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A study of mesophase fo rmat ion  in acenap hth ylene was undertaken In an

attemp t to determine the effect of gas bubble percolation during pyrolysis

on the mesophase microstructure. Samples of acenap hthylene approximate l y

20 g in size were pyrolyzed in tes t tubes to various t e m p e r a tu r e s  between

4OO~ C and 5009 C. Examination of the  p y r o l y s i s  res idues  revealed that

mesophase sphe res up to 14 ~im in diameter  were formed d u r i n g  h e a t i n g

acenap hthylene to 404°C. During h e a t i n g  to 45O~ C , the spheres grew in size

and coalesced to produce regions of fluid coalesced mesophase up to 2 nm~
in size . Comp lete conversion to the  mesophase occurred between 466°C and

500° C. The mesophase produced from acenaphthylene was found to contain a

small amoun t (�20%) of the f ine  f ib rous  m i c r ost r u c t u r e  cha rac t e r i s t i c  of

good needle cokes used in g~ aphIte manufacture.

Acenaphthylene samples about 20 mg in size were pyrolyzed on a micro-

scope hot stage. Mesophase formation , coalescence , and deformation due to

gas bubble percolation was observed directly at pyrolysis temperatures

between 4130C and 455 °C. After mesophase formation began at 4130C , gas

bubble percolation through the sample was found to cause coalescence of

mesophase droplets , formation of defect structures in coalesced drop lets,
and deformat ion  or stretching of the coalesced mesophase.
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THE EF4FECT OF GAS BUBBLE PERCOLATION ON THE CARBONACEOUS MESOPHASE PRODUCT
FROM ACENAPHTHYLENE

This report presents the results of a study of the formation of the carbonaceous
mesophase dur in~ the pyrolys is of the hydrocarbon acenaph thylcne. The work was
primarily dire cted toward determination of the influence of gas bubble percolation
on mesophase formation and coalescence of mesophase droplets. A literature survey
of the characteristics of the carbonaceous mesophase is also included in the report.
Both the literature survey and experimental work was submitted by the author to t h e
University of Maryland Graduate School as a thesis in partial fulfillment of t h e
requirements for a Master of Science degree.

Support for this study was provided by the Naval Sea Systems Command under .15k
No . SF 54594501.
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~r .p i i i t e  m a t er i . i l s  -os “ p i l v c r v s t  t l l l i n e ” , s in e s -  t h ey  ar t ’  s-o mp os i ’d 01 Ir5 -a s  w i t h  a
leir i n f e c t  pr~t p l i i t e  c ry s t a l  s t r i i s ’ t  o re (t h t ’s s ’  .~ r 5 - l s  i r s - il led crvs t~l l l  it e s )  con-

n e c t e d  Cv i r s - I s  e t  amorp hous  i- a r h o n .  T h e  - r v s t  i t  l i t s ’s i r~- s ’ s ’~~p s ’ss-d  of p l r I l l s ’l
ia ’:et - s of a r t i s t  a t oms . I-b i t - h  t av s ’ r c o n t a i n s  c a r b o n  i t o m s  a r r a n g e d  in 1 1s ’x~ I p e n t l l

p a t t e r n .  The t e r m  ‘‘amo rphou s  s -a r I se s ’’ is used  o s I t e ’  r i b s  t l i t -  mans ’ d j o t ’ m it ered  fo rms
of 4 - a r t ’o u i  s’Is’~~e st  r i t e  I lire and p r op er l  icc a r i j u t  c r m c d i a t e  b c t i s s - s n t he t w o  cx l  rent’s
r e p r e s e n t  t’d Cv natural graphite and d i a m o n d .  Amorp hous c a r b o n  may aissi c O n s i S t  of
s t i , i I  1 p r i ’l ip s  and i n  some i ’ l S eS r i b b o n s  of  c a r b o n  l ive i p l a n t ’s ii f va rv  ing s i zes  w i t h
l i t  t i c  t h re5 ’— d ir n s ’t i sj o t i a i  o r d e r .  The propert is-s o I p si  v5 ’ rvs tall iris or m a n u f a c t u r e d
grap h i t , s  a r e  dc l  er m in cd  Cv t h u e  s iso , shape , or i c n ta t  i o n ,  and i i i  t e s t St  rue t l i r e  of
t h e  c r v s  t i  I I i t  es , and t h l e  n a t u r e  o I the amorp hous carbon r eg ions  hold !  t ip  the  i- r y e —
Lallit cc t o g e th e r .

( h e  pe l v s ’ r v s  r o l l i ns  si r u t - t t i r e  o f  mans n t  ured gr ~i p h i i  t es is d i v e  1 oped d u r  isp
l e - I t i t i g  c e r t a in  i- a rh o n  based ( o r g a n i c )  m a t e r i . I  l. s s u s hi  is p e t r o l e u m p i t  ‘ 1 1 - 5  t o  t e n t —

p e r a t u res as h igh  its 2800° C. This  t i e a t i n g  process  is s - a l  led ‘‘ g r a p h i i t  i e a t  ion ’’ , and
it  r e s u l t s  in t h e  I o r u n a t i o n  e l  s ’r v s t a l l i t e s  whose t h r e e— d i m e n s i o n a l  st  r l i c t  l u r e  is
s i t ~t i 1 t l r  t o  that of this ’  i d ea l  g r a p h i te  c r c - n i l  s t r u c t u r e .  S i n c e  the  p rap h i t  i z a t  i ou -i
n r o s -es s  p roduces  a p e t v c r v s t ~ i lt in e  m a t e r i a l , it is nes ’ s s s s i r v  to  d e f i n e  t me t  I i i  t o
d i  S t  i u n : i u  ish be t een  mat  e r io  is whose ry s  t a I Ii ~-s tiave d i f f , - u s ’ i t  i t cp r ees o t~ d i  sorde r
The t i -run “ P s -pr o s  of p r : l p l l i I  i ; t l t  i o n ” is used to  l I d  i ’ a ts  the r e l t l t ive  dep r e e  to  w h i c h
t h e  c r v s  t a l l  i t s  st r u t ’ l i m e  d eve loped  d u l r i n g  p r a p h i i  t i z a t  lout  ip p r o a s -hes  t if l -  i d e a l
St  rue t i l t s  of  si np l_ t ’ c r ’-s t i i  gi- ap lsi t o .  An i s l ea  l~ g r a p h i t e  c r v s  I al i l l S  O il interl~l\’er

~o-’~- h u g  (~ ‘ r o L l  1 semi l~I t  t ice spi c m g  of 0. 3 350 nm. t i t t e r  I i v s - r  Sp i t s  t ug s  f rou n
0 .3  35 0 1 ’  0. 3 3 (4 nun h a v e  Cccii reported 2’ f o r  u . i t u r a l  g r ap h i t e .  Orptlllis ’ m a t e r i , i l s

sb cli d i v e  top an t l v er a g t - t i l t s ’ r Ia \ -er  5~~ iiC i up . l e ss  t h a n  0. 3360 nun d u r i n g  g rap h ! t i ~ta —

ion (h i e . i t  ui 0 to PS 00 ° ) i- - s a l  l v  s - snsid ered2 to  he “ g r ap h i t  i z i u i p o r g i n ic s ” . A
er ~ip Iii  t i z ing organic is said to  to run 1 ‘‘ Wi 11 0 r i le red g raph  i t  I t - 51 r ite  t ii r~ 

- ‘‘ on isa t isp.
to 2800°C or t i  l I v e  a b i g ht ‘‘ g r a p h i i t i z a h h l i t v ’ . I n  i’ont  m i s t  to  t h e  uI s ’Vs ’ dis ’ns si s sn ,

Ill o r t t a n i s - s ited t s ’ 2800 ° C which  dev e lo p s  an lver ~l ge i n t e r l i v s -r Spas- tuig gri l l u ’

iu ~ln I ) .  3360 nun may he c loss i f  i t - s I as a ‘‘ n o n — g r a p h  i t  i sing ’’ o r p I n  i t ’ , si ns - s t l ie  I i i  p l u s ’ r
i n t e r  l iv e r  s p i t ’ I u p  [nil i c i l t  cc a I : I r p s ’ n u m b e r  of d e f e c t  s j u t  t h e  r r y e  t i l l  j t  i - i t . Such  a
m a t  ~-ri al w ’ii 1 1  h a v e  .u low degree  of g r a p h  i t  i za l i O n .

Tiss’ lvs ’i-~Ige s t ac k i n g  h e i g h t s ’t  t h e  l ay e r  p I l l s ’s iii s - r v s t i i l l i t s ’s ~ S 1 I t - i ’
iS an i n d i c i i t  fou l  o f  t h i s  r~ - l , l l  ive  ds p r s - s - ‘f pu i t t l i i t  i Z I t  15 111 . For examp le . i - ’ s’ u i a p h i —

t h i y h s ’ t i s - is .t g r t i p l i i t i z i n g  o r t ’, ,n ’ l i s - . I t J,s u ’ s ’s I i > s ’ s ’s 1 p_ r a p h i t  i~t’, s s l  u a i t 5 ’ u - i . t I i - i t h i  , in
a v e r ag e  i l l t s ’ r t . u v t - r  5~~ iiC ing 5)1 0. 3 (56 nun4 and an . v er ag e  i- r v st i t l  [ i s ’ h e i g h t  s’t  i s t s s ’u t
4 5  tin t . l o u — p r  I p i l i t i ’ e in g  o n o l le e u s ua l I v  l ay s - in I v s - r . l  5 c r v s t t l l l i t s  hi’ I l i t  s i t

5 t i m or less.

Pv r ot v— i i s and s ’ . i r b o n i z . u l  ion . I r , - t o ’ s’ i d d i t i o u i t i l t e r m s  lOs ’ s1 I u’ e q l i e n t  l v  lu l t l i e
- - i I ’s ’ s i l i s l I s t r v .  L i r l s o u i i . - t - i l  i on  i s  s t s l i n s ’ d - is  t h i s  p r o t ’ s ’ss s i t  s ousa-rI i t u g  in o u t - l i ’
j u t s ’  - - I r b o u l  Cv h , ’ - i t  t l - , - . I t m e i t t .  Th u s p r s ’s ’ s s s  is 99”b ‘ s ’n l 3 ’ l s t s -  1 1 1 , -u tu eat tr i p t o

- 
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1000 ° C , iuu ~I - r b o n i z at  j o t s  is  sts-Iu ’ - r  ~1l v  r ’ i s ’ r r e d  to as a h i - i t  t r e a t m e n t  t o
t e m p e r s o u u s ’s in  t h ì ~ r ings ~f 1000 — l 200~~’ . l’ v r o l vs i s , on t h e  i t l u e r  h and , i s  t i e s - t i
t o Pt-scribe tue : t , - t t  t u ’ s - I t ‘ i t ’  I s ’ I  o r g i r h  es t o  t e r u p i ’r a t u r t - s  l ts s  t h a n  500° C.

I t  mus t  be r ’-~ , s - t : t s ’t ed 1 l i l t  ( i t s -  c i i s s i f i c i u  l o t i  of  t e r m s  as described itbstv s- is
a r h i t r i rv , i : t P l’ , i s s ’ I  on I t s - , i v , ’r i i ’ i ’ i r s - n t  is -s of a s : i t t t p l e .  Due to the nature of
p ol vs -r v st i l li n e  r n - I t t - r i - l i e ,  a ma n ii t i t t i r e d  graphite contains small regions which
c ou l d  he c l i ss i  u it ’ d as i u t . s ’ r 3 s i l L s u s  c a r b o n  (no t h r s - t ’— d i tu i c n s iona l  order) . Likewise , an
‘ i n t l ~ c l i i - ,s i t  I ’  d is u u s t — s - r ~i p h i  t i z in g  ni i v a lso  f o r m  a smal l  number  of n e a r ly  p e r —

1 es t g r a p h i te  c ry s t a l  i i  t i - s  d l t r  iug bi tt isp. t o  2800 ° C.

rhe di ve t~’t r ,t 5-uut of p- l v - r v s l  st line graphit t- s has it - s -n emp irical in nature.
s ince  t h e  i a h r i  ‘~ t ion pr ’csa l s i r s ’ i n v o l v es  the  c a r h o n i za t  ion of comp lex ca rbon  bas s-P
ma t t ’r i i l s  (p i t t - I ts -s and c ’ks’s) of u n k n s o’u cbs -r i -a l  c o mp o s i t i o n .  s\s a r i - s i l t  , little

rs ’prs’so has been mad e in ds ’vs ’iop ing a s c i e n t i f i c  basis  fo r c o n t r o l  of the m i c r o —
St  r u e t u r e , au id thi s- r i - t o r t - t i s s -  Pro~u s ’r t  i s - - -- , of  graphitic materials. However , it has
r e c e n t ly  l ’~-~-n shown ’5 t h t t t  t I l e  t i i c r o s t r u c t u r t - and p r o p e r t i e s  of g r a p h i t i c  m a t e r i a ls
- i r s - d i - t e r m i n e s i  Cv t h i t -  cl i  i r , s - t , - r i s t  i c s  of an ordered  f l u i d  wh ich  is formed d u r i n g
t l i s ’ ~i’’ro l~’sis ou c e r t l i  ;u p i t c i l s - s  and h i v d r s s -t l r b o n s  used as p r e c u r s o r s  f o r  m an u l  ac—
t u r e d  g r a p l l i t i - . i i i  i - s  or-sen P 1 l si id  fo rms  in t h e  370 — 500 ° C t e m p e r a t u r e  ra sps- , has
p, ituv ot t h e  p r o p e r t  i ce  sn aenuat 1’  l i q u i d  c r y s t a l  , and has been termed t h e  ‘‘ carho—
n i c 5 - s s , l s  mesophase ”

The car b o n a c e o u s  mesophase  is obse rved  m i t  i ;i1lv 6 9  as o p t i ca l ly  a n i s o t r o p ic
s ph er e s  of m i c r o n  s i z e .  These s p her e s  row in s ize  and coalesce w i t h  increases  in
hea t  t l’ s- l t u t l t - n t  t ime and t e m p e r a t u r e  to p r o d u c e  an o p t i c a l ly  a n i s o t r o pic  f l u i d ,
r e t e r r e d  to  as t h e  coo tes s-ed  m eso pi u t i s s ’ . The coalesced mesophase is composed of
n5 - . ir l ’ .’ p a r a l l e l  l ov e r s  of  L in t - c  p l - i u t r  lr~~- tttl t Sc m o l e c u l e s , w i t h  no t h r e e — d i m e n s i o n a l
o r d e r  and n u m e r o u s  s t o c k i n g  d e f e c t s .  Th i s  o r d e r i n g  of p lanar  a r o m a t i c  molecules  is
the  b e g i n n i n g  of th ~ d s ’v s - l o p n u e n t  of t h e  gr o p h i t s ’ c r y s t a l  s t r u c t u r e .  The number  and
k i n d s  of s t a c k i n g  its - f e e L s  in t o e  co a l e s c e d  mesophase  a t  the t e m p e r a t u r e  of mesop hase
s o l i d i f i c a t i o n  d e t e r m i n e s  t h e  t vp ~’ of g r I t i l i t i c  cr v st a l l i t e s  fo rmed  d u r i n g  h e a t i n g
to 28 00 ° C. T h e r e f o r e,  t h e  p r o p e r t i e s  of m a n u f a c t u r e d  g r a p h i t e s  are c o n t r o l l e d  by
the  or d e r i n e  d e v e l o p s - I i i i  t h e  c o a l , - s ce d  mesophase  below 500 ° C.

The following stud -c deals primarily with the general characteristics of the
c ir b o n a c e o u s  mesophase  p r o d u c s - i  d u r i n g  t h e  p v r o l v s i s  of acen a p hth v le n e , and the
a f f e c t  of gas bubb le  ps r c o l a t i o n  on the  mesophase m i c r o s t ru c t u r e .  A rev iew of our
c u r r e n t  u n d e r s t i t ’st I t i g of the  p h y s i c a l  and m i c r o s t r u c t u r a l  c h a r a c t e r i s t i c s  of the
- - u r b , snacsous  mesophase  is  g iven  in C h a p t e r  I I .  ‘rhis review i l l u s t r a t e s  the impor—
t i n e s - ’ of the  mesophase in ds -t e r i n i n i n g  l b s  m i c r o st r u c t u r s -  and p r o p e r t i e s  of g r a p h i t ie
m a t e r ia l s , and d isc u s s e s  t hose  f a c t o r s  which are  known to  affect the o r d e r i ng  of
m o l e c u l e s  in t h e  c a r l s ss n - i - s - , , t t s  mesophase .

B. STATPMII l ’I’ s)F T i lE  P R O B L E M

D e c o m p o s i t i o n  and ds ’hvdrogena l  iou l  reas -t i on s  wh ich occur  d u r i n g  this  p v r o ly s i s
of ms ’ - s ip h a s e  f o r m i n g  o r p l i i i s -s at  a t m o s p h e r i c  p r s - c s i u r s ’ ar e  known to produce  I~I rg e
vo lumes  of volatil e ‘r ~t l u u i c s .  S i n c e  t h i s ’ ms’sophase is f l u i d , t h e  f s ’ r m ~l t  ion of gas
h u b b h t -s in t h i s ’ mesop l u - i s s - — i n t r a n s fo r m e d  p i t c h  m i x t u r e  and t t i e  s t i r r i n g  a c t i o n  of t h i s
these bubbles  as t h e y  move t h r s s u g h  he mes ophass -  w o u l d  he expe l , - l  t o  have some
m l  l i t en c e  on t h e  m e s o p has s ’  m i c r o- s t rIte tur ,’ .

2
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Both Dubois , y t  01.10 and Whi t - , s-t ~ i . ll 13 have rep orted that gas hubbi s’
p er c s s l i t  t o t  in the  com p l e t e l y  coal s- scs ’d mesophase producs ’ s a f i n s -  I - st i r -  of
ext  m e t  iou-i contours around pores formed by the  gas bubb les .  This f i n e  t s - ; - : tu r e

rs - -;ent s b o t h  St  i n k i n g  ds ’ f t - c t s  in il15 m o l e c u l a r  l a y e r s  and fo lded  l - a v s - r s  in ths-
u t u s - s s ’ph i s s ’ . Thus , ths ’  m i c r o s t  r u c t u r e  n i -ar  a por t -  p roduced  by gas bubb le  f o r m a t i o n
i n  I l l s  c o a l e o , - ’d mesop hase has a s t r u c t u r e  e n t i r e l y  d i f f e r e n t  f r o m  reg ions at  some
dis t inc t ’ from the  port- . N ucleation , growth , and percolation of gas bubbles th rough
the coals-st- s-P mesophase was reported 10 ’1l ’12 to increase the density of molecular
l i v e r  s t a c k i n g  si t - f i s t s  and f o l d s  h -c seve ral  orders  of m a g n i t u d e  when compared to
samples of fts -sii t v coalesced n’t esoph as e .  It was postulated that since the coalesced
t ue so p hase is a viscous fluid , gas bubble percolation results in plastic flow and
deformation of the coalesced mesophase. The s t r a i n s  produced  inc rease  t h e  number
of defs ’c t s  in the ideal layer structure of the molecules in the coalesced mesophase.

bs’iti te and Price have also reported 1-4 that bubble percolation in a fluid coa—
tesced mesophase just prior to mesophase solidific ation (see- Chapter II , Ss’c tion

-
~ . 2 )  is responsible for formation of the fine fibrous microstructure. The fine
l i ( u r s n i s  n i i c r o s tr u c t u re  is important because it is the characteristic microstructure
found in hi ghly graphi tizing needle cokes. However , th e studies men t ion ed above
art - all based on polarized ligh t obs erva tion of mesop has e samples cool ed to room
teaper sture. There is no dires~t evidence which shows the influence of gas bubbles
on the mesophase rnicrostructure . This stud y is an attempt to determine by direct
obss-rvation the affect of gas bubbl e formation and per cola t ion on mesoph ase sp heres
and on the aicrostructure of the coalesced mesophase produced from acenaphthvlene .
-\cs-n atththv lene was selected for study since it is known to form the mesophase15’16
and prod uces a well ordered graphite 4 on hea t ing to 2800°C . Sin ce the chemical
reactions which occur during the pyrolysis of acenap hthylene are known ,4 l t s t e r p r s - —
tation of the results will be more meaningful. It is hoped that the results will
identify some additional factors which determine the characteristics of ttue ineso—
phase microstructure. Control of the microstructure of the coalesced mesophas o wi l l
allow one to control or tailor the properties of manufactured graphi t ic ma te r i a l s .

