA110N

Carbon is the sixth element in the periodic table and it has atomic weight 12.011 oil

the chemical scale. TIle electron configuration in carbon is Is22s22p2.Of the six

electrons in a neutral atom,four in the outer L-shell, 2S~p2, are the ones available

for chemical bonding, principally by the excitation of one S-electron into a P-state,

followed by orbital mixing. Several hundred thousand compounds containing the

element carbon are known till today, because of this unique atomic structure of

carbon which results in its ability to react chemically with most other elements.

During the heat-treatment of carbon containing materials to high temperatures, the

removal of non-carbon atoms, usually oxygen, hydrogen, nitrogen or sulphur, as

well as some carbon constitutes, the process what is known as 'carbonization'. TIlls

process follows a rearrangement of order within the remaining carbon atoms giving

a greater degree of order within the carbon produced which may develop a three-

dimensional order. Simply this development of a three-dimensional order which

produces a structure very close to the well-defined structure of pure graphite is

termed 'graphitization'. In fact, graphitization does not occur in 'graphitizable

carbons' until they are aJUlealed above 2500oC. The temperature range from

25000C to 30000C is called the 'graphitization temperature range'.The temperature

ofthe onset of graphitization has been found to vary and is dependent on the parent

material.

2.2DIFFERENT FORMS OF CARBON AND CRYSTALLOGRAPIDC MODELS

There are only two allotropic crystalline forms of carbon i.e., graphite and

diaJllond.Both occur in nature or can be produced artificially from many carbon
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containing materials. lbe difference in properties between these two allotropic .

forms is determined by the forces lying within and between crystallites. Diamond is

a face-centred cubic material with each carbon atom bonded covalently to four

others in the fonn of a tetrahedron, the interatomic distance being 1.54A It is the

hardest naturally occurring substance due to the rigidness of the tetrahedral .

covalent bond lattice of tile single macromolecule that forms the perfect crystal.

Diamond is metastable to graphite, the conversion of graphite into diamond

requiring tile assistance of catalysts and high temperatures and pressures. Though

diamond nonnally has the structure described above, Ergun and Leroy [1] have

shown that a hexagonal structure for diamond is possible. Again diamond changes

spontaneously to graphite at ordinary pressure above 15000C [2].

Thennodynanlically, graphite at atmospheric pressure is the more stable form of

carbon.

Graphite is a laminar structure and is the anisotropic allotropic form of carbon. Its

accepted ideal crystal structure is illustrated in Fig. 2.1, which was first established

by Bernal [3]. It is a stable hexagonal lattice where the basal planes or layer planes

consist of open hexagons with interatomic C-C distance 1.415Ao . These planes are

an.anged in an alternating sequence, the interplaner distance being 3.354A

Crystallographically perfect graphite has a density of 2.266g1mJ. In this structure

only three ofthe four valence electrons of carbon form regular covalent bonds with

adjacent carbon atoms. TIlefree fourth electron resonates between the valence bond

structure s. Strong chenlical bonding forces exist in the basal planes whereas weak

Vander Walls' forces exist between planes. The bonding energy between planes is

only about 2% of 111atwithin the planes [4,5]. The weak forces betwe~ layer

planes account for (a) the tendency of graphite materials to fracture along.planes,

(b) the fonnation of interstitial compounds, and (c) the lubricating, compressive

8
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and many other properties of graphite. AJi, shown for the hexagonal graphite

structure, tile stacking sequence of the planes is ABAB so that the atoms in

altemale planes are congruent.

A rhombohedral structure has been found to exist in many graphites where the

slacking sequence is ABC ABC (Fig. 2.2). Lipson and Stokes [6] were able to

show tlmt tlus rhombohedral lattice, originally proposed by Debye and Scherrer [7]

fully accounted for the X-ray lines found in some powder photographs of graphites.

The proportion of the rhombohedral form may be increased in graphites by

grinding [8] which indicates that the change arises from the movements of the

layers of carbon networks with respect to one another.

Most naturally occurring graplute is polycrystalline. Perfect single crystals greater

ilian IOJ.UU are quite rare, aliliough iliey can be produced with difficulty. Most

synilietic graphites, made by high temperature calcination of pitch/coke blends, are

polycrystalline. Single crystals of graphite occurring in some natural deposits of

graphite near perfect single crystals of quit large dimensions can be obtained by

pyrolylic deposilion of carbon from carbonaceous vapurs. Under suitable

conditions, thedeposil of carbon can take the form of llighly oriented layers.

Subsequent treatment of iliis material can produce quite large single crystals of

pure graplute. Such graphite is known as 'pyrolylic graphite'.

A third foml of carbon, apart from diamond and grapllite, exists which is known as

'amorphous carbon'. Although tlus name literally means a structureless form of

carbon, almosl al1 amorphous carbon possess a smal1 amount of order. The first

application of X-ray diffractionmeiliodsto amorphous carbons, however, led to ilie

concept that they were also graphitic Witllilieir apparently amorphous character

9
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which arises from the very minute size of the crystallites. These amorphous carbons

can be prepared by the combustion of hydrocarbons in an incomplete supply of air,

i.e., carbon blacks, and include soot, charcoal, and lamp blacks.

2.3 STRUCTURE OF CARBONS AS REVEALED BY X-RAYS

Carbons can be classed into two distinct and well-defined types: graphitizing or

non-graphitizing, soft or hard. Graphitizing carbons are generally relatively soft,

are of high apparent density, possess little microporosity and are relatively rich in

hydrogen or low in oxygen, sulpher and nitrogen. They were termed 'soft carbons'

by Mrozowski [9]. Franklin considered that, during the early stages of the

carbonization process, the crystallites in the graphitizing carbons were fairly mobile

and that in the region of lOOOoC, a high proportion of the crystallites lay nearly

parallel to each other. Weak cross-linking was thought to exist between the

crystallites. A model (reproduced in Fig. 2.3) was put forward by Franklin [10] for

the structure of a graphitizing carbon. X-ray data suggested that the whole layers or .

groups of layers moved on increasing the heat-treatment temperature but the most

significant factor was that neighboring crystallites had to be nearly parallel.

Crystallite growth was considered to occur by the layer planes linking togather.

Non-graphitizing carbons are generally hard, are oflow apparent density, have high .

microporosity and are relatively low in hydrogen or rich in oxygen, sulphur and

nitrogen. They were correspondingly called 'hard carbons' by Mrozowski [9].

Again Franklin [10] put forward a model (reproduced in Fig. 2.4) to account for

their structure. In this model he considered tllat the parallel layer groups which

were oriented at all angles, were joined together at their extremities, thus

accounting for the microporosity. Witll the increase of heat-treatment temperatures

10
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there was some growth in the basal plane direction by incorporation of disordered

carbon atoms at the edges of the crystallites. Other carbon atoms acted as linkages

between crystallites.

2.4 CRYSTALLOGRAPHIC PARAMETERS

Graphitization can be observed by certain changes III some measurable

crystallographic parameters. The main parameters are:

(a) The d-spacing which decreases from the turbostratic value of3.44Atowards the

graphitic value of3.354A.

(b) TIle apparent layer diameter, L., which increases on graphitization.

(c) The apparent layer plane height, L, , or alternatively, the number oflayers, M,

in a parallel layer packet, which also increase on graphitization.

(i)Maire a"d Mering's go/actor

11lis graphitization factor proposed by Maire and MeTing [11,12,13] is a purely

empirical quantity indicating the position of the material on a scale of which the

two fixed points are the turbostratic and graphitic spacings and is simply defmed

from the apparent layer spacings a3 (in A) as

a3 = 3.354 g + 3.440 (I-g) ---------------------- 2.1

It increases with increasing heat-treatment temperature for graphitizing carbon.

