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Pyrolysis of benzene has been carried oot to
gxamine whether it is possible for it to be fused togother
50 85 to produce:#laner sheets of ar?matic rings to form
graphirte, In the Iinitial stages of nucleation and growkh
4 ligquid-state mesophase of optical anisotropy appears as
spherules as in a&l graphitizable organic. waterials. With
the preogress of carbonicsation, the growing mesophase
sphervles coalesce and chaange in 3kape in forming relatively
complex bulk mesophase, Reflected polarized-Iight micrography
using cross poelariszers has been employed to investigate
the microstructure of carbopnaceouvys mescophase. 4 thermal
daqalysis of Ctho sample has been undertaken to leocate the
temperdture fantervals of mesophase formation., 4 particle
size analysis has begen carriced out uvsiag polariced-I1ight
wicroscopy in order to fipd out the size of the spherules

gt different heat-treatwent Ffemperatures,
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CildPTER -~ 1

IATRODOCTION

Many workers? 17 have recognised that the early stages
0f carbonisation process are Important in deciding whether the
final product of cérbonisatiﬂn I graphitic or aot,. Those
waterials which ultimately pradﬁce graphitizging carbous pass
FhAroupgh a fusion stape during carboaisation whiclh usually occurs
14 rthe tesperature range 350%C-600°C, Thisids a necessary but not

sufficient condition for graphitizable orgaanic materials. Keceat

5-17
Stuvies by several gproups I and wosr potably the work by Brooks

and Taylor™'

on the structural copditigns for graphitizability
have demonstrated the significance ofF meosophase transformation
which takes place as & procursor state in all graphitizalle

oryanic materigls during carbonisation.lThrs transformetion is

8 liguid-state structural traasition in which the large planer

molecules formed by the reactions of therwal cracking and arowatic

polymperisdtion becowe zligned iu a parallel array te form an
aptically anisotropic liguid erystal, Although rthe life-time of
the mesophase is limited by its hardemnjog fo a semi-coke, the
aligament of the lamellar welecules achieved i thie mesophase

transformation 15 esseptial for thermal graphitizability of Ehe

pyrolysis proeduce.

In the initial stages of nucleation and growrch, the
carhonacoous asesophase appears o5 s5mall spherules which sare
Suzpended in the vptically isotropic matrix with a simple

5,6 ] , , ,
struocture”™ ' as illustraced in three-diwmensions in fig.l.l.



A5 vhserved with cross nelarizers, the extinction (onlours dre
rather simple and define the Ioci of poinls where the layers
Are parallel or perpeadiculdr to the plave of pelarication of
the incident light, The layer planes of the Siwple spherulcs
are stacked perpendicularly to the polar diameter and curve to

sweel the interface of the isctropic phase normally,

Formation of rthe anisotropic mosophase is a fupction of
heat-treatwent temperature and heat-freatment durstion. 4s
carbonisation proceeds with Increasing tewperature aud hesat-
treatment durgtion, the growing wesophase spherules, which are
denser than the isotropie¢ parent phase, sink to the bottom of
the container, When splherules meet coalescence occurs te produce
larper droplets, leading eventually te & bulk mesophase as shown
in fig., 1.2, When observed microscopically with cross polarizers,
the bulk mescphase displays a complex emsemble of extinction
centours, The polarized-l1ight extinction contours show nodes
and crosses, When the specimpen is rotated, the extinmction
contours sweep over the polished surface, but the nodes and
many of the crosses remain fixed in position while the contours
rotate about them either with or apainst the rotation of the
incident lighglﬁ’l?.

A parallel plate of gquartz or gypsuwm Sometimes callod
the 'first order red plate', thc thickness of which is adjusted
LG zive 2 path difference betwoen the two trapsmitted compopents
equal to one wavelength of yellow light, is inserted at 435

between crossed polars, Detween crossed polars it gives the

vioclet~red interference colour at the end of the first order

A
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LY

'te processes of the formation, coalescence and
defarmatgan of the plastic wesophase estublishes tie basic
elements of the graphite micrastructure i.e. the parailel
alignment af the aromatic layer plapnes and the rearrangement
of the complex folds in the fibrous regious, The linear stacking
disccntinuities, that iz, the nodal and crosg-structures, are
essential characteristes of Lhe coalesced wesophase, and
the nodul Structures at least are found te persist in their

bssiec form upto graphitizarion temporatrures,

The carbonaceous mesophase transformation which plays
40 intermediate but critical role in determining the morphology
ef graphitic products is thus essentially a precursor stsate to
21l graphitizable aromatic Organic compounds, The present work
has been undertaken in an Attempt to get sonme in&armation an the
Structures formed during the relatively short life~time of the

plaatic mesophase formed during the pyrolysis of benszene, the

Starting organic compounds of the aromatic graup,

Blayden er al.js svuggested that hetero-atoms might
¢ontrol the carbonising and graphitizing character of largo
pelyaromatic organic mﬂieculé;. Among the raw materials used for
the production of artifiCi&IICarbﬂnS and graphites, there are
hydrocarbons including aromatic organice ring compounds which
conkain a number of hetero-astowms such as HE’ 02, NE* S5 2tc,
During Pyrolysis, these hetero-atoms cen form in part stable
volatile by-products, thus reducing the carbon vield. Un the

cther hand, the hetero-atowms can affect cross-ldinkage in the

compound to be pyroiised, Iq'this way they will reduce rthe

T - Th



vapour pressure and cduse coking in the liquid and edpacially

in the golid phase, This effect will increase the carhon yield

. . . 20
Later invesrigatian 174 indicatad that ‘hetero-~azboms

present in the feedstrock material play a significant role in
determining the final properties of a graphite, aspacially the

coefficient of thermal expansion,

The simple objective is5 to produce a graphite which is
isafropic In expension rather than the amisotropic expansiom of
perfect graphite or the disorder of glassy carboas, dgain
isotropic conditions also coincide with maximum a, bulk
expansion coefficient eccording to a highly idealised model of
<1 isotropic cross-Iinked carbaon polycrystal, 19,28 as
fliustratad ig fig; 1.4. The general concept of the model which
1ds ligap outlipned 1s

H
T

o =i + ko on
v & c

Wrrera

a, = bulic veluwme coefficient of expansion,

& = cpoefficieat of oxpansion along a-axis,

F=)

. = coaefficient of expansion along c-axiaz,
and i = fietero~-atom cogcreptration,

I
The behavier of the curve drawn ﬂv versus g° has

been diagrawmatically shown in fFig. 1.5.

L)



Fig 1.1. MESOPHASE SPHERE . WITH SECTION
INCLUDING POLAR DIAMETER

@@ BEFORE CONTACT
% JUST AFTER CONTACT

m SHORT TIME AFTER CONTACT

TYPE OF COMPLEX INTERNAL STRUCTURE
FORMED WHEN COMPOSITE OF TWO OR

MORE SPHERES CONTRACTS TO ONE
LARGE SPHERE

Fig.1.2 REARRANGEMENTS WHICH APPEAR TO OCCUR WHEN .
TWO SPHERES COALESCE L
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Fig. 1.4, Siiplified model of three-dinensional crosslinked
graphite polyvcrystal.
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pure graphite is termed 'graphitization', lIn fact, gpraphitization
ﬁﬂes not occur in 'praphaitizable carbouns' uantil Lliey cre annealed
above 2500°C. The temperature range frow 2500°C to jﬂﬂﬂoc is
called the 'graphitization tewperature range'. The temperature
~at which graphitization s&artsf has been found to differ fromw

matrerial to material,

2.2 Diflerent forms of carbon

There are ouly two alloetropic crystalline forms ol carbon -
grapiite and diamond,. Doth exist in nature or can be produced
artificially from many carbon containiné mater.als. The difference
iu properties between these two allotropic forams is deterwined by
the forces lying within and between crystallites, Uiawoad is a
Tace=-centred cubic material with eadach carbon atow bonded covaleantly
to four others in the form of & tetrahedronp, tne Interqgtomnic
distance being 1.54 A. It is the hardest known naturally mccﬁrring
substance due to the rigidncss of the tetrabhedral covalent bond
lattice of the single macromoelecule that forms the perfect crystal.
Diamond is metastable to graphite. The woaversion of graphite
into diamond requires the asgistance of catalysts as weli as
high temperactures and pressures. Though diamond uorpally has the
Structure described above, [rgun and Lcroyl have shown rhat a
'hexEEOHaI Structure for diamond is possible, Again diamond
chgnges Spontanecusly at erdinary pressure to graphite above
lﬁﬂﬂﬂﬂz and Craphite at atwospheric pressure is wore stable

form of carhon,
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accounted for the extra X-ray lines found ip sowe powder
photopraphs of graphites, The proportion of the rhombohedral
form may be inc}eased in graphites by grindinga whicl Indicates
that the change arises frum the moveweuts of Lthe layers carbon

networks with respect to ocue another,

MHost naturally cccurring graphite fs polycrystalline.,
FPerflect single crystals greater than 10w are guite rare,
although they can be produced with difficuity., Most synthetic
grapiites, made by lhigh temperature calcination of pitch/coke
blends, are polycrystalline. Single ervstals of graphite of
large dimension that occurs in Some aatural deposits can be
obtained by pyrolytic deposition of carbon from carbonaceous
vapours. Under suitalle copditiens, the deposit of carbon can
take the form of highly oriented layers. Subseguent treatment
of this material can produce guite large single crystals of

pure graphite, known as 'pyrolytic graphite’,

Apart frow diamond and graphite, there exists a.third
forw of carbon which is known as ‘amorphous carbon', Although

this name literally weans a structureless form of carbon but
.

almost all aworphvus carbous possess & small amount of order.

Thoe first duplication of X-ray diffraction methods to amor phous

carbons, hnwéver, ied to the concept that they were also

i - .
graphitic with their apparcentliy amoerphous character wiich arises
from the very minute Size of the crystallites. These gouorphous
carbons cap be prepared by the combustion of hydrocarbons in an

Incomplete supply of air, i.e. cerbos blacks, and inciude soot,

charcoal, and lamp blacks,



2,3 Structure of carbops as determined by Y-ravs

C;rbans ¢dn be classified into two distinct and well-
defined types - graphitizing or non-graphitizing, Séft or hard,
Graphitiziny carbons may be defined as those which bepin to
develop three-dimensional order (giving oblique graphite-like
X-ray reflections) on iteatinyg to tewperatures pear 1700°¢c,

Sueh carbons are produced Ly two main processes: either by
deposition from the vapaour phaée or by solidification from the

liguid or plastic state to farip cokesz,

Substances which produce graphitizing carboms from the
liguid er plestic state include vitrinites of wmediuw voletile
coring coai, high tepperature coal-tar pitcir, petroleum bitumen,
polymers such as P,V.C and felyauclear aromatic compounds sSuUch
@5 npaphthacene af dibenzanthrone. The carbons normally obtained
by heating these substances are coke-Iike in dppearance and
Show compplex paitterns of optical anisotropy when observed

Under rthe gpicroscope,

'"Non-graphitic carbons' are carbons in which the
graphitc-iike Iayers Jiec in parallel proups but arec not oriented
like the crystalline structure‘af Braphire. The rhree-dimensional
Structure of crystulline graphite i% not present.,On heating
caertaip non-graphitic carbons to sufficiently hig% temperatures
berween 1700°C and 3000°C the graphite-1like layeré show &
tendency to change frow a 'random layer structure' towards the

ordered structure of crystalline graphite. (This can be shown by

A-ray powder photography). These Intermediate type of
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sitructures in which the three-dimensional graphite structure
iscpartly developed are called "graphitic carbons', A
description of their formation has been given by Frankling.
Also those carbons which, on heating to temperatures between
1700°C and 3000%C ghowed a8 coptinuvous cligange from a pon-
Eraphitic to & graphitic structure were ;allqd 'graphitizing
carbons' aand those which on Leating to 300006 sEill did mot
show three-dimensienal ordering were called ‘ron-graphitizing
carbons'. These two types can he distiuguished in terms of Ehe
relation between crystal height and crystal diameter on heat-
treatwent (Fig. 2.3). L is the averape layer distance and M is&

the mean velue of the aumbar of layers per crystallite,

Graphitizing carbons are-generally relatively =soft, are
of high apparent Hensity. They possess 1ittle wicroporosity and
are relatively rich in hydrogen or luw in exygen, sulphur and
nitropgen. They were termed 'seit carbons' by M;ozowskilﬂ.
firanklin considered that, during rhe early stages of the carbo-
nigation process, the crystallires in the graphitirsing carbons
were fairly mobile and thatxih the region of IGGGOC, & high
proporrieon of the crystallites.lay nesrly parallel to each other.
Weak cross-ilinking wés suppesed o exist between the crysrallites.,
d model (reproduced in Fié, 2,4) wax put forward by Franklinll
for the structure of a graphitizing carbon. A-ray data also
suggested the movable naturé of the whole layers or groups aof

Iayers with the rise of the heat-treatmept tewmperdture, but the

mest dignificant factor was that neighbouring crystallites had



te be pmearly parallel. Crystallitec growth was considered fo

occur by the layer planes Iinkaing together. .

Non-graphitizing carbons are generally hard,. are of low
apparent density. They have a hipgh wmicroporosilty and are
relatively low ia hydrugen or rich in vxygen, sulphur and nitro-
gen., They were corrcspondingly called "hard carbops' by
Hrczowskiiﬂ. Again Franklinll put forward a model {(reproduced
in {ig. 2,53} tv account for their structure, In thisz medel she
considered that the perallel layer groups which.were oriented
at all anples, were joined together at-their extremities, thus
dccolnting for the micropoerosity. With the incresse of pyrolysis
temperatures there was some growtbth Iin the basal plane direction
by incerporation of disordered carbon atows at the edyges of the
crystalliites. Other carbon atoms acted as linkages between

crystallites.

2.4 The carbonisation process

Jt has been wentioaned by many workers that the early

a . .
stases of carbonisation (350-600"C) are important in determiniug

the ability to graphitize at high tewperature. 1'ae following
I
|

iz a summary of the waork dome by some aquthors.