3/4
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CHAPTER I I

REVIEW OF THE LITERATURE

A. I~~~ORTANC E OF Th I E F L U I D  STATE

I t  has long been recognized t h l S l t  p i t c h e s , po lym ers , and h y d r o c i r I n ’ : t n  may  h i -
d iv i d e d  it-i t o  two  g r o u p s:  (1) t h o s e  wh ich  g r a p h i t i ze  or form t h r s - c — h i t t l s - a - -, i o l l - i i
o r d e r  on heat t reatment to 2800°C , and (2) those which do not graphitize . ~-1 - it s- rii l s
w h i c h  g r - i p h i t i z e  are known to exhibit  reg ions of op t i ca l  a n i s o t r u p h i ’ when  ob ss- rvs- l
u n d e r  p o l a r i z e d  l i g h t  a f t e r  c a r b o n i z a t i o n. R amdohr 17 was one of  th a i  f i r s t  i n v s - s t i —
got  , r s  to r e p o r t  in d e tai l  on the op t i ca l  an i so t ropy  of g r a p h i t i z i n g  m a t e r i a l s  w h i c h
P i P  b een is - i t  t r e a t e d  above 500°C. He used the t e r m  “mosaic ” to describe the
ob e e-r v ed  m icr o s t r u c t u r al  features.

,\ I ’ t er  R a md o h r ’ s paper in 1928, numerous i n v e s t i g a t o r s  described the optical J
eltso trop\’ of graphiitizing materials ( m o s t l y  coa l s )  which  had been heat trs -ated
tb~’v~ 500°C. However , little progress was made in relating the microstruc tural
chl r ic t sr ie ti c s of graphi tizing materials to the processes which occur during c ir—
I-ioniz ation until Mackowsky ’s18 work was published in 1951. She observed that t h e
S i c  of the optic ally anisotropic regions in thermally treated coals was dependent
aps)n ti-ic degree of plasticity which developed during heating from room ts’t-u ) s’raturs ’
to 550°C. Altho ugh numerous papers were published describing the “mosai c ” str uc—

~u re of carbonized materials , little interest was developed in the microstruc ti ir il
ispes which occur during the hea t trea tmen t of graphi tizing materials in thi s-

t s ’mns-r ,iture range below 500°C. The importance of the microstruc tttral ch ings’s whi - h
occur during this tetuperature range , and the potential of microscopy as a method s i t ’

documenting these changes was not fully realized until the lats- Fifties and early
Sixt is-eJ~

In a series of investigations by Kipling, et  al.,2° and later liv Kiplit i g -and
Shooter . 21- ’-22~

23 the significance of the exists-nce of a fluid stats during carl-ion--

izat i~’: was s- stablished. Polymers and hydrocarbons which could he classif it ’d -~~~~

graph itizing were shown to be optically anisotropic after a 700°C heat tr s-it t ~u , - u t
L n d i ’ ~i t i r t g t h a t  some degree  of molecular orientation had occurred d u r i ng  t h i s ’ s- i r i v

e t iges  o f  ‘ ir i s o i i i z a t i o n .  The e x i s t e n c e  of t he  f l u i d  s t a t e  d u r i n g  c a r b o n i z a t i o n  ~- i s

post ulated by Ki pling and co—workers and later by Ihnatowicz , i t  a l . 24 to p e r m i t
Lu’: mol ecu lar ori ent ation nec essary for the development of a graphitic stru i’tur s’ .

The existence of a fluid state during the early stags -s of carbon ization
( I L )  — 500°C) is necessary if the material is to develop ii b i i i i h l v  gr aphit ir u-i t r u e —
t ire on heat treatment to 2800°C.25 The extent or degrs ’s- of molecular mobilit y i n

he ~+ O O  — 500°C temperature r i i u i g s ’ determines the ex t  s - i t t  of format ion s i  c rv s t  - 1 1 1 1  us
pr - rhs - r , at-id th erefore , the graphi ti zah ilit v of the material. O r ii il ’i i c  mat s -ri als
wh I -h do n o t  go through a state of fusion d l t r i t g p vr o l~’s i s  i t  400 — 500°C produce
non—graphit iz  in g  s i r  disordered s-s irbo uis . Thers’ art- s -x ceh”tions (i . s’ . , m a t  e ri l ls
s-h lath do u u o t  f l t g s ’  b u t  g r a p h i  t i zed on h eat  t r e a t m e n t  t o 2800 ° C) ; b itt in c a c h l  s i - s ,
r, -i s > r t ed, s - it bi ~-r m e t a l  c a t a l y s t s  wer e  presen t or some I orni of ‘‘ ‘it  rs - ss s’arh s s n iz s tt i o n ’’
sir ‘ st ri -e s triphi t iz’i t lou ’’ was employed.

5
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B . MESOPE{AS E SPHERE FORMAT I IN AS~b E,)l~ i H
PYRO!,YS IS ~)F HYDRO (;,-\li’ ti~t :-~S

I .  c u i e r a l  Microstructural Charast t cr ist Is’S

I n  1961 , Taylor26 dis covered t h a t  gr a~i h i i t iz j u t ’ ’  o r g i u l  ice can ex i s t  in a St Ot s -
wii t’e5 - st riicture is intermediate betwect t b iot of ar - i isotr ’sj~i I -  fluid and a c ry s t a l l in e
esulisi . This ordered fluid was found to exist iii the 400 — 500°C temperature range ,
nih s-as investigated in detail by Brooks and Taylor6 9  during the pyrolysis of

~s r g i n i e s  such as naphthacetie and coke oven p ltc its’s . Samples of organics heated to
-4 C i u i  — 500°C were cooled to room temperature , sectioned , polished , and observed using
polarized light microscopy . The observations made on samples heated to different
t s T t g ’ s ’ r I t s i r c e  may be described as follows . As the temperature was increased , the
organic material melted to form art isotrop ic fluid which developed a pitch—like
nature due to des-omposi tion of ti-ic starting material. Molecular rearrangements and
cotid ensation reactions occurred to form large pol ynuclear aromatics. At tempera—
t u n e  above 400°C, optically anisotropic spheres of micron size began to appear in
th i s isotropic pitch (see Figure 1). The temperature required for sphere formation
varied with the original chemical composition of the organic being pyrolyzed , but
was usually in the range of 400 — 450°C.

Increases in heating time or temperature of the material in which the spheres
had formed resulted in nucleation of new spheres and growth of spheres. When two
or tore spheres made contact , coalescence of spheres occurred in three dimensions to
gi ve  a more complex structure (see Figure 2). Crowding and coalescence of sp heres
caused deviations from the spherical shape when the transformation to the ordered
fl uid was more than 50% complete. As coalescence of spheres became extensive ,
growth of the ordered fluid occurred primarily around the edges of large regions of

t s ,ils- sced spheres as shown In Figure 3, page 8 instead of through sphere nucleat i on
-‘iti d g r o w t h .  The process  of sphere growth and coalescence was continued until the
isotrop ic fluid pitch had been completely converted into a viscous “mosaic ” struc-
ture (see Fi gure 4, page 8).

2.  Mesop hase Sp here  S t r u c t u r e

The ordered fluid observed by Brooks and Tavlor6 9  daring the pvro lvsis of
graphitizing organics has many of the characteristics of certain types of “liquid
s ’rys tals ” . Therefore the term ‘ carbo naceous mesophase ” or “mesophui s e”* was s o l e s - t e d
t o shiscribe the spheres and the comp lex mosaic structure formed by sphere coah-s—
cencs - . Bo th  the  sphe res  and the  mosaic r e p r e s e n t  a s t a t e  of a g g r e gat i o n  w i t h  p i ’ i)~’—
sr t i ss  Intermediate between those of an isotropic liquid and ii c ry s t a l l i n e  s o l i d .

El emental analysis ,9’ 16 in frared9’16’27 and ultraviol et 9’27 i b s o rp t  ion  sp e c t r o s —
copy,  mass spec troscopv , 28—31 nuclear magnetic rc’son’Ins’s, 16 a n d  nun ]  t ’c t t l i r  ws ’ i g h i t
det s-rmitm t ion s 9 ’ ’-6 ’ 27 have provided ct - inc ins lye cv i  s h i n e s  t h a t  t he m csop ha ss spher i c
i r  composed p r i m a r i l y  e f  p o ly n u c l ear  aroma t Ic hy d r o c a r b o ns .

These r e s u l t s  a long  w i t h  St , d [ i ’~ by  Lewi s , S i  n i5er  , l - d - s t  ron , ins!
s o— w o r k er s 2 , 27 , 32 18 on t h e  c a r b o tu i z a t  f o n t  o f  p i t r t  b i v s h r o c - i r l s s u i c  h i i ~ ’ t I t ’s ! t o  t his
t o l  l owing expl -mat ion of this ’ ch e m i c a l  chaugs ’t-s whi ch p r - s b u s ’ - un , - - s ’ s l i a e s ’  t ornu  I t  i on .
‘)rgani -e which form t h s  mesop hase  i u t s h , - r s a e s i u l t  m i i i ’ ;  0 - i l - - ‘ i  d~ ’ s’omp s ssi  t lou t ,

* ( i - k  . “ m t - n o ” — I i t t  c m e d  La t s - and ‘ i - i s  i - i ’ — s t - i t ’ or ‘ b - i  s

6
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FIG, 1’ , INITI AL FORMATION OF MESOPHASE SPHERES
(BI~sck B,ic kqr ou nd is I s s ’ t i , t p i s ’ Pitch )

- -1

~~~~~~ 
PITh

FI G 2, GROWTH AND COALESCENCE OF MESOPHASE SPHERES DUE
TO INCREASES IN TEMPERATURE

*F i g u i u s : 1 _  ~ ;r c r t - f I ’ ’~~u es.I ~o ] : i r j ’ - sl  I i~~’u i ~~u s ~~t ‘tH u u u~he s i  s o l  i - sh e d  e.I t’ u i i lt-e
0 1 pvroiv :’s-sh a c s ’ n . i p l t t  iv I ens ’ . ‘n y - - u  , i ’ ~~~s i i ; l , ’ S ; ; s v  s i c , ,! I s ’  i l  l~ i -~u F i t s  t in-

s t - i s ’ r i  1 ci , ;i r ae  I ‘ u  l e t  i s ’ -
~ i t  tn t ’ ~~s , u ’  i , ~- ,  - t - n I I ‘ i t  • ‘ ‘ t i  • I ~~l ‘ .1  I s ’s, s - n ’ ’ ’  wit I c l i  , ‘c e a r s

d u r i n g  t h e  p vr o i ’ :  - i s  ‘i  i t u s -  i t  ‘ }; t ~ ‘r g i t i t  i t  h i t S  ‘ ‘ u~~~~ u ;  - - 5 ,  r j , s I .

_  -
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FIG 3, ADVANCED STAGES OF SPHERE COALESCENCE

__ ~~~~~ r I~~~ê ~ . 

~ >~~2’ L 2 00 ~i

FIG , 4 , COMPLETELY COALESCED MESOPI-4ASE
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dt_ h vdr i gena t I ott , i ,  i i i ’  itt ’ , ‘e t , i u~~l s O i t s h , ’ I l ’ - i - i  t I t i nt  5~ u t  i n t i s  sl i t’ I t u g  l i~~i I I nit’ , t s~ - ‘400 —

500 ° C.  This ’u-i s’ i - s - _ i ’  I e ’ u  t ’;~~~ n ’ s ’ s i t s ’ - s p i t ~
- h t u u u - i t  c i  I i I s ’ s ’ u u u ; ’ s ’ ~

; , ’ sl 01 t , - a - - ; t 0 I t I : I s I  i i  - is of
d i f f e r e n t  a rom ,t t  I s  r i n g  s v s t 5 ’u tIu- , , s ’~~’ s ’ l l  s- 1i - i i  t h u  - - I  ; t t ’ t lug ;;i , i t en i - i l i i pure hivdr s ’—
c ar b o n .  f lc l~y s h rs t ’ , ’ u u , i (  h u t  n i - s t i l t s  i n  t I l t ’ I s ’ r u u t ; i t  I O u  s i l  i l a n . i r  , i t ’ s ’ u u i i t  I s  t r i - ,  ras h i c a l s , 39
at u d is t o l l o w e d  h iv u’ , - i i  u - , i ut  ~‘~ ‘ms nt t a n d  s ’ s ’ l i s l s ’ t t  ‘n i t  l o u t  Fi t s ’ t i s ’u e wit h s ’ b i  st sad I lv I us ’ r i - a s s -
he size ot t a ’  - i F s ’u t i I t  I c  me I s C s i  ‘s i uisl thi s ’ ( ‘f t - I r : i t  i s ’ . ‘I ’h i i i s  , h a i ’ i , e iroma t ice ire
formed by ,i p r o ces s  wIn i s 1 t  t t s i v  hi ’ s h s ’ S s l~~ ‘s i t  i ” , , t  i s ’ s n , u l i s ’ i I  pol’a ’ -u - i t i t  ion . Ls ’ii—
t i n u a t  ion 01 t h i s  i s t u q u ’ i t  s i r s - — I  j u ts - s ’v s ’ l e  i 5 - s  - e t o  I s ’ n t n i t  i t ’ l l  ot t i n t u t - i t  i 5 - tut o l s - e t i l s ’s 01
su f f i c i e n t  si ze  t o  I sO ’eI  t u i c e s tp b t i : - i t ~~‘l i i ’r t ’ s .

S inc e n~~eo p l t i e ~ ’ - s i ’ l I s -r e S  int l  t i t e  c s , i h s ’ c s ’ s b  i 1is ’n s ’~~i i i s t ~~~ 
, 2 ,~ r ,  in s o l u h u h s’ in

organis ’ so lvent  S s i t s - i ;  i s  p v i -  i i l  j i l t  , i t u ~h ~~i I n s )  I in ~ , t i t - v  rita’,’ h~- - s ’ pii u e i t  sd I rent t h i s
t t ntransformesl p it ch i t i i l t ; ’, C s ’ I V s ’ u i t  t N t  n - a s ’t  1 L) t t  I s ’ ’ h i n i s h l i s ’S .

R e s u l t s  of S t  sit!  i~ ’e o t t  j u t s !  iv  i h i , i  I s p h t i’ s -s l i i i I s ’ - i t  e i i i  me !  ecu h s - ~ a u  h mel s ’Cu  I a r
we igh t s  in t h e  r ; iu g s ’  i t  t i a hb t o  1 7 O i ) ’~ (a h i o u t  2 5  i s ’ 50 n i u i i t u - i  I I f s  ul ~~c ’s e ; i r v t s i r
mesophase sphere I s i ru uli t iou (S i ’ s ’ T , t h l s ’ I ) .  i H i h i s ’ I i i  l u s t  r i !  ‘s t h i t  th i s ’ sp ht ers-
t o rmat ion  p f o s s ’ s — ~ Ci i ’ in t I e s  t i n s  l s ’ t \ l  , - t ’ t , s ’ 1 s - s - j l s ’ ~- I i t t  t h i s  l s ’w s ’r  t n o h s - s~i i 1 i i  ws ’ i gh t t
spec ies .  As i r s - s i l t  , u t l s - e s g ’ i t is, ’ sp h s ’ u  ‘s i n n s ’ s - a is - u t - i  l i v  01 1 .1 t s ’ 1 . 5  g / cn t  s- o m p i r e s l
to about  1. g / enn  f ‘c t h i s ’ o rg uu i c c  tot c s ’ t t y i ’ r t  i ’sl l i t  I s ’  t l i e  uu ns ’e o p b i - i .cs ’ . >h& ’sopht l S& -
spheres a lso  s-ou t t i n  , t  h i g h  s ’O i l s ’ s’rt t ‘ i t t o u t  01  I r s ’ , - r , i i i c , i  I s , l I t  and  - s ’ u i ~h s - u i e , i t i o t u
re ac t ions cen t  l i i i i l l s ’  j i ) s ’ n s ’— i s s - t h t ~ - n t o l s n ’ I t l , i r  c i ’ , ’ 0 1  l b s  P l n t ; i t ~ i r o u n i t  j s,’ mo l e c u l e s
in the mesopha se .  \s t h e  t\ ’ t ’ s u I \ ’ c l S  s - o u u l  I l l s , , Cts s ’ t i t i - i l  l v  i l l  t h e  r i r g a u u i t ’ s a re
converted in to  l a m e s ’ p I a i t ~i r  u u u o l s ’ s - t i l s ’s c i i  ic h i iu ’ , - s i t ’ d e t & ’d h t u t , t  t h i s ’ uuu s ’ sop i i ; i e s - .

A l t h o u g h  a l i p h a t  i s - s ’ : t u i ’ s i l l s - i l t  s H V s  I s ’ s - u i  j t ls ’ u u t  I I t s ’ i  i ui  t hu e u ut s ’ - _ s t i t h , i s s - pr o d t i s ’ed
during pyroivsis o f pet i’o l e u m  - i n t l  c o i l  t a r  p i t  s i t ,  ~~~~~~ 

, i 2 , 4 i t is bel i eves !  t i t t i t  an y

a l i p h a t i c  chu ar ; i s - t s r ; ‘r s -- ~sn t  is s h u t - i ’  a I i  ‘l i t  i s - s i s i s  c l i i i us a t t a c h e d  t o  the a rom a t  i s -

r i ng  sy s t e ms , l e t  t ’ f s i s \’ s ’ I I s ’s i i , i v s  i l - s  i i s ’ , ’ l t  i d~- uir l t I o s l  i t t  t Ins ’ uuls ’ s op h t ; i se  p ro stus’ s’ sl

f rom s’oal t ar pit s’h pvro 1 vs  i s  . A p p i  r i - r u t  I v , I lie rti’ S s i  p h t a s s - univ s’on t a i n  srn a 11 ;tnus i l in  t S

of non—aromat is- s~n’c I s ’S , s l t ’ i’ ’ ’ t s h  i l l ’, O u t  t h i s  s i r  i~ - i u i a  I s ’ h i c n i i c ;i l  - o i u u p o e i t  h u t  of  t h e
organic being pvro l y e s - s i .  Y in t , i t ha  ‘

~~~ I r i s  c - g i r t  ssh t h a t  t h i s ’  mcsophtLise p r o du c t ’s! f r o m  in
asphalt may c o n t a  in more ;i I i h~h t t I s  s - h a t  ‘ ‘ s t  Sr t i a n  i r o m a t  I t -  ( i -i s - c I’ab l  e I )  . This
r e p or t 4° is t h i s ’ O t t  I v  k i t s ”,-~~t s ’xan u h ’  I s  s f  a t i i ,  ‘ ‘h i s s  s ’omps ’s s ’d p r i n t ; i r i l v  ol ;il i p h t ; i t  i s -

compounds .