(Ii) Ti,e Fra"klhJl Baco,,-Parameter

TIle p-parameter was first postulated by Franklin [10] as the probability that a

random disorientation occurs between any two neighboring layers. Its value varies

II
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from unity for a turbostratic graphite-like structure (where the hexagon layers are

parallel to each other but not stacked in any crystallographic order) to zero for a

perfectly graphitic structure. This led to the following parabolic relationship

between p and d, the interlayer spacing:

d = 3.440-.0.086 (1- p2) -------------- 2.2

d- spacing again being expressed in A

The above equation was slightly modified by Bacon [14,15] to account for the fact

that the influence of an oriented packet will extend beyond the layers immediately

adjacent to it. The modified equation was given as

d = 3.440 - 0.0866 (I-P) - 0.064P (l-P) - 0.030 p2 (I-P) --------------------- 2.3

where the d - spacings again were in A

This modified relationship gave better arrangement with experimental data than

equation (2.2). For a graphitizing carbon tile apparent value of d decreases with the

rise of heat-treatment temperature and p falls from near unity to near zero.

(iii) Warren's PrFactor

Warren [16] in a study of carbon blacks defined PI as the probability that two

adjacent layers should be correctly oriented. P I can be obtained from the following

linear relation

d = 3.35 + 0.09 (I-P 1)

where the value of d is again expressed in A

12

_________ 2.4



CHAPTER 11

2.5 CARBONIZATION PROCESS

CARBONIZAIION AND GRAPHITIZATION

It has been pointed out by many workers that the early stages of carbonization

(350-600oC ) are important in determining the ability to graphitize at high

temperature. TIle following is a brief review of the work done.

Kipling et al. [17] described some of the properties of carbons made from a range

of polymers and one polycyclic compound (dibenzanthrone). The carbons could he

sharply divided into two groups; those which became graphitic at temperatures of

27000C or above and those which remained non-graphitic. Kipling has

investigated the relationship between fusing during carbonization process and the

ability of the resultant carbon to graphitize at. a higher temperature. It was later

suggested (18,19] that materials of the kind examined could only give rise to

graphitic carbon if they passed through a fusion stage which had to occur under

specific conditions. These specific conditions were such that the polycyclic

aromatic stlUctures fonued in the residue during carbonization readily orientated to

fOl1ugraphite. It was confirmed by using polarized-light microscopy to study low

and high temperature carbons [20]. Taylor [21] carried out a detailed study ofthe

microscopic changes exhibited by a vitrinite with progressive carbonization using

optical methods. Observations were made with samples of a thermally

metamorphosed coal. The vitrinite, which in its unaltered state was anisotropic,

became isotropic and this transition was followed under controlled conditions in the

laboratory. The change from anisotropy to isotropy was observed to occur at a

temperature slightly below that at which the plasticity became measurable. About

loGe to 150e before the onset of resolidification the change from isotropic plastic

vitrinite to anisotropic semicoke was indicated by the appearance of small

sphelUles initially of micron size, in the isotropic vitrinite, forming as a separate

13
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phase. These spheres were observed to grow in size with the increase in heat-

treatment temperature at the expense of the plastic vitrinite which eventually

fonned, by coalescence, a mosaic structure about the resolidification temperature.

The spheres, which later became units of the mosaic texture, had an interesting

pattem of behavior in singly and doubly polarized light. A particular structure

having a strain effect was put forward to account for this behavior. At first it was

thought that this structure was inherently improbable as because the strain effects

were in fact of little importance to account for the observed optical properties, and

so a second model which included a stress effect was proposed. However the

original structure was later verified to be correct by Brooks and Taylor [22,23]

using electron diffraction and optical microscopic techniques. The structure of a

simple sphere has been shown in Fig. 2.5 & 2.6 in three dimensions. The layers

consist of condensed polycylic aromatic compounds which are aligned

perpendicular to the polar diameter but curve to meet the interface with the

isotropic matrix at a high angle. The poles constitute anomalous regions, but this is

reflected in little if any departure of the droplet from sphericity. Brooks and Taylor

also showed that sphere growth also occurred on heating bitumen, pitches,

polyvinyl chloride (PVC), naphthacene and dibenzanthrone, all of which produce

graphitizing carbons. This two phase liquid state structural transformation is

known as 'carbonaceous mesophase formation' or 'liquid crystal formation'.

Brooks and Taylor concluded that those materials which ultimately produce

graphitizing carbons, generally pass through a fluid stage during carbonization in

the temperature range 3500C-600oC. In the final stages of this fluid phase a second

phase possessing anisotropic structures forms and that this structure persists into the

semi coke beyond. They also concluded that any. solid surface appeared to be a

14
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preferred site for mesophase growth and that the nucleating effect of solids

increased with their available surface area. It is now thought, however, that

nucleation is not the principal mechanism in mesophase formation but that the

growth of the anisotropic liquid crystals occurs at the expense of the isotropic

liquid phase [24].

White et al. [25] used polarized-light micrography to investigate the microstructure.

of the coalesced mesophase formed in the carbonization of coal-tar pitch. They

noticed that the structural features of the coalescedmesophase were similar to those

found in electron micrographs of graphitized materials. Also prominent features in

the polarized light extinction contours were the nodes and crosses which did not

move when the plane of polarization of the incident light was rotated. These nodal

points were found to correspond to two types oflinear defects in the stacking of the.

aromatic layer planes.

Later white and co-workers [26] extended their classification of defect structures in

the stacking ofthe mesophase layer planes to four. They are : (a) co-rotating node

(b) counter-rotating node (c) co-rotating cross (d) counter-rotating cross (Fig .2.7].

These four classes of linear defectswere termed as above depending on whether the

extinction contours moved with or against the direction of rotation of the plane of

polarization of the incident light. The notation used there is an opposition to that

used by Honda et al. [28].

White et al. concluded that the processes of the formations, coalescence and

deformation of the plastic mesophase established the basic elements of the graphite

microstructure, i.e., the parallel alignment of the aromatic layer planes and the

rearrangement of the complex folds in the fibrous regions. The linear stacking

15



CHAPTER Il
CARBONIZATION lIND GRAPHITIZATION

discontinuities, namely the nodal and cross structures, were essential features of the

coalescedmesophase, and the nodal structures at least were found to persist in their

basic form upto graphitization temperature. However, they did not seem to be

involved in shrinkage cracking, fold sharpening and the fonnation of mosaic block

and kinks which occurred during heat-treatment. Later white et al. [27) extended

their studies to include graphitizable materials such as coal-tar pitch and petroleum

coke feedstocks and arrived at similar conclusions.

Honda and co-workers [28) supplemented the works of Brooks and Taylor by

examining in much more detail, the effect of temperature and soaking time upon

the growth and physical properties of the mesophase in pitches and found that the

temperature and duration of heat-treatment were essentially complementary factors.

In a polarized-light study Honda et al. [29] employed crossed polarizers with a

gypsum plate to investigate the microstructure of the carbonaceous mesophase

formed in the early stages of carbonization of pitches. By use of this so-called

sensitive-tint technique, changes in pleochroism and in extinction contours for

coalesced and for deformedmesophasewere observed.

Honda also explained schematically how the crosses and nodal structures were

fonned by the coalescence of two simple spherules and the deformation of such

coalescedmesophase.

Whiltaker and Grindstaff [30) found that the rates of formation, growth and

coalescence of the mesophase spheres varied from feedstock to feedstock and that

the type of molecular structure in the original feedstocks and the type of structures

fonned on heat-treatment had a significant influence on the resulting coke

stmcture.
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2.6 PRESSURE EFFECTS ON MESOPHASE MICROSTRUCTURE

Extensive studies on the carbonization of some organic compounds and coal-tar

pitches under extremely high pressures (~3K bar) were performed by Walker et al.

[31,32] and by Marsh et al. [33,34). The structures of the solid products

carbonized in a sealed tube surrounded by a hydrothermal pressure bomb, were

characterized as anisotropic carbonaceou.s mesophase, whose morphologies

changed from vesicular to spherical with increasing pressure. Pressure was also

observed to hinder or to prevent coalescence of the mesophase and to enhance

graphitizability.

Some results on studies with conventional coal-tar and petroleum pitches [36,37]

under pressure upto 200 bar showed that increasing pressure does not only increase

the coke yield but also lowers the temperature at which pyrolysis is completed. It

was also shown that increasing pressure improves preorder and graphitizability of

the residues. Increasing pressure causes a pronounced segregation of original

insolubles of conventional coal-tar pitches and of artificial insoluble like carbon

black. 111eseparated insolubles accumulate in the upper part of the pyrolysis vessel

whereas a highly ordered mesophasewithout insoluble is found lower doWll.