Kipling et 3112 described some of the properties of
carbons made from a range-of polywmers and one polycyclic

compound (dibenzanthrone)., I'he carbons couvuld be sSharply divided

-
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inte two groupss those which became graphicic ar temperatures
af¥2?ﬂﬂDC &r asbove and thase which rewaiped gon-graphitic,
Kipling has investigated the relationship botween fusion
during carbunisatson process and the ability of the respltant
carbon to graphitize subsequentiy at a higler tewmperarura, It

3,14
13,1 that organic waterials could only

was Iater sSugpested
give rise to graphitic carbon if they passed through a fusion
Stapge whiclh had te occcur under Bpaecific ronditions, Thesge
Specific conditions were such that the pelycyocldic arumatic
structures formed in the residue during cvarbonisarion readily
orientate to form graphife. It was also confirwed by using
polarized-iight wicroscopy to study low and high temperature
carbonslj. Taylorlﬁ undertook a4 detailed study of the micros-
copic changes exhibited bty a vitrinite wWith the progress of
carbonisation using optical methods, Observarions were made
O a therwally metamorphosed ceaf. The vitrinite, which in
itz unaltered state was anisctropic, became Iscotropic and tAiLS
transition was followed under controlled conditions in the
Iabmr?tary. The change from anisotropy to isotrapy has beemn
found to occur at a temperature sliphtly below that at which
tire plasticity became'measuréble. AbouF i0 to 15°C before the
onsel of regsoglidification th; change from isotropic plastic
Jitrinite to anisotropic Semicoke was indicated by the appea-
#ance of swall spherules initially of microm Size., in the
isetropic vitrinite, forping as a Sepdrate phase, These
spheres were found to grow in size with the rise of heat-

treatment tewperature at the expense of the plastic vitrinite
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wihich eventually coalesced to forn 4 wmoesajic struckture about

the resolidification temperature,

The spheres, which later became units of theo wosaic
texture, had anp interesting pattern of behavior in singly and
doubly polarized 1ight., d particular structure kaviasg a Strain
effect was broughe fcrwafd to gccount for this behaviocr, At
first it was believed thar this structure was juhereptly
improbable gy because the strain effects were infact of little
importance to account [or the observed eptical properties, and
hence 8 second model which included a siress effect was proposed.
lowever the original structure was later verified te he currect

17,18 uging eleoctron diffraction and

by Hrooks and Taylar
optical wicrescopic technigues. The three diwensional structure
of a simple sphere-has been shown in the introducrory chapter

an pape F in Fige 1lul. The layers consist of condensed
polycyclic aromacic compounds whicli gre aligned perpendicular

to the poler diameter butr curve to meot the interface with the
isotroepic matrix &t a high amgle. The poles constitute anopalous
regicns, but this is pot sufficiently reflected In the spherical
draplet, Spheres were slso found to appear op heating bituwen,
pitches, PVU, maphthacene and dibiconranthrone, ail of which
produce graphitizing carbons, This two phase ligquid state sﬁruc-
tural transforwation is known &5 -'carbopaceous mesophase .

formation' er 'liguid c¢rystal Formation'.



Brooks and fTaylor showed that the Spheres differed 1little
in compositiocn (610054901.4) from the isotropic ligquid phase
(Cjaﬂﬂﬁjﬂ) and rhat the spheres had apn average molecular
welight of about [700 compared with a molecular welght of about

400 for the isotropic liguid, They concluded that those

materials which finally produce graphitizing carbons pass through

a fluid state during the early stage of carbenisation which
generally occurs im the remperature range 350-6007C, In the
final stapges of this fluid phase @ second phase having |
@nisotropic Structures i1s found to form and this structure
persists inte the sewmi-coke beyond, They also concluded rhat
any solid-surface_-appeared to be a preferred site for mesophiase
growth and that the nucleating effect of solids increased with
their available surfaceo area, It is now thought, fhowever, that
aucleation iy not the principal mechaniss inh'wesophase
formatian, bul the growth of the apnigotropic ligyuid crystals

oCcUrs at tile expense of tlhe isotropic Iiguid phase™ ",

Khite et alzg ewpivyed polarized-light micragraphy to
investigate the microstructure of the coalesced mesophase
forwed in the carbonisarion of coal-tar pitch,., They moticed
that the structural featuresof the coalesced mesophase were
similér Lo thaoase found in electon wicrographs of graphitized
materials, Also prominent feaftures ig tire polarired-27ght
extinction contours were the podes and crosses which did not
move when the plane of pelarization of the incident light-was
rataeted, These npodal points‘were found to correspond to two
types of linear defects in the stacking of the arowatic layer

planes,
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Lalor Mhite and co-workerszl extended their clasuification
of defect structures ip Lthe Stacking of the mpesophase layer
planes to four. They are : {a}) Co-roteting anode, (b) Couvunter-
rotating nade. {c) Co-rotating cross, and {(d} Counter-

roteting cross,

These four rypes of lionear defects wore terwmed co - anpd
counter - roldating nodes and crosges depending on witether the
extinction contours moved with or against the direction of
rotaricn of the plane of polarization of the incident 11ghte.

A description of the four types of linear defects and their
forwation have béen givenr in the Introductory chapter on

page 3, These four types of liuear defects fhave also been
represented schematically in Fip., 1.3 on page 7 of the same
chapter, The notation used the;e 15 iu opposition to that used

by llapda et 5124. ’ i

White et al. concluded taat the processes of the forwmation,
cealescence and deformation of the plastic mesophase established
Ehe basic elewents of the graphite wicrostructure, i.0,., the
parallel aglignwent wof rthe aromatic layer planes and the
regrraagement of the complex folds in the fibrous regions. The
linear stacking discontinuities, namely the nodal and cross
structures, were cssential characteristics of the coalesced !
Mesophase, nd the nodal gitruvctures at loast were found tao
persist in their basic form upto graphitization tewperature,

llowever, they did pot appedr to be involved in shrinkage cracking,



old sharpening and the iforwation of wosaic blocks &and kinks
. 22

which vccurred during pyrodlysis,., Later Khite et al extended

their studies to include praphitizable materials such as

cual-ftar pitch aud petruleuw coke feedstoucks and arrived at

Eiwmilar conclusions.,

Honda and co-wurker523 supplemented the works of Brooks
and Taylor by examining in mtucl more detaid, the effect - of
tesperature and resideont times upon tite growth angd physical
propertias of rthe mesophase in pitches and found Ehat
tempergture and heat-treatpeat duracion were essentially

complementary factors.

In &8 polarized-iight study Honda et 3124 used crossed

palarizers with a8 gypsum plate to investigete the microstructire
of the carbonacecus wmesophase formed in pitches during the early
Stages of carbonisaction, By use of this-su-called sensitive-tint
technigue, changes in pleochroism and in extinction confours
for coalesced and for deformed wesophases were observed. This
method permitted distipction bhetween crosses and nodes and so
enalblied Ffour types of linear defects in the stacking of the
gromatic layer planes to be identified, These were Siwilar -

! 21
Lo those scen by KWhite ef gl hut were now toermed as ¥F-type
co-rotating nodes, U-type counter-rotating nodes, X-type

|
cu-retating crosses and O-fype counter-rotating crosses, Jhis

. . , . ., 21 .

notation is opposite to that of White probably because of

oppusite direction of rotatioen of the plane of pelarization of

the incident 1light. flondas zlso explained schewatically Low the



P
Ly

Crussers and podal structures worwe formed by the coglescence
of two siwple spherules and the deformation of such coalesced

mesoplhase,

Whittaker and Grindstaffzj foupd that the rares of formation,
growth and coalescence of the wesSuphase spheres varied froa
feedstock to feedstock and that the type of molecular structure
in the origpinal feeodutocks and the type of structures formed
onr pyrolysis had a sigpificant influence on the resulting coke

gtruciture.

Carbonaceons mesophase formetion, a liguid-state
structural transition of opticael anisotropy, has been found e
. : . . 20,27 -
gccur in a faw arogatic organic compounds g5 &4 prerequisite
Lo graphitizgation, Reflected polarized Yfght wicrography usiag

cross-polarizers with a gypsum plate has been [ound suitable for

investipating the microstrictures of carbomaceons mescphase,

2,5,1 Pressure effects oun mesvphase wicrostructure

Extensive studies on the carbonisacion of sowe organic

cowmpounds and coal-tar pitches under extremely high pressures

{(~ 3 k bar) were perforwmed by Walker et 3128’2? gpd by Marsh

jﬂ’jj. The structures of the carbonised solid products,

er al
i
obtained by pyrolysis in ¢ sealed tube, were characterised as
1
anisotropic carbonacecus mescophase, whose worphologies change
from vesaicular to Spherical withh the rise of pressure. [ressure

was also observed to prevent coaslescene of the wesophése

Spheres and Lthus cophapce graphitizability,
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(1)

Host recently mesopliase sSphervles with Structures otier
than that propesed by Brooks aond Taylor have been reported.
. . 38
fonda aod his co-workers reported a secoagd-type mesophase
spherules having different oprical properties From those of
the Broks-Taylor spherules, They proposed a structural model
in which the outer layers lias parsiiel to the spherule
surface but having a similer layer elignment like that of the
Erooks-Taylor-type around the central region (Fig. 2.68).
Similar mesophase spherules were alseo obzerved by Kovac and
; , 3 40 , 4l .
Lewis and Imamura et al ~, fluttinger and alse Iwamure and
. . 42 ;
Nakamizo reported the third-type wesophase spherules with
all the lavers lyiag in concentric circles about the centre of
the spherules (Fig. 2.60}, The structure of a fourth-type
spherule -(Fig, 2.60) was put forward by Insmura, Wekamizo and

Hundaéﬂ. The structure of "this type wag-alwost wimilar to that

af the DBrooks-Taylor type and ir is now believed that the
fourth-type spherule is a wetastable phase of the Broocks-Taylor
Lype. Novel aniscviropic mesophase features having a8 flower-

44
petaleoid texture were reperted by Mochida et al .



Fig. 2.2.

I'he jdeal graphitc crystal structure with the
heaagonal unit cell with Crystal axes and
lattice co-ordinates.

The rhombohicdral siructure, showing the true
Wit cell and the atomre ch-ordinatee in the
anpraximate hesaponal celd =hown 1n double 1ines.

26
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Fig.2 3. Relationship between the layer diameter and the number of -
~ layers per parallel group  for graphitizing (X) and '
non - graphitizing carbons (/). |
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Brooks-Taylor 3rd Type
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3
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_ (A) (B) {C) (D)
Fig. 2.6. Schematic structural sketches of sections and three -dimensional

models for (A) Brooks -Taylor type, (B) Znd type, (C) 3rd type.
and (D) 4th type spherules.
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CUAPTER - TJJ

TAdE POLARISING MICROSCOPE AND OFTICE OF CRYSTALS

3.1, Introduction

The use of polarized-1light technigque enebles us to
determine quantitatively the optical properties uf transpareat,
trapslucent and opaque materials by studying taeir aanfluepce
upon reflected as well as trauswitted polarized 17ight,
Polarjzed-1lipht technique was initially restricted to
mineralogy, but in receat years it is being widely applied in
wetajlorgy, chemislry, biology and varioeus brapnches of
industrial techpoloepy, Various aspects of this technigue have
been described i1am detail by a number of suthors. Hallimondl
lras discussed vhe design and use wf the poelarizing microscope.
Conn and Bradshawz have described its application fo metals
dnd ares. Mottt and Haiuesj kave discuyssed Its application to
the exagpination of a number of anis&tropic metals, Harshall
a2nd ﬂalej have discussed optics of crystals. Hartshorne anpd
Stuart” have given a pood description for the microscopic
araminarion of wuniaxial and Eiaxial crystals uander polarized
" light. 4 review of the use 5% palarizing microscopy in

. 7
prganlc chemistry and bioclogy is also gaiven by Vickers' .
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Polarized-]ight microscopy has becu foupd well-suited
to studies of carbopisation and graphitization because
fal) the Strong eoptical aniscotropy,characteristic of the.
araphite crystal, begins with the parallel alignwept of
wesophase molecules and
(b} the hipgh viscosity of the mesophase permits microstructures
formed in the plastic wesophase to be cooled to room |
Lemperature with 1little apparent disruption, Thus the
polarized-licht response on & sSection polished at roon
temperature can be used to fdentify the orientation of the
intersections of mesophase layers witlh the plane of rthe sectian,
Host microstructures are breught out with best contrast when
the polarizers are crossed. Under this coudifion the extipction
contours define the loci of layers lying either parallel or
perpendicular to the plane of polarization of the incident
light and the specific orientati;n cdn ?e distinguished for

any particular region by the use of sonsitive-tiat plate.

3.2. The polarizing microscope

The pvolarizing wmicroscope XI5 essentially an ordinary
compound microscope provided with calcite polarizing prisms,
or, wore usually pow, discs of '*Polarcid' (or some other make
of polarizing filter) above and below the sSiage, aud Some
Coavenienl means of altering the orientation of the object
(usually in one plasne only) with referemce to the plane of
vibration of the Iight incident upon it. Provision is also made
for the insertion of auxiliary lenses agnd cowmpensators into the

path of the light throuvgh the instrument.
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Boecause of widely varyiag applications the polarizing
wicroscope has undergone wmany medifications, but in principle
all types are the wsawe and do not differ gssontially fram one
apoather. However, the drraéngesdest of the main cowponents of a
Lypical wodern pularizing microgcope are described below, The
incident Iight passes througlt the Polareid disc, the polarizer,
and iz thus constrained to vibrate in one plane only, The
pelarizer can be rotated in its own plane and the angle of
rotation cen be read against 2 lixed mark from divisions engraved
on the metal ring in which it is mounted, 4 second Folaroid
disc, the analyser, is mouated in rhe body tubes of the iustrument,
The analyser can e rotated or withdrawn {fromp the fFisld aof
view to enable a2 sample to be.vi&wed In unpoelarized 1ight. When
both the polarizer and analyser are in Lhe 0° - position :
(a5 warked on the scale)} they are said to be in ‘'crossed position’,
dnd they will noft perwir light to reach the eyepiece so Iong
a3 the wedium between them Is entirely isobropic. This is
because Ifight emerging frox the polarizer is completely
extrrnpuished by-the dnalyser sccording to the praouciple

underlying the well-known Nalus's experimént in uptics.
¥

The specimen under investigation, mousted ig a quick-
Setting acrylic resin or on a gplass slide, is placed aon
wechanical stage. This speciwen, which can be held iu position

|
by means of a clamp attached to rhe Stagé, is capable of movewsent

in two directions in the plapne of the stape., To permit easy

return to 4 certain speciwen point the coordinate positions



can be read dgaionst williwetre scales. The stdee can be

rotated in (ts5 own plane and iIs provided with centering SCrows

. o
and fclick steps' at intervals of 45 . The angle of rotation
of the stage can be measured on @ degree scale, [he stage Is

e¢lso provided with & clamp to arrest the motion if so desired,

Abuve the objective lens is a slot in the body tube of
the dinstrument, through whaich the compensator or tint plate is
inserted., The tint plate, which Is &8 gypsuwm plate (sometimes
called Ffirst-order red plate) is placed at an angle af 45° rao
tae Vibraéiﬂn planes of the polarizer awnd the analyser when they

gre ain the croessod position,

Algso cantained in the microscope body Is the Bertrand
Iens which can be' swung -inko or out of the field of view., This
lens and the g¢ye piece act together to coustitUte a Jow-power
microscope wihich rcaa be focussed on the upper facal plane af
the oaojective, fhe chiefl purpose of this coembinpation is, however,
to give an enlarged dmage of the interference figuros which are
formed in this plane upder certain counditions. Abave the
Hertrand leps is% an iris diaghragm, or a8 pinhole stop ,LChe
purpose af which is teo isolate the .nterference figure of the
crystal occupying the cepktre of the ficld of view when several

are present.