Alth ough the u uu s - - i o n i t i — i , - s t u l t s ’ r s ’ s  i r s ’ I l t i i h  a t t lie I e u t i ps - r a t  t t i ’c s i t  I o r m t t t  ion , t his ’’,’
solidify on s ’ s iO 1 1 up ,  t o  room t s i t u p s ’ m a t  I i i ’ s - i i t s !  tia \‘ he p 01  j s h t s i! I or o i i s s  r v a  t i n n  s tns l s ’r
p o l a r i z e d  l ig h t  m icroscopy . t)rs’stks i n c h  T , t y l ot t~~ ’i I oinnd t h i t  an i d e a l  n t t c s o p ht i s s
sphere has a lame l lar strut ’ t nr c  is  s i t o s - t u  i t  I- ’ i u t t i  u ’ - 5 w i t  Ii  i n  ti is  of svmms ’t r v  per-
pend icu la r  t o  t h e  it ime l I at’  • iii is s I i~ t i i  t s i r , ’  wa s  s i i ’  St ’S t s _ c l  bus ’ t h i s ’ u t a  i i i  f t  s i t  t lie
e x t  in c t i o n  c o n t o u r s  i i h s s ’r v e ih  t u t d s ’n p u t  i t  I t s ’ s! 1 i c h i t  ( St ’ s F t - s t i r s ’ ‘

~~ , arid t Its’ s-li ct I — o u t
d i f f r a c t i o n  p ; t t t s - r n s  o i t t i I O i l  t ia ’nt a s i i t ~~I s - - s i l t s - i ’ , ’ . Ih s ’ s ’N t  j u s t t o u t  s’ontosnrs

observed s’nu polished cr o s s— s , - t i o ns  s ’ t  ntes, t h u h t ; t e s - 
~ i ’ 1~ 

- r n  r~-p r e c s ’t i t p o i u u t  s whet’s’ t h i s ’
edges of t h e  l a rge  p l a n a r  a m o r t u t i t  i t ’ i lls ’ ! ‘ - k - n I s ’s h i t  t h i s ’ 5 i i t ’ i ’ s , S i r s - , ‘i  I h o t ’  ps’ r p s n d i s t t  I in

i’ r p a ril l ‘‘1 t o  this ’ p l;i uts ’ s i t  i’s’ I ar  I ;-t ’~I 1 i hi t . ru i t t  i~ i~’ i h  u t is ss ’ph i ss ’ sp l u ’ u ’e , t h i s ’
l ivs ’r s  o f  , t r o m i t t  I s ’ m o l c c t u l s -s in , - ; i i ’ s ’ t i t  0 .  l h  ut rn t i i t u t  in~h i r s - , ‘ i t r s ’ s ’ i  i t t  , i  n n , i i t i t s -r
s i t s - I n  t h a t  t h ey  ir s  ; n p p r o x h t u t i t  - h s ’  u n o r u u t ; i l  I s ’  t h i s ’ i-i n t ’ l i s ’ , ‘ I  t h i s  sp h i s ’t ’ s - . T i t s -  e t r u n t i i i ’ s ’

of m s s op h a ss ’ s~~h si- -u ;  s h i s , ’ u s s ’ - h  i h s ’~ ’ s ’ t i c  i l  - i s ’ h i t - i t  ‘out I i r u uu t - sh liv W h i t , , s t  i i  • H . 11

D it hoi s , et i i  • 
tO , a u t h  l t s u i t t h ; i , ‘ ‘ I  i l  ~~~~~~ i l l  t h e i r  s I t n h i , -n  s i t  p v r s i l v s i s  o f  a v n - i s ’ t v  s i t

d i f f e r e n t  p i t c h e s .
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(a) (b)

AXIS

SECTIONED PARALLEL DIRECTION OF CROSSED POLARIZERS
TO AXIS

(r\
SECTIONED PERPENDICULAR

TO AXIS ABOVE OR BELOW
MEDIAN PLANE

(a) D A S H E D  L I N E S  R E P R E S E N T  EDGES OF L A R G E  A R O M A T I C

MO L ECULES . AN IDEAL SPH ERE HAS THE OPTICAL PROPERTIES
OF A UNIA XIAL POSITIVE CRYSTAL.

(b) EXTINC TION CONTOURS OBSERVED UNDER REFLECTED
POLARIZED LIGHT,

FIG, 5, THE MOLECULAR ARRANGEMENT IN AN IDEAL MESOPHAS E SPHERE

I- I
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Mesophase formation is a type of demixing of two fluids. It is the result of:
(1) the increasing probabi l i ty of ali gnme nt of planar mol ecules as their size
increases (due to van der Waals forces) and (2) the increased mobility of the large
planar molecules as the heat treatment temperature is increased to the 400 — 500°C
temperature range . Spheres are formed initially due to differences in surface ten-
sion be tween the liq uid mesopha se and the untransformed liquid pitch material .9

The spherical shape is required to minimize the interfacial exposure of the large
planar aromatics , which also minimized the surface energy .

Only one exception to the in i t ia l  fo rma t ion  at atmospheric  pressure of the
mesophase in a spherical shape has been r epor t ed .  Mesophase par t ic les  separated b y
ex t rac t ion  from a pa r t i a l ly  carbonized coal tar  p i t ch  were observed by Yamada , et
al.4~- to be “lemon” shaped if less than 5 pm in size. The common spherical shape
was observed for mesophase part icles  larger than 5 pm. In related studies , Honda ,
et al . 45 reported that carboniza t ion  of a coal tar  p i tch to which 5% carbon black
was added resulted in the formation of mesophase spheres with a different molecular
arrangement than reported by Brooks and Taylor.9 This new mesophase sphere type
consists of layers of molecules arranged in an “onion skin” manner (see Figure 6).
An onion skin arrangement  of the layers of molecules in a mesophase sphere has also
been repor ted 78 for mesophase spheres which form around micron size carbon black
particles .

3. Meso,phase Sphere Coalescence and the M icros t ruc ture  of the Coalesced Mesophase

The mesophase sphere structure (Figure 5) determined by Brooks and Taylor
represents an ideal case near the beginning of the mesophase transformation . Growth
of these spheres may occur in either of two methods : (1) direct incorporation of
molecules into the mesophase spheres , and (2) coalescence of two or more spheres.
In the first case, sphere growth is similar to the growth of nenuatic liquid
crystals.46 It may be represented as a physical  process which involves the ordering
of the large aromatic molecules present in the isotropic fluid pitch .28’47 The
physical growth process can occur only if large aromatics of sufficient size and
concentration are formed thermally. Mesophase sphere coalescence may occur when two
or more sphe res come in con tac t  as shown in Figu re 2 , page 7. Samples cooled to
room temperature for observation a f te r  the beginning of sphere fo rmat ion  frequently
show numerous examples of spheres in va r ious stages of coalescence. Both mechanisms
of sphere grow th are regulated to some extent by the v i scos i ty  of the mesophase —
pi tch mixture at the temperature of sphere formation)-0

In the absence of interference from neighboring spheres , the cnalescence
process produces a new spherical sha ped reg ion of complex internal s t r u c t u r e .  The
molecules  in the newl y formed sphere which results from coalescence tend to undergo
structural rearrangement in an attempt to form the ideal sphere s t r u c t u r e .  However ,
this rearrangement is slow d u i c  to the h igh  viss- ositv of the mesophassj° and may he
hinde red by the  b e g i n n i n g  of the  coalescence process w i t h  o t h e r  spheres.  As the
number and sizs- of spheres  increase , c o a l  t ’sc e u u c c  of spheres produ i s es l a r g e  i r r e g u l a r
shaped meso~ hase d roplets ‘~r ( ’ t i ts ’r than 100 ,,m itt size. White , Duhoi s, and
co_workers lU l2 repor t  s- c l t h a t  rs - ;i r r ; t t t p , ’m i - n t  of molecules itt  t hess ’  d r o p l e t s  of
mesophase is m i t c h  s lower t h an  the  s t r u c t u ra l  c - II ;intgcs brough t ah sm t  by a d d i t  i o r t a l
coalesc ence. As a rssii~ t , a defect s t r uc  t s i r s  is dc ’velopc ’d in  t l t e  I t i r p ,~- m s s o p l t s i t - s s ’
d r o p lets. The most common typ e s of de fect struct u res slits to  l av s -r  pl a nt- s t a c k i n g
fi ul t s have been c la s s i f i e d  by Wh I t t ’ , s t a l .  I~ , 12 and m o re  r ss ’ s ’n t l v  h ’i ’ hlouttla

~-t  a i . 44
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FIG. 6. MESOPHASE SPHERE WITH AN “ONION SKIN” MOLECULAR ARRANGEMENT
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( ;r - o~t- t h  ot  mesophase  st r op 1 ~- t  s s - o u t m i t es t i n t  I I t l i t  i s o t  copic p i t c h  is  s - s ’ i u n ~’1s - t i l  V

c o n v e r t ~~ i u n t o  t h e  t u i s o t  r op i c  ‘ 1) 0 1k ” or  “ c o m p l , s - t  s’ l V  c oa l s -s e e d ” ms’ s o p h i - n o ~ ’ (~~ cc

F u  ou r s  -~i , page ~~
‘) . Heat ,  t r e a t  u ’ ucu i  t of  t i c  c i t  h o e s - il uiit-oop h n iss c t s i  ~i h s ’u t ‘~00~~( s s n l —

v er t s  the viscous m ss oph as c  in t o  Ii sd t~ h c ’ c ’k t ’ . At  this point , t I i i  r n i c r o s t r n i s - t u i r s -

ot  t i n s ~ c o i l s ss ’csl mesop }n as s ’  i s  f r o s t - u n auud s - ’- : c s ’p t  s i r  —s i r  i n k , . i g t -  c -r a c k s , r t - s t I n s  r , - 1 : i - -
t i v s - l v  i i n i c h , i n n ~~s -d Oil  h ea t  I r~ - - i t  Os il t t I C  ‘8 0 1 ° C.

1!t ~ m i  c cs ’s t r l : c  t n i r c  0 t t i n e  c o a l  cscs ’ sI in s ’ s o p h i . i sc i s  i m p o r t  l int u t c H i s s  i t Is a
d i r e~- t  r e s u l t  ci ’ t i n t  s x t s ’u t  ansI  t y p e  o t  t ’t ~ h e r i  n s~ c i  t l u s  l a ro~’ p l :ut iau — - i r ou m it i~ ’ u nn s l s ’ —

c u l t ’s w h i c h  r I t i s t ’ n i p  t h e  m c s c p ln i ss ’ . T h i s d i ’ J s - i ’  i i 1 ~~ c i t  p l an a r  i r c u ~i , i t  ~ s 5  i~~ t h e  - i l l —

n i n g  of  t i n e  d~’v~- l o p n u c n t  c t  t i n e  g r a p i n i t s - c r \ - s t a i  st  r u i c t n t r t , and  t h e  d e g r ee  of  1l r t -t ~rsls -u ’
~ls ’\’ e Iop t ’sl in t l ie  c suIt 1 s’sccd n u n c s o p h n l u s c  u s t  p r i o r  t su h a  r Ot -n i ng  d5 - t - rmi ncs t i n s ’  t \‘ p~ - 1 1 1

gr . i  ii i it ic nina I cr j a 1 t o  rmt - ~I su i t  h e a t  t r ca tn ns ’ n t o 2800 0 C .  .\ I I o rg  ni c s u~’ hi  i c h  f s ’ rir t hi-
:ns - oo ; O n i s ~ - d u r i n g  p v r o l v s i s  d e v e l o p  a gr ;i p h n i t  li st  ru s - t u r t - t o  some d sgr ct - J u n i u n g  h e a t —
in g  t o  25 ( 10 ° C . ls iws -\- s -r , 1 m e v  n l u l i v  n o t  1111 he c la s s i t  ied is g r l u p h i t i z i u n g .  The ds - g u ’ s -s
of  o r s l s ’r i n u g  of  t I n s  m o l t ’~~ii  i s ’s ansi t h e  t t u nnbs r  l i n s i  k i n d s  o s t s u c k i  n ug de i ~~~’ t s in  t he
~~d , i  Is ss ’ s’~I ni s sop h i a se  d~- e m i m es t hs’ e x t e n t  t o  w h i c h  t he  r a ph i  t is - c r v s  t a I st rio - tin cs

i s  f o r m e d  on t h e at  t rs ’atment i i )  2800 ° C . Fsi c t ci C i ;  w in it ’ll a f  I c c  I I l i t -  W i  c r o ot  rite t i n Cs ’ of
the c c 1 i  L - sc i -d mc s t ’phn nse  m u s t  he c c s n n t r s i l  l s 5 l  or  i l  t~ ,’r cd  in o r der  t o  c o n t r o l  sir t t h o u
the nu i~- ron- i t r u c - t n t r c  -‘ inst  pt -c - I - I i c s  t u t  t_ hs ’ n ’csu il t a nt t grap hu it is tinat s’rial

C.  F \ C  l O R S  kIl ICl i  C O N F R t ) l  - T i l E  M E S O P I I A S E  M I  ( R ~) 8 ’ l ’k U C ’ I ’l ’RI ’

The r , -’, - i o u t ~~l v dt -s s - r ib e c l  C i s ) C t ’Ss c i  m c s o p l o i c t - sp li~- r t - s ’ rnl ia t lou t , grow l I n .  a n d
c ’a I t s t ’ t ’n t c t ’ i s  gs - n lsra  l i v  t r i t e  t’or a n y  a r o m a t  ic lu ~’dr o c a r h s u n ,  or o t h e r  t i e s g a n u  1 c n u i , t  c C —

i i i  w h i c h  d ev e l o p s  .i h i g h l y  g r : i p h u i t  i c  5t  r u i s ’ t u u r c - Oil  l i t - i t  t I c i t f l n t ’ i t t  t o  2800 ° C.  C i 55 ~ 5’

ever , s e v e r a l  f i t ’ t o rs  are knnown I 0 a f f e c t  s p h e r e  row t it and  t O ~ i I ess’e nls ’e , aS we I 1 as
t h e  mi crostructurc c u t  t h e  c C ) ’ i l t ’Ss ’ s’d fln s S O p h l n S s ’ . T h e se  l a s - i  ~‘rs u~’i l  I b e 0 i s c i l s s t ’sl in
t h is  St - c t i O n .

1. T ot u ~p c r a t u r e , Heat Tr out  i n s c u t  Time , md Rate of l i e - i t  i n g

The gen er a l  s’ha r zi s - t c -r i s t 1 s 5  of  m e s s C h ) l t , - i sc sphere f o r m a t  ion , g n - o u 5 t l n , a u t O  s o a  I i s —
s ’ci lcs  dine to ins’ rs - I sc s  j u t  ten n ups u - i  tucs or I i me h n l l v s ~ I l l  r s ’, i~l \‘ be en pr s ’sc ’n ’) t s -i . .\ rio ri
de t a i l e d  as ’counu t  of t he  i n u f I u s - u u c s - o f  t I t s ’ t s ’mp e r a t u r c — t ’ m it ’ c v c  is’ sut i t l ie m e s Op l i l i s e  15

g i v t - n  be l ow . I t  must  hi ’ 1s ’ l l l s ’ l l i l C s u ’ c s i  , hou~~’v~~r , t hIl t ’ l i l t ’ rUst i m i t ’ t i t i~ i l  s - h t n g ~~s p t ’s ’si u c t ’d
mu the me sopha ss - due  to s p e c if i c  h e a t  in g  c ’o n dj t  l Ot t 5  ~ir e  d i  f f t - r , - i u t  for mat c r i i l s  d l
d i f  f s -r e nt  c h e m i c a l  t - omp os it ion. Bt t h the t o ru npt ’ u _ _ i  t u r t ’ and  t ins ’ r e d l i t  i n- s’si d t i C  i tug
p v r o lv s i s  for f o r m a t  ion of l a rg e  p l an a r  u ro mln t i c - s of  s i l l c  ansi  c o i t t - s n t r a t  f o n t  ~~~f i  1—
c i c n t t  f o r  nus s ct ’l i ;i s e  spher e  I s rm ; it  i s n  is ds’pcnshs’ntt upon th is on g i u n n I c h n , ’ u u i i c i l  c - s ’mp o—
sition of the o r g u n l i s ’ being u\’nol Sed . ,\s i i~c -c ult , d i i  t~~r , - n n t s t a r t  m u g  n n a t 1 -r ’i u l s
r e q it i re i d i f f s - r s ’ni t t sm p sr a t u r s ’  f o r  m i t  i i i  formit i o n  su f  n u s o c u p h u s i o s - s p b u e r s ’s .~~~ lii i ~
ts’nnp s-rltt utre is usual l v  i n  t h i s ’  181) — -~ 10 ° C c l i n g s - . No t  o u u l v  i s  a c s r t , n  i t t  t s m p s r u t u n ’ s
r e q u n  I r 5 -i for  fo r ma t ion of t Its’ mo 1cc ules wit  Ic Ii c on upr  I ss I Ins mesoplia se b u nt I I t s  - V is
cc u s i t  ~

‘ of t h i s ’ 1 iqtt Itt titu s t , i  l so he I t u t ~- enough t o  al  1 tit~ moVsnuusnt t 111151 or5 !, - r i n n -, o i  m o !, —
ciii so i i to the I av c rt ’c h mesop lu a s e  ~~ t r u n t ’ t i  u ’ - . Th us ’ \ ‘i ss su s  i t  \ ot  uns - s s u p h t l i s e  l o r u u u i rig
h u ’ , i t ’ o c , u r h o n u o  is t e mp t - r - i t u i r s -  t ls ’p s ’n d cui t j u t s !  h a s  b t s ’ni I ~~~~~ t o  c h s c t s - , u s s - t s ’ a mj n i f n u u i u u i
in t he 350 — 420 ° C t e n i p e r i t u r s ’ r ’ i n u g c . 9 , -~ 2 \ I  t s r  s p l i t -r e  I s u r m i t  i on  s o i n s , i u t c r s - - i s s s
in i n s - a t  i n g  t Iiits ’ or I s’mps n_ _ i  t i n  u s - p r o d u c t ’  n uo r s ’ p 1 t u t u r a r om ;t  I i s ’s s~ I , ‘ i  l , , i  u ’ , , ’ u - s 1 ss u , h  i s ’ i u

c , t n n s s  nu s ’ s su p b i i s &  gr oW t  It and a n_ _ c ’ 10 ins’ r, - - i c ,  i n  t b u s  v I  ~~1 s u 5  i t  v • 
‘~ T h i s  r~u t e o I I 0 C C I . i—

t i on  U t  t~~~t ’  1 - i r s ’ , - ; nr om ~u t  I ’ , - m o I e~- i i l , s , i n n !  t h s ’ s ’~~~N it t  i n t l  r u t , - o f  s i n ’ s h s ’ r i i l u ’ ( t h u
mob !  1 i t v~ c1 t he se  m o i s c i t  l i ’s i i i  I s ’ t h i s ’ ms s s ’t ’h i ; i s s ’ .i c, t in iu s ’— t s ’u u u p e u ’ i t i n t’ s’ s l s p s n i s h e n t

1 -~
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Ni ~‘ ros t r u c  t ur4i i i - h t ; i t ’ , es g ive out ! v Ii qual in at ivs- Lid i i  i i  font  ol ’ n i t  I 5-5: 1 o n
j n e , i  t t r t - , i t m e n t  on t h e  usu s- o phase  (Set ’ F igu  nt -s I — A  p ” s g t - s  7 , H )  . S m e t ’  t h e  i i l t - - - sO l i l  ni -se
i- s i n s olu b l e  in many h v d r c c ; i r h o n  s o l v e n t s  at  room t t - m p t - r a t u r e  , t h i s  w e i g h t  l i t r e s - n i t  of
iumoluble nin a is- i n  al unla y he used as a q u a u i t  i L i t  i ve  m d  icci L ion  c i t  tL ’  l u l c O i l U t  of  meso—
0 a s ~ - f or m e d  as a function of temperat ure or hu e;u ting t ime .’3 ’ 2’~ ’

48 ’ 51 For c-x amp le ,
Ho n da , et a l  . ~~~~~ ~~5) and S inadci , et  s-i l .  ~~ used I n s  q n n i n o l i n e  i n s o l u b l e  c o n t e n t  I s i

i s O  c- i n sane t h e  wel  gOt p srcc ’ rn t mesoph  Sc- fo rm sch  in a s s s ,i al  ta r p i t c h  as a f u n c t i o n  ot ~
h e a t i ng  t i m e  at  c s i n ~s - t , 1 f l t t L - n u i p t s r l t u r e .  The r e s u l t s  i l i u i ~~t r at s ’  t h a t  i n c r ea s e s  m u  t ime
- I I  a c o n s t a n t  t e m p e r a t u r e  p r o d u c e s  a s lowe r uu ie sop h n a se  t r a n s f o r m a t i o n  t h a n  i n c r e a s e s
i s  I e n s u p i r i t u r e  . Severa l  o t h e r  r e s t - a r c h e r s  l s a v t -  a lso r ep o r t e d  t h a t  s p h e r e  g r o w t h
and c o a l e s c e n c e  occurs  at  a f a s t e r  r a t e -  w i t h  t e m p e r a t u r e  i n c re a s e s  t h a n  cs-i th
i n e r c - -ises in t ime a t  a f i x e d  t e m p e r a t u r e . 8 .1S~~42 The’ t i m e  r e q u i r e d  f o r  t h e  c o m p i t - i s ,
c s n r t -r s io n  of an o r gan i c  I n t o  the  coa l e sced  m e s o p ! m a s c  d e p e n d s  upont  t h e  ! ; c ; l l  I uus ~ tern—
c e r i t u r e  and the  chemica l  compos i t i on  of the  m a t cu r i a l  h t - i n g  1\ ~r o l v z e d . l l ~~h 4 ~~4 d

T e m p e r a t u r e  atid t i m e  are  c o m p l e m e n t a r y  in ti-ne mesop hase  t r a n s f o r m a t i o n .  As
- l n o w ; i  in -i F igure  7 , sphere  f o r m a t i o n  in a nap ht h a  t a r  p i t c h  o c c u r s  a f t e r  20 h o u r s  s - s t
350° C or on h e a t in g  to 400° C a t  3° C / m m . Fo l lowing  the  onse t  of mesop hasss sphere
f o r m a t i o n , s p h e r e  g r o w t h , coalescence, and comp l e te  c o n v e r s i o n  to  t i n e  coa le sced
mesophase may be achieved by temperature incrt-ise s or increases in t ime- i t  a f i x e d
t e mp e r at u r e . 48 5° Sim i l a r  r e s u l ts  were  no ted  by Ho r ne t )  f o r  acenap l n t h u v l c u u s s -  and
c in n a n ny l i d e n e i n den e , and by W l -n i t t ak e r  and Cr i n d s t a f f 42 I -

~ the i r s t u dy  of n -so tO i se
f o r m - n t  ion in coke’ r l’ e eds toc ks .