2.7 DIFFERENT TYPES OF MESOPHASE SPHERULES

Since the first report of carbonaceous mesophase spherules of optical anisotropy by

Brooks and Taylor [22,23] a large number of studies were made on the related

subject, e.g., the nucleation, growth and coalescence processes of mesophase

spherules [38-40]. Most of the studies confirmed the fmdings of Brooks and

Taylor that in the individual mesophase spherule flat aromatic molecules lie
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parallel to each other in the interior and perpendicular to the surface of the spherule

near the surface.

Most recently mesophase spherules with structure other than that proposed by

Brooks and Taylor have been reported. Honda and his co-workers [41] reported a

second-type mesophase spherules with different optical properties from those of the

Brooks-Taylor spherules and proposed a structural model having the outer layers

lying parallel to the spherule surface but a similar layer alignment to the Brooks- . .

Taylor type spherules around the central region of the spherule (Fig. 2.8b). Similar

mesophase spherules were also found by Kovac and Lewis [42] and Imamura et al.

[43]. Hiittinger [44] and also Imamura and Nakamizo [45] reported the third-type

mesophase spherules with all the layers lying in concentric circles about the centre

of the spherules (Fig. 2.8c). The structure of a fourth-type spherule (Fig. 2.8d) was

reported by Imamura, Nakamizo and Honda [46]. The structure of this type was

very similar to that of the Brooks-Taylor type and it is now believed that the fourth-

type spherule is a metastable phase of the Brooks-Taylor type. Novel anisotropic

mesophase features having a flower-petaloid texture were reported by Mochida et

al. [47].

2.8 THERMAL BEHAVIOR OF GRAPHITIZING CARBONS

Carbonaceous materials such as kerogen, coals, heavy petroleum products, higher

aromatics etc. of various origin whether pyrolyzed or coalified, follow the same

microstructure trend of graphitizing carbons. On carbonization, the graphitizing

carbons soften fITst and possess a visco-elastic stage and gradually falls down to a

minimum viscosity [48] and then coalesce and finally increases again up to the

brittle solid state which is known as the semi-coke stage. Fig. 2.9 shows the thermal
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behavior of graphitizing carbon. At higher temperatures as the material

progressively graphitizes, an increasing number of layer pairs align in the AB

sequence and reach the 3.354A interlayer spacing of graphite.

All the carbonaceous materials follow the same graphitization process, whatever

the degree of crumpling oftheir layers. Before the semi-coke stage bulk mesophase

made of individual BSU's are fonned. Then distorted and wrinkled layers appear

below 2000oC. When heat-treatment temperature (HTT) increases further, flat

lamellae give flat polycrystalline graphite whereas curved pores give polyhedral

pores more or less graphitized. The smaller the elemental domains of the initial

bulk mesophase (pore wall's), the smaller the polyhedral pores and the smaller the

fuml degree of graphitization reached at 29000C and the smallest domain

correspond to non-graphitizing carbons. The ability to graphitize any carbonaceous

material is thus predetermined entirely by the size of the elemental domains of the

bulk mesophase, i.e., the total molecular orientation (MO).

2.9 LOW TEMPERATURE CARBONIZATION

Carbonization is a complex process in which polymerization plays a dominant role

during which the original organic matter undergoes loss of its non-carbon elements

usually oxygen, hydrogen, nitrogen or sulphur, as well as some carbon as the

temperature rises. These elements are evolved as gases, usually in combination

with part of the carbon, and this process follows a rearrangement of order within

the remaining carbon atoms which may develop a greater degree of three-

dimensional order.
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Three overlapping phases are usually identified in the carbonization process. The

boundaries between the phases are defmed by temperature levels whose absolute

values vary with the character ofthe material undergoing carbonization.

In the first phase of 'precarbonization' possibly (between 1500C and 400°C),

some bond-breaking reactions and reduction of hydrogen bonding occur, which

may lead eventually to melting. Some light species, which exist as guest

molecules or are formed by the breaking of very weak bonds, are released. Some

impol1ant molecular rearrangements, condensation reactions and 'molecular

stripping' also take place, and there is little change in the optical properties of the

majority of organic materials.

During the second phase, the softening or the formation of liquid from the organic

matter transforms into an optically anisotropic mesophase, a three-dimensional

bonding early in aromatic condensation. If, the aromatic condensation takes place,

then the carbon produced will have much greater ordering due to the development

of progressive alignment of aromatic layers or lamellae in groups which form

'crystallites'.

In the third phase of carbonization (6500C to 1500°C), after resolidification,

reactions take place principally in the solid state. The carbonaceous product may

evolve secondary gases, mainly Co and HZ, while undergoing condensation.
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Fig 2.1 The ideal graphite crystal structure with the hexagonal unit cell with
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Fig 2.2 The rhombohedral strudure, showing the tnle unit cell and the atomic
co-ordinates in the approximate hexagonal cell shown in double lines.
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Fig 2.3 Schematic representation ofthe structure of a graphitizing carbon.

~ ~~~~{IIIL-=

,,~~,~~~
Fig 2.4 Schematic representatiOll of the structure of a non-graphitizing carbon.
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3.1 INTRODUCTION

OPTIr:AL CRYSTALLOGIIAPHY OF MliSOPHASE

The polarized-light teclmique provides a powerful tool to study the optical

properties of transparent, translucent and opaque materials by using the polarized

light. Polarized-light technique in recent years, has wide applications in

Mineralogy, Metallurgy, Chemistry, Biology and in many branches of industrial

teclmology. Various aspects of this technique have been described in details by a

number of authors [1-6]. Marshall [4] and Dale [5] have discussed the optics of

. crystals. Hartshome and Stuart [6] have given a good description for the

microscopic examination of uniaxial and biaxial crystals under polarized-light.

3.2 POLARIZING MICROSCOPE

The polarizing microscope is essentially an ordinary compound microscope, with

the difference that it has a revolving, graduated circular disc, a polarizing device

below the stage, called the polarizer and a similar device above the objective, called

tile analyzer. The polarizer and analyzer may be referred to simply as the upper and

lower polars and are made of calcite polarizing prisms, or "discs of polaroid".

Each polar transmits light wave vibrating in one direction only and for most

purposes tile polars are oriented so timt their pkmes of vibration are mutually

perpendicular or parallel.

.nle incident light passes through the polaroid disc, the polarizer, and is thus

constrained to vibrate in one plane only. 11le polarizer can be rotated in its own

plane and a second polaroid disc, the analyzer, is mounted in the body tube oftlJe

instnnnent. The analyzer can be rotated or withdrawn from the field of view to
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enable a sample to be viewed in unpolarized light. When both the polarizer and

analyzer are in the "crossed position", and they will not permit light to reach the

eye piece so long as the medium between them is entirely isotropic. This is because

light emerging from the polarizer is completely extinguished by the analyzer

according to the law of Malus in optics.

There is a compensator or tint plate, inserted in the body tube of the instrument.

The tint plate made of gypsum (also called first-order red plate) is placed at an

angle of 45° to the vibration planes ofthe polarizer and the analyzer when they are

in the crossed position.

The condensing lens system is situated between the rotating stage and the polarizer.

Its primary function, as in the compound microscope, is to bring the incident light

to a focus in the plane ofthe specimen.

The eye piece lens system, fitted to the microscope body is of the binocular type,

having a Xl 0 magnification. This together with the different objectives produces an

overall magnification ranging from X25-XlOOO.

The illumination of the microscope is provided with 6V, 15W low-voltage halogen

bulb. The bulb is contained in a well ventilated housing with a circular opening for

the emission oflight.

3.3 OPTICS OF CRYSTAL

While studying the propagation of light in crystal, Fresnel combined Maxwell's

electro-magnetic equations and the general material equations which led to the
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concept of the ordinary ray (O-ray) and extra ordinary ray (E-ray). These rays

travel at different speeds in the crystal. A simple model based on the O-ray and E-

ray could explain many of the phenomena observed in crystals.