The condensing lens systewm is5 situated betwesn Lhe
rorating stages and the polarizer, Its primary function, 85 i
the compound mictroscope, is Lo bring the incident 1ight Eo a

focus in the plapne of the specimen.
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The eye piece lens EysStem, ftitted to thoe microscups body
is of the binocular type, fiaving a certain magnification. This
together with tae different objectives produces the overall

magnificetiaon.

The illuminstion of the microscoupe 18 provided by a low -
voltage 13 watt quartz-iodide bulb, the power supply of which
iy coptrollied féﬂm & regulating trassformer, This lamp generally
operates en & V, I5 watt a,c., supply and contains a Fixed
condenser. The bullb is fitted im a well ventilated housing

withh & circular opening for the emission of Iiohr,

The body tube of the aicroscope allows a camera adaptor
to be fitted after the analyser, 1he adaptor is supplied with
¢ definite magnifying eye piece. f'he camera used for phatopraphy

is a 35 mm Kaw L5-2.

3.2,1. Modes of observatrion in a pelariziny wicroscope

Twe modes of cobservations are available in = polarizing

@microscope: orthosceopic or CONOSCoplc.
N

3.02.1.1 Orthoscopic arranpgement

The orthoscopic arrangement may be regarded as an
ordinary microscape arrangement {(Fig,3.1) in which the crystal
is illuminated by a soriss of essentially parailel, hormally
incident rays all of which travel along the same crystallographic

direetion within the crystal, Im this type of observation there

are tiree combinstions of polarizer and anslyser that cnable three

different sets of observations and peesuresents -to be made .
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Firstly, both the polarizer and andlyser being rewoved,
1
observations can be made on colour, crystalline forwm, cleavage

gnd fracture, tegetlier with the deterpination of the refractive

index of isotrepic crystals,

r

Secondly, with the polarizer inserted, the priucipal
refractive indices of dRis0tropic crystals ¢an be-dﬂterwiued,
Observations an pleochroism (which is the variation in colour
or btint resulting frow differentzal &bsﬁrption of white Iight)
and twinkling (which is the variation in relief when a crystal
fAgving @ large double refractioun is rotated in di Imnersion
medium whose refractive Index is néar te wne of tAvse of the

crystal) may alse be wmade with Just the polarizer inscerted.

Lascly, with the polarizer and analyser iunserted in the
crogsed position, distinctions can be made between isorrepic and
b
aniscotropic substances and measurements of extiuction diigles

can be made.

Most of the observations on the polarizing microscope are
performed with both the polarizer and asmalyser inserted in
crossed pesition, The erigin of seme of the effects seen through
rtihe mic%uscoye-&re discussed in a later section of this chapter

but here it may be useful to review then,
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become parallel te those of ope-of the polars, For it Sucl
positions, the light frow the polarizer :5 pot resolved in the
crystal, but passes ou to the analyser unchauged as if there is
ao crystal on the stage, dnd fence darkuness resules. The colours
shown in the positions of illumination are known as 'polarization

colours"',

I'he polarization colours observed Ehrough the micrascope
decpend on the relative retardation or optical path difference,
i1.2. the retardaetion of the ordinary ray relative to the
extraordinary ray. For any crystal section the amount of
telardatron of cne wave behind the other depends ap the difference
in wave velocity besms in & direction norwal to the plane of
the section. The retardation also dopends on the thickness of
the crystal plate. Since the wave velocities are relatad
inversgly to their respective refractive indices, the relative
retardation of the sectioﬂ_is given by the formula: R= (nl- HEJL,
wherg 'nl - uz' I the difference between the two refractive
indices for the ordinary an# extracordingry rays, i.e. its birefri-
gence aand "t' the thickness oF the plate, The puase difference
between LAe two components of velocity on emergence from the
crystal is given by RX360/A  F beinyg the relative retardqtiuﬂ.

i
A the wavelength of incident light, ff the sample is viewad in
w&iﬂe light and at the same tiwe Iits thickness is varied }ram
zero to 4 finite quapntity, & Series of different colours will
be seen,. This is because the increasing thickness introduces a

phase difference between th@ ftwo components of velocity and
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consequently constructive and destiructive interfereince o0CCUrS

at different thickness for different wavelengtihs. The colours from
zerv thickuess upwards are arranped in orders, the Newton colour
scale, edch onpe terpinating and inclu#ing red. As the thickneoas

i3 increused st:1il further, the colours become further and further
comples, owing to the overlapping of the extiaction bapds for
different parts oF the spectrum, the fifth.and sixth orders
conzgisting waeiunly of puale pinks aund greens, In still higher

orders these colours merge intoe white,

For bireflectjing substances the two refleccaéces belonging
to the pripcipal directions in a surface way also vary independently
éccording to the wavelength of Iight used, In white Iight the two
direcctions then present different characteristic tipts. This is
Sometimes called 'reflection pleochroism', since it has some
analegy with pleochroisw in transpitted 1ight. The latter, however,
depends substantially on the absorption, while the refleckanﬁe
(ratioc of the iateusity of the reflected light to that of the
incident beam) is determined by both absorption and refractive
index. As the stage is rotated under polarized illumination the
reflected Iight clhappes in tint through the admixture in varying
proportions of the two campuﬁent tints, each of which I5 seen
unmixe# when the vibration direction of the Ifpncident Iight
coinci%es with the correspopding principal direction, The changes
abcainéd in this way are very chargcteristic. Is a uniaxial crystal
there are two principal celours, for 1ipght vibrating parallel or
perpendicular Lo the crystel axis and in inclined secticns the

tinis rewain the same. In a biaxial crystel there are three

principdl colours and the effects for inclined secticons &re moere
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Complicated. An iwmportant aspoct of these variations is that the -
Jifference between the refleciances ror the tLwo principal
direcrions, i.e, the bireflecrion far the sectioan, though small,
often varies grestly with the wavelcongth., This is termed
'dispersion of the birefiectiocu’. It causes very distinctive
colour effects when the Section 15 examined with the two polars

2t or near tire ¢rossed position,

3.2.1.2, C(Conostopic arrangement

The ﬁassage of i1ipht throuph a polarizing micrescope when
it is used as a conuscope to observe a specimen ou the stage of
the microscepe is indicated in fig. 3.2, The coposScapic érrangemEu}
reguires, in addition to the polariz;r and analyser, the insertion
of an Amici-~Bertrand lens and a substage condensing lens. The
forwer converts the wicréscope Into a lﬁw-power telascoupe
focussed at infinity, The latter causes the chijact on the stage
to be iliuminated by a coae of light rather than by & bundle of
tedr-parallel rays as it is with orthesceopic case. Importanc
additional information way be obtained by passing a Strangly

convergent beam of light througlh the crystal when it is possible,

by various peans, tov examine the optical character in many

directions at ane and the Same time. This is done by viewing
i

bertwoen crossed polars, not the imagciof the crystal, but another
optical iwage forwed in the principallfocus of the objective

by the strongly coenvergent beams of Iight, This image i5 called

" the 'interference figure'. tach point in the field corresponds

to a given direction through the crystal. In effect, the Bertrand

Iens and the eyepiece constitute a systeny used to exqamine Fhe

pdtters in rthe back focal plape of the ovbjective.



The interference figuées produced in a conoscupe can be
classified iuto two broad divisions: tiiose forwed by tihe Uniaxial
Crystals and rthose lormped Ly the biaxial crystals. The Former
pattern consists:of concentric circles known as *isochromes’
ente which is superposed a pattera in the shape of &2 maltese
Cross, the arms of which are known as "isogyres'. This pattern
is produced dssuming that the section of the cryvstal is normal
to tie opric axis, or in the basal Section, On roration aei Cthe
Stage, e pattern remain unchanged provided thar the optic
axif a5 ceatred and perpendicular to the stage, If & section of
the crystal parallel té the optic axis is used then the Isggyres
only retain a broad cross Shape when Lhe optic axis is paralle]
te one or oilter of the polars, Kotationm of the Stage calses
the disogyres to move in and our giving rise to ‘flash figures',
These phenomena are deailtr with in detail later in section 3.3

of this clhapter. .

fu a biaxial crystal therc @re rwo optic axes, kthe lines
bisecting their enclosed acute angle is called the 'acute
bisectrix'. i'he interference figure obteined when viewiung a
Section normal fto the actute Bisectrix consists of twa Teyes' or
sMelabopes, which wark the points of emergence of the pptic axes,
surreunded by bapds wf egqual rerardation, coloured in white light
Un to this pattern are SUperimposed the isogyres which forw &
cross when the trace of the aptic axial plane (i.e. the line

Jeining both welatopes) lies parallel te ejither polar, that arp

of the c¢ross passing thirough the welatopes beipnpg pnarrower than



&

the other. KRotatiovn of the crysral away from this position

causes the cross Lo preak bup inta two LQyperbelic b, usles which
dre centred on the welatopes, The isogyres revalve in a4 direction
gppogite to the movement of the stage,. The origin of the biaxial
luterference [ligures given by a secltiovp aorwal te the acute
bisectrixy as described above 15 discussed later in section 5.3

uf this chapter.

3.2.2. Types of 11Jumination usad in polarizing microscope

There are three types of 11Jlumination uvsuslly used with
the polfarizing microscope. The%e are; Hright field {with and
without polars), Dark.field and phase contrast. Bright field
Ifluminarion is tﬁat one wirere the empty dreg surrounding any
particular specimen being ocbserved under the microsScope appears

bright. This c¢an ke achieved in two different ways.

Fistly, when lLoth the puarizer and spnalyser are removed
from the microscope. This is the situatrios for the mormal compound

MICI'asCOpo.

Secondly, when borl polars -are inserted in the crossed

position together with & compensatror or Lint piHFe. The tinpt
plate iz made of a flake of clear gypsuwm f{or Sei%uite ground),
cleaved to a thickness such that the plate produgcs a path

di fference {i.e. retardation) of one wawvelenpth far vellow Iight
near 573 nm wavelengths. The plate is 0,062 nw thick and extin-

guishes the yellow light so.as to produce 'an interference colour

near first-order red in white iight, The gypsum plate assists



in the determination of exsact extinLtion pusitions siuace any
slight rotation from the extinction position resuylts in a
Cadiuge from the Iower to higher-order colours, blue or yvellow,
wiich 15 immediately gbvious to the obsarver, Tuae basic
principle of a tint plate is further described in section

3.4 of thiz chapter. - . '

Dark field illumination i8 that onc where the empty
Space sSurrounding any particular specimen, gppears dark, anod Iis
cbtained when both polarizer and Anadlyser are in crossed position
with the rint plate removed, Dug to the direction of Iilwminating
rays emanating from a dark field condenser, only rthose porticas
G6f the light diffracted by the Specimen pass (0o the objective,

the undiffracted ravs being extinguished Ly the crossed polars.

A method Intersediste between dark field and bright fareld
exawination is provided by de-centering the beam of ipcident

light, as shown in fig. 3,3, which results in a relatively s5mall
portien of the direct light beiumg défapted Ly tle objective.
Phase contrast illuminstion is achieved witir the aid
of & specjial vhjective Jens conlaining 4 flat plate into which
18 machined & circular groove, The difference between Efhe
thickpness of the plate and the depth ot the groove is of the
reguired size to produce a phase difference of 180° berween e
iighe }ay passing taroughn tine plate and one pessing through the
groeve, Eacl objeckive is bsed Iin conjunction with one of the
auntilar discs contained ip the coodenser so that only an annulus

of Iight from the condenser reaches rhe phrase plate inm the upper
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tacdl plane of the ol jective illuminaling only tne 2roove,

Hiten a wpeciwmen is cbsorved the diffracted Fays pass through
the centre of the phase plate, aad Iinterfore with the uadsi-
tfracted rays passing through the snuulus. This effect thereforc
changes swpail phase dafferences (caused by absorption ia
different thickness of ipe sduple, which cannot be detected by
the eye) iote large awplitude differences (which are easjily
detecred), This makes 3t possible te see detaizl in a crystal
witica would norwally be tfransparent in reflected as well &8s in
transmitted Ifght. The jliuminatien of the field from dark to
bright cun be adjusted by means of ap iris diaphrapgm contained

ia Lie obyective Jlens close Eo the phase plate.

J.3. Optics of crystals

In dealipng with Crystals we must generalise the material

eguaticons J = ©F, L= cq, b = Ui to takes sccount of anisotrapy.

-—

for anisotropic modia such as crystals we have to introduce
the dieloctric tensor EKE and when-dealing with absorbing

Crystals wa further have ro intfrotuce Ehe conductivity tensor Gmi'

"

Cowbining HMaxwell's egualions aud the gesneral waterial
equations Fresnglg drrived ét the formula for the propagation
of light in crystals Ieadin$ eventually to the ceoncept of the
ordinary ray, O-ray and the extraordinary ray, E-ray fravelling
at differeat speeds in the crystal. These provide Etae explauatlan
of many of the pltonomena ochserved in crystalys for exawple
bireflection and double refraction in a uniaxial crystal such

g5 calcite,



The electropesnetic eguarions way be soiueds to saive
the dnterference conditions for a uniaxial crystal when viewsd
between crossed nicols or polarizers and in cofnverging light.
However & simple peometric model based on the O-and £ - rays

leads directly to the same result.