Nc -- sophase  f o rm a t i o n  has been s t u d i e d  in t h e  380 — 500 ° C t e m p e r n t i i r t -  r an g e  u s i n g
h e a t i n g  r a t e s  of 0 . 3 ° C/ m m , 47 0 . 5 ° C/ mm , 24 2 ° C/m m , 4 7 au -n d 5 ° C / h r .~-3 ’~~ The r e s u l t s
i n d i c a t e  t h a t  the  weig h t pe rcen t  mesophast -  fo rmed  d u r i n g  p y r o t v s i s  i s -s a l i nea r  func-
t i o n ~ f te m p e r a t u r e  in the  rin g s - of a p p r o x i m at e l y  20 to 85% c o n i \ ’ s - r s i c u n t  s - u i  t h e
t ’ r - - u n i  I es i n t o  t h e  mesophia se  (set- Figure 8) . Smal l  c ! i a n g t - s ju t  bc - i t i  ng r a t e  (0 .  .3 ~‘ 02 ° C / m i t t )  ~~ do not ip p i - i r  I C  signu l f ic an t  I y a l t  s r  t h i s  amocnnt 01 iil~~ sopl n ;isc - fcni:i~-~! as a
fu n c t  lout  of t s m p c ’ n i t i i n c - . I t  has a l s o  i t - s - - i n  r ep o r t e d 52 t h a t  t b 5  is - a c t i o n  o rde r  au - nd
act  i v at i o n  e n e r g y  of t h e  m e s o p b n a s e  t r a n s f o r m a t i o n - n  in a c~~,i l  t a r  p i t c h  i r e  i i t d s - j s i i —

d e n t  of hea t  in n  ra te ’ s in t h e  m a n g s -  of 1.1 to 5 . 4 ° C / m m .

A l  t sr  romp l e t e  co itv e r - - s  I c i i i  of a m a t e r  in ! i t u t o  t h e  Ffless ’ i ) l l : i s- . c o n t  m u t e d  hnt i t  j u g
o f  t l i e  f l u i d  c o a l s - s e e d  mesophass ’  p r o du c e s  de s - - i  r i  ‘ c - n -  i t  l i i  and i ’ s i i i t i e u i s , i  t ion r i- l et ion - s

w h i c h  r ;e i i d ly  l n c - r c - i s c  t he  mesop in oo c  v i ~~e s c i t  , !0 , 2~ , 4 2 ,  ) I h i n a i l v ,  t i c ’ c o a l c -s c s - c !
mt -sopitase  sd i di f  ies - m d  t i e  o r d e r e d  sI  r u n e  t u i r e  w i t h  i t s  d i s c  ci i i  I iut u i t  i es f o l d s  , and
- - - - i r i o u n s  s t a - k i n u g  s t t ’ f s ’ e t s  is  f r o s t -n i . Th i s  mi c r o s t n s n c t s i r s  n , t i n e  i - i s u l i d i f l e d  nuc - s c i l s l s a s s -

- - - a i m s es se n t  i - i l l s -  i i n , - h i u u g s - d  on h e m  i nn  t u  2800° C , i l l s - sl u t  I or t h e  f s s r s s i ; i t  t o u u  s i t ’
shr ju nk , i s - I s  c r I l e  ks I I • I 2 Sh r inu kags ’  s mack  I ’ o r ma t l o u t , s u n  r; c_ in j u n g  of I 0 105 si i~ t u en d s  in
I t v - c s , - m u s h  l c n v s - r p t - ’ i u u t - 1 l i s p l - i - e ’m e n t , —c r s 1 - i t i v e  to  t r i m s ’  a n u o t t i s ’ r  r i - c h i n e , - t h e  c !i s o r c h s - r
in l i v e n -  s t i s - k i n g  s e q u l s - n i  s -es and I s - - i c !  to  t h e  I s ’ r s i ; i t  i o n  ot  h i i t b u l v  g i s s i l i m  l i e  u ’ s - c j s i i u s

d u r i n g  h e a t i ng  to  2800 ° C .

The t e n u p t - r i t u r e  r e q u i r e d  f o r  comp l s ’t s - s ’ s s n V t i s f O n  h u t s  t i l t ’ n u u s ’s s ip h a s s - i t s  s - n d s  d i i

the t i s i s - — I  s - ; s s i - n i t u t r e  cy c l s  ansI t h i s ’  s ’ b u s ’m i c ;u  1 ‘ s~u u u p s ss i i  L i i i . I t  h - i s  been  s u h s s r v s ’ !  t s ’
o r - i l ’  as low - i s  4~ 0°C i n c h  ‘is h i gh ,i s  470 °

C ’ ~ ~ t t n n r i u i g  j u v r s ’ I v s i s  o f  e s s i s ’ r  I s - , - , 0 , t  ~‘c ks
i i  5° C / h r .  A l though the s- x ; t i ’t s s u l i d l n  isa t sm t s ’ r n p e r - u t  i n n s  nui: tv n i d t  h s -  t n i j s s ’ n ’ t u n i t  , t h i s ’

~~I , ss c s i  I v  o f  t h e  c o a l e s c e d  mesop h~n se  in t O  t h e  t ins’ r e c p n i u - s’d I s s u  sat i - l i t  l i n t  i o n  i l  t h i s
cs’r i l , ’ — i c - ’ - s t  mes - I sl i u l i  i - s i -  d s ’ t t r m i n u u -  t b ,  s i7c ’  i n t l  s t r u t s - I  n r c  s ’ l  t h i s - 1 - i u , - r  r s - s s l s ’ n l s s ’ I  m e l , - - —
i i l ; t r o r i e r ’ . Thc r e f o r s - , m s n t , - i — i - i l s  w h i t - i n  p r o s t s n - s - :i c i c l i u P - ’ i l u i l m I  ili s s ; ss ~u h m c t s - ’s - ~‘ h i I s - li s t s ’ s ’~
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not so l id i f y immediately a f t e r  c o m p l e t e  coal escencs-  p r o d u c e ’  a wel l  o r d e r e d  g r a p hit i c
c ry s t al  structur e during heating to 2800°C.

2. Chemical Composition of the Precursor Material

The single greate st influence on the coales s--i mesoph ase microstructur e is the
chemical  composi t ion  of the o rgan ic  m a t e r i a l  wh ich  wat ; used to  f o r m  the  mesoph ase .
As d e m o n s t r a t e d  by Hom e , Smi th , anti co— work e r s , 15 ’~~~~ 6~ p rc ) I cc - r s e l e c t i o n  of s t a r t i n g
mate r i a l s  and the  use of m i x t u r e s  of p cnre  compounds  w i l l  e n a b l e  one to va ry  the
microstr ucture of the coalesced nnesophase from well ordered to almost isotrop ic.
Therefore , cont ro l  of t he  m i c r o s t r u ct u r e  and p r o p e r t i e s  of g r a p h i t ic  m a t e r i a l s  can-
not be accomplished without control of the chemical composition of the raw materials.

An excellent  example of t h e  a f f ect of chemical  compos i t ion  on t h e  coalesced
mesophase m i c r o str u c t u r e  has been prov ided  by t he  work  of Dubois , et a l. ,~ -° P r i c e
and White , 51 and Whi te  and Pr ice. 1-~~

44 Five d i f f e r e n t  coker f e e d s t o c k s  were p y r o —
lyzed13’11-4 at 5° C/hr  f r o m  360 ° C to 510 ° C to  de te rmine  the amount of mesophase
formed as a func t ion of temperature and chemical composi t ion (see Figure  8 ) .  The
temperature of sphere formation , the range of temperature required for the mesophase
t r a n s f o r m a t i o n  to occur , and the  t empera tu re  of complete convers ion to the  un l e s c e d
mnesophase were f o u n d  to be a function of chemical composition. Other studies of
pitch pvrolysis24’42 ’47 ’48 confirm these findings .

White and Price’3’1-4 ident ified six types of coalesced mesophase m icrostrm cture
r e su l t i ng  from variat ions in the chemical compos i t ion  of the  coke r f e e d s t o c k s .  The
two mos t common classes of microstructure were called “ isotrop ic ” and “ f ib rous ’ .
The term isotrop ic was used to indicate that the extinction contours of the coalc ‘ i s i s - i

mesophase appear random and have no p r e f e r e n t i a l  order  on a scale of 50 to 100 urn .
A fibrous microstructure was defined as a region of size greater than 100 to 200 ..m
in which the estinction contours are nearl y parallel to one another. Types of mi cro—
structure were also classified in terms of the average distance between the extinc-
t ion con tours  observed under  polar ized  ligh t .  For examp le , a f i b r o u s  m i c r o s t r u c t u r e
w i t h  polar ized l i gh t  e x t i n c t i o n  con tours  spaced less than  10 urn apa r t  was de f ined  as
“ f i n e ” f i b r o u s .  Both the f i b r o u s  and i sotropic  m i c r o s t r u c t u r e s  were p resen t  in
diff”rent amounts in each of the pyrolyzed coker feedstocks . Organics completc - l v
t r ans formed  in to  the coalesced mesophase below 430 ° C such as an a i r  blown a sp h a i ~
are of lower aromatic character and form predominatel y the isotrop ic m i c r o s t r u c t u r e .
In each feedstock pyrolyzed , the isotropic microstructure formed almost enti rt -i c-
below 430°C. It is also the predominate microstructural type found in coalesced
mesophase prepared by pyrolysis of organics with high concentra t ions  (5 wt % ~~~~

more )  of oxygen , s u l f u r , and he t e rocycl i c s .

The fibrous microstructure is a major component in the coalesced mesophase
formed above 430°C as in the decant oil (see Figure 8, page 17). It res u lts front
the pyro lysis of hi ghly aroma tic compounds and produces a more graphiti5 - structure
than the isotrop ic mesophase on heat ing to 2800 ° C .  The re la t ionshi p between the
mesophase micros tructure and molecular struct ure is not well understood . It is
known that the fine isotrop ic imticrostructure is a result of rap id soli d if f i -s - i I !on’t s u f

coalesced spheres which have no t grown to a size large r than a few micrometers .
This prevents the development of extended regions of molecular order. In contrast ,
fibrous microstructures result from coalescence of larger spheres which are formed

above 430°C with the particular heating cycle used .14 rite i m p o r t a u u t d i f t t ’ r~’ns - s’ ,
however , is t h a t  mesophase fo rmed  above 430 ° remains  f l u i d  fo r  some t ime a f t e r

18
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- ‘u l e - s c e n c i - . T h i  i l l o w s  m o l e c u l a r  r e a r r a n i g ~- m e n i s  t o  ou ~ cur and prod R - e- s reg i s u n m s
s t - , e r i l  h m m u i d r 5 ’J u I  - n~ in ni ~- t e r s  iii size in which  nearl y p ara l  I at mo lecu  I s i r  s t a c k i n g
c- isi s. In ad h i t i u n , deformation of t h e  f l u i d  mesophase b y gas b u b b l e s  is t t s c s n g t m t
L u  g a r n 5 j o i  5 - i c  in for m i t t g t he  f i b r o u s  ml r u s t  c u e !  ure- ~14

‘ ti - m u ’iges  i i i  t h e  t i m e — t e m p e ur a t u r e  c y c l e’ may a l t e r  t b i v  mesophase  t r s m n s l s i r u r i m t i o n
- urves (see Figure- 8, page 17) and t h e  t e m p e r a t u r e  of sphere foruusut ion . However ,
u s e  t r e n d  ccl  forma t i o n  and rapid  s o l i d i f i c a t i o n  of the less o r d e r e d  i so t  r s u p i s -  m i c r o —
structure first is expected to occur regardless of the heating conditions.

Numerous other studies also have shown that differe~ut chemical specie’s form the
m e - ,o 1 s h m se at different temperatures and produce different degrees of molecular order

in  the coa lesced  mesophase. P yrolys is  of a m i x t u r e  of pure  hy d r o c a r b o n s 31 ’ 4 -~’61 ’62
may produce  two or more distinctly different types of coalesced mesophade micro—
s t ru c t u r e , e m s --h of which may be ob tained by py ro ly s i s  of t he  pure  compounds  se j su—

r ; t t ’ l y .  A p p n c  stlv each type  of organic  in a m i x t u r e  may u n d er g o  a d i f f e  r e - S it

st ’c~1Ii - r ice  of p v r o l v s i s  r eac t ions . If t ite  f r e e  r a d ica l  i n t e r m e d i a t e s  f ront each corn—
¶ i s ’ s u e r m t  in t h e  n i x t c m r e  do not i n t e r ac t  or are produced  a ’~ di f f e ’r t - r s t  t cuni ’ct r a t u re s , t i m s
coa lesce- i  mesophase wi l l  con ta in  d i f f e r e n t  m i c r o s t r u c t u ra l  t y p e s . 2B , 2~~, 63 Fsivc ir at ,le

i s i t e -r a c t i o n  of  i n t e r m e d i a t e s  also occurs  in some cases , 64 68 and r e su l t s  in  a more
o rde red  mesophase than  t h a t  ob ta ined  by s e p a r a t e  pyrolysis of each 0 1 t 5 - e  componentc

in  -i m i x t u r e .

sixyccen present in an organic o r ig ina l ly 20~~22~~24 or added d u r i n g  i t c e ! ’-s[5 69

- n -duces nonp ianar free radicals which crosslink the pyrolvsis products. As a
r e s u l t , t he  v i s c o s i ty  is increased , 22 ’24 ’70 the molecular mobilit y i s  r s ’du  ed , t h e
temperature’ range during which the mesophase is fluid is reduced , and t h m~- l ormation
of large reg ions of order in the coalesced mesophase is prevented . Observa ble
ch irig es in the microstructure of the mesop hase usuall y occur  i i  niore Its - s 5~ by
w s-s -ght of O N ’ s~~~s ’fl IS p re ’5s: - r t t  in the material being pyrolyzed . etx’s -gen coot  s - ; i t s ~

- , r eat e r  t h a n  5~ by we igh t  r e d u c e  the  mesophase  sphere  s i ze , pr o v e - nt  normal  sp h e - r s -

- - s a l s ’ s e € - m ’m , - s - , ari d reduce  the  g r a p h i t i z a b i l i t y  of the m a t e r ia l .  Simi l ccc - 1 - s ~ r - c ,s~ I r u i s
i - : I V C  bee-n m o l e  d u i r i n g  p y r  lv si s  of pure  hy d r o c a r b o n s , 69 cokt- r feedsl , ‘ck ~~ ,~~~~ s s S i I

t a r s , 71 coal t a r  p i t c h e s , 24 and f u s i b l e  coals . 64 ’ 7 1 However , tuie e s - nsi:i s ’u s n ss r - u i l z s

these  r~- su l t s , s i nce  examples 58 , 65 , 66 are known in wh ich  the  additio n of sgs-\’ t-n or
ox g -n c o n t a in i n g  comp ountds has a c t u a l l y  increased the  degrt- s- o l m o l e c u l a r  or d e r
d ee-loped in the mesophase .

The a f f e - t  of sulfur on mesophase formation in pure h ydrocarbons 5’58 ’’2 miii

p h t c -h e s 50 ’ 72 , ,- is s imi la r  to t ha t  desc r ibed  abovt ’  f o r  oxy gen . S u i l f n u r  d e s ’s not
i n !  [ n i t -dee  t h e  mesop hase m i c r o s t r u c t  m i r e -  as long  as the  pr i uul :i rv r~ Lion d u r i n g  - - m c c l —
v s i  s is d e h y d r o g e n a t i o n  of h y d r o c a r b o n s  w i t h  re lease of H~~S.  lle t , r s i e v c l  i s - su m—
pounds and o t h e r  n o n — g r a p h i t i z i n g  o r gan i c s 43 ’ 64 68 a lso  h e g i u n  to resu m e , - t i n ,  m o l e c u l a r
order in t h e  ruie sophas s  if presen t  in amou n t s  g re - - m t  s r t hai t  a b o u t  5~ by Wi I

In re a lity, it is not t h e  o r i g i nal  m o h s r i - u i l  s in -  s t m ’ u m s t t t r s - - b i t t the’ - i t s  c m i t - .
re-activit y , and I t i m i d i t y  of t h e  t h e r m a l ly  for ui m ecl  i n t e r m u d i s i t e s  ‘,,‘i u i s - I i  det  ermit-is’s t hi s ’
u m i e r o s t r u c t u r s ’  of t h e  coalesced mesop hase .  h e a t  m u g  t ime  sin ,l t i - s i p s - r a t  m i i ’ s- m t  1uien c~-
t he ’  mesophase m icr o s t r t i c t u r e  on ly  in terms 01 tim e ’ t vi’s’s of c l u e m u n i e s i  sps - m  i~ ’~ p t ’ o s l u n s  i sl

and  t i n  - r a t e -  of p r o d u c t  ion  of t h e s e  spec f t - s in t h e  400 -— 500 ° ( - l i m p s - r i  ( i t  i cc - r s i u lgs -
-bu ’  r h s - u u n i c i l  p r oc i -ss  w h i c h  - i l l  i r s  t i n t ’ no rma l  build—up u I  h i r g i ’ p l a n i r  s m r s ’ium, i t i s - s  i s

d isc u s-used In C h a p t  r I I , g i ’ s - t i o n  B .  2 nn ; i v  r e s Ins ’ s- t i n , - m o l t - s - n i l  - m u ’ s s u d s r i t i g i i i  t lie u s - s o —
pb s-use and produi - - a less graph it ic nua ts’ri u i sun  m s - m t  m u  t o  2800 ° C.  Tht ’ I ‘ ‘ i n s i s t  i s u n u  s u f

I~)
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s,rossuinked or nonp l ansm r interm edium tos ,~~
9 st t - ric et!e ’et s ,2’25’33 and time’ i srs -st ’ m e s-

of non—graphi t  i u i n g  or ga nic s  ( m  or e:-: i s s m g l e - , h i  phenyl 62 ~74 ) h i nder  Lb s  t i u r i s s , s t  ion of a
wel l  ordered mesopha se , and in  the ’ e xt  r i - rus t -  - ; m s s -  n m , i v  l)r s’ve- ’nt me sopha s - o r r i s t i o n .