Wh~n the basal section of a uniaxial crystal is viewed under the convergmg

polarized beam of light, all the rays not travelling along the optic axis are doubly

refracted [Fig.3.l]. At the upper surface there emerge at all points rays 0 and E

derived fi'om a given pair of incident parallel rays EE, which from there onwards

travel along the same path, vibrating in planes at right angles to one another. One

ofthese rays will have been retarded behind the other. When the retardation of one

ray behind the other is exactly one wavelength or any whole number multiple of

one wave length, brightness results due to interference. All emergent rays so allied

to one another lie on the surfaces of an infinite number of geometrically similar

cones coaxial with the optic axis [Fig.3.2] and the locus of their focal points in tlle

interference figure in a circle. This gives rise to the series of concentric rings, called

"isochrome" in the interference pattem [Fig.3.3]

The O-ray vibrates in tlle plane containing the ray and a line normal to both the ray

and the optic axis, while an E-ray vibrates in the plane containing the ray and optic

axis. The O-rays vibrate tangentially, and the E-rays radially. It is obvious that

along the directions pp'" and AN' which represent the vibration planes in the

polarizer and analyzer respectively, extinction will result, and at 45° to these

directions, between the dark rings, the interference figure will be most brightly

illuminated. 11lis pattem ill tlle form of a maltese cross with characteristic isogyres

is shown in Fig.3.3. In the central portion of tile field, the rays are normal to the

section and travel parallel to the optic axis and so tlle field remains dark tllere. The

pattem in Fig.3.3 is a typical interference figure.
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When rays of convergent light enter the section of a biaxial crystal not along the

optic axis, double refraction takes place. Those rays the wave fronts of which travel

along the optic axes are brought to a focus in the interference figure at two points

called the "melatopes" which, being extinguished by the analyzer, appear dark. All

other rays emerging from the crystal are made up of two components, differing in

phase and vibrating in directions at right angles' to one another (just as in the

uniaxial case described before), and therefore resulting in interference in the

analyzer. Emergent rays for which the retardation is the sanle lie ort conical

surfaces surrounding each optic axis, the sections of the cones being nearly circular

when the inclination to the optic axes is small, and becoming more pear-shaped as

this inclination increases; at still greater inclinations, the surfaces merge so as to

SUlTound both optic axes. The relative arrangement of representative surface

cOITespondingto retardation's of A, 2A, 3A, etc., for a given wavelength of light is

illustrated in Fig.3.S. Each surface (together with its allied parallel surfaces)

produces a ring of focal points in the interference figure similar in shape to its trace

upon a horizontal plane. Such an interference figure consisting of two eyes or

melatops surrounded by colored bands when viewed under white light is shown in

Fig.3.6.

Absorption of one or more bands of wave length of the visible spectrum make the

crystal appear colored. TIle intensity of light decreases as it penetrates more and

more into the medium and the energy lost is converted into heat. In some crystals

the frequency ofthe natural vibration of the electron system is same as that of light

and a resonance effect takes place which compensates the absorption effect.

In anisotropic crystals, the two polarized components of a monochromatic rays are

absorbed in different proportions. The same effect occurs for reflection as well.
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This phenomenon is known as "pleochroism" which is one of the most important

optical properties, studied by polarizing microscope.

Uniaxial crystals or fragments lying with their optic axes parallel to the axis of the

microscope appear bright between crossed polars. The theory underlying the

detennination of sign in uniaxial optic-axis figures is easily grasped from the idea

of double refraction of light waves entering and passing through the crystal plate.

Light waves in each beam emerging from the crystal plate vibrate in the principal

section and at right angles to the principal section. In Fig.3.4A light emerging at

any point on the circle consists oftwo components: the extraordinary component E,

containing waves in a plane the trace of which is a radial line; and the ordinary

component 0, containing waves vibrating in a plane the trace of which is tangent to

the circle.

In positive crystals, waves in the extraordinary component are slower than waves in

the ordinary component. In Fig.3.4B, the effects of the introduction of a first-order

red plate on a diffuse optic-axis figures of a positive crystal are shown. The source

of illumination is white light. In quadrants 2 and 4 (north-west and south-east) the

trace of the vibration plane of the extraordinary component is parallel to the fast

direction of the plate, and the red of the first-order red plate goes down in order to

yellow. In the opposite quadrants (north-east and south-west) fast components in

both the accessory plate and the crystal are parallel, and the color of the plate is

elevated to blue. In white light, the area occupied by the isogyre assumes the

interference color of the first-order red plate alone. In negative crystals, the effects

of insertion of the first-order red plate are the opposite of those obtained from

positive crystals.
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3.4 BASIC PRINCIPLE OF A TINT PLATE

Tint plates or compensators are usually used to assist in the identification of

interference colors. If the direction of the slot through tlle tubes is at 45° to the

vibration direction of the polars in their crossed position then the' compensators

must be mounted so tllat one of its vibration direction is parallel to the plate when it

is inserted. The basic principle ofa tint plate is shown in Fig.3.7.

TIle most common compensators are (i) quarter wave mica plate (also called the

qual1er undulation plate), (ii) first-order red or unit-retardation plate (sometimes

called the gypsum plate) and (iii) the simple quartz wedge.

The quarter-wave plate is made of a sheet of muscovite mica cleaved to such a

thickness that one transmitted component is retarded a quarter of a wave of yellow

light behind the other, i.e., by about I45nm. By itself between crossed polars the

plate gives a pale gray interference color. The first-order red plate may be made of

a cleavage sheet of gypsum, The thickness of this sheet is such that the relative

retardation between the two transmitted components is one wavelength of yellow

light (-5751lnl). Between crossed polars it gives violet to red interference color at

tlle end ofthe first order and is usually called the first-order red or red I plate. It is

also known as the sensitive red or sensitive tint plate because, if it suffers a very

small subtractive effect, color is changed to orange or yellow, while if it suffers a

very small additive effect the red color is raised to indigo or blue. In general, the

first-order red plate is more suitable for specimen showing a very indistinct color

since, owing to the sensitive color of the plate, additive and subtractive effects are

sharply distinguished.
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3.5 OPTICAL STUDIES OF THE CARBONACEOUS MESOPHASE

SPHERES

Reflected polarized-light microscopy using crossed polarizers with a gypsum plate

has been employed to investigate the microstructure of carbonaceous mesophase

fonned at the early stage of carbonization. It :follows from the changes in ,

pleochroism and isogyres occurring with the stage rotation, that a simple

mesophase spherule is optically a uniaxial positive liquid crystal belonging to the

hexagonal system with a straight extinction. Observations of changes in

pleochroism and in extinction contours for coalesced and for deformed mesophas,

permit to distinguish crosses from nodes and by that to identifYfour types of linear

defects in the stacking of the aromatic layer planes.

The theoretical background for working with reflected polarized-light was provided

largely with the help of the mathematical treatment by Drude [7]. This was

followed by practical applications to microscopy initiated by Wright [8] who gave

a summary of the theory, starting from the Maxwell's equations, which deals with

Ulespecial cases of normal incidence on a surface normal to an optical symmetry

plane. When the reflected light can be represented by two plane polarized

components at right angles, subject to a phase difference, the cases were dealt with

more directly by Woodrow, Mott and Haines [9].

A general remark of Taylor [10] concerning the reflectance pleochroism of

carbons, coal and graphites has generally assumed that the reflected-light

microscopy is analogous to the transmitted one. The fundanlental equations for

reflectance pleochroism have not been reviewed in the carbon literature since 1928

despite the predominance of the use of reflected-light microscopy technique. The
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transmitted light microscopy observations of the mesophase spherules have m

broad outline been related to the experiments of reflected light microscopy.