If we view the basal section of a upniaxial crystal ino
converging polarized beam of light, all the rays not
travelling alopg the optic axis are doubly refracted (Fig.3.4),
At the upper surface there emerge at all points rays Oland £F
derived frem a given pair of incident parallel rays EE, which
from there oawards travel slong the same path, vibrarinpg in
planes at right angles to one &nother. Oane of these rays will
have been retarded behind the other by an amount which depends
upon the direction of their paths through the crystal. When
thie retardation of, ene ray behind the other is exactly one
waveleagth or any whole wmultiple of ane wavelength, darkness
results duye to interferepnce. 411 ewergent rays so allied to wae
anotlier Iie onp rthe surfaces of 8n iufinite aumber of
geompetrically siwmilar cones coaxial with the optic axis{(Fig.3.5)
and the locuous of rtheir fﬂCHI‘pOthS in the interference fipure
iz a circle. This gives rise to the Series of conceiatric rinps,

called 'isochromes' iy the interference pattern (Fig.3.6).

The O-ray vibrates in the plane containing Che ray and
g8 line normal to buth the ray and to the opric axis, whilst
an Fergy vibrates ain the plane contdining the ray and the

optic axis. I'he rtraces of these planes of vibration are sShown
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in fig., 3.7 by small double-leaded srrows., The U-rays vibrate
Lanagentially, and the E-rayy radially. It is obvious Lhat

along the directions PP' and 44' which represeat the vibration
planes in the polarizer and analyser respectively, extiaction
will resuvult, aud at 45° to these tdirections, betwsen the dark
riungs, the interference fipure will be most brightly 1lluminsted.
fhis pattern in the form ol a wmaltese cross is shown in Fig. 3.6.
The arws of the maltese cross are called 'isogyres', In the
central portion of the field the rays are norwal Fo the sectioun
and travel parallél te the optic axis aund 50 the Field there
remains dark,. The pattern in {ig., 3.6 is a tyuical interference

fipgure,

In the basal section rotation does not distort rhe cross
but wsually optic normal sections are presentéd by uniaxial
érystal vyader microscope, This resules-ig a fisure which is
very similar to that of a biaxial éptic Aerwal Interference
figure, and consists of four series of ‘typerbolic ispchromatac
bands which are disposed symmefrically Iin guadrants, and which
rotate with the stage., The bands are freguently very diffusc in
wihire light. ds the stage is rotated diffuse Ayperbolic isogyvres
enter the field, form a broad cross in the centre when tho
opric axis 1Is parallel fo vite or' obhker of Lhe crossed polarizers,
i.es when the cryvstal iﬁ in the extinction pasition for
parallel light, and theé Swing out Bgaio in the direction of the

optac axis, These iscgyres wove very rapidly aand only occupy

tire ceatre of the field durdnp the rotation of the Stage rArough
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lrystals aund glaswes which dppear coloured by refiection
Or traasmission owe thus to the fact rthat they absorb one or
wore bands of wavelepgras im the visible Spectrum Lo aa
appreciable depgree, Absorption cousists in & progressive decline
ia the awmplitude, and ftence the iotensity, of the light asz
it enters more and wmore deeply in the medium, the enuergy
thus lost being im most casecs converted to heagt. The absurptian
of the Iight leads to Frespel's equetions beceming complex.
The solution to theseo egquations is well knowa in the case of
reflecrion from a metallic surface, however they are nef so
well known for absorbing crystals. Born and Wolfs derive the
expressions for the case of a partially absorbing partially

Lranswitting marorial,

It anisotrapic crystalis rhe abworption depends on the
vibration di}ection of the light, Thus the twa rolarized
Components inte which a ray of monochrowaric light is resolved
on entry mulfer in generat) different degrees of absorption, and
wheon white Iight is used the transmission celours for éhe two
Coapostentys say therefoere differ ronsiderably, Siwilar is the
case witl reflection coloursr I'his phenomenon is known as
"pleochroism' and absarvati?ns on this copstitute the most

important pracrical application of absuvrption ian the study of

crystals using Aolariging microsScope.
I

2.4 Lasic primciple of a tint plate

Tint plates or cowpensdtors are often Usked to gssist in
“r

the ideantificatiou of iuterference coleurs shown befwesn crossed

"

polars, These are Crystal plactes or wedges ol known optic

erientation and relative retardetion, suirably mpounted so0 that

a'e



they can be inserted ioto ije microscope slot Just below the
analyser, intercepting the light beam. [f the direcction ol

the slor through the rube 15 at 45° to the vibration direction
of the polars in their crossed position them the compenpsator
must be mounted so that one of its vibretion directicns 38

pgrailel rto the plate when it is inserted,

.

The b&sié priuciple of a tint plate iz shown in Ffig.3.10,
The stuge of the microscope is tursed 50 as to bring one of the
vibration directions of the specimen parallel to the slot i.c.
at 45° to an extinction positien. The tompensatour plate is
inserted and it ig noted whether the effect of this is to
(a} raise or {b) lower in WNewten colour scale, tie original
colour shoewn by the speciwmen. If (a) (the additive effect) the
corresponding vibration diracticn of the spegimEH and compensator
must be parallel., If (b) {(the sudbtractive effgct) Ehe wvibration

direction of the specimea‘and compensator-are Iin cpposition.

The mosSt common Compensators ‘are guarter wave mica plate
(also called the gquarter undulation plate), first-order red or
upit-reltardation plate (Sowetimes called the pypsum plate) and

[

the simple guartz wedge,

The guarter-wave mica plate is wade of & sheet of muscovite
wica cleaved to such a thickness that one transmitted component
is retarded a guarter of g wave of yellow lizht bebhind the
other, i.e, by abour 145 nm, By itself between crossed polars

Lhe plare gives a pale grej interference colour,

»



Tﬁu first-order red plate may be wade of a cleavaype sheet
wf gypsum {alse called selepitel and is thuy sometiwues called
the gypsum plate, The thickness is such that the relataive
retardation betweea the twg trensmitted compousents is ocae

wavelength of vellow Iipght -
¥ g (= 373 nwm). Between crossed polars

it gives violet-red interference colour gt the pnd of the first
ordar apd iy usvglly called ths [first-order rod or Red I plate.
It is #lso known as the sensitive red or senSitive tint plate
because, If it suffers a very small subtrective effect there 1%
very mdrked change teo orapnge or yellow, while If it suffors

a8 very snall additive effect the red colour is8 reised to indizo
or bilue, [lhe plate is sowetiwes made of cleavape sheet of pmica
or & plafe of qua;tz pround to the right thickness. Iu general,
‘the first-order red plate is more suitable for specimepns
shewing 8 very low celour since, owing to the sSensitive colour

of the plate, additive and subtractzive effects are sharply

distinpguished,

3.5, Optical studies of the carbonaceous mesophase spheres

The theoretical backzround for work with reficcted
polarized-1izht was proevided largely by the aid of the
mathematical trestment due to Drhdeg (1887)., This waz followed

, \ , } e e , d
Ly practical applicatiens to mchoscopy initiared by erghtl

{1912}, Wright gave a summary oflthe Fheory., starting from the
Maxwell's equations, and dealing with the special cases of
npormal inci&ence ol a gurf;ce normal to an eptical symmetry
planc., When the rEflecteﬁhiight can be represonted Ly two

plane polarized cowponenpts at right angles, subject to a phase

difference, bthe, cases were deglt with more directly by Woodrow,

PR
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Mottt aud Hainesji.

Adpart from & general rewmark by Taylarlj concorning the
rewarkable reflectance pleocchroiss of carbony, ceal and '
graphites it has generally been assumed that fhe reflected
Iight wmicroscoepy 1% anglopous to the transwitted ope. The
fundamental equations for reflectance plecchroiss have not
figen reviewed Iin the carbon literature since 1928 despite the
predowinance of the use Sf reflected-light microsScopy technigue,
The transwission-light microscopy observations of the mesophasc

sphreruies have in breoad cutline been related to the reflectance

experiments.,

The vsugl current selutien has been to assume the
cowplementary nature of reflecrion apd transwission apd the
simple proof of the plecschreic effects has been put forward for
example by {fray and Cathcartlzmakihgﬂbservation an pyreolytic

cariron deposits.,

Makinpe obsxervarions oD pyrolvtic carbon (Pyl)-coated
fueld particles they noted waltese cross patterns when the
microscepe was ia the-orthoséopic mode and not the coposcopic
node. Fig.2.11 shows & schematic representation of a PyC-coated
particle, The thin lines are the 'c! axes of the PyC fibres;:
in this case the c-axis coincides with the optic axis. When
a& beawm of plane pularizei—light, incident normally on &
hexagonal crystal, is reflected from a suriace not perpendicular

‘tw the 'c' axis, the reflected beam is resolved into Ewo



Conponents, ES aptl EP o« The electric vectors of these two

cowmponents vibrate perpendicultar and Ferallel, respectively to
the priascipal plane of the crystal (the principal plane is

¥ F

parallel to the 'c' axis), These can be expressed in terns

of tihe incident vectors as follows:

fn -1
EP =r£ _&_
- P tn £1)
F
{n_ -1
Ry = E -
= -s fns+l)

wWierea np aid n, dre the refractive indices parailel and

perpendicular to the principal plane,

There are four directions in the FyQ coating in which
tie incident elsctric vector is either perpendicular or
parallel to the principsl planes Gf the PyC fibres. In these
directions either EP or Eﬁ mwust be zero. I'he alectric vector
of the reflected 1ight, therefore, 'can have anly one cowponent,
and the reflected beam must pe plane polurized with the Same
dzimuth of polarization as the incident bLeam. Light reflected
from these areas will be e?tinguished by the analyser, hence

dark bands will be seen on the SFpecimen Ia these regions.

Lverywhere else on the sSpocimen the imcident electric
vector will have compowents parallel apd perpendicular to the
principal planes and, due to absorption in the Pyl these Ewo

conponeats will undergo both a relative amplitude reductiosn
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’
dnd a phase retardation on reflection resulting in elliprically
polariczced Iipght which 75 not extinguished by the analyser.

Thase areas will be ligar.

Hesophase spheres also show a characteristic maltese
tross pdttern Iin orthescopic Iight. Taylor13 haz put forward
4 ¢lharacteristic structure to account for this {eee fig. 3.12).
Tae behavier of rthe Spheres Iin gingly and doubly polarized

"

light 15 shown schewatically inm figs. 3.13 and 3,14,

At the earliest stage ar_which they can be resolved, the
gpherical bodics are ;trongly plecchroic. Their absorption of
plane-polarized light varies with orientation from being very
stropg {coeloyr almugt black} te very weak {(colouriess or nale
yvellow). dopaicgous betravidr is observad in refjﬁcﬁéd'light.é
Aowever, the pleochroism of Ethe 5p¢e}ical bodies 18 not guite
85 simple as that in a pleochroic crystal, ds the spherical
bodies pgrow larger it con be secu that the pleaciireism is not
uniform but that dark burs move across rthe SPQEIE, unite, and
then move out again (Fig. 3.13). Between crossed nicols, the
Spherical bodiex, whep small, behave essentially as single

L

Crystals, lightening and darkening four times per stage

“u

revelution., Az the bodies grow larger the simple extinction
' I
I

gives way to the segquence shown In fig, 3.14,
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HAonda, KYiwmura and Sanaddld enplayed the so-callpd
'sensitive tint wethod' in an attempt to pet further
inforwation about the Structures, Frop the chanpes in pleo-
chiroism and extinction contours for the mesophase
sSphoeruiles, they concluded that & sfuple w?saphasé-
spherule is optically a uniaxial paositive liguid crysral
belonging to the hexagonal system with a straight

extiaction.
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of a biaxial crystal.

(a) _
Extinction position - 45° position

Fig. 3.9. Biaxial interfercncc fipure given by a section normal
to the acute bisectrix.
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Fig. 5.1t. Sehematac representation of the median plane of a Mhv(-coated
partrcle.  The 'e' axes of the fibers are indicatod by thin
straight lincs. HReseolution of the ingident electric vecior 10
15 snown in the botton Jeft.  The darl arcas represent avoas of
tiee Py where the incident E vector is either parallel or

perpendicular to the principal planes (i.c. either E_ or L Js
Zero). : 1
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Fip. 3.12. Fine structure which would account for gbserved optical effecis.
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Additional informations such as Chermogravimetric anal,sis
(TGA), X-ray diffraction, infrared absorption spectroscopy,
visual phase gxaminations, polarized-1ight wicrography, etc.
are unecewgsary to supplement the PTA curve for correct
ialerpretation of the thermogram pedks. The forwation of tho
cdrbonaceocus mesophase of a graphitizable organic compound
generally occurs in the temperature range 350% - 600C. Tae
actual tewperature iaterval in which the wesophase develops
ia the carbonisation ef 8 particular crganic compound may be
& fow degrees or it may be teps of Vegreeg, 1'his obviously causes
practical difficulties in deterwining the exact Cemperature
interval of wesguhase formation for rhe samples under investz-
gation. A combination of differential thermal analysis and polari-
zaed-ldght micragrapbyﬁ’ls has proved a valuable spproach to the

determination of the temperature interval of mesophase forwation,

4.2 UI'4 apparatus

Differential therwal analysis is the process of correctly
roting the difference in tewperature between a thermocouple
embedded in the sSample upder test apnd & thermocouple surrounded
by a standard imert substance such as aluwmingtm oxide, while both
are being heastced atlthe sawe . rete, hese temperature differences
are due to £he phase rrapnsformations or chewical reactions
ococuring in:the sample which invelves rejection or absorprtion

of Reat.

The basic desigu of the DT4 apparatus Fig. 4.1a with

block diagram (Fig. 4.2b) has been fully described &y Lewis



and Hdstrowﬁ'?. The DTA thermocouple asscembly cousists of two

matched chromel-aluwmel thermocouples which are supported an a
porcelain tube held in position Iinside a furnace combustion itube,
The sample and reference cogntainers are nickel or incopel cups
with a thermocouple well extending into the centre of the cup
from the bottowm, This arrangswent protects the thermocouple
Junctions from being contaminated wictn the sawple or referonce
aaterial. The sawple and relerence cups sre alsco isclated from
each other #nd this arrangewent facilitates weighing befare and
after heating 50 that weight changes can be readily determinod.
Approximately, 0.1 g anhydrous alumina is used in the reference
cup and the sample weights varies over s range 0,05 g to 0,125 g,
depending on their pecked density. Nermaelly, 2 beating rate of

10°C/min, is ewployed.