3. P res su re

Two groups of i u n v , - s t  iso m t c sr s ~~~ 
,6 1 , 6 4 — b - ~ have r e p o r t e d  on at - sophas e-  m i c r o s t  r u c —

tu ra l  c h a ng e s s ’ t t u s e d  by  p\-rolv s is of h our s ’ hydrocarbons at pressur~-’i f r o m  34 to
300 ~~~/m 2 (5000 to 4 3 ,500 p s i ) .  Hiciu l t r - s s m m r s -  i rolvsfs 01 organics such as anthra—
c e nt - , 28 , 75 p hu e n a t i t h r e ’u t s - , 7~ and m e t -fl  sp lt t l m s - -  I - ‘ ‘ i i  ~ at  550 ° C p r o d u t - e s  onl y uttcoale ’si -ed
mi-suphase- sphere’s l s ’s~ t h , i u i  20 pm in Si cc- . S i n s - c these  sph eres do not fuse or
coalese e, l a r g e ’ r i -p i o n t s of  or d e r e d  m o l t - s - m u l e -s c a n n o t  f o r m  to produc t ’  a h i g h ly
gr ap h i t i c  m a t er  i -a l  on c i t  l u g  t o  -500° C. Pvro l v s is  of an t h r a c em -  u n d e r  v a r i o u s
p r e s s u r e — t e n m p e r a t u r e  c v c l t ’ - i m a s  a l so  hs - 5’n s h o w n  to produc e-  a m e s o p h u a s e -  composed
of “ cy l I nd r i e a l ”~~3 and “

~~~~ m s - h m ’  t t i  s l n a p s - t l ” 2 8 ’ ’~ a n i s o t r o pi c  u n i t s . The s i m s m g bme ’ t t i
~ mp e d un i t s  a n -  t i m e - n i g h t  t o  h i ’  a r t -su i  t of p a r t i a l  c o a l e s c e n c e  along one axis  of

the mesophase spher~~~.

It  is wel l  known t h a t mv i n c r e a s e  in press ure above atmospheric will increas e
the char y i e l d  dur ing  ; : r s i v s i s  of p i t c h e s  and h y d r o c a r b o n s .  I t  should also dec rease-
any change- s in the mess-sp i m iss ’ m i c r o s t r m n e t s t r e ’  w h i c h  r e s u l t  f r o m  gas bubb le  p e r c o l a t i o n .
Pressure inc re ds -s dni r L u g  v r s ’l ys is  a f f e c t  the res m s - - t i on  m e d i u m , th e  atmospher e of
the pyrolvzing materi al , the reaction path , tine type of intermediates formed , and
the ov er5ill rate’ of pyrolvsis . Pressure-s above 30 to 50 NM/rn2 are thought to sig—
n u i f i c a n t l v  inc rease  the  v i s c o s i t y  of th e  l i q t t i d  be ing  p y r o l v z e d  and may r educe  the
mnobi L i r v  of molecu les  which  f o r m  mi ’sophase sp h e r e s .  A p p s n r e n t l v , one m a j o r  int l ~uence
of h igh  p r e s s u r e  py ro lvs i s  is to cha nge t he  c h e m i ca l  c o m p o s i t i o n  of the  p y r o ly z i n g
m a t e r i a l .  In some cases t h i s  produces  a more g r a p h i t i e  m a t e r ia l , w h i l e  in o t h e r s
c r y s t a l l i t e  s ize  and i n t e rl a v e ’ r spac ing  d a t a  i n d i c a t e s  a less  g r a p h i t  ic m a t e r i a l  is
p r o d u c e d .  25

4. Insol uble Particle’ s and Nsm ter ia l Surfaces

Both coal tar and petrole um p itches are known to contain particles s i m i l a r  t o
carbon blacks which are insolub l e- in quinolins’ . Some pitches u u nav  c o n t a i n  ms m i t c h
as 20% by weight of these particles which are usually ls ’ss thaut 2 rn iii s i z e .  These
par t ic 1e-~ are re ferred to as “ ir ’m s o l u t h  I t s ” or “quinol m e  insoluhi s’s ’ . ~ t t t d l s ’ s c o n —
t lu c t e d  to date i nd i ca t e  t hat  i n so lub le  t - a rbc tn  ps- u n I s i s ’S of a s i z e ’  l e s s  than 5 - un
either present in the p i tch or i g i n a l ly 42 , 48 , ~~ or added p r io r  t i s

a l t e r  t h e  mes o p ha s e  m i s ’  r o s t r u c  t u re  . l n s su l .u i b i  e c a rh o n t  p ar t  li les 1ur e ’cc , i t  In  es u u n e  en—
t rsi t ions gres-u t s r  t h a n  wo or t h u r t ’ s ’ pe rs - s -n u t i i ’  W e i g h t  (1) icc mi t su i l at t on t he me ‘isuphum s, -
sp i l t - r i -  s u t r f , i s - , - o r  - i r k - p u sh t -d a l o n g  thi s ’  nnesophase s u t t ’ I s i c e ’ d — j s o t  rop  i~ p its - I t i nu t i - rI 5me e

‘i s tio- s: ihs-rt ’s grow in SlZe , 9,76—78 (2) reduce th e ,ivs rags - m e’ s oh u im i s, ’ s p h s s’s ’

175, h~~~~~ and r,-s t r ic t -g row th t  of  ni sophase  sp h er e s 9 ( p o s s i b ly  h” eli -c r~- m s  i n  - u ’  I e m - I l —
l i r  s i l l  u t s i o n  and  i n s - r e - u s i t i g  v i s c os i t  ~‘) (3) p r o d u c t - n u t  i r r e -p i  I mu - me- -so l s hi ss - sphs - r s -
shape  md s u z s ’ ! i s - s -  t - i n i r ,- i s - t - n i s t  i s s , 9~~~i~~’~

O (4)  r e s t u i s - t  or h ii ui d s - t’ u uo n - m c i l  e s i i l t ’scs’mte’ e ,

m d  (5) pt ’ c ’ i i c - i t f u r s - s ’ — d i m e - u i n - u i s m n t a l network ol  i m i e o m p l e t s ’ l v  es ’ .m h i s s , l  uuut s s u h u hm i st
s p h - r s - s  s n i r r s ’ s s s l , - , j  by - m t h u r e s - — d i m e ’ t i s ion a l s u t ’ t w c ’ r k  e l  i t t s i u l t t h l e  p s t n t  i d e s .  ~~~ .\~isl i—

i o n s  of  1 I e W  ~- , ‘ u c c  ~- u u I  ~‘I  m i t - r d - i n - i  sizs- m e t a l  si~~i c h s ’  h u a r t  [ t l s s ~~’7~ t °  p i t e ’ b m s ’s p r i o r  t o
p v r o l v s i s  i i  ~ i’ ~~~s ’  t h u e  same i n f l u m s - n - c - si f l  iuus ’ sop i is ise ’  sp ha rs ’ g rowt  Ii and cs ’ ; m I , - u ’ e u u ~~e is
u s )  I eel I or 

~ 
ito I i rue j u t s - s o I m i b  I s -  ‘a r hout  p - m r  t i s~ i s - - s .
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The inso 1 sib le’s p r e v e n t  norma l sphe ’ r e s - o5~ Is - sc en t s - c’ and r i - i s i s  - e- t lie f s rn~m i t  i n mu ot
1 mccc regions 0 1 m o l e c u l a r  o rde r in the hulk nme- sop h n ;mse ’ . As a r e - s i n  i t  , t i n -  u s r- o is i —

t i z u i h i l i t  v of the  mat s - r i s i l  is dec reased . The e ’x L s ’n t  to which the nu m es s m l h m , s s - o - r s i
st r ue- t u r s ’  and the  r e s u l t i n g  graph i t  it  m i c r o s t r u c t u i r e ’  is a l t s ’ r e’d b y i m m — s , l u b l s - - -  i s
determined by the size and pertsent of iitsoluhles present in the o r g a s m i c - p r i o r  t o

~~ r o lv s i s .

k’hen psi rtie-le ’s of n at u r a l  f l a k e  g rap h i t e - , tie ’edle coke , p v r o l~~t i c  c s u r h o t i , or
g r ap h i t e  f i b e r s  are  p r e sen t  in a pitch being pyrol yzed , the molecules in ti m 5- 5 5 c c
phase s m l i g n t  themselves pa ra l l e l  to the layered s t r u c t u r e  in the  p a r t i c l e s . 9~~l0~~s - )
s - raphi ite fibers 79 have been reported to definitel y be a preferre d site’ for me sophise
s p h e re -  n uc l ea t i o n .  I t  is possible  tha t  large inso lub le  mole - c i t I e s  and  s o l i d  s u r fa c e - s
itt ge’ n t e r s - i l are n u c l e a t i o n  s i t e s  fo r  mesop hase f o rm a t i o n .  However , rul c-s-sop hu - ss - s - g r o w t h
and e e o m l s ’see ’ n t s s ’  a f t e r  t he  n u c l e a t i o n  process  occur s  is d i f f e r e n t  in i t c h  ca ss ’ .

2 1 / -
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Cl-IAPTI-;R I l l

E X P E R I M l-~’I1 ’AI c i - :C u I N  I OUES

A. RE5\C i- ,N ’ l S

l i i i -  a e e - ; i ~m p i t t  by I em it - used in t i m  i s  51 sm d~’ (sc- c Tab i t ’  I I )  n-as o b t a i ned  f r o n i  Al  i r i s - l i
s b n- ’s i , - a l Ceurn p~m u n v , (e - i t i l o g  numb er  A 80—5 ) and was s t a t e d  to  he 997 p u re ’ . The ma j s ’r
impurity i t-i a c e n a p h t l -sv le-n e  is a c en ap h t h en e , w h i c h  s - i l l  vap o r i z e  d u r i n g  p v r o lv s i s .  37

B. TEST TUBE P Y R O L Y SI S  Mi - :T LI O D S

S ussu u s l e s  of a p p r o x i m a t e ly  20 g in s ize  were ’ pv ro l vze ’d  in 25 mm d i a m e t e r  by
‘300 mm long pyrex  t e s t  tubes  in t h e  f u r n a c e  shown in F i g u re’ 9 , ~m ,i ge 2 5 .  Test  t i t h e ’ s
e o n t : i i n i n i g  samples were placed in s ix s e p a r a t e  hole ’s in sm i m i - ~m t  s’d coppe r  b l o c k .
This te chni que allowed remova l of individual samp le’s a t  d i f i s - - r e - n t p o i m ’m t s  in  t i m e ’
t i m e — t e m p e r a t u r e  cyc le  for  s t u d y  at room t e m p e r a t e n r e -  u s i n g  p o l a r i z e d l i g h t  m i c  r oss —
c o p y .  A u n i f o r m  t e m p e r a t u r e  was p roduced  in a l l  samples  due’ to  the h t igh  c s m n d u c —

ivit - v of the  copper b lock .  The samples  were ’ hea ted  to  v a r i o u s - s  t s ’n n p t- r~i t u i r s - s
he twes ’n  350 ° C and 500 ° C using a hea t i rm g rate of 100 ° C/hr to 200 ° C ,  t o l l o n - s - c h  by
20 ° C / h r  to the desired temperature . Each sample  was h e a t e d  u n d e r  r e ’ f l u x i t i g  c o n d i —
t i oru s in an atmosphere of the pyro ivsis gases. No attempt wds-u made ’ t o  r i g o r 5 ’ m m s l s - -
exclude air from the samples during pvrolysis.

A Da t a Trak P~ ogrammer , Mode l  FCE 5110 , f r o m  Rest - a r e - i n I n t c or p o r a t e d  v m s  u s e d  t s ’
p r o g r a m  t h e  h e a t i n g  r a t e  (see Figure ’  10) . The Data  Trak o u t pu t  s igna l  t -s t m h l i s i s s -s - l
a temperature set point in a Barber Colmatt Model 54113 solid state controller. Futr—
staGe temperature was measured with a chromel—alurnel thermocoup le which  also p r - .I i c e ’ s i

an i n p u t  s ignal  to  the  541B c o n t r o l l e r .  The d i f f e r e n c e  be tween  the  a c t e n a l  anti
des i red  t e m p e r a t u r e  was t r a n s l a t e d  by the  54lB c o n t r o l l e r  i n t o  a dire ’ e- t  c u m r r e - n t t
o u tp u t  s i g n a l .  Power in p r o p o r t i o n  to t h i s  s i g n a l  was s u p p l i e d  to  the  I c t r n t m c c  cv
m e n u s  of a Barber Colman solid s t a t e  Power C o n t r o l l e r , Model 621A . The I ~‘n~’~ - r m t  - s r
of  t he  copper b lock  was r epo r t ed  as the  samp le- t e m p e r a t u r e .  I t  vs-is m e a s u m r s -d snsi:iuS

a ch r ome l—a lunmel  the rmocouple  and a p o t e n t i o m e t e r , att d r ecorded  as a f u t i c t  i c ’ s ot
t ime  w i t h  a Brown E l ect r o n i k  r eco rde r .  l i e - m t  it t g r a t e s  above 200° C w e r e  r s - p r s i s s  ib is
to  w i t h i n  ± 2 ° C / h r .  The t e m p e r a t u r e  of t h e  samples  in t h e  c o p i u e’r b l o c k  We ’s’e i i i
u n i f o r m  w i t h i n  5° C. T e m p e r a t u r e  m e a su r e m e u t t s  u s i n g  t h e  p o t e n t  i d u m e t e r  vs -r e  i c c  ss r i t  s

t o  ‘ 4 ° C s I t  450° C.

C. S A M P L E  PREPARAT I s)N FOR P O L A R I Z E D  L I G H T  M I C R e ) S C , ) l ’ Y

Samp le - s h e a t e d  in t e s t  t u b e ’s  w c - r s -  re’move ’th f r eun the ’  c s i I u b ’ e - i ’  b u i c k  s-m id - i l l  s ims s - sI t o
cool t o room t e m p e r a t u r e .  The pvrolvsis ri’s i~h m s - s  wi re ’ s c - c t  i ou ie -d m s h u g  i c i  ri - I t  l u ’
ss -u w w i t h  a d i a m o n d — t i pped blade ’ . Eh ’ c \  825 epoxy resin (SIus’l 1 C b m e ’m i c ’si 1 t o .  ) n i  t i m
by w e i g h t  d i et h v l e net r i a m i n e  as t i m e ’ c u r i n g  m g i - m i t  w i s  i i S l t i  t O  tui e m t t i t  t i - i s -  sa i Ls h )  1 5  5 i mu
1. 2  cm d i a m e t e r  h a k e l i t e ’  r i n g  fo rms  I rem B u s h i e r , Nh . \ V ,mc mcmrSs s. ’I  - i p p r o x i s u c i t  - l v
1 mm 01 ’ me r ’ - m i r \ -  was a p p l i e d  d u r i ng  t i u e  f l m o u t n t  i n g  pr si s’ e d l m m r s - t i n  r s- m s ’vs- i i t  h u u t h b l ,  s m i n I
i n n p r e g n ; i t e  this’ open p o r o s i t y  in the’ s m r u s p i c ’ w i t h  s ’p u ’x v  u- i - s i n .  ‘m l  t , - u -  s - u n o v i - r n i g b n t

s i n s ’ ’ -  i t  room t e m p e ’r u i t u t r e  , t h u s ’  ss -u mp l s s-u \, , s ’s  gro u nd sun i-n i I is -su n s- s m r b i d s ’ i n d i n g  i’ m ’s -n
u s i n g  g r i t  s i zes  of 240,  320, and  600 i t - i s - o u s s s s - s s h v ’ -  s t e p s  on a u ’ i m m s b i u u g  n h m ~ -~ - I
(180 Rl’M ) . P o l i s h i n g  was :iccompl l u - s i m s - si  I n  t b m r e ’ e - s t - m g - s  w i t i m  9.5 , I , umn el 0 .0 i  - nut
- i l m i m i n u m  ox i d e  huo w slc ’r I rom Bue-hls ’r , I .t d . rh - i c ’ I ir st t w o  st i u p - s  c,’ , - n -  s - , s m d m t s - t s - sI s m u t
w h i - e l ( 150 R P M )  s - s i v i ’r s cl w i t h  M e t s  I s ’ t l i  ( R u i m ’ h I - n  L t d .  . Fin a l i ’ s ’ I  i s h i i i t g  i s v  h - ms m sl - s s i n u u ’.
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TABLE II
PROP E R T I E S  OF A C E N A P H T H Y L E N E  USED IN THIS STUDY

Pr~~~er ty  I h n t ’ u u r e ’ t  I c  n i l  Measured

Chemical Formula

W T. % C 9 4 . 7 02

WT. % 11 5 .2 9 8  5~~28 (a)

C/i-i 1.50 1.50

WT. % N 0 0 0 1 (a)

WT. ~ 0 0 0 1 8 (a)

WT. % ~ 0

M e l t i n g Point , °C —— — 86—90

( a )  Average of determinations ott 3 d i f f e r e n t  samp l e - n  by
Ca ibrai th  Laboratories , K n o x v i l l e , Tn.

‘ ‘ 3
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0 . 0 5  n U t  aluminum oxide on R av vt’ I i’ l o t I i  ( B u e h l e r  l t d .  ) provided a surface for
m i c r o s c o py  relat i v e ’l v  f r e e ’ s i t  scr a t c h i s ’s . A 5s 5 h i n t  IOU of me’thauol in water (50/50 by
volume) was used in ~- , m ~- i n s t e p  s- is a l u b r i t ’ 5 m u n t .

Samples were examined for rs ’ I s - i t h ye’ t h t ’s ’ , r t ’ s ’ of  C O t i V s ’ rs ion into t hu e  mesophase n i  th
a Zeiss Universal mie-roscope equi ppe’d w i t h  re - I  i s - c t e ’d  p o l a r i z e d  l i g h t  o p t i c s .  P it o t s —
g raphs  we’re made w i t h  a I’o l s m r o i d  s b m e s~t f i l m  h ue  l t h s - r  (10 by 1 2 . 5  cm) smnd t y p e ’ ~2 blac k
and wh i t e ’  f i l m .

D . I’YR OI~Y S I S  U S I N C  A M T C R O S E s ) i ’ E  HOT S A GE

A microscope hot s t a g e ’  was b u i l t  to  i~ ’r i ’  I y z t ’ samples  of a p p r o x i m a t e - I v 20 tag In
s ;iz e  (Se ’ s’ F igure 11) . Time ’ samp les v s -r i - p l a t e d  b e t w e e n - i  two m i c r o s c o p e  cove r  slide’s
(Corning Number 1) s-tttd heated rapid ly fri air to 370°C in 40 m i n u t e s .  A f t e r  a 25—

m inute hold at ahosu t 370°C, the samp les we’re h e a t e d  at 0 .6  t o  1. 3°C/nu n to tempe r—
a tt i r e ’s  be tween 413 ° C and 455° C. A variac was used ten control time temperature—time
cy c l e .  A f t e r  the samp les mel ted , a li quid  f i l m  — ib out  50 In tl to  70 un t h i c k  fo rme ’d
be tween  the  18 mm d i ame te r  cover g lasses .  C o n t i n u e d  h e a t i n g  to  a b o u t  413 ° C
r e s u l t e d  in mesoph ase  sphere  f o r ma t i o n .  S i t - i ce  the ’  nuesophase w e t s  g lass  s u r f ae ’e’s ,
i t  could  be observed  d i r e c t ly a t  t e m p e r a t u r e  t h r o u g h  the  to !) c o ve r g lass  su s ing
r e f l e c t e d  po la r i zed  l i gh t  m i c r o s c o p y .  This e x p e r i m e n t a l  tech ti ique al lowed d ir t - c t
obs ervat  ion of the  coalescence  and d e f o r m a t i o n  ol mesoph -ms e  d rop l e t s  ,ms a re s u l t  of
gas bubble movement t in the sample.

A ch rome l—alumel  t h e r m o c o u p l e  t o u t c h i n g  t i u e ’  b o t t o m  c ov e r  g l a s s  was m u s e d  te )
me’~m su r e  t e m p e r a t u r e .  t ) mte  ten  t he  las -k of in s u ls - i t [et n out the to!) cover  gi  siss  c i i  r u - c t  I \
h u e ’ low the mic ros s-ope -’ o h l  c c l  ive , a se’Vs ’rs - t e’nuupe ’ra t  sire gradient existed from the
hot ts u m to the top cover g l a s s .  C n m l i b r s m t  i t - i n - i  of t i m e ’ h o t  s t a g e’ m m s i n t g  m e ’ l t i n t g  p o i n t
St amidards indicated the t emperat  sire ’ m ea sure - ms -ti t s may bis - m v e-  he c ’t u :m s msich s-us 30 ° 1~

1 l c . 5 I t ’s ’ t hatt t l i e  am tuis - i l samp le’ t emps -ra  l ure ’  a t  400 0 C. Iloweve’ r , 5 itte ’ e t h u s ’ h i l t s ’  p O St  s i t

t h i s  s tu d s ’  was t o  d e t e r m i n e  by d i r e c t  su hu s er v s i t i o n s  the it ifit tence of gas hu bbies on)
me~so 1uhase S i n h i e ’ N ’s s-mu d t i m e S c oales-i s e d  rne’ssn phi i— n ,’ , t h e  a c t u a l  t emp e’ra t  m i r e  i s  no I i n m p o  r—
t int in the Itot S t  sm g e  e -x p s ’ci n i t m ’n t S

I

27



NSWC/WOLTT R 76-113

MICROSCOPE
OBJECTIVE

GAS REMOVAL

INSULATION

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~w lRE ;EA:ING

~~J THERMOCOUPLE

MICROSCOPE STA GE LEADS

EN LARG ED CROSS SECTION OF R EGION A

~~IN SUL ATION WITH

- ALUMINUM FOIL 8mm DIAMETER
W ITH HOLE HOLE IN CENTER
IN CENTER fr

I i ’