Observation of maltese cross-patterns has been made on pyrolytic carbon (PyC)

deposit by Gray and Cathcart [11] when the microscope was in the orthoscopic

mode and not on the conscopicmode. Fig.3.8 shows a schematic representation of a

PVC-coated particle. The thin lines are the 'c' axes of the PVC fibres; in this case

the 'c' axis coincides with the optic axis. When a beam of plane polarized light,

incident normally on a hexagonal crystal, is' reflected from a surface not

perpendicular to the 'c' axis, the reflected beam is resolved into two components,

R. and Rp. The electric vectors of these two components vibrate in perpendicular

and parallel directions respectively to the principal plane of the crystal (the

principal plane is parallel to the 'c' axis). These can be expressed in terms of the

incident vectors as follows

(Ilp-I)
~ == ~ -----------

(Ilp+ I)

(n, - 1)
R == E ------------, ~

(n,. + 1)

where I1p and n, are the refractive indices parallel and perpendicular to the principal

plane.

At the earliest stage, the spherical bodies are strongly pleochroic. Their absorption

of plane-polarized light varies with orientation from being very strong (color almost

black) to very weak (colorless or pale yellow). Analogous behavior is observed in

reflected light. However, the pleochroism of the spherical bodies is not quite as
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simple as that in pleochroic crystal. As the spherical bodies is not quit as simple as

that in pleochroic crystal. As the spherical bodies grow larger it can be seen that the

pleochroism is not uniform but that dark bars move across the sphere, unite, and

then move out again [Fig.3.8j. Between crossed nicols, the spherical bodies, when

small, behave essentially as single crystals, lightening and darkening four times per

stage revolution. As the bodies grow larger the simple extinction gives way to the

sequence shown in Fig.3.9.

Honda, Kimura and Sanada [12] employed the so-called 'sensitive tint technique'

in an attempt to get further information about the structures. The changes in

pleochroism and in extinction contours for the mesophase spherules are shown in

Fig.3.1O. They concluded that a simple mesophase spherules is optically a uniaxial

positive liquid crystal belonging to the hexagonal system with a straight extinction.
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Fig 3. I Passage of convergent polarized light through a uniaxial crystal
nonnal to tlle optic axis.
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Fig 3.2 Cones of equal retardation around the optic axis of a uniaxiall-'rystal.
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Fig 3.3 Typical interference figure for uniaxial crystal.

A

p

A'

p'

Fig 3.4A Directions of vibration of 0- and E-rays (AA~ pp( vibration planes
in polarizer and analyzer).
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OP11CAL CRYSTALLOGRAPlIY OF MESOPllASE

Crystal

Fig 3.4B Effect of introducing a frrst order red plate over a uniaxial optic axis
figure.
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Fig 3.5 Surfaces of equal retardation around the optic axes of a biaxial
crystal.
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(0)
E xtinction position

OPTICAL CRYSTALLOGRAPIlY OF lfrESOPIlASE

(b)
45. position

Fig 3.6 Biaxial interference figure given by a section normal to the acute
bisectrix.

ANALYSER

POLARIZER

SLOW FAST

(III Rddil.iVl~ ellpcl : Coloured raised.
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ANALYSER

FAST SLOW

(B) subtractive errec:l: Coloured lowered

Fi!IUre 3.7 Basic principle of a tint plate.

o' 200

Sense of stage rotation Vibration direction of polarizer

Fig 3.8 Pleochroic phenomena observed when symmetrically oriented
spherical body is rotated with respect to plane of polarized light.
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o.

1550

Sense of stage rotation

Vibration directions of polarizer and analyser

Fig 3.9 Phenomena observed when symmetrically oriented spherical body is
rotated between crossed polars.
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Diagonal position Subtraction

Sectioned exactly at

its median plane

containing C-axis

(perpendicular to
lamel1ae)

Sectioned above or

below its median plane

(parallel to lamellae)
•o "15

x

/

Addition

/

"45
Fig 3.10 Schematic changes of pleochroism and of the extinction contours

observed when mesophase spherules are rotated between crossed
polarizers will} a gypsum plate,

« ~ Vibration direction of extraordinary ray in mesophase spherule,

/ Vibration direction of extraordinary ray in gypsum plate,
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CHAPTER IV

4.1 INTROJ)UCTION

liXPERlMENTAL DBTAILS

Experimental investigations performed for characterization of the pyrene sample

and ullimately for determining their precursor states for graphitization are outlined

below:

i) Infrared (IR) Spectroscopic Study

Infrared spectroscopic study was done for identifYing the structural changes of the

sample during carbonizalion.

ii) Differential Thermal Analysis (DTA)

Difierential thennal analysis (DT A) was employed to locate the temperature region

of mesophase transfonnation.

iii) 11Iermogra}'imetricAnalysis (TGA)

Thermogravimetric analysis (TGA) was carried out to calculate the dynamic

weight loss of the sample during carbonization.

iI') X-ray Dijfractometric (XRD) Analysis

X-ray diffractometric analysis was carried out to detennine the interIayer distances

between the planes in the material pyrolyzed at different temperatures and different

durations.

}') Polarized-light Technique

The polarized lighlmicroscope was used to observe the mesophase microstructures.
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4.2 SAMI'LE

EXPERIMENTAL DETAILS

Any organic compound which undergoes substitution reactions of carbon-hydrogen

(C-H) bonds is said to be aromatic. Generally, aromatic compounds are obtained

by the distillation of coal-tar. Fused or condensed aromatic hydrocarbons contain

more than one ring and have two carbons shared by two or three aromatic rings.

The most important members of this class are naphthalene, anthracene and

phenant1rrene, etc.. Pyrene was taken as a higher aromatic compound in this work.

High purity about 99% (supplied by "Tokyo Kasei Kogyo Co. Ltd.", Japan) analar

grade was used. It melts at 149-1510C and boils at 2600C. Its molecular weight is

202.26. It is a greenish yellow solid. Its formula is C 16H 1O.

Structure of Pyrene (C 16H 10 )

4.3 I'YROL YSIS OF PYRENE

Pyrcnc was carbonized by sealed tube teclmique. Carbonization [1-6] was carried

out using pyrex glass tubes in a locally manufactured solinoidal electric filmace

having temperature limit up to 8000C [Fig.4.1].
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The pyrex glass tube of 25cm in length, 1.6cm in an internal diameter having

O.15cm in wall thickness with the sample inside was sealed at both the ends. This

sealed tube was then placed inside a steel bomb fitted with screw caps at both the

ends, and the whole arrangement was carefully placed in a solenoidal furnace.

Pyrene was heated at 410°C for different durations. During heating, the pressure

inside tJle sealed tube increases primarily because ofthe evolution ofH2 and other

hydrocarbon gases fi.om the sample. After allowing the tube to cool to room

temperature, it was opened inside a specially designed safety box [Fig.4.2) to avoid

blast or blow, if any due to heavy pressure inside.

The safety box consists of a mechanical contrivance for cutting the sealed tube

inside it with a diamond edge. The sealed tube containing the heat-treated sample

was held inside the safety box at horizontal position and after cutting it in its central

position with the diamond edge, a strong push was made on the cutting area from

bottom, as a result of which the tube was found to open very easily. The heat-

treated sample was then separated from the tube.

4.4 INI,'RARED (lR) SPECTROSCOPIC ANALYSIS

Infrared spectroscopic study provides valuable information concernmg the

structural infonllation of organic substances. Generally there are five regions of

ahsOlvtion which can be related to the different modes of vibration of the aromatic

system. These are (I) aromatic C-H stretching region, (2) Overtone region, (3)
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aromatic ring (C=C) vibrations region, (4) in-plane bending region and (5) Out-of-

plane bending region [7-9].

Summary of the characteristic absorption of aromatic ring systems

Frequency (em-I) Remarks

I 3010-2860 C-lI stretching

2 2000-1667 Overtone region

3 1618-1492 Aromatic ring (C=C) vibrations

4 1170-1040 C=H in-plane bending

5 900-690 =C-H out-of-plane bending
L-_

Pyrene was carbonized partially by heating to 410°C for 2,4, & 6 hours' duration

by sealed tube teclmique using a solenoidal tubular furnace described earlier in

section 4.3. The resulting carbons were studied by infrared spectroscopic analysis.

Samples were prepared by pressed-disc technique. The sample (1~Smg) was

intimately mixed with approximately -200mg of dry potassium Bromide powder.