All experipents are carried ocut at atmospheric pressure in
a4 continuous Flow ﬂf a4 ptrified inert gas, usually argon,
aitrogen or helivm, Gases are nogrpally purged Fnto the furnace
chamber at the lower eud throtgh & purificetion tradn in which
oxygen and water are removed by heated copper wool and exhausted
from tire top into a condensatektray for collecting the condensable
volatile products. The condeonsable volatile reaction products
aleny with the vnchanged starting waterial, if anys are thus swept
by the flow of inert gas inte & KBr-filled condensate trapS placed
in the exbhaust end of the furngce. The noan-cendensable gases then
pass through & sulfuric acid bubbler which seals the system and

prevents back diffusion of ajir.
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Normally, the UTA thermograws on carbonisetion are
obtuined by heating continuously te 750°C at which the residue i=

eFfenptrally carbon,

4.3 Therwmal tehavior of carbonising and graphitizing materials

It fhas already been mentioned that in differeatial thermal
#nalysis, the rejection or absorption of heat by any material
during pyrolysis 18 recorded and indicated by exethermic or
endothermic peaks in the UTA trace, The reaction tewperature and
the rate of reaction together give the characteristic thermal
curve of that particular waterial, By the application of differen-
tigal thermal anpulysis to a pumber of organic solids, Varma
successfully fouad tlheir melting and hoiling points corroct to
t 3°. One of the attractive features of the method was the
convenience of obrajining tée femperatures of sublimation,

decomposition, elimination of water of crystagllisation, eoteo,
1

which are difficult by orther metheods.

'" in an attempt to investigate the

lewis and Edstrom
thermal reactivity of polynuﬁlear aromatic Aydrocarbons used
differential therwal analysis, to categorise the high tewperature
beltavior of tnose hydrocarbons as either thermally '"reactive!
or t%ermally ‘unreactive’, The therumally 'reactive'! species
pDSS%SS sufficient reactivity in an atmospheric pressure systen
to undergo & condensation sequence in the liguid phase and yield
measurable amount of polymerised carbopaceous residue at F5GGC.

fhe thermally 'unreactive' entities have sufficient stability so

that such condensatjion reactions do aot oeccur prier to coamplete



)
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velatisation, lence, for those compounds no carbopaceous

residues are observed at ?5DGC. For such materials DA offers

& convenient method of measuriung melting and boiline points.
Depending on the physical characteristics of the apparatus,
eirther the initial inflection point of the endotherm, the
endathermic minima, or the endotiermic minime minuis the temperature
difference between the reference and zample couples, may give the
gppropriate result. Hawe}er, the fnitial inflection point of the
melting endotherm has-bean found to be the wost reliable meothod
ior ascertraining the melting points for the respoctive compounds.
ihe melting poiots thus determined for some of the aromatic
bydrocarbons are shown in table $,] apd the respective literature

4,11

values arg also listed for comparison., Ia wost cases the

ggrecswent 1s gueite good, The boiling endotherns on the other
hand are generally broadar and have no specifically defined
irnflection temperature, The shape of the boiling endotherm

‘
reflecrs the increasing vapour pressurc of the Sawple with
increasing temperature, The gradual approach to the boeiling
endorhersic winima Indicates silow but increasing vaporisation,
The calculated values of the boiling points listed in table 4,1
are the corrected endotherwic minima. fHere the corrected
gndothermic migima meaps the endothermic minima minus the :
temperature Jifference belween the referonce and sawple couples.
The boiling points calculated as above pgives good agreement iwith

literdture Valuesiﬂ'jl.
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The thermograms of thermally 'reactive' aromatics which
underpgo thermyl gbndensation leading to some carbonacecus-
residues at ?iﬂGG, differ guite markedly from those of rhe
'unreactive! cat%@ory. The major melting endetherws B0,
however, still evideat, The bailing endotherms are observed to
be either c&mpletfly absent or largely diminished in those
thermograms, In ﬁ"lﬂrgﬂ numberof cases an éxothermic peak indi-
cabtive of polymer%sation OF Condensation is bsvally observed.
in nearly cvery igétance new chemical species in addition to
the starting wmaterial are obtained in the condensed distrijijlare,

l
Differential thermal dnalysis for the carbonisation of g

good number of polymers in nitrogen flow were reported Ly
I

bollimore aad Heallz. From the DFfA results with certain exceptions

in the case of chlérinated ‘polyvinyl chloride and chloerinared
rubber, ir is generally observed that an expthermic portion of
the DTA curve somewhere in the initial stage of decompos}ticn.
indicates Fhar the resulting product will be a Rot-praphitiving
carbon., Two campetfng reactions are often found to occur: cross-
linking producing an exotherwic reactioun, and chain Stripping and
dagsociated reactions, which Eroduce endothersic peaks. YThe secoand
Lype often allows the foruwation of oriented daromatic rings, which
pruduées graphitizakle carbans, It should be noted thst the
exntbérmic reactions mway be preceded by mome reaction of

1 :
decondary impnrtanc%, sSuch as loss of absorbed warer or other

volatile impurities. Bearing these facts in mind, it would seem

thiat tlhe appearance’|of an exothermic redction, somewhere in the



initial polymer decomposition region easures that the resulting
Carbon has non-graphitizing properties. At nearly £00°¢C and

slhoave It Iy well known that semi-coke baecomes cakelj.

lr & thermal analysis study by Lapina and Dstruvskiil
the essential characteristics of the carbonisatson process ol
graphitizable gnd Lanmgraphitizabie materials were obrained as
g8 result af the investigation of the carlbonisation process of
various classes of organic polymer substances and Fhe sStructure
of the resulting c8rbou ax well. For graphitizable materials
andothermal processes of tdestruction sre typical while for non-

H
graphitizable opcy exothermal processes of cross-linking are

chserved, *

Grahamj {1874} wused differential thermal anglysis to
determine the temperature interval af carbopaceocus meSophase
formation, The sampies under study were the mixturés of
dcenapiatyylone and sulpiur. Samples which did not pass through
carbonaceous wesvphase transfiormation due fo prolonged heating
ar EQSGE. have been heat-treated in &an atmﬂsphere:nédry nitrogen
in the Stauton differential thermel analyser and their respecrive

Y

therwograms obrained (Fig.é.i). Charactoristic of the curves is
the ciurve is the pfesence ﬂf'an initial large endotherm due to
welting of the t%rry substance ghich ic then followed by smail
flucrugtians bEere 4 smoeth trace returns, TBESE fluctuations
findicated bv dotted Iipes in fig. 4,2) are characteristic of
almost all the samples with_the exception of the sample having

S/H racio of 3/8 from which they were absent. The temperature

regions in which these fluctuations appcared, rempained coRstant



for the samples haviug 5/H ratios up ta EKB. Graham concluded
that the temperature at which all the Ffluctuations terminate

was nothing but the temperature of complete coalescence in the
tase of carbeouaceous mescphase. This had also been varified by
polarized-Iight microscopy, by viewing threovugh it a sample heat-
treated rto similar temperature. He further added that the
fluctuations in the DTA Erace was due to the formation af gases

within the sample during pyrolysis,

Differential thermal aualysis has alse been enployed by
13

Hossain and Jollimore to locate the temperature Intervals of
mesophase forwation in the case of a few graphitizable aromatic
Organic cempounds suUch 85 naprhalenc, dnthracens, plhangnithrens
aund chrysene. Selected samplesﬂ withdrqwn during the initial
thermal treatment and which has nor yet passed through the
carbonaceous mcsophase transformation diue to prolonged heating

at 4DGGC, have been‘heat*treated in the stanptop differential
therwmal analyses (Model - Stan data 5 - 50), These samples (0.1 g)
were heated in the inconel head to 700°C with dry alumina being
empioyed as the inert material in the reference cell, The OTA was
determined on Dupont unit , with pen recarding, The IT4 traces so
obtained (¥ig.4.3 ) for the differcnt arowmatic compounds were
used fo detorwine Ehe Femperatures to which the original parent
sawples had to be heated in order to obtain the me3nphlase

Spherules which usvaily appo&r in the ipitial Stapes of

carbonaccous pesophase.,



Table

4.1

75

L& &
COMPOUND | STRUCTURE IMELTING POINT (°C) |BOILING F"OINT (eC)
Literature® | DTA  [Literaturd® | DTA
BENZENE
NAPHTHALENE
Cig Hg o 80.287 | 77 | 217.955 | 245
ANTHRACENE 216-04
€14 B Se % 215 | 339.9 | 350
PHENANTHRENE @:5]
9915 | o
C14 Hig 3 3384 148
" PYRENE Q%; 50 6 6 ]
Cis Hig 0. 4 393 38
CHRYSENE 5 | 255 6-
Cqg Hyy 2553 | 250 448 460
PERYLENE 20
Cog Hiy ) 270 295 460 505
CORONENE 438 — |
C24 Hiz 440 438 525 600
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CHAPTER - T

PYRULYSIS CHEMJSTRY OF BENZENE

LY
-
5]

Introduction

Organic compounds are the main and glmost exclusive raw
Materiels for the producrion of artificial carbous and graphite,
By pyrolysis, these carbonp compounds are cunverted to 50lid carbon
g5 the main product and to differeat volatile compounds as by-
products., Such thermal decompositions below approximately 1000°C
4re carried out by a great varsiety of technical processes. In
such processgs, the Prrolysis is controlled Ly a few reaction
paramaters such as temperature, fteating rate, residence time at
the pyrolysis tewperature, apd possibly the tuvtel pas pressure,
The low-temperature Stage of pyrolysis, especially below 700°0,
has the greatest influepnce oa beth the carbon yield and the
cdrbon properties. In all such fechnical cases, Lae primary
Inportance is to achieve a high carbon yvield which is dgain
determined by the mechanisw of the pyrolysis, The pyrolysis pust
be directed towards the formpation of carbon-free volatile by-
proJducts and towards avoiding the forwation of veolatile stable
carbop cowpounds, Thus, the ;arbon yield can be influenced by
the choice of the compound t; be pyrol}sed, by ite thermal and

chemical pretreatment, as well as by tFe reaction couditions

I
prevailing during the pyrolysis.

The practical problem is, therefore, carbon yield and in

the case of low yvield, pyroiysis of the compound inside an



ordinary carbenising Furpace with a Stream ¢f nitrogen or other
inerr gas should be invariably avoided. Souwe aromatic arganic
Compotunds sublime off and give GFf heters-atoms before it
carbonises and some are found Fo be evaparated leaving no
carbonaceous residue at all, In those cases it‘becomes

Hetessary to heat the organic samples in sealed tubes in order
to obtain appreciable yields.! This is bec;use increased gas
pressures of cvaporated hydrocarbons Iead to ftigh carbon yields,
Again, sy the vapour pressure of the compound being carbonised
inside the sealed tube is npor known, it iz always preferred to
take a4 heavy-walled glass tube or guartzx tube so thar the tube
can stand the increased pressure of the pyrelysis gasecs, Even
then the tube may bursr and so some safety enclosure round the
tube should be taken as & precdutiondary measlre against any blow
or blast, Nevertheéless, opening of the carbopised sealed tube

is agother practical problem. Due to Avavy pressure ipwide, it
caﬁnot be gpencd ordinarily dy cutting with & &iamﬂnd edge or
with a tungsten blade without adopting any sSafety measure against
thre blow or blast if anyi lt is, therefore, advised ro open the
tube inside a strong safety box, Alternately, the tube can be
cpened without the &aid of a8 csafety box provided it is ipmersed
in a Dewar contaiming Iiguid- nitrogen for at least an hour before

opening. The second process involves a thermal shoek and should
1 £

be avoided.

In the sealed tube technique of pyrolysis mentioned befors,
heating of the sampple is first carried out umnder normal pressure

and -theng under incredsing pressure caused by the prroly=zis pases,

r,
r
"




Besides the sealed tube techuigue, the following prrolysis

technigques are adepted alternatively :

{a} byrolysis in autoclaves, whcre the pressure can be

regulated during the whole reaction time.

(L) Ligquid pyrolysis in en open crucible with continuous
remuval of the gaseous by-products; this is mostly used

for reactions carried out under norwal pressure,

{e) Gas cracking in a sSteady-state tubular flow reactor with
relatively fast feating of the evaporated starting
wateriagl and in mest cases with guepching of the

voilatile products,

(d)} The hot wire method &8s & special arrangement of the

flow system,

5.2, Arowmatic hydrocarbons

»

Ay erganic compound which undergoes substitution
reactions of carbon-hydrogen (C-§) bonds is said to be arcmatic.
With the advent of wave-mechanics It was shown by [ HuckeIE{JQBFJ
that a planar cyclic compound which has (4n+2)71 electrons
iwhere u is an integer) should pLGSSess 4 resapance energy, &rd
th?refare Undergoe aromatic reactions, Thus te be aromatic, a
molecule must have 2(n=0), 6{n=1), IU{n=2), 14{n=3), 18(n=4)..u..
eevens T electrons, Huckel's (4n+2) rule applies tu meaccyelic

SyStems 1like benzene and other compounds which have very little

redemblance chemically to benzene. [t has also been Suggested



that the (4n+2) rule should be applied to the peripheral
fCuugUgatedJ T-electrons of polycyclic condansed syStems such
45 naphthalene, authracene, plenanthrene, etc. (see fi.. 5,1)3,
Huckel's rule stimulated a farge amount of research on
aromaticity and, sa far, ne exceptions Asve bees found. A
furtier test for arowaticity Is that such compounds sustain
diamaegnetic ring currents in the pregsence of magnetic fields,
fu geperal an aromatic organic compound should fulfil the

foliowing reguirements:

(a} The Huckel's (4n+2) ruie is obeyed,

) All the compounds underge electrophilic substitution
regctions (pitratzon, sulphopnation, etc.)}.

(e} . The compoynds show delocalisatfon af the mT-electrons by
supporting a digmagnetic ring current (This can be

showit by N.M.FB.).