SAMPL E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

G LASS SLI DES
-i 18mm DIAMETER

0.15mm THICK

FIG. 11. MICROSCOP E HOT STAGE

28

— - _ _ _ _ _ _ _ _ _



I
NSWC/WOL/TR 76-113

CHAI”I ’ER I V

R i- : S l’ t ’ f S  A N ’ ! )  D I S C I ’ S S l u ) N

‘s .  (~~ i - N I - R A i ,  l
’
u ) N S T I ) E R A ’ l ’ I t ) N S

A l though t h 1 - s - e - h U e i m s ’ t ’ of t i m e  m a j or  c I n e ’ mmni s - a l  res -u e’t  i o n s  w h l s ’h os -cu r  d u r i n g
sle ’ s - n i a p h i t  h m y l s - m t e ’ ~~~r e I v s  i s  I ms - m v e  bee - n m  known fo r  ‘s e ’s - in s , a b r i e f  r e v i e w  o f  t i m e ~ c i i e r u n i s t r v
i t t Ve ) I Vei l d m t r  1 ng t i m , - i m e ’s- i I j u g of  s - i t ’ s’n s - m i i i  i t  liv 1 cue to 500 0 C i s  ecu u - i s  i dere’d impor taut a t
this p o i n t .  Sui ’li n.m r e v i e w  n-h I i  p r o v i d e - s-i n u i tde’r s t an d i n g  s- if t h e  t’ h e m i s s - i l  p r s i c e s s e ’s

i s - h i  i s _ l u  r e su l t  m l  n me -se ’p ihmse - fo rma t j o t - i .

Nmm uun s - r ous  st u d  i 1 -s have  he ’ e ’n n  u s m , m d l s ’ on t h t s ~ p v r e ’ l y s i s  of  s m c e n a p l m t I m v l  Cit S’ . }l s ’is ’ s ”s’ c s ’  ,

t h u s - w o r k  of L5 ’wis atis i s ’ cc — s~s ’rLe ’rs 1 , 1 P , 37 , 38 has provided mucl ~‘i the i n f e u ~~ u a t  i s ’ u
r ib i ng t i m e - c lu e-un i es -i l  h n r e s c e ’sss -s wi- i i ch o c c u r  d u r i n g  pyro I ~s i s  of a t - e na p h t  l iv  1 cite .

-\e ’e f l s - lp i m t l iv  i s - t i , ’ b e g  ins to undergo a time ’rnms-i b v i n d u c e d  v i  u n v  1 p o l  vmc’ r i n ’ s- i t is ’fl s - u t  t e’luu—

~s e - m ’ , m t u r e s  in  t h e  r n m n i ~~c o f  1~~~n ° C to  200 °C . 4
’ ~~~~~~~~ The n e - s t i l t  i u u g  p o l v n u e’r has s - mn aver-

age mol eeu I s - i s ’  we i g i i t  ‘ ‘~~ c o r r e s pond i ng I ci twe lve -  a c e n s - i l n h n  t h v l  e ’mt e u n i t  s n u t  300 ° C.

~—n iv di f f r , m c t  ion s t u d i e -s~~
0 h a v e ’ i t t d i c j t s ’d tha t t i m e  s - i cs ’n s- - m p ln t l i v i  cut e  p o1vn u i~ r h s - i s a

in s - l i tSd I st r Ue  t u r e  w i t i n  three to  f i vs s-ic e’I ’iJ p it t m v  h s - u i  e ’ un i t  s per turn. Be I vs ,-mi 3 00° C

ansi -sOO °C th e I so ! cutl er bs’g i n s  to  t h e r m a l i v  si s ’gr , m t i e - ‘ ‘ and p r o t lu t ’ e’s a s ’ t i s - s -p i  cx
m ix t un’ of d ins -rs , t r imer s , and tetramers c f  a c e tt a p l m t i u v l e n e  . M s - m u ’m v s ’f  t i m e s e - s b ’ s ’ s l e ’S
.u t s ’ f re - c’ rail ic-a I s . The s-ic e i t a p iu  t h m v l e ’ n u  e p01 \‘iune ’r is degr s-id eel t o an s-i ve ’rs-ige’ s i s - m e- ~i

Six s-i eens-ip imt luv I erie’ units s- it 360°C. ‘ ‘ 
_ 

-

Most of t i m e ’ momionuer free rail icn.m Is fornied s-m u-i s-i result of p u s  I ‘tuner  dec onmpo s i t  i t ’ u i
i s - i sl e r g5 ’ r ap  is i  h y d r o g e n  transfe- r react ions to p r o d u c e  aceitap im t lm en i e . 3 A p j n u ’ s sx  hum s - m t e l y
‘~i) by Wt ’ i g i t t  of  t h i s ’ pvrol \ ‘ c e ’si samp l e ’ i s  l o s t  as vo i s - m t  i 1 ~

- s-m s’euts -up i mths -un e - / b et  wt ’c ’m t
L~{ ° C a i m s 1 410° C. A cc ’u v u p h t l u e ’n e ’  rail  i cals  may comb In c  to f o r m  lu i ac e t t a p it t i-i I i d e ’ u n s - ,
I l m n o r o t s v c l  e’t ie ’ , s-m el e i s ’caev sn I e’uie. lh , 38 ‘i ’hese ’ compoun si s s - i r s - m l  so kn s iwn to f o r m  slur  i u t g
poi ‘ s u m s’s’ de ’gr nnLu t i sun is is t i o n s .  Ths’ d inner hi s- it’ s-stap h t m l  idene is s - i nm s- m j or  c o m u u p o m s s -n
of  t h i s , 

j n v  no [ ys  i s  nc - s i  du is ’  and ut ide ’r goe s r e ar rz m ngenne ’t - i  t to fo  na - I i m r e r m e , “m ~ s-i u-n ix
r i np s - i rs’luns -u I i e li ’s’ s! ros - ,u rluolt , i n  t i m e  t emu mpe ’ra  t ore range ’ of i ( Ib ° C u s  -‘sOO °C. C m ’ n m ~ h c ’ i n s , m  t i out
of two or more’ ,‘e’t  h r e -n e  u n i t  s i , 80 r i - s i n ]  t 5 h r i  t h e ’  i s ’r nm a  t i o n  su f I - u r g e ’ s-is ’s’ f l i , n  t i c mol s ’—

eti l i -s i i i  t h u s ’ 400 ° C I s ’ 5 0 0° C t e ’nn pc’r s - l t n n t - e ’ r a n g e .  I t  i s  t h m e ’se’ l a r ge -’ s - m r o m s - u t  i c  macu i ecs ii s ’s

‘ s - hi I eh ju r~’mI ue-e me’u-n s’p li ass’ Is ,rntm j t jot -i .

‘[‘lie , i l u e i v e - d i 5u ’diu- i s j O lt  rs ’ l n r s ’ss ’ u i t  s one  m a j o r  n m ec han  i ~m I s ’ s ’  f o m n n u s - m t  i o n  of is - u rge

, u r 5 s m m s , m t  i s - s d u r i n g  s-m~- e t t a p l u m  h \  i cue’ pyroivs is. T h i n - c  m u m e ch ms - rn u i-um ui i t s - m s  iu e ’s ’nn y en  i f i o s i  i n  h ’ s - i t t
lu ’- s t  h e r  s t u d i s ’s ~5 , 10 , 81 , 5 ’  h owever , it must be’ rs’me ’n n bs ’r s ’m i t I n s - i t  si - v s - n i l  r s ’ s - m c t  i o n
ms’i ’ lm , in i sm s  , m r s - p t ’s ’h s i b l  y ts -iking p lace ’ s-ut t ime same ’ t 1 mm ’ , and  the ’  i- cl s - u t  i ’s ’ s - i mp o r t  s-nc - .’
of c - m e l t  m e c l i s - m i t i sIui is si e’pe ’Itsle’tl t Upon t i u s ’ sp et s  i f  i s ’ ii’s’ m~~ i ’ s s  i s  c s ’ n u i i t j o u n s .

-
‘ii 
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B.  >11 S ( ) l ’ I t AS E ‘1 )-‘,‘C~SFs~kbl ,\ ’hI - N i  N n \ C 1 ’ N A i ’h i ’ I ’H i i i-~~~
I 5 YRO! ‘u c l i , ! )  i N  TEST l s -  bPS

The ~ h u , m r a ,  t e - r i s t  i ’ s  ct the ’ nu s - t ’s u l i l i a s e  t r s - m n s h e ’ n~u c s - i t  i o n  i n  s - m c s ’ t n s - i i s h t l m u - ’ I e - n e ’  we - m e’
d e t er m i n e d  it  r e- 1 , m t i v e l v  s lew  rs -m t e’s of beat lug (10 ° C / i n r )  d u r i n g  p y r o l v s i s  of samp l es - s
in t e s t  t u f t ’ s .  ‘j’O i 5 l e  I l l  g n v e s  s - i l i s t  of  a s i - r i m - s  t i f  samp l e - s  of s m c s ’n a p h t  i u ’ s - l t ’ ns-
v i i  m c l i  w e r e ’ py r~O ‘ zed to di lie r e n t s -  t cnpuc ’ r i  t UN  ‘- h r e- a 3 ( ! f n °C to  500° C.  ‘l’he ’ ‘37 weight
l e ’SS up to I0 ( s ° C is  p r ob a b l  ‘~ su n s - to  e - v n i j i o r s - m t  i o n  of , m c e S i n i  l i t  in ’s ’! ene .27 Abs ’ve’ 3I 1,°c
an a d d i t i o n a l  5 2 — 5 3 7 .  of I l i e ’  o r i g i n a l  sam 1s l5-  vc ’i g i m t  v m s  l o s t  due p r i n n a r i l v  t o  v a p o r i —
s - m o t i o n  of a t  en a p i m t l m c ’ne s - m s  e l i  s cussed  i n  Se c t  i n n  A of t i m  i s  c h a p t e r .  P l o t s  of vs igh t
Loss s - s u i t !  t he  a to tumic  C/H r a t  io as s - i s u n s -  t l o i n  c i i  t i - u i i p e ’r ~i tu r e  a r e ’ g iven i n  Fi p ’ u n re -s  12
and 13 , pages 31 amid 32 rimpe’c t iv e l  y . ‘I ’l ie r a p i d  we ig l i t  loss between 300°C and
-sOO°C t~cscdsrs s -ms tine ’ P/i-I ratio incr5 1--ce-s l’ronn 1.52 to 2.10. A change in ti -ic residue
appearance from ‘ s e ’! lo n’— ec r ,in ne ’ e’ to a P1 nick p i t  - - I c - - I i k e  m a t e r i a l  taT -s-c s p lane’ during
t hi s  t e - u : l l c e r s - i t u r e  range as tine ocs -nd phl t lm vl e -lIe- pci \‘mume ’r is converted to iargs- planar
a r o m a t ic s .  Time C/H r a t i o  of 2.  i - m t  4 5)4 ° p (see ’ T a b l e ’ I I I )  and t h i s ’ m o l e c u la r  w e i g h t
da t a  g iven in r e f e r s - m i c ~’s 27 ari d 37 i n d i e : n s t i -  t h e - f o r m a t i o n  of a r o m a t i c  m o le c u l e s  of
1 p ;u r x rm a t ely  30 r ings  in S I Z e ’ s - u t  - s i ) - ’ s ° C .  T , i r - , - , -r  m o l e c u l e s  w e u u l d  be e x p e c t e d  to he
present if t i -me samp l e  is l i e - I d  s - mt  t bu n-i t i - n i b ’ s - n a t u r e  ft ’ r long per  j oc is  of t ime .

The re ’ ire no major di f f e r e ’u n e - e ’s b e i w t - e -n t he  C/ i l  r a t  i s s  and is’t- I gh t  loss d a t a
given in Table 111 and those re-p orted in the l i t  e - n - - m t u r e 37 , 38 f o r  py ro l y s i s  of a c e n a—
p ht luy lene  a t  10°C/mini in argon. How,-v e i , p v r o l v s i s  i t t  s t i r  does permit- the incorpora—
t s - C S  of small amounts  c it  o xy g e n  in t o  t h e -  l u y r s ’ I y s  i s  residue (see Table  I I I , j i~ igs ’ ‘33 )

P o l i s h e d  s e c t i o n s  of e -j c l i  satnip le list eel In ‘F n.mhl e III , h uge ’  33 , were observed
a t  room t em p e r a t u r e  us ing  r e f l e c t e d  p o l a r i z e - ti l i gh t  m i c r o s c o p y  to d e t e r m i n e  t he
genera l  c har a c t e r i s t i c s  of t ine  mesophase t r a n s f o r m a t i o n  as a f uu i c t ion  of p v r oly s i s
t e m p e r a t u r e .  M e s o p i n a s t s -  s p l i t - r e ’s w~’t ’ 5 - f i  r i-s t o b s e r v e d  in s s - m m p l  ~-s 0 acei sap h t - h y l e ne
hea t ed to ~0-s °C ~se-e F !  g i n r e  1 4)  . I i c -  5 1 u l i e ’s’,~’5 were - r andoml y d i s p e r s e d  t h r o u g h o u t  the ’
samp 1~’ m u d  v a r i e d  is - i size up to a tutaxitnum of 14 pm in d i a m e t e r .  For t h e  p a r t i c u l a r
h e a t i n g  c y c l e  usesi in this stud y, t ime  a c t u t s - i l  t s ’u m s p e r a t u r e  o f  f o r m a t  ion of m I c r o n
n ; i  n~~’ sp heres  is  pro bably in the 390 ° C to lsO -s °C t e m p e r a t u r e  r an g e ’ . ‘I ’ ius ’r 5 - was  no
s s p t  Is , m l anisotropy In samnp i c -s he ’, m t e d  i n  3 t ) h ° C and 351 °C. Cont in u e d  T i e s - i t  j u g  to  4 2 6 ° C
n es --, e , I ted in  sphere  gr - owt l t  aitd C O O !  ess-ence s-Is illustrated itt i-’i guns ’ 15 , page 3~~.
Ms-s5 sp l i s - i s e sp h s ’r e ’s as large as ~00 pm in d i a m et e r  were  obse rved  in t h u s s , a m n p l e’ .
Fi gure  15 c o n f i r m s ea r l  i c r  w o r k 1 w h i c h  conc luded  t h a t  1 sings ’ sp h eres s - i r e  f o r m e d
p r i m a r i l y b y sp here  c o a l e s c e s -n r c ’  c lu r in i g a c en a p h t h v l  ene ‘y ro l  ‘s’s i s-u . A f t e r  i t e n - u t n i n g  to
-‘s21 -n °C , a random distribution of spheres was found.

I-b eat treatment of  , m c s - n u , i , h i t  hv i  ene to 4 ‘~0° C p r o d u c e d  nuc I e s - m t  100 of  f l ew s i ’b s ’ n s ’s
and add itional growth o f  sp h n s - - r s ’ s  formed ,u t I c s \ s - e ’  r teniper :utures (see Figure -s I P—i 8,
p s - I~~ c’5 35—37) . Sphe re  g rowth  o c c u r re d , m s a s’e’su b t of  d i  r u ’s ’ I I n c u s  i ’i ’ r ;i t I eu it of  mo l
c uR - s  f r o m  the i s o t r o p i c  f l u i d  pi tch and sp i-m e r e ’  e m o a i e ’s c e ’n c e - . As showit i n  Fi gumr s ’ 18 ,
page 37, coaT-es-coccI sp here s a s ii i’ m c  515 500 — I s P ) )  J ilt were ol ’se -r \ ’s ’d . ‘l’he larger
‘- s - i u l u c ’ r e s  u s u a l l y  s how s - i ce’mnp 1 cx or  r i m u p e m c ’ u t of e x t Iris t ion c~’n m tours when observed
us ing  crossed  p o la r i ze ’r s  due to numerous co s - ml esri ’u l s ’ s ’ ‘nscesses w h i ch u ’ c u ’ n u r  f a s t e r
than r s ’ar r ang e ’m cr t L o f  mob e ’,uie’s t i ’  p r c s h s m  i ’ t h i s  h e - i l  s i u i u e ~re st n ’ u s ’ t  n u n ’ ,’ . ‘ l i m e ’  i n e r t - i - c s ’
in Vj S s ’o s [I  v w h i c h  e ’ s t ’ n l s ’ s  m s t i m e  me’sop l i a - c s ’ f o r m ,  s - i l  so t e m t t i s I s ’  h i n n c i s r  n s u i e - e- u i , m r
rea u r - m m u g s ’ r n i ’ n I  s-c . Coa Ie sem ’tme - s’ t n t  sp l i t - r e - s  d o c ’s 1 , 1  u n u ’ s ’ s ’ s s s - i r i  lv st ,mrt I i ’  o ccu r  u i-i Ssisifl
as two sp h e r e — s  come in c o n t a c t .  I - x a n u i ~n I  c ’s of  s- us - ’ c u s ~’ h . i s s - s - s b n h u s ’res w in I s l i  i i i - i t t  c n t l t , m s I
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~225 I’m 1

FIG.  14~, ACENAP I-4THYLENE HEATED TO 404°C

c s-s t ro ’rs-iphs g lv us i n n  C i - m u t e r  IV , S e c t i o n  h~, 1, - c - n e  t - I I ’ e nn - u t  c - ’ m  n s ’ n s i ~~e n s l t ’ i u s ’
i~~ t n~ ; i - f !  e c t s ’ sf po la ri ze-P I i 5 i s t  ( c r e s s - c s - s i  p tn I m r i / - - r s )  in n T s - s s  - - m t  s - sb  t n t  I i e - t ’ \s’I  Sc’ . - i

I - I , ,  I s s u e  kgrs c inu h in j P~c ’ n s -  r ‘ l u l l - - s u n , ’ I n  is  F I - ’ s t n  s i s  , i t ne i  1 5  ~ c s - u  t n  i i s f  ~e- ei p it ch
s - e l s l c I t  i s  o p t i c a l l y  f s s c t  c i .  . l i e  ~ S n . u I g h t  I n u t ’ s - i - n - e s t i n -  p I i c ’ n s - g t ’sn~n b n s  i n n  t ’ an u l s in u
c j  i r s - c  t i o n i s  is s- , in owut in  F i n - c n n s-~ 15 ( s - i S ’ e 3 5 )  uun ~sh I ‘~ 

) n u g e - 31~ , m u s -  po l  ‘-cu i n g  s c r u t  - I n ,  - -

3 / I

- ,— . 5’.
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~—S ph e r e
Coalescence

~55 ~.im1

FIG. 15, ACENAPHTHYLENE HEATED TO 426°C
(Note: the examples of sphere coalescence and the range of sp here s izes )

~ 25 ~im1

FIG, 16 ACENAP I-1THYL ENE HFA TF I) TO 450°C
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but have not begun growing t s u g s ’ t h m c ’ r  a r e -  shown i n  F igu re ’  18 , p a ge -  3 /  and  F i gu re s  19
and 20.  Figures 19 and 20 a r e ’  p h i u t s i t n n i e r u g m - i p iis e u t i m e  same area at  d i f f e r e n t  magn i-
f ica t ions . Af t e r  t he  r e l i c -c t e d p o l s m r  i — s -si I i g i m t  p h oto mn m i s-rog r aph  was m5-ide ’ (F i gure ’  1 9 ) ,
the polished surface of  t h e ’ sa t i n g ! e ’ 5’, i S  e t c i m e - s i  f o r  ab o u t  10 seconds in  ace tone ’ . T u e
un t rans formed p i t c h  is more ’ s o l u b h s ’ t h i ~u s s  t h e - n u s - s o l u h u s i s e  and is p r e f er e n t  i s - d i v  i - t r u i e d
away; producing a s h a r p  I i nc  - i t  t h i s ’  n u i s ’ s - s - o p i u sc se ’ sp h n e ’r e - — u n t  r a tt s f o rm e d  p i t c h m  i n t e r f a c e
which may be observed un cte ’r r u - f l e ’c t e ’d l i T - - l i t  ( st - c ’ F i gure  2 0 ) .  Thi s  t e c h n i q u e  i s
usefu l  to ind ica te  s p l i t - r e ’ C O , i h c ’ s C C f l C e  n i s  s h o w n  in F i g u r e  20 , and make ’s i t  p o s s i b l e
to d e t e c t  micron size mesop imase  sp in ~ - r s ’s in  p y r o l y z e d  samp les (see F i g u r e  21 ,
page 40) .

The sample heated to 4 50 °C also con tnii tu ed reg ions la rg er t han 2 mint i n  sf ; - c ’ i n
which spheres had grown together t t ’  p r o d u c e -  this’ coalesced mesophmase (u-ice Figures
2 2 — 2 5 , pages 4 0 — 4 3 ) .  Fi gures ft t h r o ugh  25 , pages  35—43 , r e p r e s e n t  d i f f e - r e -n t areas
in the same samp le , and i l l u s t r a t e -  t i n e  inhomoge ’n e’ous n a t u r e  of t i m e  mesoph~iss ’ fu ’r m e’sh
dur ing heating a c e na p im t h y i e ’ f l l ’  ten 4 50° C . Wl m i t e ’  and Price ’~ h ave - c la s s  i f  ie ’ d sever s -u i
types of coalesced mesop ima se  m i c r o s t r s m c -t u r e ’ s  which are kr -mown to form d u r i n g  t i m e ’
pyrolysis of petroleum p iLe  bi t ’ s - - c . Some’ of t h e s e  m i c r o s t r u c t u r a l  typ e s  a l s o  {e ’r uu u e -d
during a c e n a p hth y le n eu p y r o ly s i s .  1’s[ ng t h 5 - t e r m i n o l o g y  of W h i t e  and P r i c e ’ , 1

~~
Figure 24 , page 60 would r e p r e s e n t  a c o a l  e ’sced me sophase r eg i o n  w i t h  a “course’
isotrop ic” microstructure . In csutitr ;ist te n t u e  isotropic structure , Fi gures 22 suns !
23 , pages 40 and 41 give’ exanip le’ s s i t  t i ’ie-  e’ es n i l e sc e d  mesop hase w i t h  s-i “ f i b r o u s ” m i s r s ’ —
structure. Fibrous nmicrostructures 1 5 i n ; m v s ’ been c l a s s i f i e d  as “ f i n e ’  f i b r o u s ” i f  t h e ’
d is tance between the ext in c t  i ’ m  c o n t ’~su r s o b s e r v e d  under  p o l a r i z e d  l i g ht  m i c r s ’s c s u p v
is less than 10 pm. As shown i n  F i g u r e ’s 25 and 26 , page 43 , the  fibrous st ruc t unr c -s
found in the coalesced me s op im a se - f r o m  s - m t ’ e ’ n :m gi’ m t i m v l e n e  hea ted  to 4 SOPC wou ld  bs ’
classif ied as “course. ”

Figure 24 , page 42 shows st ’v e r s - m l  t y p e ’ s  01 nodes and creusse’s which ws ’re ’ o l n s e ’r v u s l
using crossed p o l a r i z e r s .  Tb nev are commonly  observed in  the  coa l esce ’d nte’so p hma s i ’
and in large coalesc ed sp i-mers ’s (see Fi gure’ 18, page 3 7 ) .  These ’ no des and c r o ss e s- s
are produced by the coal esre ’n s: e ’ of  i s l e s - i l  ume sop inase sp heres ’ 2 , 