Mixing was effected by thorough grinding in a smooth agate mortar. The mixture is

pressed with special dies under a pressure of 10,000-15,000 pounds per square inch

to limn a transparent disc. Potassium bromide pellets having 3nml in diameter were

D thus prepared to be used with a beam condenser. Infrared spectra ofthese samples

were recorded in the wave number region 400-4000 cm-] using IR-470 Shimadzu

double beam spectrophotometer with its beam line 0, transmission expansion-S and

scan time 7 min. TIle instmment was calibrated for its accuracy with the spectra of

a standard polystyrene film.

51



CIIAPTER 11"

4.5 DIFFERENTIAL THERMAL ANALYSIS (DTA)

EXPERIMENTAL DETAlllif)

DTA is a process of accurately measuring the difference in the temperature

between a thermocouple embedded to a sample and a thermocouple in a standard

inel1material such as aluminium oxide while both are being heated at a uniform

rate. The technique of differential thenllal analysis (DTA) is used to study the

structural changes occurring both in solid and liquid materials under heat

treatment. These changes may be due to dehydration, transition from one

crystalline Conn to another, destruction of crystalline lattice, oxidation,

decomposition, etc.. The principle of DTA consists of measuring heat changes

associated with the physical or chemical changes occurring when any substance is

gradually heated. This technique has recently attained considerable importance in

determining the carbonizing and graphitizing properties of pure organic

compounds, coals and pitches etc. [10- 12].

When a sample and reference substance are heated or cooled at a constant rate

under identical environment, their temperature differences are measured as a

function of time or temperature (as shown by the curve in Fig.4.3b). The

temperature ofthe reference substance, which is thermally inactive, rises unifonnIy

when heated. TIleDTA method involves the simultaneous recording of temperature

(1') which exists in the fumace and of the temperature difference (liT) which

appears between tJle sample and thenllally inert material (Fig. 4.3a). These

differencesof temperature arise due to the phase transitions or chemical reactions in

the sample involving the evolution of heat (exothermic reaction) or absorption of

heat (endothenllic reaction). The exothemllc and endotJlenllic reactions are /

\
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generally shown in the DTA traces as positive and negative deviations respectively

Ii'om a base line. So, J)TA gi \les a continuous thenna] record of reactions in a

sample. The areas under the peaks are prop0l1ional to the amounts of active

material present.

4.6 THERMOGRi\ VIMETRIC ANALYSIS(TGA)

The thermogravimetric analysis (TGA) involves the detennination of weight loss

n'om a sample as a function oftime or temperature [ m=ftt or T)] while a sample is

heated or cooled at a constant rate. This teclmique is effective for quantitative

analysis ofthennal reactions that are accompanied by mass changes due to release

of volatile mater, evaporation, decomposition, gas absorption, desorption and

dehydration etc [10,12]..

DTA & TGA APPARATUS

All DTA and TGA scans were can'ied out from room temperature to 1000°c under

argon gas Ilow at the heating rate of lOa/min. DTA & TGA was perfol1ned using

Then1la1 Analysis Station TAS 100. TG 8110, Thennollex, Rigaku Corporation,

.Japan.

4.7 X-RAY J>lJIFRACTION (XRD)

X-ray dim-action study was pertonlled to calculate the distances of interlayer

spacing of the heat-treated carbonized samples. Pyrene was carbonized partially by
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heating to 410°C for 2, 4, 6 hours respectively and to 410°c, 440°c, 410°c for 6

hours each by sealed tube tecImique using solinoidal tabular furnace. The resulting

carbons were studied by X-ray diffraction.

The samples were crushed into fine powder by using a pestle and mortar. Sample

pested on a glass slide (area of 0.5Xl) was then placed on the sample mounted in

the diffractometer (Model No. JDX-8P, JEOL Co. Ltd., Tokyo, Japan). X-ray

powder diffractograms were recorded using CuKo: radiation with 30KV and

CUlTent30 mA.

Different diffraction pattems were obtained by using an automatic recorder. The

parameters used for the identification of the sample is the spacing between the

planes of atoms 'd' in the crystals.

Calculation of interplanar spacing

The Bragg equation for the nth order diffraction is written as:

2dhk1sinO = nA.,

where, dhk1 is the intetplanar spacmg, e is the angle of diffraction, A. is the

wavelength ofthe X-ray radiation used for diffraction (i.e., A.=1.5418 A) and n is

the number of order (here n= 1) [13-16).
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4.8 MICROGRAI)HIC PREPARATION OF SAMPLES FOR

MESO PHASE OBSERVATION

The micrographic preparation of the carbonaceous mesophase comprises the steps

of impregnation, embedded in a cold-setting mounting resin, grinding, rough

polishing and !inal polishing [1-6, 13-15].

Pyrolysed samples were mounted on epoxy resin. The mounted specimens were

ground by silicon carbide papers, using tap water as lubricant and progressing from

120 to 600 grit. Light but steady pressures were applied while maintaining the

same direction of grinding on each paper. Expected best results were obtained by

using liesh paper for each specimen. After the final grinding on 600 grit paper, the

surface of the specimen should appear bright independent of the level of heat

treatment.

The process of rough and intennediate polishing were made in two stages on a

wheel rotating about at 1500 rpm (Matallographic specimens polisher, Type

MSP-2) (Fig4.4) and covered with a TEXMET cloth. During each stage, the

direction of polishing was maintained same. The specimen was not moved about

the wheel but was only moved laterally between the center and the periphery. In the

first stage, the polishing cloth was charged with Hyprez diamond compound of 31-l

size. Distilled water was used an lubricant, and relatively heavy pressures were

applied. 'Ille specimen was thoroughly cleaned by water before lIndel1aking the

second stage in which the polishing cloth was charged with Hyprez-diamond

compound of 1~lsize and relatively light pressure was applied as the polishing
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advances. At the end of rough polishing, the characteristic mesophase

microstructure was observed with crossed polarizers, although with many fine

scratches still present.

Final polishing oftlle sample was carried out by high purity Linde Alpha Alumina

powder. Powder was first mixed with distilled water and the sample was then

rubbed gently by it with hand in the same direction for about ten minutes. When tlle

final polishing was completed, the carbonaceous mesophase had a characteristic

bright luster which proved the suitability for observation by the polarized-light

nllcroscopy.

4.9 POLARIZED-LIGHT MICROSCOPY ANDOBSERVAnON

The samples, after polishing willi great care, were placed in turns on tlle stage of a

Reicheli-lung, Astria, Nr. 369 013, Metabert Polarizing Microscope equipped with

a 35mm Remica III photomicrographic camera and photographed by using

reflected polarized light. Plate 4.5 shows a set up of a polarizing microscope. TIle

light sources of the microscope was a 6V, 15W, halogen bulb. Fuji color films

super I-IRIOOwere used. The colored mesophase spheres were produced by the
(-.

inseliion of a gypsum plate placed at an angle of 450 willi one ofthe polars. The '

analyzer and polarizer remained crossed willi respect to each otller. This is the so-

called Sensitive Tint Tec1mique [4-6, 11]. An automatic exposure time was

programmed depending on the intensity of reflected ligllt. Exposure time was

varied by using the various speed offilms. The value of ASA-DIN was reduced to

one-fourth, one-eigllth of the original value ofthe film in the autocontrolled system

for having better results. A suitable area of each specimenwas photographed. ,,'
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Fig 4.1 Locally manufactured solinoidal electric fumace.

~:;: OJ ,; 2,

Fig 4.2 Specially designed safety box.
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Fig 4.3a DTA thermocouple assembly
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Fig 4.3b Block diagram of a differential thermal analysis equipment, (8) sample

thennocouple, (R) reference thermocouple, (M) monitor thermocouple.
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Fig 4.4 Matallographic specimens polisher
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Fig 4.5 Polarizing Microscope.
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5.1 INTRODUCTION

EXPERIMENTAL RESULTS AND DISCUSSION

The importance of the fonllation of the carbonaceous mesophase as a precursor to

graphitization has been discussed previously [Sec.2.7]. The structural changes of

the samples during carbonization have been studied by Infrared spectroscopy. The

temperature region of mesophase formation has been located by the Differential

thennal analysis. The dynamic weight loss of the sample during carbonization has

been carried out by the Thermogravimetric analysis. The interlayer distances of the

carbonized sample for its graphitization have been carried out by the X-ray

di1TI:actionanalysis. In the present study the mesophase fonnation has been

examined and polarized-light photomicrographs. of the various samples during

mesophase fonllation have been taken in order to study the nucleation, growth and

coalescence processes of the mesophase spherules at different heat-treatment

temperatures.