Tae word aromatic iz derived from the Greek word ‘aropa’
meaniny 'fragrant swell', Most of the aromatic prgdnic compounds

have ope thing in common : a pleasanpt adour,

Noest aromatic hydrocarbans are colourless golids or
colouriess ligquids and are ligbter than water (averags density =
0,8). They are non-poiar materials, immiscible with water, but
readily seluble in pnon-polar solvents such as ether, petroleum

ether, carbon tetrachloride.



The Ligh stability of the aromatic organic Cappouirds 18
. 4 , . ]
due to resonance encrgy  WwWiich 1pncreases with the Increasing

molecular size of the ring systewm. {see table 5.1).

T'he twe industrial sources of aromatic hydrocarbons are
the twou main reservoirs of fossii orgapic compounds, coal and
0il, The other main source of organmic cowpottnds, living matter,

does not contaiun a high proportion of arowatic materials.

When coal is heated in the absence of air to 1000 - 1300%
it ig partly broken down inte simpler volatile compounds which
distilour of the oven. The residue, coke, is used for iron
swelting. The volatile materials corpsist of coke oven pas
(50% bydrogen, 30% wmethawve and small gueagntities ol other gases),
iight o0il, cval-tar and gmmonia, The 1ight v©il and coal-rar are
refiped by fracrional distillation and specific chemical
reactions. Well cover & hundred different gromatic cowmpounds have

been obtaipnecd frow coal-tar,

The second major rouvte to aromatic hydrocarbons is by the
dehydrogenation of petroleuw fced-stocks. This route was developed
during the second worid war, when coal-tar process could net give
sufficient tolucne for the manufacture of TANT expigsive (2,4.6-
trinitrotoluene). The aliphatic hvdrocarbons are péSsed over
a4 copper caralyst at 650°C when dehvdragenation end cyélisatian

regctions occlUr.
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S.2.1 fenzone

Benzene, having molecular forwmula Gﬁﬁé, ig a colourliess,
mobilc @nd highly refractive liquid (b,p. 80,4°) with a sharp
smell, It hds a specific gravity 0.87 f(at 2&0). Solidified
benzene melts at 5,4, It is highly inflammable and burns with a
smoky Juminous (lame. Benzene is practically ifpmiscille with
water but miscible with wany orpenic liquids such as ether,
slcohol, erc, It iz a good solvent for fats, resins, gums,
rebber, etc as also Ffor iodine, phoesphorus, sulpher, etc. Two
parts of benzene vagour in abéut 100 part of air may prove fatal
1 Inhaled; absorption of benzene, fiquid or vapour, tirough the
skin has toxic effects, fhough unsaturated, it is remarkably

stabkle.

A consquence of the aropaticity of Fenzene is Chat all
the carbon-carbon (C.C) bond lenpgths are the sameo, and all the
positjions egually reactive, as is5 pot usealt, with polycycliic
aromatic compounds. Physico-Chemical evidence, e.g.:; hkeat of
combustian, etc,, peints towards bepzene being a rescunance
hybrid of mainly two resonatiug mEtructures I and fI(Fig-i.%}-These
strycrures arce called Kekule's formSE'é. Accordiag to Kekule
(1872), the carbon atows inp the benzenpo ring are continually
in '@ state of vibration, and due to this vibration, each C-C
pair has a single bong half of the time and a2 double bond the
otirer half. In general, there are 'n+1' principal resonating
Structures for an aromatic organic compound contaianing ‘o’

benzene rings.



Resopance between the two structures larpgely contributeog
to the greater stability of the beprepe molectule au well as it
explains the intermediate bopd length of 1,393 {intermediate
between C-C sSingle and C=C double bond lengths), The resonance
enerygy ¢f benzene is pearly 36 Kcal mole apd so it Is5 a very

stable compound,

3,3, Pyrolysis uf Benzenc .

The pyrolysis of henzene, first described by Berthelot,
leads to biphenyl, which is produced today on a large industrial
Scale using this method, In this process, fterphenyls and
polyphenyls appear as by-products. The mechanism with formetion
of phenyl radicals as intermediates is shown in Fip.5.3. In =&
Sealed rube, biphenyl forwation has been observed as beginning
below 300°C. The dependence of the biphenyl! vield an temperature
and experimental arrangeyentaf is presented in Table 5_39. In
the pyrolysis of benzene, the forwmation of Raphthalene hag

never been observed,

Table 5,1

Eesonance energsies of polyveyolic aromatic compalinds

i -{
Compound Resonance epergy (& cal moie ° )
Henzene, ﬁéﬂé 36
. ,
haphtbglene, GIEHS a1
Apthracene, Llﬁﬂjﬂ 83,3
Phenanthrene, Cléﬂlﬂ_x g1.9

Chrysene, CIBHJE . ; 116,35




Table 5,2

Gas-phase carbonisation of benzene maphthalsne, anthracene

gnd chrysene

% carbon coaverted to coke

Tewperature - contact time in sSec
°c 2 10 20 40
Henmzene
800 1 3 6. 8
300 3 19 . 33 39
1000 3§.-1 59 59 73
1106 80 91 94 96
Naphthalene

500 | 0 2 i 7
900 11 43 52 &0

100 38 7 G 83 g0

Aothracenes

800 a1 67 34 90
200 32 79 89 95
1000 72 96 98 g9
C@ry&ene
800 % 13 20 25
900 30 65 77 84
1009 76 1. g8 93 98
a 5




oh

Tabkle 5,3

Formation of Biphenvl from Henzcneg}

1 iii;rsfhr Yield of biphenyl,wt I

585°¢ 0,846 14.5
| 0.423 22.4

g,282 26,2

0.212 27.8

0,141 29,2

0.12] 29,4

0,106 29,4

0,0282 29 .4

0.,0141 29 .4

760°¢C . 2,75 13,7




b3
2

b
5 3 07 electrons = (4 x1+2 ), aromatic

b©-.

Benzene, Cg Hg

14 electrons = (4x3+2 ),
5 aromatic

14 electrons= {4x3+2);
aromatic

Phenanthrene, C14 Hio

12 1
1l 2
: 10 z
“ 4 18 electrons = (4 x4+2),
8 5 | aromatic

7 6
Chrysene, (18 Hypp

Fige 51 Simple aromatic orgamic compounds obeying
Huckel's (40+2) rule,



FiG. 5.2

I 1T

TWO RESONATING STRUCTURES OF BENZENE

I Diphenyl

I1 1,2 Diphenylbenzene
111 1,3 .

IV 1,4 “

YV 1,3,5 Triphenylbenzene
¥! " Triphenylene

Fig. 5.3 Pyrolysis of benzene.

a7

g
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6.2. Experimental

B 2.1 Sample
Bonzene, the simplest aromatic hydrocarbkon, manufacturcd
by . Merck (India) Ligmited was used fu this étudy. Ir had &

purity greater than 99,3%.

Sample Structure Meltinyg point of Beiling point
. Salidified Benzene
v - GC DC

Benzene [:ij S.4 30,5

6.2.2 The safety device for vpeninp sealed tubes

containing heat treasted organic samples,

4 heavy pressure is developed whena an aromatic

organic compound Is heat-treated inside a sealed tubge bLecause
of the prescnce af H2 aud Gtherlnydrocarban gases which are
generally evolved during pyrolysis. The safety device, that
frtas been worked out in the opening of the carbopnised sealed
tube having no risk of explosion, consisks of a wechanpical
toptrivance of culting the tube inside a stroag closed box by
means of a diamond edge or tungsten blade. The coxterwal wall
of rthe safety box is made of 16 SWC ¢luminium Sheet and its
design plan is illustrated in fig.6.1. The portion of a 16 SWG
aluminiuvm hAinged 1id carrying a makralon viewing panel constitute
the roof of the box. A spring loaded plunger carrying the
diamond edge or tungsten blade is fitted at the lid. The

plunger thus slides up aud down when pressed and releascd

apd 1ts circulsar motion is restricted by screw ia slot.



Ya

Yhe sealed tube containing the heat-treated sample 25
dlways placed in a horizoantal position, inside the safety box
F ]
with the 1id closcd, such that wien the plumger Is pressed

duown, the diamond edge or tungstes blade at its tip touches

the tube at the ceatral position,

I'his is secured in the following way i The tube is
gllowed to rest on two 1" @ Tufnol rollers fitted with two
3/16" ¢ M,S. spindles which are in turp fitked to a 10 SWG
gluriniuw frame work clamped firmly opn the floor of theo lox,
The ends of the tube passes into rubber caps provided at the
ends of two other spring leoaded plungers, placed in the saame
flieight at the two opposite side walls of the box, These plungers
carrying the sealed tube in horizonptal position is capable aof

clockwise or anticlockwise rotation, '

By pressing the 1id plunger down and holding it ing such
a position that Lhe digwond tip or tungsten blade is in touch
with the rtube, a complete rotation is given to the tube by
rotating the side plungers plfaced ar rthe two opposite walls,
The sealed tube will thus be found to be cut &t the centre. A
Strong push is then applied Gnktbe cutting ares by means of a
ricid rod having & =zharp edge-a?d the tube will be-found rto
ppen very easily wititout any blow or blast because of the
incuwbent pressure of the pyrul}sis Easos inside. To Facilitate
anear vision of Uthe tube from ouwtside, the makralon portion of
the hinged 1id having the gize 11" x é%” x 3 wm i5 slanpted to

make &an angle of v with the vertical wall. 4 3" pn oxhaoust

with a gauze s fitted at one corner of the safety bkox for

clesrance of the conrushing gas.



6.2.3 Ipcreasing pressure developed inside pyrolysed

sealed tube acceglerates carbonisation process,

Lxtensive studies on the jafluence of very high
pressures on the carbonisation of pure organic compounds,
: . . 1.2
pitches and coal were undertaken by a nusber of workers
and it was established that Increasing pressure not only.

incredses the coke yield but also lowers the temperature

at which pyrolysis is completed.

Little inforwation seems to Le available in the open
literarure as to the amount of pressure that is developed oo

pyrolysis of & certain amouant of vaparising pure organic sample

iaside a zealed tube, In such technigquo of pyrolysis, heating

N -

0f the sample is first carried out upder pormal pressure and

then under increasSing pressure caused by the pyrolysis gas. It
Y

is this increasing pressure which accelerates the carbonisation

process with a big yield, Iun view of the above Fact, the sealed

tube wethod of pyrolysis was adopted in the case of benzene.,.

6.2.,4 Thermal analyvsis

farbonaceous mesophase-fcrmatian has earlier been
stated to occur geaerally in the tomperature range 350°c - g00%c.
{he actuval temperature interval iu wihich the mesophase develops
in the carbonisation of & partuicular cowpound may be only a few
dégrees or it may be tens of degrecs, 1'his paturally causes
difficelties in locating the exact temperature intervals of

mesophase formation in benzene durians carbonisation.



Thermal anulysis is an important tool Lo ascertain
tie temperaturé interval of mesopphase fﬁrmatinn. A zmall
amouat {abouc ,7 g) of the Sﬂmﬂie WS ta;eﬂ in @ heavy-wafled
pyrex tube, 2,5 mo Iin thickness and 16 mm in internal dismeter.
The tube along with the sample iuside was sealed at both the
ends and dgain placed inside a steel bomb Fitted with screw caps
at both the ends, The sample was then heat-treated inside a
soleapidal furnace at 8 fixed power input to th; bomb upto
JEQOC, at which temperature the sSample was kept for a lomg
duretign,. During hesting the pressvre inside the scaled tube
increased primarily because of the proscace of H2 and other
hydrocarbon gases which were evolved. After allowing the tube
kg cool ro ruonm tepperature, the sealed tube was opened inside
a safe;y box, the design details of which has been given in

articlie 6,2,2.

Tie heat-treated sample was 'then resmoved from inside

the tube, dried and then ground in a pestle and mortor.

Selected sawple, withdrawn dyring the initial thermpal
tregtnent and which had not yet passed through the carbopaceous
mesephase transformation due éo prolanged heating at 4500C, have
begen heat-treated in a pyrex tube ipto which is dipped a
cehromel-Alumel therwmocouule as in fig.iﬁ.? to weasure the
reactiopn-tempperatures inciuding the teﬁperatures of pha=e
transformations in the Jdifferent stages of pyrelysis, The couple
is connceted to a sepsitive poteantiometer capable of reading ia

b

willivolt, The ftepperature of one of the jupctions is maiptained



at 0% by placiog it in welting icex.The tempergture of Lhe

cther junction is gradually increased by heating the pyrex

tube containing the sawple directly by a burner aad the e.m.f.s

of the couple at wuitabilc intervals are recorded. The thermo- €ali.-
f.54 are calculated frow the knpuwledge of the balancing

fengths, The tewperatures at the difflereat phase transforwatious
gnd redctions are obtained from the e.wsf.. temperatiure chart
(Table 6.1 of the thermocouple used. The thermal curves so
obtaeined (Figs. 6.3 & €,4) for the sample under study werc

used to determine the temperature to which the parent sample

had to be heated in order to obtain mesophase spherules.