~~~~ a nt I re ’ T n r c ’s-s s ’ n n t
defec t s  in the s t a c k i n g  of t i u e ’ Is-u rge ’ aroma t I c  mo leculc ’ s w h i c h  c o m p r i s e  t h m t ?  m ess ’—
phase.  Various t ypes  of unoeis -s and c r o s s e s - s  r e ’l n r e ’s t ’u t  in a rt i ~~u 1 ar  s t a t -k i n g  d e f e c t s
which  have been charac  t e n  I s-n ed I or fle ’ n u u , i t  i c  1 i q u i d  crystal ~8 1  and also for t h e ’
coalesced mesop hase. 12 , 44

Using boiling qu inc  I i  tie ’ In , m se~x h m 1  s t  e x t  rae - t or  , a samp i s’ of  s u c e ’n u s - i p i u t  l i v ]  c i te ’
previously heated - to 450 °C was e’x t r r m s ’t  ,~u i fsn r I s - m S  i uour n-n . ‘I ’Im is p r o e ’ec iure ’ v s - m s  used
to separate the inso l uble ’ mesop i m a s e - l r s c n u m  t hue ’  u n t r a n sf o r m e d  p it elm m a t e r i s u  I w l i i s ’ hm i s
qu inol m e  solubl e ’ . A f t  e’ r e ’~~ t m u c  t i ott , m i s s- s - c ’ p I i i  Se ’ sph ere’s were ’ s-i bt s-i i ned aits i e ’xau ui I ned
using r e f l e c t e d  1 i gh t  ( s e e ’  F i gure - 17~ . Sin -m g i s’ Sh ) l i e ’re ’s we ’re ’ s ’ s - in - i l l v  lr;uc t ur ed  whmc’n
a s l ight  stress was ap p i  I c’d “ i t h u  s - i  p r o i ’ u - . The fracturing process o f t  s- It re ’suIl t e’sl
in hemisp heres , con f i rm i tug hr i t  t b u s  b u y s  - u’ s t r u c t u r e  of  t h’ ie~ mcm l e ’c u l  s ’s i t t  s-un i el i’s-i i
sphere is a p lane  of  w c - u k n e ’su-s .

Samp i c-s of  extr a s:  Lee! ITtc ’s -s O~~h i s I 5 e ’ W s n , ’ s - i l  so g i  u t e e l  t m ’ an , m i u m i n t e l n u  u u s - m n m p l  e ho ]  s l u r ,
coated w i t h  s - i g o l d  f i l m  a b s ’u t  S i )  t im  t i m  i c k  i i i  i V , i c t t l i m  e ’V :lp s ’r at  n c , s - m u s ’ 155 -r \ ’ s ’ u h
u s i n g  SC~1 f l f l i  rig c h e s t r on m i s ’ m s u - s - e - e u 1 , v  ( S I  TI ’) .  , \ s - s -  ‘si i m s i ~-,’um in  Fi g u r e -  28 , t ime’ ex t  t a c t e’d
sa mple  C o f l t s - l  m e d  sp bm ~- u - u -- , S I l i s i  ~ i u _ s _ s _ s  u~ m s ’ s - i l e’~~s ’ s’d m u ’ s o p i m ;I s e ’ . Examp ] c’s of n i u u g i  c’
mesop h an -i c Sp bR ’ r t ’ nc a nsi  c h i t s - c m  - n s  t n t  s -c p h ’ r i ’ s - s  i n -  m ’ i v u ’ n n  i t t  t - i % I u t r e u-u I~1— ( 1 , p s - mge ’ n-n - ‘s h  m us h

IS 

-——— ----~~~~~~~- -~~~~~~ ‘ ~~-- - -~~~~~ ~~~-- - - ~~~~~~~~~--
~~— - - -—

~~
--



NSV ’j C !WO L;T R 76 1 13

B
A . 

/

~16O p m 1

FIG. 19, REFLECTED POLARIZED LIGHT PHOTOM ICR OGRAPH
OF MESOPHASE SPI-IE RE COALESCENCE

FIG, 20. REFLECTED LIG HT PHOTOMIC ROGRAP H OF
MESOPHASE S PII FRE COALFS C FNCE
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FIG. 21, REFLECTED LIGHT PHOTOMIC ROGRA PH OF MICRON SIZE
MESOPHASE SPHERES FORMED DURING HEATING
ACE NA PHTHYL ENE TO 450°C
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FIG. 22 . COALESCED MESOPHAS E AND MESOPHASE SPHERES
IN A CE NAPHTHYL ENE HEATE D TO 450°C
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FIG. 23. FIBROUS MICROSTRUCTURE IN THE COALESCED MESOPHASE
FROM A C E N A P H TH Y L E N E
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FIG. 25, COARSE FIBROUS MICROST RUCTURE (REGION B) NEAR
A GAS PORE IN THE COALESCEDMESOPHASE FORMED
DURING HEATING ACENAPHT HYLENE TO 450°C
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FIG. 26. HIGHER MAGNIFICATION OF REGION B IN FIGURE 25
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FIG. 27 . REFLECTED LIGHT PHOTOM ICROGRA PH OF AN L X T H A C T E D
SAMPLE OF MESOPHASE PRODUCED DURING HEATING
ACENAPHTHVLENE TO 450°C
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- . 7 .  r hes~’ p h o t o n n i c r e ’ s T r i p l i s  i ! lu s t  r t  e ’ a r i n g s ’  s i t ’ s i n h m e ’ n s ’ si se ’s f r s u r n  l e s s  t h u s - i t t  S
t el a h e u u  t 500 m ’ s .  F’ I - i t  r u - s  I i  h it ! i t a t  e - t h i s - i t s - s - s -  t r , u s  - N d  sp l i e -  re -s i - - u r ge -n  ‘ h i s - j i m  s-j I n s ‘u t
i i  ~nnm in  d i a t n e t ~’r usua l i v  w e r e ’ e: r , u c k e ’d.  l i m e ’ I n s - m n - n h  e x t  r s - m c t  i o u  e e u t t d i t  i o n u s  su re ’
b~’l ieve’d to be re sponsible - t o n  t h u s ’ c r a c k s  i i i  s l u m s - r e ’s.  h I s ’ s - i t i n n  o f  e x t  r , i e - t e d  sphe ’r e ’s
to 500°C on a mi cros -se 5 f n e ’ hi ot s t a g e  I u r o d u t ’ e- d no u ’ v i d e m n s t - o f  cinc h L i n g  cur s s u f t e - m i J n g  tn t
the s I’ hn e - r s -s . A inpa r c ’It t lv e xt r u  t i s u t i  r s - ’ s m , s v s - d  Soi m ne ’ e n l  t i n e , lo w  molecular we ’i gi m t I m v d r o —
carbons in me-s op h4 m s e - sp l i t - r u  s ’ i m i c h m  s - m r~ - u e - - - p t ’t t s i b s i e ’ f o r  t l i e  f l u i d  n a t u r e  ~i f  t i nt ’
op  h i e t e ’ s--S a t  t lii ’ t c - ni l ’s - r a t  m u  e u l  ‘c~~~l c u ’ cc f e r n s - s - i t  i o t m  . T im i s  s’s ’u h e! e ’xph  s - i i f l  t I m e ’ c i- ic - k s  i n
extra s -t ed sp h m e -r~-s , smnd s~’i ml d ‘ l i k e  t h n e ’n mu i n i f m i — s -  i h l  e’ .

A eht ’f lSI  I V  g r i 5 l i e n c  ct u l unm n n c e m ) i i ’ o s - - s e ’d o f t ’ ’ h  Ue ’ne ’ a t - m c i I , I , 2 , 2 — te ’ t r a b r o r n o —
s t  hane  (AS iI’~ s i  , m n d s - m r d  i) h t n JS )  was  u s e d  I s ,.) de’ t e -rm Inc  t I m e  dc- its i t  s- e’f extr s-me- t ed m e so—
‘ I n s - u s e ’ -s~ ’ l i ~ ’r ~ - - ~ . Sp h e r e ’s  and 0. num dianuet e’r part ic he ’s o f  ( ‘ O s - i l e ’ss ’ e ’sl mes o p l m a s c  s~’ers ’
f o u t i d  t o  v a r y  in d e n s i t y  I reu mm n , l .  .0 g/crn 1 to 1. 52 p / c m 3 . l e w i s  and  S i n g i e - r 1

~ ’
r e - I ’ s ’ n e d  a v,i i~ ue - o 1. 52 g/ en ’s  f o r  t he de ’it s i t v  of m e s o p h m s - i s e  sp h e r es f o r m ed  d u r i n g  _ 

-

b m ~’s -i t  ing  a c en ap h m t h v  I t - n c -  at  u O C ° C f5 ’ r 1 2 h o u r s  . Pe -sop h i s - m s c  sp hi e’res s e p a r a t e d  f r o m
u s - ’ r s u l v s - : c d  p i t t ’ h m e ’s (s - , s ’e’ l a b l e ’ 1, ps - s-ge 1( 1)  a r e  knc,wit ten  I n c  m o r e ’  d ense t iu ,-mn the ’
I s o t  mop i e uncs,nvs’ r t ed p iLe in s-mite! ims - m vs ’ he’e’n rs’po r t 5-d 1 0, 2 - u  ~ ‘~ to  s i n k  to the  h o t  t o r n  - 

-

e ’f  t h e  p s- ’r e ’lv s  iS  \‘ c ’S Se ’ I d u r i n g  h e at  ing . h o w e v er , t h u e ’ s amples  observed in  t i n  i s
s t u d y  d i d  not  show , i t u ’ s’ cone h us lye ’  s ’V isi e’nn ct ’ t n t  t I m e  n me - s o p h i s - m s e ’  s i  n t k i n g  t i n  t h e  b o t t om
of t ime  t e s t  tube ’s . C o n v e c t i o n  t - u n r r e ’t i t s  m n - id s t i r r i n g  of time mesophas e—p itch mixture’
by v o l a ti  it ’ p v r o . I v s  i s  b y — p r o d u c t s  n a y  l n s - u v 5 -  p r s ’v e n t e -t l  n i ns - s o p h s - i s e -  s p h e r es  f r o m  s i n k i ng
L e n  t h e  b o t t o m  of t ime  t e s t  t u b e’ s.

A f t e r  h e a t i n g  to 4 h ( ’ s° C , s- l ce’n i a p h m t i u v l e ’ n e  s- s - is  n m ore ’ th i s - - mit 507 co itver t e d  i n t t s n  t i l e ’
ordered mesophase . The micros true - Lur e  of t i n s - ~Ishb °C n e ’ s - i t ed  samp l e s’s-is ‘u ’erv .s m i n i I s - m r
s - m d  j u s t  as inhomogeneous  as that of tile ’ 4 50° C p y r o l  ‘s’ s - n ed ss-t nnp l e ci e’ n-n c : r j be~t 1 s - i I ) e ’\’ e’ .
Reg ions c o n t a i n i n g  mesop ltase sph eres and c o s - i l s ’ s c t-d meso p b m s - s s e  w e r t ’ p r e s en t  (se ’e’
F igure  32) , b u t  t h e  e x t e n t  of for nm ,-it i o n  o f  t I m e  comp le ’t e ’l s cs ’ s - u ] esc’ed ms ’s s ’ p b m s i s e ’ i s i s
m u c h  greater than in the  ac cns -m p h t h v i  ene samp le p y r o l y z e - c l  t e n  4 50 ° C.

B e t w e e n  -‘-i hb °C and 500°C, ae -en ap h t i m v i  cue m , ’ :n ,s- co m pl  cte’ i s- ce t t v e r t e eh  I i t t  o t l i e ’
coal e’seed nne ’sopiuase , p roduc  i n g  s- i m i c rc ’s t  r u c t u n e - s-us simeiwn itt Fi gure’s  I i  s m m t d  ( ‘ S . -it
500° C t h e  me ’sophmase h-mad so lid i fled s--mi -md the’ mii i crostruc ture or mci i cc- ui s-ir s~ m e I e ’r i n 5
be ’cs -mn m ie f I xe’d . Tine m icrost rue- ture de ’v e lo pe -eh s - it t-h is pci itt w i ll tto t e l m s - i n n - i ’ s i g m i  i i i  —
cant ly oil heating to grap hi tizat Is-in temperature’ s (2800°C ) . !] ~l -

H o r n s - ’ ~ has repor  ted tha t pv ro  I vs i s  of s -u c o t i s - u  p i t t  h’s’] en s ’ he 1 u ’iu  t h e  t e ’nipc ’ c s - u t  ii re
of depolvme’r is-nat ion for long pe’r i s u d s  enf t i m e  (14 hi ’s, s - i t  300° u~’) w i l l  n e - s u i t  i n  ,u

P 1 t e ’h v im i c h i  u r ts i e ’r g e e’s me n-n op hs-mse sp h e r e ’ f o rms - m t i e ’n s - i s  I ss ’  s - i S  3 / 0° ( . ‘i’m i ~ i s  s i t s - i  p i i
thy l e ’ne ’ p i t s -li vs-is co m p l e t e ly  c-o m t v er t s ’d  i n t o t i m e ’ u ’ i n s - u l ess - e ’sb n mmt ’su ’p h m a s e ’ s i f t  s t  hc’s-t 1 m m :
f e ’r  18 h r s .  a t  400 ° C in argon. s-i 50% bus - ’ ws’ I g l i t  e ’ou~’s ’ r m- ’ i s ’ t l  u ’ f  :us ’ s ’u ts - mp l u t i i v l  c - m i s - m i s t ’
time ’ m~’sop h us -m sc ws-is found after lie’s-it l u g  s - mt 400 °C f o r  1 2 h o u r s  1( 1 

~ I i tpe ’r an s i I s w  i s
re po r t e d  t h i s - i t s - i e ’ e u i s - i p h t h i v b  els e ’ I n y r i s  h v z e e l  i n  s - i n s  s - u r n u ’ n n  s - i t m o s p i n c ’ r c ’  t O  5 (0 ° ( ’ p m ’ c h i i u ’ uh
m e s o ph s - i s e- sp l i er e ’m-n up  to 1 00 ~m rn I n  s I zs ’ . lit t lie’ s- ui -i’ s-it t ot  mc lv , S1) lie’i ’ t ’i- s - m s i i  r p u -  s - i n - i

200 m m were obse rved  in  satiup i s ’s  p v r o l v ; - e’ s i t o  u ’ O ° C .  l ’ I u e ’se ’ d i f f e r e n t  st  u mel  i s  i l l  m u ’ - - -

[ r i t e ’ t h e ’ w i d e r ange ’  o h  t t -r m m p e ’ r s - t t u r s ’ — t  l in e ’  s ’ e ’t td  i t  i s ’ n n s - s  v I m h u h  ‘ t s ’ d n i c ~ i ’ ’sip h m ’ iu  i u ’ r m ’ ’ u t  i i ’ m S
i n  o’ens - i p h t i u v  I cute s - i n c h  con -m i ) ! t ie’ c ’m nver s- s io n  m t  u s t lie’ con  i s s - s - c s d  nm c ’ss ’p h m m s o .  ( s n n s - I ’  l u - t o

e - s ’nver s  ion  u u f  5 l e ’ t ’ f l a h ) h t t h u \’ I s i n s ’ j u t s ’  u p u s ’ ,u 1 s ’ su s ’ sI sp lii ’rs ’s i s  s - i l  -5 5 ’  known t u ’ u ’s u ’ u i m  1 1
t h e  p v r s ’ h v s i n - c  i s  c-ori duc’te’d s i t  h i g h p n s - s s t I r u - ’s ; ( ‘ H )  S N / r n ” ) . t ’ ~~~~~~~~ 

~~--~~~~~~~~~--‘~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~ - - -~~~~~~ - - ~~~~~~~ _ _
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FIG. 29, MESOPHASE SPHERES SEPARATED BY EXTRACT ION AND
PHOTOGRAPHED USING A SCANNING ELECTRO N MICROSCOPE
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FIG. 30. SCANNING ELECTRON PHOTOMiCROGRAPH OF MESOPHASE
SPHERES ISOLATED BY EXTRACTING A SAMPLE OF
ACENAP HTHY LENE WHICH WAS PYRO LYZED TO 450°C