5.2 INFRAREI> SPECTROSCOPY (IR)

Figure 5.1 shows the IR spectra of raw sample and partially carbonized samples

for different heat treatment durations. TIle IR spectra ofpyrene (raw sample) and

heat- treated at 410°C for 2, 4and 6 hours are represented by spectra A, B, C & D

respectively in Fig.5.1.

l11e spectnllll A in Fig.5.1 is well matched but with a few extra bands to the

standard lR spectrum of pyrene. The absorption bands at 3010-2860cm-1

correspond to aromatic C-H neat together with a CH3 (aliphatic) stretching

vibrations; band at 2000-1667cm-1 arises from overtones or a combination band

pattem of a meta-substituted aromatic structure; band at 1618-1492cm-1 forms a
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ring C=C stretch; band at 1170-1040cm-1 indicate C=H in-plane bending and band

at 900-690cnf' indicate =C-H out-of-plane bending respectively.

The IR spectrum B, C & D (Fig.S.1) reveals a noticeable modification that all the

absorption bands arises at the same region but intensity ofthe peaks decreases with

increasing amount of heat. TItis is an indication of the modification to the pyrene

structure on heat treatment. The band 900-675 cm-l is attributed to the "aromatic

band" i.e., aromaticity ofthe pyrene. These bands are mainly due to aromatic HCC

(Hydrogen-Carbon-Carbon) rocking variations in aromatic and condensed aromatic

ring systems. The higher intensities at 900-675cm-1 shows the higher aromaticity of

pyrene.

5.3 DIFFERENTIAL THERMAL ANALYSIS AND THERMOGRA-

VIMETRIC ANALYSIS

Differential thennal analysis (DT A) traces of the sample at different heat-treatment

duration are presented in Fig.S.2. The main characteristics of these curves are the

presence of a initial large endothenn at 151°C due to melting of the tarry substance

and the second large endotherm at 260°C corresponds to the boiling point of the

substance. These melting and boiling points are very close to the theoretical values.

The DT A curves show that tJle initial large endothenn gradually increases in size

witJl the increasing duration of heat-treatment. Tins increase in the initial large

endothenn indicates an increase in tJle heat of fusion, which in tum indicates tJle

consequent increase of activation energy [10,11] and hence of graphitizing power.
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The TGA curves of the same samples are presented in Fig.5.3. The weight losses of

the samples start from:::: IOOoCand substantially continue up to 353°C and this

amount of losses (::::45-55%) occurs, owing to the elimination of hydrogen and

hydrocarbon gases. The TGA results show that the carbon yield is increased by the

increasingpyrolysis temperature [I I].

In prepanng graphitizing carbon, it appears that under low temperature

carbonization of polynuclear aromatic compound, carbon yield is usually

increased. This indicates the increase of the magnitude of the graphitization [I 2].

For pyrene the highest carbon yield is observed than the other lower aromatic ring

compounds like benzene, anthracene, phenanthrene under the same heat-treatment

temperature and duration [Table (17]. The carbon yield virsus duration of heat-

treatment for different aromatic ring compounds are shown in Fig 5.4.

5.4 X-RAY DIFFRACTION ANALYSIS

In the graphitic carbon, the extent of ordering that is associated with increasing

order of graphitization can be estimated from x-ray diffraction pattern. With

increasing carbonization, the interplanar spacing of carbon hexagonal planes

decreases and approaches a regular crystalline structure to that of graphite. Fig.5.5

shows the diffraction patterns of raw and partially carbonized samples heat-treated

at 4IOoCfor 2, 4 & 6 hours and are represented by a, b, c & d respectively. Fig.

5.5 shows an increase in sharpness of the diffraction lines with increasing

carbonization. The interlayer distances of different samples, calculated from

Fig.5.5 are depicted in table(~1 to W4. It is seen that the interplanar distance

decreases with increasing heat-treatment temperature (HTT) duration. Fig. 5.6

shows the diffraction patterns of raw and partially carbonized samples heat-treated
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at 410°C, 440°C, 470°C for 6 hours and are represented by a, b, c & d

respectively. The interlaver distances are depicted in table (\4 to I\6. No
• J 'vi .••....j

remarkable differencesin results are found in the above two cases.

The interlayer spacmg between the haxagonal lamellea structure is found to

decrease with increasing heat-treatment temperatures at the same duration for the

different aromatic ring compounds. The results of the changes of interlayer spacing

is shown in table C)8 [14]. It is obvious from the table:2)8 that for the same heat-

treatment temperature and time, the decrease of d-spacing is more in pyrene than

that of Anthracene.That is for the pyrene sample, the rate of change of d-spacing is

increased compared to Anthracene. This clearly indicates that the degree of

graphitization increases in the case of pyrene.

5.5 POLARIZED-LIGHT PHOTOMICROGRAPHS

The importance of Ule fOffilationof carbonaceous mesophase as a precursor to

graphitization has been discussed earlier in chapter 1. In the present study, the

polarized-light photomicrographs of samples during mesophase fonnation have

been examined by the polarized light technique in order to study the nucleation,

grOwUland coalescence processes of the mesophase spherules developed at

differentheat -treatment temperatures.

Color photomicrographs of selected mesophase spheres of subsequent heat-treated

samples are presented in plates 5.7a to 5.7d. Mesophase spherules start to appear at

430°c (plate 5.7a). There aller they start to coalesce forming larger spherules at a

higher temperature. Plate 5.7b shows the picture of such a coalescence at 435°C. At

still higher temperature, the growing mesophase spherules coalesce to form
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relatively complex bulk mesophase at 440°C. This is exhibited in plates 5.7c.

Complete coalescence takes place to fonn a mosaic pattem at 445°C (plate 5.7d).

The gro\\1h of spherical unit bodies, their coalesced structures, mosaic and flow

type mosaic are the essential features for the evidence of graphitizing carbon.

The temperature intervals of mesophase transition of higher aromatic ring

compounds [19,20] is becoming shorter, as shown in table .\j)9. TIlis relatively

shorter the mesophase transition predicts that the anisotropic crystallites structure is

fonned within that small range of temperature. The more the growth of the

anisotropic crystallites within the smaller interval of mesophase transition, the more

will be the magnitude of graphitization.
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Fig 5.1 IR spectra (A) Pyrene (raw sample), (B) 410°C for 2 hours, (C)

410°C for 4 hours, (D) 410°C for 6 hours.
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Fig 5.5 X-ray diffraction pattem (a) Pyrene (raw sample), (b) 410°C for 2

hours, (c) 410°C for 4 hours, (d) 410°C for 6 hours.
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Fig 5.6 X-ray dim-actionpatient (a) Pyrene (raw sample), (b) 410°C for 6

hours, (c) 440°C for 6 hours, (d) 470°C for 6 hours.
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Fig 5.7a Formation of mesophase spherule on heat-treated at 430°C for 5

hours.rr"""""'-------------"""' -- .

~ /

Fig 5.7b Fonnation of large mesophase spherule on heat-treated at 435°C for 5

hours
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Fig 5.7c Mesophase spherule in coalescence on heat-treatment at 440°C for 5

hours.

Fig 5.7d fvlesophase mosaic fonnation developed 011 heat-treatment at 445°C

fi)r 5 hours
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TABLE-1 (Row)

EXPERIMENTAL RE,~ULTS' AND DISCUSSION

- -,,- - .- - ----- - --

No. of 28 in 8 in d=lI./2sin8
obs. degree degree in A

1 10.25 5.125 8.619
--

2. 11.25 5.625 7.856

'--
3. 14.55 7.275 6.081

4 . 15.90 7.950 5.567
1-- -

5. 17.70 8.850 5.005

6. 19.80 9.900 4.479

7. 20.80 10.400 4.265

8 . 22.90 11.450 3.879
1---. -

9. 24.20 12.100 3.673
-

10. 26.10 13.050 3.410
---_ .._------ t-.