6.,2.5 Micrographic prepsration of samples for mesophase

pbservation,

v

Mesophase sawples for polarized-1ighe micrography and
particle sSize analysis were abtained by lheating the selected
sriginal samples (0.7 g) individually in sealed rube jnside
the solenoidal furnace as before to the desired temperature
at which investigation was necessary, A heating rete of
Iﬂﬂﬂfmin. was adopted by the temperature controlier. The saopple
was heated to carbopise at 4 fixed temperature for a fixéd -
duration., The sample was then-aiiowed to cool and om reaching
the room temperature the sealed tube was opensed inside the
safety box as before, The sample was then separated from the
tube, dried and then embedded in 2 cold-setting mounting resia,

pilaced on a Lucite or Plexi-glass,
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The wounted sampife was then ground on progressively
finer prades of water pgroof siljican carbide paper propgressing
from 120 to 800 grit to expose the carbonised residuee in the

way described as follows

lhe silicon paper im the form of a disc was fixed oux
the top of g rortator and the sample was allowed to be rubbed
by the silicon paper when the disc was kept o rotation. Light
but steady pressures were applied on the gample while if was
being rubbed by the carbide paper, The Jdirection of polish was
maintained coustanlt except for reversals wmade at rogular
intervals by 1liftipg @nd rotating the sapple Ly 180° ar hand,
accordingly the sample was neot woved about Ehe wheel but was
only moved latcrally betwecen the centre and the periphery. The
sample was washed wilth tap water before usinyg the another
counparatively finer prade of carbide paper., The Lest results
were found Lo be dclhiieved by using freshr paper for each sawple
and by prinding somewhat further than what was necessAry at
gwach grit level to wemove the scratches [{row the preceding
paper. dfter the final grinding on &§00-grit paper, the surface

of the sample appeared bright independent of the level of heat-

treatmwent,

Subsequent polishing was dope with Metradi diamond lapping
compounds (6 wicroutsize followed by 1 micren size) on a wet
I
polishing silk cloth suppiied by dushler Liwited, U.5.4. in the

way described as follows:

¢



g

The coarsec grade Dialap diaumond cowpound was spread
over the polishing silk cloth fixed on one of the rotatiog
&
discs of tﬁe Shimadzu polisher and the sample was kept on
rubbing for abeout five minutes and then thoroughly washed with
tap water. The finer grade diawond compound wag then spread
over anotfher polishing silk clothlfixed oit the other rotating

disc of the polisher and the sample was again kept on rubbing

for ancther five minutes,

final polishing of the sample was cagrried out by high
purity Linde Alpha Alumina powder. The powder was firsk wetted
with distilled watrter asad the sapple was then rubbed gently by
it with hand 1n the sampe direction for about ten minutes. The
final polishing resulted in a highly polished surface having &
bright fustre, eharacteristic of carbonaceous mesophase which

proved suitable for cbservatien by polarized-light microscopy.

£.2.,6 Polarized-lisht microscapy

Samples prepared in the above manner were obhserved and
photographed witu a Reichert "METAVERT" polariziug microscope
(plate 6, Dwsing reflected polarized-light, Photographs of the
mesaphase spheres and of subseguent heat-treated samples were

cbtained using JFULFE NEOPAN 55 Black & Whire 135 mw. 36exp.
' |

film. The coleoured mescphase Spberes could bs produced Ly the

insertion of a pypsum plate inclined to the analyzer at an

anple of 45° and placed between the amalyser itxelf and the

gample wnder observation. The 2nalyser and polarizer rewains



100

rross with respect to each other. This is the se-called

L . . 3,4 .
Sen=zitive tint technigue™! , The Iipht Scurce of the
microscope was 6V, I5W low-voltage halogen bulb, 4n ecxposure
time of 15 miputes per photeograph was used, A suirabla arca af
gach specimen was photographed =5 that a good number of mesophse
spheres could be counted and a representative particle size

analysis obtained,

6.3, Kesults & discussions

&.3.1 Different types of carbons obtained Ly sealed tube

pyroelvsis of benpzene,

The sealed-tube pyrolysis of benzene at different
Eeat-tre&tment temperatures and durations gives rice to &
large variety of carbons and four ghysically different appearing
carbons hfve been found to be s¢ far idemiified, Mozt of Ehe
carbons have one thing in common rhat tie deposit of carbon Is
g clowely adhering fifms of silver pgrey colour, The Ffirse of
chese, shown in plare 6,2, is the hard grey plated carbon which
are similar in appearsnce to thar obtaimed from authracenej by
gealed-tube pyroelysiz, The setond type, Shown in plate 6.3 is
glso gimilar to that oebtained From gas plhase pyrolysis of
antiracenes, The Lhird type and fourth type are shown as an .
gdmixture in plete 6,4, 4 remarkable foature of the rcarhbon i;
that they loock I1ike carlon needles or thin carbon fearthers. In
rimes they thickenr and becowe a thick Filoe of massive type.

Eesides, we sec spongy mass of brownish bdlack carbous or a

Fypical soot of carben bBlack,
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£.3,2 Thernal aualysis

Thermal analysis curves of partially carboniscd
benzene on heat-treatwent gt 8 hours and 12 hours duraticn are
presented in fipgs, 6.3 and 6.4 respectively, Therwal analvsis
data on which these thermal curves arc based on is given fu
tebles 6.1 - 6,3, Characteristic of these curves is the presance
of an initisl large endotherw usuvally seen in graphitizable
erganic compounds, which is then followed by =smalil Fluctvations
in the trace before a swoolh trace returns, The temperature
region in which these fluctuations appear casts an idea about

the temperature intervals of wesophase formation,

The thermal curves obtained for the two different
bhenzene samples can be interpreted in terms of carbonaceons
aesophase formation, The paximum point of extrews right in the
curves represents the tewperature at which the fluctuations
terminate and the curve changes dircction sharply, Observation,
by polarized-light microscopy, of a benzenc sample heat-trcated
Lo this tempeorature revealed that the mesophase had completely
coalesced. Similar obsarvations of the sample heat-treated Lo
slightly Jower tewperatures showed the mesophase in various
sStages of developwent, It would appear, therefore, that the
extreme KuH.5. turming point ipn the thermal curves of benzene
represents the temperature at which coalescence of the
mesophase i85 complete, The temperature is 570 “¢ for benzenes,

Similar observations were observed for benzape lieat-treated to

g different duration. It iz interesting E£o mote that the




Femperature representing cowplete coalescence of the wmesephase
.dDES_nGt alter frem 570 °C for the two benzenc samples, The
&

temperature alt which the mesophase spherules start toe develap

has pot been ascertained and polarized-light microscopy

o]

reveals that such spherules appears at 240 "C, It iy presvmed

that very minute gplherules appear in this case and it is diffi-

cull to analyse thew gquaptitatively by polarized-light microscopy.

llowever, the apalysis is not quite difficult when they grow in

Size with the rise of temperature daod heat-treatment duration.

The actual fluctuations in the curves may arise through
the formation of gases within the sample. This may result in
the sapple being lifted away froam the thermocouple wowentarily
thus causing a saall peak to occur in the curve. This process
may then repeat itself, till the sample is decomposed to’

produce a8 mezalic having complete coalescence of the mesophase.

3,3 fleat-treatwent temporature, duration and also

pressure together promete the prowth of mesophase

formation.

The aromatic hydrocarbons underge stepwise coundensation
of the aromatic structures with the elimination of hydrogen
until a non-volaliﬁe carbon rem&in;. The carly stages of such
condensations are well-knewn, part%cularly Tor benzenes, which

has bgen found to preduece the following condensation products.

i

A
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The conversicn of bLeuzene to carbon is catalyrzed by
the presence of contact surfaces, especially coke or carbon,
No deubt the hydrocarhbons are absarbed R such =yrfaces,
and underge dehydrogenation, forming biradicals or even other
complex canden;;tion produces, The biradicals are eventwally
coanverted to carbqn giving rise to essentially two main gaseous
products hydrogen and methsoe and with the gradual increase of
temperature and rgsident time methane is ageain split up to
forw carbon. As wmore and wmore carbons are produced, Fhe
vaporizing pressure is consequently reduced., Khen the vapotur
pressure of the product becomes mepligible ar high temperatures
it is thus classified as carbon. The increase of carboan-yield
with the increase of remperature and leat-treatment duration
duering mesephase Formaticon is well-illustrated in Table 6.4 as

well as in fi§.§.5.

¥
The variation of pressure inside the sealed tube with

Cesperature at different heat-treatoment duration duriag
wesophase formation is well documented in table 6.5 as well as

in figiﬁlﬂl

The Increasinp pressure inside the sealed tube thus
; 7
enhances Lhe carbonisation process, It is well known  Lhat
pressure Iincreases the visceosity of ligquids, Thus the effect

of pressure will not only reduce considerably any ftendency of

bubble formation, but alse reduce disarder produced by ceonvection

curreats within the systew . ( because of enhanced viscosity ).
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In the initial stages of nucleation and growth, the
dtespphase appears as Sphgrules and as caerbonisation proaresses,
the growing wmesophase Spherules coalesce gand change in shape
in forminé relative complex bulk sesephase and plastic [low
patiern. fhus, three wmwechanisws - the wesophase transformation
itself, the coalescence o6f the init.al spherules to bulk
wesophase and the plastic flow before hardening - act to
establish the principal features of the lamelliiform morptology
of a graphitizable coke. The forpation of a carbonaceocus
mesophase a5 & prereguisite to graghitization is. therefore,

very much siguificant.

{(b) The nucleation, growth and coalescence processes of
the mesophase spherules establish the basic clements of the
graphiite microstructure, The pnodal and crnSS.str&chres are
eSsential features of the cozalesced mesophase, and the nodal

Structures at least are found to persist in their basic

form up to graphitication temperatures,

.
tc) for graphitizablie D}ganic wmalerials endothermal processes
of destrucrion are generally sSeen to occur in the dimitial Srags

of the thermal curves. In the case of an erganic compound under

'heat-trea;ment two coméeting reac;ions dre often found to

“eCUr: cross-linking producing an exothermic reaction, amd

Chain stripping and Hsgaciated reactions which produce endo-

thermic peaks, The second type often allows the formation of

ariefifed aromatic rings, which pgive rise to graphtitizable
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carbon, So an exotlierwic portion of the thermal curve
Somewhere Iin the first stage of decomposition indicates thatl ur

the resulting prouduct will be 4 non-graphiitizing carbon,

The polarized-light photomicrographs (plates 6.5 - 6.8)
obtained for the sSimplest arowmatic organic compound (Heusenu)
at different heat-treatment temperstures and duretioas
iandicate tha; it satisfies the Tirst criteria of graphitizatiouw,
S.g. it passes tirough the carbonaceocus mesophase transformation

and hence it is graphitizable,

Again, the thermal curves obtained for the compound
upder study (figs., 6,3 to 6.4} clearly indicate that endothermal
processes of destructions in the initial portions of the curves
are typical ia the sample and 5o Eit'.':_is'_ ﬂf‘g‘aim pgraphitizablie,
0f cousiderable interest is the relationsiip between the therwal
analysis traces of partially cérbﬂnised sampies and rthe formatrion
of carbondceous mesophase, This is entirely & new phenomenon
which appears rto grise because of bubble forwation occuring in
the sample at the temperature of the formatien ol the mescphase

Spherules. .

]
The particle size agnalysis carried out on the spherules

formed in fthe sample while passing through the carbonaceous
pesephase tramsition, gives Some definite informations regarding
the size of the spherules in the nucleation and in the subsequent
growth to bulk mesophase. Since graphites are formed froam
waterials which pass tArough a carbonaceous pesophase

transfermation, gepsrally in the tewmperature interval of 350 e
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6GQGC, the possibility arises of & relationship betweegn the
size of the wesophase spherules formed from a sample and the
]

properties of the corresponding graphite produced. The sedrch
for such a correlation i2 felt for furure study. GCenerally 8
reduction in sSpherulite size corresponds to 8 swall or secandary
decrease in the X-ray parametersll.

As to the pressure influence on Ehe pitch coking
process, carbonisarion in & sealed tube penerally produce =
higher carbon yield compared with coking in an open crucible.
drn the other haud, 2 pas pressure diuring pyrolysis causes a
poor microstructure in rhe regidoee. High gas ;ressures of
evaporated hydrocarbons Icad to high carbon yield and to hard
carbons. Coking in a sealed rtube provides the condition for 4
copbined liguid and gas-phase ;yrGIySiS. The result is 2
markedly inferior prearrapgement of the carbon atbms‘in the
sewi-coke. flowever, img rthe case of reflux carbonisarion, a

disturbance of the praphitizability has been found teo be

observed.

The work of White et 31.12,13' Duboiz et 51.14 and

Honda et a1.3 l1as provided details of frow tiie anisctropic
Spherules of the mescophase coalesce and grow inte macre-order
{(Um) in graphites, Many X-ray inv%stigations have described
the regions of perfect wicro—ordeL (ﬂ) of & near perfect

graphite lartice, What has received less atrention is the

relation between the form bireflectance of the mesophass
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n

Spherules and the owrder of the graphite Iattice. Taylnrjj
and Schmidtlé stated Lhat oprical ﬁnisatropy is always

the expression of structural anpisotropy and most work onp the
carbonaceous mescplhese implies or preves that the mosoplhase

. i J.18
is & lawinar structurej ' .
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Talble da, 6.1

Nickel-Chromium, Nickel Aluminiuam Thermocouples

fChromel Alumel Couples & T1~T2

cemef in millivolts (absolute). Cold junceion at 0°C.

alloy couples)

Temp. 0 10 24 30 40 50 6t 70 80 90
“c

" G.00  0.40 0,80 1.20 1.61 2.02 2,43 2,85 3,26  3.68
100 4.10 4,51 4,92 5,33 5,73 5.13 6.53  6.93 7,31 7.73
200 8,13  8.54 8.24 8,34 8,75 10,16 10,57 10.98 1I1.30 11,80
300 12,21 12,63 13,04 13,46 13,88 14,29 14.71 15,13 15.55 15.98
400 16,40 16.82 17,24 17,67 18,00 18,51 18.94 19,356 19.79 20.22
500 20,65 21,07 21,50 21.92 . 22,34 22,78 23'20. 23,63 24,06 24.49

600 24,81 25.34 25,76 26,19 26,61 27.03 27.45 27,847 28.29 28,72

700 29,14 29,56 29,97 30.39 30.8f 31.23 31.65 32,06 32,48 32,89

800 33,30 33,71 34,12 34,53 34,83 35,34 35,75 . 36,15 36,55 36,98
gaa 37.36 37,76 3B.16 38.56 38.95 39,35 39,75 40.14 40,53 40,97

16494 41,31 41.70 42,09 42,48 42,87 43.25 43.63 44,02 44,40 44,78

11da0 45.16 43,54 45,92 46,289 46,67 47,04 47.41 47,78 48,15 48.52

1290 48,88 49,25 49,62 49,98 50.34 50,69 51.05 51,41 51.76 52.11

1300 52,46 52,81 53,16 53.51 33,85 54.20 54,54 54.88

|
l

* From - Technical PDara on Fuel by SPIERS.



Table No., 0.2

Thermal Analysis Data of Partially Carbonised

Benzene on Heat-~treatmont at 45090 For a

Duration of 8 hr=s.

a

.-_h?

Time Kire Balencing Total Foate £ Corresponding
In win. Fie) length ain cwo length in cow, in wV. temp, In Gp
& 7 85,0 F95.0 19,78 483
1 ;- 35,0 F25.0 I8.78 458
2 7 50,0 Fa0.0 Ja.66 455
-3 7 43,5 74343 Is.50 450
4 7. 35,0 35,0 1&8.2¢9 448
bl 7 0.0 Fion.o 18,16 443
4] 7 35.0 F3i5.0 18.2%9 448
7 7 ad,d F30.0 18.10 443
& 7 35.0 F3is.0 18.2% 448
9 7 45,0 45,0 1&.54 454
10 7 56,5 75645 18.82 458
11 7 67 .5 Fh7as i2.10 466
i2 7 63.5 73,5 1g.00 465
13 7 535.0 F33.0 J8.78 458
14 7 35.0 75,0 15.78 458
13 7 62,0 F62.0 18,96 463
Id 7~ A0x0 F70.0 19.16 408
17 7 74.0 FFP4.0 19.26 470
18 7 5¢,0 FBD .0 i1%,41 475
13 ;- 45,0 FBo,0 17.53 477
20 P 85,40 FBT .0 19,53 477
21 7 80,4 7B 12,41 475
22 7 3.0 F7ia,0 19.28 471
23 7 0.0 Fr.0 18,16 468
24 ; 80,0 FBO.0 19,41 475
25 ) CB5,0 Fu5.0 19.75 454
26 g 15,0 BI5,.0 20,28 405
27 g 27,0 g27.0 20,58 02
28 g 25,0 B25.0 20.53 Sl
28 g 19.0 g1%2.0 20.38 428
30 g IO, B10.,0 20,153 473
31 8 14,0 “814,0 20.25 495
3z 8 21.0 B2I.0 20,43 438
33 g 23.0 0 E23.0 20,48 404
24 8 25.0 | 325.0 20.353 500

1" :

) g



Table 6,2 [Eontinued)

rn

Time in Wire Halancing "“Toral Iength FE.m.f in Corresponding
il ; Na. length In cm iAifl Chr. ova. terp In O
35 8 34,5 834,5 20.76 483
36 ;! 50,0 B50 .0 21,13 513
37 8 &0, 0 860.0 21,40 52
38 8 55,0 ) 55,0 21,27 518
39 8 . 54,0 T 834.0 21.25 517
40 8 55,0 ) 855,0 21.27 518
41 8 60,0 860,0 21,40 52¢
42 8 61.0 861.0 21,42 521
43 B 53.53 853.5 21.24 516
44 3 56,0 §30.0 21,15 513
45 8 6040 60,0 21.40 520
46 8 7010 §70,0 21.65 526
47 8 golly §801.0 21.90 532
58 8 g5lg §95.0 22,27 540
49 9 20lo §20.0 22,89 554
30 g . 20la 920.0 22,89 554
51 g 21lo 921.0 22,02 556
52 g 3alg 30,0 23.14 561
53 g 350, 835,0 T 23,26 564
54 g 4400 844,0 23,49 567
55 g 5000 47,0 23.56 570
56 g 4?%5. 947.5 23,57 570
57 [ 4500 245,08 23,51 570
58 9 421 2420 23,44 . 568
59 g 3¢ llp 30,0 23,36 566
&0 7 . 35%@ 35,0 23.26 564
“ X



Table £,3

Thermal Analysis Data of Partially Carbonised Benzene on

Héat-treatment at 450 DG for 8 Puration of 12 hrs.

£

Foby

Time in Wire Balencing Total E,u.f Corresponding

ri N s I No. Iength in cw. lonsth in cw. io af teomp. in e

Y] 8 27.5 827,59 20,519 503

1 8 i13.5 BI3.5 20,24 G484

2 7 95,10 Fe95,.0 18.78 404

3 7 84a0 Fi4,0 19,51 76

4 7 - G745 FOF.a 18,140 466

5 7 - 55,0 735,480 18.78 438

& 7 8.0 FIB.0 18.36 447

7 7 30.0 Fa0.0 18,16 443

i 7 58,0 F58.0 18.86 4610

o 7 go, o FE0.0 19,47 475
1 7 Bi. 0 FEs,0 12,53 477
i1 & .0 g00.0 19,580 4815
12 g 1.0 aro.a 20,15 483
i3 3 B5.0 E0S.0 20,03 458
14 7 87.0 FB7.0 10.58 478
15 7 73,0 F7r5.14 19,28 471
16 P Fa.0 75,0 19,28 471
17 7 0,0 780,00 12,41 475
18 7 a9z.0 Fe8,.0 18,85 485
14 7 20,0 Fe0,.0 17,66 480
20 7 2.5 82,5 13.72 482
21 7 5.0 85,0 19,78 £33
22 g fa.5 04,5 2002 488
23 o 14.5 814,53 20,26 4824
24 a 15,90 15,0 20,28 485
25 & 13,4 B15.0 20,28 495
24 i) 20,6 £20.40 20,40 320
ar # 23,0 823,10 20,48 499
28 & 25,0 825,40 20,53~ 501
20 5 24,0 B24,.0 20,50 5060
30 & 25,1 HZ2.1 20,53 501
31 8 32.0 Y oB3z,.n 20.70 504
32 8 ag.d 830, 0 20,87 507




Table 6.3 (Continued)

Time inm Wire Balancing Toral Eemal Corrospending
min. No. length in cme length in cm. 10 BV tcap. ia °C
34 & 23,0 §23,0 20,33 S
is g 21,0 BZ21l.0 20.43 498
36 8 23,1 g§25.1 20,53 S0
37 g 37.0 g37.0 20,82 06
38 & 46,0 g46,0 21,05 51
3¢ & 20,0 B5d.0 21.15 513
40 g 48,5 246,35 21,06 511
47 é 5.0 g25,0 21,27 518
42 & 64,0 864,90 21,50 522
43 & 76,0 §76.0 21.80 528
44 & 0.0 890.0 22,14 238
45 g i100.0 200,4a 22,39 343
46 q 1,1 10,1 22,64 548
47 g 7.0 207,80 22,57 546
48 g 95.0 825,10 22,47 540
49 g . igo.¢ 9ga, 0 22.3% 543
540 g 0.0 gia,d 22,64 548
51 a . 27,5 B27.5 23,08 3549
52 4 iz.0 935.0 23.26 564
53 g 42,10 343,0 23,46 268
54 LY 46,10 946,0 23.54 569
35 9. 0.0 950.0 23.64 5371
56 g $7.5 047,5 23,57 570
37 9 §4.5 . 944,35 23.50 5370
58 g E0,0 940,0 23.39 367
3% g 38.0 9z38.0 23.34 566
G 9 33,5 8933,5 23,23 262
61 # F0.0 a30.0 22.14 S61
b2 g 25.0 025,0 23,01 558
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T‘able Jllllrﬂo '5-4

Conrversion of Benzenc te carhbon im I during mesophase forwatiouo.
No.of Temp., Duration ¥t ., ofF the KWt.of the We, of Ehe Ft,of the % of carbon
- Jbservation 1in °C in hours sample taken rcarbopised tube after carbon in obtained
Sample breasiag 2.

+ Hc gas along
with tuho in gm. ia gm,

5 0,704 gm 23,44 23.249 0,191 27,13
2 540 3 0.704 gm 23,450 23,23 0.220 31.25
5 10 0.704 om 23,455 23,217 0,228 33,80
4 6 0.704 gm 23,445 23,167 0.278 39,48
- 550 B 0,704 am 23,46 23,157 0.303 43.03
6 10 - ¢.704 gm 23,465 23,137 0,328 §6,59
7 6 0,704 gmw 23,475 23,141 0,334 %47.4
560 8 0.704 gw 23,485 23,101 0,384 5454
§ 10 D.704 gm 23,50 23,001 0.409 58,00
10 570 6 0.704 gm 23,52 23,060 0,451 64.06
11 . & 0,704 Jedii 24,510 24,110 0,475 &7, 47

I3 Id U704 gm 24,510 24,010 . 0,300 Fl.02

Sl
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Table No. 0.5

Variation of Pressure with Tewperature at Different
heat-trestment durstion during mesﬁphaﬂe formatrion

Iin beugene in Sealed tube,.

Ko.of Tewp. Duration Wt.of the Kr.of ¥t, of HC. FPreasure

Dbsgr- in®C in sample carb?n in gm. developed in
varion - hours taken obtained the sealed
Ift EM. it 2. tuhe
1 sa0 6 0,704 0.191 0,513 240,415 atum,
2 540 g 0,704 0,220 0.484 233,075 ata.
3 540 10 0,704 0.238 0.466 chzs.ﬂﬁ? atm.
4 550 é 0,704 0,278 0,426 227.77 atm,
5 550 8 0,704 0.303 0,401 220,844 atm.
6 55¢ 10 0,704, 0,328 " 0.376 thj.iai atm,
7 560 6 0.704 0.334 0.37 209,31 atm.,
8 560 - 8 0,704 0,384 0,32 194.818 atn.
y 560 10 0.704 8,409 0,295 [l59.09 acs,
14 57¢ 5 0.704 0,451 ¢.253 173.99 atw.
12 570 8 0,704 0,475 0.229 156,59 atm

iz 370 10 0,704 £.500 0,204 CM43.52

atm
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Table 6.6

Particle size data snd calculation of mean spherulirs

o -
size for beonzene hearc-rtreacted to 240 “C for a durat.on

of 10 hrs.
Gize Raugse Mean Number of Numlber %7 FEelarive Areal Nd Ndmﬁ
I Wi diameter Spherules " areafs00 &
of size opbserved ! )
range in ()
im (dwm)

O-4,.2 245 g £.70 E.ﬂ?&ﬁ als? 21975 . 54,938
3-2,9% 7l 15 16,48 1.3259% 2,506 123,060 g27.010
I0-14,9 12,5 24 26,37 S5.,8920 11,138 329,025 120,312
15=-14,49 i7.5 13 20487 F.1438 17,282 365,225 6391.438
20-24.9 22,3 15 16,48 11,933 22,5584 370,80 H2432.00
253-248.9 2743 3 3.30 F o622 6.738 90.75 2485,825
35-32.9 I7a5 3 F.30 6,5283 12.330 123.75 4640,625
40-44.9 G2.5 2 220 S5.6768 10,729 43,50 3973,75
Si-94,9 32,3 2 2,20 B.6625 16,373 115,50 6063.73

g1 100 52,0082 100 1634,725 37010,.438,
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Table A,7

Particle size date and cglculation
3]

of mean Spherulite size

for benzemne heat-treated to 550 °C for a durarcion of 10 hrs.

»

Humberﬁ

Size Range H?&n No., of Holarive Areai ﬁdm Hdm%
inye  Shemsrer Spheruies . area/ad
iRl

I0-314,% 12,3 7 B, 046 1.718 J.%38 100,575 1257.188
15199 17.5.. y 4,508 1,925  1.052 80,465 1408.138
20-24,9 22,5 12 13,793 9.546 5,215 310,342 5982.706
25-29,9 27,5 8 9.195 9,507 5,193 252,863 5953.?19:
30-34.9 32,5 10 11.494 16,598 9,067 373.555 12140.538
35.39. 9 7.5 12 15,793 26,518 14,486 517.238 19396.406
40-44,9 42.5 17 19,540 48,253 26,359 B830.450 35294.125
45-49,9 47.5 4 4,598 14,182 7.747 218.405 10374.238
50-54.9 52.5 3 J.d448 12,993 ?.ﬁ?ﬂ 181,020 95053,530
55-59,9 57.5 . 3 3.448 15,587 8,515 198,260 11399,950
60-64.9 62.5 4 4,598, 2,554  1.395 287.375 17570.313
65-69,9 67,5 7 1.149 7,160 3,911  77.558 5235.131
?07?4.9 72,5 2 2,289 16.520 2.024 I66.678 120854.119

T e 100 183.061 100 3594,784 149600.12

. ﬂ.';-l"-



Parricle size data end calculation of mean Spherulite size

Table é'S

119

for benzeee heaf-tre&ted:tu el GC for & duration of 10 hrs.

Number 3 Relative

Size Range Mean Number Area &4 Nd Nd *®
in  iim. diamcter ol N area/500 ° o

of size zpherules

range in observed

Mml .{.d.m.). - {n) B o
15-719.9 17.0 1 1.?13 fadB] f.121 28.228 493,981
25-29.¢ 27,3 ] 1.613 1,188 0,299 44,358 1219.831
30-34.9 32.5 ! I1.613 1,660 G.418 52,423 1703,731
35-39,9 37,5 4 64452 F.832 2,223 241.95 9073,125
40-44,9 42.5 Il 17,742 F1.222 F.933 754.035 32046,488
45-49,9 4745 5 B.065 . 7.091 1.783 383,088 18126,656
50-54,9 52,5 . 4 5.452 17,325 4,357 338,73  17783.325
53-59,9 5743 5 8,065 25,978 6,534 463,738 26664.906
60-64,9 62,5 g 14,518 35,2486 13,895 907,25 S6703.125
65-H9.9 67,5 . 2 3,226 14,320 3,602 217.755 114693.453
FO-74.0 72,5 5 &,065 43,299 10,387 584,713 42381,656
F3-79.,4 . . 2 3,226 185,877 4,748 250,015 . 19376,163
B-84,4 £2.5 2 3.226 21,321 5,380 266.145 21956.963
B5-8¢.9 87.5 . 3 4,838 36,094 9,078 423,413 37048,5%4
Fo-74,9 92,5 2 3,224 26,891 B.763 2?3.4@5 L 27602,.463
95-99,90 ;%.5 . I 1.0613 14,938 3,763 157.268 15333.581
100-104,9 IU?.S 2 3,226 33,020 8,305 330.665 33893,163
105-109.79 I07.5 d 1,613 18,160 4,567 173,398 18640,231
120-124,9 122,55 . 1 1.6812 23.581 5,931 197,583 24205,081
| | 62 Illléﬂ};ébl 100 6113,17 - 419031,52¢6
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Particle Size anawlysis of benzene

Number FPercentage
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Farticle Size analysis of banzene
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Table 6.11

Hedan arithwatic and area splherulite

diamefer,

Heat=-treatmenr D, (e} D (um)
Sazples temperature (°c) d #
Benxzane 5440 168,35 18,24
Gﬁ a, ‘
S50 35,947 38.648
560 61,132 64,73
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PERCENTAGE OF CARBON OBTAINED
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Fig. 6.6 Variation of Pressure with Temperature at different

heat- treatment duration during mesophase formation

in Benzene.
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