11 27.30 13.650 3.263

12. 28.00 14.000 3.183
-

13. 31 .40 15.700 2.846
_._---------- -

--

14. 32.55 16.275 2.74(,
----------------- -- -------_._ .._--_.__ ._.- -

._-

l 1 5 . 44.10 22.500 2.051
-----,--- .- ---- - ". , ~"-"--------"~----,--------" -------"._---_._ .. --" --_._"."---"--_._-_._---"-~._._"---".---"-

16. 47.40 23.700 1.916 __. _di
- _. --- -. ---- - .- - - - ___,,,.,.c-=.="'cc ____.--- _ ..
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TABLE-2 (4100C/2IIrs.)r .. --"- . _':"=.~,,~,~:~.:;:,,----,--". -,-- ..,- .. ... -- -- -- ".._-"-,,_ ..~,-,- ,- ... .. .

No. of 28 in 8 in d=Aj2sin8
obs. degree degree in 'A

. .

1. 10.30 5.15 8.578

2. 11 .30 5.65 7.821

3. 14.60 7.30 6.059

4. 15.90 7.95 5.567

5. 17.70 8.85 5.005
---

6. 19.80 9.90 4.479
.__ ._.

7. 20.80 10.40 4.265

8. 22.90 11 .45 3.879

9. 24.20 12.10 3.673
f---.------ _.

10. 26.20 13.10 3.397
e-'

11. 28.00 14.00 3.188

12. 31.40 15.70 2.846

13. 32.40 16.20 2.759
---_._---_ ..

14 . 43.80 21.90 2.064

15. 47.20 23.60 1.923
_._ .._- _.. .. .. .• . - ... ..
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TABLE-3 (4100Cj4Hrs.)
-- -- -

No. of 28 in 8 in d=A/2sin8
obs. degree degree in A

1. 10.40 5.20 8.496

2. 11 .40 5.70 7.753
----_._----

3. 14.70 7.35 6.019

4. 16.10 8.50 5.209
~-

5. 18.00 9.00 4.922

6. 20.20 10.10 4.391

7. 23.20 11.60 3.829

8. 24.40 12.20 3.644
---

9 . 26.40 13 .2 3.372

10. 28.30 14.150 3.149
--------- -------

11. 32.80 16.40 2.727

12. 44.80 22.40 2.021

13. 47.70 23.85 1.904
- -
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TABLE-4 (4100C/6Hrs.)

No. of 28 in 8 in d=h/2sin8
oos. degree degree in A

1. 10.50 5.25 8.415

2. 11 .50 5.75 7.686

3. 14.90 7.45 5.939

4 . 16.40 8.20 5.359

5. 18.00 9.00 4.922

6 . 21.20 10.60 4.186

7 . 23.30 11.65 3.813

8. 24.60 12.30 3.615

9. 26.50 13.25 3.359

10. 28.30 14.30 3.117

11. 33.10 16.55 2.703

12. 44.50 22.25 2.034

13. 47.90 23.95 1.897
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TABLE-5 (4400C/6Hrs.)

No. of 28 in 8 in d=;>-'/2sin8
obs. degree degree in A

1. 10.55 5.275 8.375

2. 11 .55 5.775 7.652

3. 14.85 7.425 5.958

4 . 16.25 8.125 5.448

5. 18. 15 9.075 4.882

6. 20.25 10.125 4.380

7 . 23.25 11.625 3.821

8. 24.65 12.325 3.607

9. 26.55 13.275 3.353

10. 28.25 14.125 3.155

11- 44.35 22.175 2.040
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TABLE-6 (4700Cj6Hrs.)

No. of 28 in 8 in d=A/2sin9
obs. degree degree in A

1. 10.60 5.30 8.336

2. 11.60 5.80 7.620
..

3. 14.90 7.45 5.938

4 . 16.30 8.15 5.432

5. 18.20 9.10 4.869

6 . 20.30 10.15 4.369

7. 21.30 10.65 4.166

8. 23.30 11.65 3.813

.
9 . 24.60 12.30 . 3.615

10. 26.60 13.3 3.347
1--

11. 28.40 14.20 3.139

12. 33.00 16.50 2.711

13. 44.40 22.20 2.038
- -
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TABLE-7 Percentage of carbon yield
-

Sample Temperature HT Quantity Carbon % of
No. in °c .duration of pyrene yield carbon

in Hrs. (grns) (gms) yield

1. 4 0.5 0.40 80

500
2. 6 0.5 0.45 90

3. 8 0.5 0.47 94

TABLE-8 Rate of decrease of 'd' spacing with temperature
- .

Sample Temperature HT duration 'd' Rate of
spacing change of
in A 'd' fOC

Anthracene 500°C 2 3.440 0.0001

600°C 2 3.430

Pyrene 500°C 2 3.359 0.00012

600°C 2 3.347

TABLE-9 Mesophase intervals in different aromatic samples

Sample HT duration in Hrs. Mesophase interval in °c

Anthracene 5 450-475=25

Phenanthrene 5 530-550=20

Pyrene 5 430-445=15
-
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CHAPTER 1'1

6.1 CONCLUSIONS

CONCLUSIONS

'Ibe criteria of a graphitizable organic compound are summarized as follows:

1) In JR, the aromatic band at 900-575 cm') should have a higher intensity

signifYing the higher aromaticity of the sample.

2) For graphitizable organic materials, endothennal peaks should occur in the

initial stage oftlle DTA trace.

3) Dynamic weight loss of tlle sample are to be found with the increase of

temperature which are generally seen in TGA curves. Weight loss decrease with the .

progresses of carbonization as well as with the higher degree of graphitizability.

4) The inter-layer spacing in graphite structure is 3.354 A. In the graphitic carbons

the apparent illterlayer spacing should decrease with increasing temperature.

5) Organic materials which ultimately give rise to graphitizing carbons pass

through a carbonaceous mesophase formation accompanied by temporary

liquefaction or plasticising of the materials in the temperature r~ge 3500C-600oC ..

In this liquid-state structural transition large lamellar molecules developed by the

pyrolysis reaction become aligned in a parallel array to form an optically

anisotropic liquid crystal. The mesophase spherules, the bulk mesophase and also

the plastic flow patterns are formed during the relatively short life time of the

carbonaceous mesophase as a prerequisite to graphitization.

IR spectra [Fig 5.1] clearly shows that all the absorption bands arises at the same

region but intensity of the peaks decreases with increasing temperature. This is an

indication of the modification to the pyrene structure on heat treatment. And also

peaks at the 900-675 cm') band shows the higher intensities. It also shows higher

aromaticity as well as higher graphitizability of pyrene.
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DTA traces obtained for the compound under study (Fig 5.2) clearly indicate that

endothermal processes of decomposition in the initial positions of the DTA curves

of pyrene are typical like in all graphitizable organic materials.

TGA curves (Fig 5.3) shows that the carbon yield is increased with the increasing

pyrolysis temperature ( -50% carbon at 3000C). At a still more higher temperature

at about 5000C the yield is found to be about 90% (Table (17). These ,results

indicate that the pyrene is a highly graphitizable compared with other lower

aromatic ring compounds.

X-ray spectra (Fig 5.4) reveals that, with the increasing carbonization, the

interplanar spacing of carbon hexagonal planes decreases and approaches a regular

crystalline structure as that of graphite. The relative decrease of interlayer spacing

in the case of pyrene with increasing temperature and duration compared with other "

lower aromatic ring compounds under similar conditions indicates about the

increasing degree of graphitizability in the case of pyrene.

111epolarized-light photomicrographs (plate 5.7a-5.7e) obtained for the pyrene at

different heat-treatment temperatures and durations clearly shows that it satisfies

the 5th criteria of the graphitizable organic compounds, i.e., the compound passes

through the carbonaceous mesophase transformation fulfilling the general features

of a mesophase and hence it is graphitizable. The shortening of the mesophase

interval again indicates that the degree of graphitization is higher compared with

lower aromatic compounds.
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