~~ -:‘~~~~ ~~

~~~ .- 

_‘ _

~:

s - r n

* .
FIG. 31. HIGHER MAGNIFICATION OF REGION A IN FIu ; U HL 30
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FIG. 32. MESOPHAS E GROWTH AND COALESCENCE IN AN
AC ENAPHTHYLE NE SAMPLE HEATED TO 466°C
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FIG, 33. COMPLETELY COALESCED MESOPH4SE iN A SA MPLE OF
AC ENAPHTH Y LENE HEATED TO 500°C
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FIG. 34 ACEN A PHT HYL ENE COMPLETELY 1HA NSI u s l i ’ ,- l m t ) INTO THE
COALES CED MESOPHAS I AT 500°C
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Several  f a c t o r s  are c o n s i d e r e d  u t o t e ’ s ’ e u r t h n v  s - m t  t h i s  po l u s t . A n c ’ n n m p bm t h i s - I  s i m s ’

s a m p l e ’s cooled  r s - i p i d l v  to  room t em p er a t u r e ’  a f t e r  iny r ol~’s i s  f i r s t  be -g in  to  sh in y
gas b u b b l e ’s f r o z ,e’in i n  this ’ res i du e ’ a t  450°C. N e i m n i e - r o u s  h n u b h u i  c ’s were  p r e ’ s u - m m t  i n
sample ’s  cooled r s - t p i d l v  fro n m i -‘s- 1s2 ° C , 466°C, and 500° C. T h i s i s  c h a r a c t e r s - s t  i n  s - i f
v i s c o s i ty  in t e :r e s - m s e ’ s  s - ms t h e ’  d e g r e e ’  of mesop hase ’ t r s - m n s f o r m s - mt ion l u c r e ’s - u s e ’ s .  ‘l ime ’
r5 ’pions arounsl L t ie ’ gas bubble’ s or pore ’s were ’  trie r s’ o f t e n  t h a n  n o t  compose’d of t h e ’
f i b r o u s  m i c r o s t t - u c t u r e -  (se’s’ Fi gure ’s 35 a t t d  3 ( u )  . In  si d d i  t iot t , t im e-  f i n e  f i b r s u u s
n m i c r o s t r u c t u r e ’  was not obss ’rved u n t i l  ‘ smes - e n s aph m t h i y lene was h i s ’ s - i t  s - t i  a bove 466 ° C. ( s e - i ’
F i g u r e -  ~3 u s)  . ilowe s-ver , on ly  a smal 1 pc-rue - n t  ( <20 % )  of  t he  t o t a l  s am p l e  was i r s - i n n s —
Lu rmc ’ el i n t o  reg ions  showing  t lie fine fibrous microst ructure’ . I~ n it is- s-m d Pr I c e ”3 ’ 

- l

l i , m V c  re p o r t e d  t h i s - c t  p s-is  bubble ’  f o r m a t  ion s t r e ss e s  the  coal  eise ’cd nu e ’ss ’p lu as e fsirme -ti
d u r i n g  t ime ps- re I ’ s - i s i s  of p i  tc imes . The st ress  d e f o r m s  the  c o su l  c - seed  mesophase ’ ami d
c , iu ses  t i m e  f o r m a t i o n  of the  f i n e  f i b r o u s  s t r u c t u r e  w h i c h  is e - h a r s - m c t c ’r i  st ic  s - n t  goo d
fle ’ e’ e i l e  cok es .  Th is can happen  o n l y  i f  t h e  c o a l e s c e d  mesop lu a s e  is s u f f i c i e n t  Iv
flui d to undergo extensive nmechanical deformation just prior to solidification.

Apparen t ly , this same p henomenon produces  t h e  f i n e  f i b r o u s  m i c r o st r u c t u r e  in  t I m e -
mesopimase from acenap iuthylene.

C. PYROL’i’SIS OF ACENAP HT I -I Y L E N E  U S I N G  A
MICROSCOPE HOT STAGE

A conutuon method used to  s t u d y  l i q u i c h  c r y s t a l  fo rm s -mt ion  is d i r e c t  o b s e r v a t i o n
of ti -me sample using a microscope hot stage . Si nce li quid crystals wet glass , their

~u ’r m a t  ion ms-m v be observed in  l iquid  f i l m s  be tween g lass p l a t e s  w i t h  s- i p o 1 s - m r i z e~I
ligh t microscope. The carb onace ous mesop hase is similar to a tiematic liquid c n v st s - i l
and is known to wet mica , ~ carb on and grap h-m ite- particles , 9,10 and m e t s - i l  ox ide ’
p s - i r t i c l e s . 77 A simp le m i c r o s c o p e  hot  s t age  was b u i l t  (see Figure 11 , ps - s - g e ’  28)  I s ’
ohs-s e-rye mesophase f o r m a t i o n  in acenaphth vlene in the 400°C to 500° C temperature ’
n - i n n s ’ - ‘lime intent was t i m  oht s-min direct information on t he  i n f l u e n ce  of c s - ms h i n o b l e ’
tu rns -mt ion and percolation on the mesophase at time temperature of mesop hs-mse foi’mat io n i .

1. P r e l i mI n a r y  E x p e r i m e n t s

Preliminary experiments using time microscope h ot s tage revea led  a n u m b e r  s f
technit ’s - m l problems . As r e p o r t e d  e a r l i e r , 56% of  the  sample w e i g h t  is removed d s i r i t t g

v r u ’ l v s i s  t i n  500° C as volat ile by—pro d ucts. These gases tend t o  c s u n t h e ’m n s e ’ on t h u s ’
m i c r o s c o p e  oh~ ective and prevent direct observation of the samp le W I l l i e ’ i t  i n —  b e i ng
hc ’at e d .  The hot gases also h ave a c o r r o s i v e  e f f e c t  on the  ob j ec t  lye ’ . I t  a g l a s s
p l.- i t e  is p laced be tween  the  o b j e c t i v e  and t h e  cover  glass on the  h o t  s t s u e - , p, , e-i e ’ s s i u - ~
p v r o l v s i s  p r o d u c t s  condense c-in it immediately and also prevent direct oh s e’rvs -m t iss i’m
s u b  t i m e  s s - m m p h e ’ us ing  r e f l e c t e d  p o l a r i z e d  l i g h t . *

Au a t t e m h ) t  was made to remove t i - m e  vola t  i le  b y — p r o d u c t s  by ps - i ss  I t ip  s - mit i n e r t  gas
(argon) over the t op  ccv i i’ glass anti s- ii .s o d i r e c t  ing  s-i s t  r eam s i t  gas is ’ m ev-s- m-~ t i - m e ’  I i p
o h  t i l e ’ o h j  s’c t i ye ’.  Tim is  t s ‘chn i qus’ p rs’\’emt tesi vo m t  l i e ’ b y — p  ro slu e’ t s f r o m  ob scu  u i  m u g  t l i e
vi ow; howe ve r , i t  caused s-u se’ve’re t empersutu are pt’s-id iem t from the h ot  t o r n  p 1 isis s i  i e l s ’
t s u  t i t e ’ t ep c u u v e -r  g l a s s .  — \s - i  re ’sul t , t b - m e  t e l l )  e’ u n v e ’r g i s - u s s  es’s- is b e l ow t h i s ’ t e ’n m l n e ’ r i )  m i s - u ’

~ F i i i ’ s - ;  c u t  L ims ’ In I i t ’ k p i t  c’ h —mm i e ’s op ha se ’ in i x l  itt’ s’ s-Is I h u m  us - ;  50 - in W e ’ i ’e’ n e i l  I t a n n s f i u t u T u
I s u  I i g b m t  , and t h e  s a m p l e s  c o m i c !  h e  , ‘ b u s s ’ n ’\’u ’ eh o n l y  w i t h  r O b  l e s ’ t s ’ I p o l a t ’ i ’ s e’ sh l i - - m m  -

‘it )
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FIG. 35, FIBROUS MICROSTRUCTURE IN A CENAPHTH Y L ENE PYROLYZED TO 500°C
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r e qu i r e d  [or mesop hase f o r m a t i o n  (400° C) and t h e  mesop hs ise  t r a n s f o r m s - i t i s s i n  e s u n s l c h  f le ’t

be observed.  Several expe r imen t s  were  conducted using the argon flow t u ’  i s w u ’ s ’ s - ’  ~w i v
t i - me p y r oly s i s  gases.  No op t i ca l  a n i s o t r o py  was observed  at e leva ted  t s n ugs r a t u m
even when t he  samples of a c e n a p h t h yl e ’n e  we ’ re ’ h e a t e d  on the hot stage t o  4 h n ~~~ .*

Two e x p e r i m e n t s  were conducted in w i m i c h  no argon was used to sweep L v i  t h e ’
v o l a t i l e  by— p r o d u c t s .  Ti -me o b j e c t i v e  w s- is ra ised away f r o m  the hot  s t age  ( s u  s- re - -:, ” m s -
p ass’s f r o m  condens ing  on i t .  When the  hot  s tage reached 440 °C ,* the o bj e ’ t i v u  w , m ~-
lowered s-md mesop hase sphere  f o r m a t i o n  and coa lescence  ~~uld be observes! d i r u ’ s t Is--
f o r  one or two m i n u t e s  b e f o r e  the o b j e c t i v e  t i p  was coated w i t h  c’ e u n s ! s ’ n n - , , i t e ’ . P i m ~n I n I e  s
s)t secen aph thy lene  ~n s-’rol yzed in t h i s  manner  were r a p i d ly  cooled to room I s - s - i l i u m -~ s - i r e -
in tWo to t h r ee  minu tes  by removing them f r o m  the  hot  s t a g s’ w i t h  t w e e / e - r s -~ . ’s he ’ Su ’ i s h i , i i s u ’
drop le t s  were found  to  wet the glass s l ides .  As a r e su l t , p o l a r i z e d  h i g l m t  e x t  m d  l o u

ce - in t oe n r i - ;  wh i ch  represen t  molecular  o r d e r i n g  could be observed d i r e - t I l v  t h  r s s u t g l i  e’ I n s - s - e r
t u e  top or b o t t o m  g lass  sl ides.  Figures  37 t h r o u g h-i 40 , pages 53 and 5-i , si nus - m s - is - n ‘ c-

t u e  r e s u l t s  of observa t ions  made at room t e m p e r a t u r e  u s i n g  refie ’cte ’tl h i sm h ,mni/e- d li gh t .
A random d i s t r i b u t i o n  of mesophase d r o p le t s  up to  16 s - r n  in  s ize  was s u l i s s ’r vs ’d i n
s e v e r a l  regions as shown in Fi gure 37. TI - mis  p h o t om i c r o g r a p h  g ives mat sv e’ x s - i m n i n l s ’u- 5 c!

ext i nc t i on  contours  and crosses which  i n d i c a t e  t h a t  the  m a j o r i ty  s-if t I m e -  d r o p l e t s
have the  same op t ica l  cha rac t e r i s t i c s  as observed in po l i shed  cross  s e c t i o n s  of
s--n , e r n l ’ I e s  c o n t a i n i n g  ideal mesophase sp heres .  In other  reg ions o f the samp le’s . stt ’ings
of  coale sc ed mesophase drop lets were observed (see Figures 38—40 , pages 53 , 5k ) .
The e - e ,m l e s c e d  drop lets were found to be as large as 60 h im in  s ize , i n d i c a t i n g  t h a t
sev e ral smal le r  spheres had coalesced to produce  t h e  s t r i n g s  of mesop h ase t h n i ’~’ h e t s .
I t  is now known tha t  these s t r ings  of coalesced mesophs-isc drop lets are ’ b o r n e -el by
gas bubble  perco la t ion  throug h the samp le. TI-mis phenomenon will be sie’st’ u’ih ed in
de t a i l  in the  fo l lowing  sec t ion .

The t e rm mesophase “ drop let ” instead of mesophase spitere’ will he used i t s  d i s -
cu s s ing  the hot stage r esu l t s .  Since the mesop hase mus t  wet the  ce ’ve ’ i- g l a ss  t s )  he
observed , it  does not f o r m  as a p e r f e c t  sp here . The mesop hase p r o b a b l y  t a k e ’ s  sun m m
h emisp h e r i c a l  shape in these exper iments  wi th  the  f l a t  pa r t  of the  li e T T i j S h i h n e i u  i n t ’ > t
t s u  the ’ cove r glass. T h e r e f o r e , the term drop let wi l l  be used to d e s c r i b e  t i - me m e n -no p l i ms e ’
p a r t i c l e s  formed initiall y during hot stage pyrolysis .

‘th e microstructures illustrated by the photographs on pages 53 atid 54 , and a l l
o t h e r  p h o t o g r a p h s  in Section C of Chap ter £V 5 could he observed t h r o u g h e i t h e r t h i s ’
top or l ) o t t ou lm glass s l ide .  Unless  s t a t e d  o therwise , a l l  p h o t o g r a p hs were  t a k e n  s - m t
r s) e)m tempe r a t u r e  u s ing  r e f l e c t e d  po la r i zed  l igh t wh i ch passed t h r o u g h this ’ g la s s
s - s i  l ie ’. C a r e f u l  separat  ion of the  g lass s l ides  f r e q u e n t l y  caused the  I ’ v u s ’ I s - s  i s  re ’s i ~h t t ~-
t e u  c leave  away f r o m  the  g lass s u r f a c e .  In such cs- s- se ’s the  s u r f a c e  of time ’  I”,’ r u ’I vs i s
n e - s i d u e  w h i c h  had wet the  glass s l ide  could he examined  d i r s ’ct  l v  u s - s  i m n g  r e t  l e ’ c t s ’d
p s - i l a r i z e-s! l i g h t .  The m i c r o s t r u c t u r e  of t h e  samp le-  ‘ - n u u r f a c e  was t i m e  iss unmue ’ whu e -ti ohise n \ ‘e ’ I
d i  c - c t  Ly s-is i t  was when observed t h r o u g h  t h e  g lass  s l i d e . In  adsl j t ion , no , m p i n . m  r u - n i l
dii fer en ces  we ’re nested be tween  t h e  mesophase ’  m i c  re in-n t r u c tu r e  u ’ b n s c ’ i v e ’ u.i - i t  42 ( u ° g t m u

s i b  °C s-mod t h a t  s u b s - s e rved at rsu o m t em p e r a t u r e . Tim i s  m i t - - i t s — s  t h i s - i t t his ’ p u n  I s - I r i s - i l
l i g h t  e x t  i n t ’l  ion s’o n t o u u r s  ob served i n  t h e  hot s t s l g e  mmn i e - r i u s - — i ’ u ’p\’ p a u - t  n t  t h i s  st  i i s l v

were m ru-stilt u~~i m o l e c u h , - u r  u u r s k ’ r i n g ,  and  not  due t o  n - nt  r u i n  e ’ I t t ’ s t  is i n  l i i i ’ g l i n - s is
o r  t i m e ’ samp le it s~- l f.

i t t  s - l i l t was in s - tel e’ t o  id’ s- i t s - s - I t  s l y  p r s ’ g m  am t i n s ’  t e ’mpu - r m t  n i t - — t  l i n t ’ d\ ’ u ’ h u  i n  l i m e ’  s - m u - i  m u —
m u _ I n - - - ‘x u s s - n I m ’ i u ’ n t s .  i b is ’ m i n I m a l  samp l~ ’ t u ’ m m i p u ’ r s - i t n n u -  Cs ’ , i n - ~ 20 — 10 °

C I s ”,sc t m i i i  f i t s - i t  s i  ( l i e ’

m m  - ; t  ig u - . -\ i i i  s C i l s - - i s  inn  on t e m p e r s - I t  m m d ’  ms - is- , i - - m n r e ’uui e - m n t is giv ~-m u i f l  - -s - s e t  l m ’ t t  ( .  - , s u b  t i m  i n s -

- i p1 u -
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2 . influence of Pan-i B u b b l e s  o m n  ~k’~~~j~j~s - m ’ t ’ F o c u s - i t e m n s

( h i s - t u gs’S ws ’Fu.’ made  i n  time hot  s ta g e  p - r s - n i y s i s  t e ch i n i i qus ’ I s - u  alLow d i ne-ct
observa t i o n  s - u f  t he  s - i m m s - m ’ j u - n i s i  n ip c s - f  h e - c -t e d  p o t m m r i ~~e’s! 1 i g i i l  . l i m e ’ m i c r u - i s t - i s h n u -  and  ho t
5 ts -ig, e ’ li’ s - ne ’ p t u s i t i o n e c !  n s - ’x t  t o  s - i s i n g e -  v e u l t  s - i t t  , u c ~lied t o  s-mn e m - m i n i s - c t fan . ‘l’h is s - il h e ’ s - c-ui
e’ b~ f i cl e n t  ne ’n u m e ’v al  of t he  vo la t  i he 

~~~~
‘ n o h  v s- i s  p s - u sc ’ s  i - i l  i s - s u m s - I  c ausi  tig a I s - i s - g e ’  t etnpe r s m t u r e

g r a t i s - c o t  from the’ b e n t t o m  glass su ds- t o  t he t u s h - i  d o v e ’  r slide’ . A u-n a r e s u l t  , nue’ s s u p h s - s - m s e ’
f o r m a t i o n s , g r o w t h , and coalescence’ c’ sss - s - I d he ’ s ’hs -- s u - r v e ’ d  a i  t h e  t e - s - m m h n e ’ r , l u r e  of f o r u m s - i t  i o n .

A t im e r ms -us’o u l les t i ’u c h i n g  t h e  h o t t o m n  g l m m s s n n l i d s ’  ( s - s t ’ s  F igure’  I i , p s-~~ s - - 28)  v s- us
u s e -h  t i  mea n - n o n e  t h e  tempe rat e m s - c .  T ime ’ s-ic t st a t  s-amp I c -  t e rupt ’ rsu t l i d s ’ s - ul n i 1 d h5 - e -x p s’ c I c ’ s - h
to be less than the measured te ’s - s - n pe’r s - nt sire , s in ce ’ a t e l l s - l i e ’ c at  i s - r u - s- ’ d , I t h j e ’ ti t p rcu h smb is-
exists from the bot l o i n s -  glass  s l i d e  to  the t o p  cumve - r sli s - he ’ , in o r d e n  to  h~’t t  e r
e l e ’ t e  r nmii n e t i n e  s- s - sit up le t emp s’ rat  is -re , m e l t  i n ip point sE sun d a r d s  wit i c hu  fls - e’ i t  at  200 °C
216 °C , 2 58° C , and 318° C w e r e  l i S t - t i  t o  c s - i l  i b n s - m t e  t h e  l i n t  stage’ . The r e - s t i l t s  i t i d l u : i t e
t he  measured  t e m p t ’ ra Lu s- c i s  20 ° C I s -  ‘30 ° C h I ghu ’ r t h a n  the t r i te ’  t e n s - m m - i s ’  r a t  u r~ - s - s f  t hue
samp le . A l i _ s Ic had I n t e r n  c u t  i n  t i m e ’ I n su  I s - I l  ion coVes -Li sp s - n e  t e u p  s - i l  t O e  samp l e’ (se’s’
Figure il , page’ 43) in cnrsle r t o  observe  mesop hs - ise  f o r m a t i o n  d u r i n g  p c ’r s u l y s  i s . Tim i s
p r o b a b ly  cs- s-used  a r e m p e r i t s - i r e  ‘~‘ s - i r  l i t  i s - - i n  o f  a f e - v  degre ’e ’s  a c ro ss  t he’ samp l e ’ i n  I he’
h o r i z o n t a l  d i r e c t  ion  f n u s m  t h e  c e - m i t e r  t o  t he  e d ge’ o f  t i m e  g loss  si i s - h e ’s.  ,\e ’csi r s - m t e ’
E s - is -s -g e’ rat ure  m e m u s t i n s ’ s - s - i e n  t s  w s - ’ u n l d  enab le  Ofle; t o  d o l e ’  r nu i rm e the  l e ’m p e r at  ii  cs - — t  i n i t -  cond I —
t ions neces s s -mr v  f o r  mc sop h uase  lorinat  iou -i .  However , i t i s  r iot  e m-u s e -n t  [a]  s- s know E lm s ’
e xac t  t e m p e r a t u r e  in  a study et f  t h e  i nf l u e n c e’  of p s - ms bubble h me ’r csh laEio fl u s u n  t b i e ’
s-i t --e s -  mas s’ . In t h i s  i l L s - c s - i s i s  i o n s  of t he  h u n t  s t ag e -  p y r s - i l ’~’ s i s  of s - us ’enap h t h n s - - l e ’ m i s  

* 
t l s - s

samp le t e m p e rat u r e s  r e p o r t e d  ane -  app noi-: im s i t e  ami d w e r e  de- t e n’m i ned by st i t s t r s - m t t i nh’ ,
25 ° C f r o m  the  nne asure ’ t i I t ’ s - : s - s - -e r , n t n i r e  of t he  t’oph ser  h eat ing  b lo c k .

F i g t s - r e s  41 and 42 , pO~~e -5 So and 57 , g ive  examp les u - i f  t he  m it s - ix i rnu m and mini  i n s - i n n
m e a t  I ng  s- sit e s  f o r  t h e  hot i-s- I s-ngsn . 45 indic s-it e’d , sanmp l es se ’  cc ’ l i e ’ s - i t  s’ s - h r a p i d i  s- t s - s s - m i s s - s u i t
370 °C in 40 minutes. Th is t u ’ m l n p e n s - i t u m ’e w , i s l i e s - I s !  s - ’ r  s u p p r o x i n m s - i t s ’l v 25 m i n u t e ’s -
s - i l  low dc m s - s - m i I of the  l a r g e  a m o u n t s  of  volatile acens-iphtbnvle ’ne f u n  c s -ne d d u r i n g  h ’s ’ s - eu!  vs  i s .
S t e - s - s u j u i n s - m s e  n u n s - m a t  ion s - s - us  accomp l i sh e d  s - m m - s i n g  h e a t i n g  s - mi t e ’ s  s - - i f  0. 0°C/nu n t i ’  1 . b ” t / n s l t t
The slowe r lies -it i ng rat e p rodllceti ms’sop h m a s e  f t n  rn -mat I on s s - u t  E u  - m i i j n e ’ cmi  l i t  F s S  as l s s -~’ s- i s
- 4 ?  b °C c i u s - i p m i r s -’d to  42 1° C ~or t h i e  1. 3° C / m m  me-a t  ing  s- s i t e .  S s i r n p i s - s  h n \ ’ n u s h \ - ; - u - s l  i n  t e s t
t i t h e s  (se -C ’ C h ap t e r  IV , i - e  I s - ion B) sit 0. 3 ° C / m m  c-y ore h e s - m t e e h  l s - n r  b u i m - e r  t mis - c -s mu ir
:uo q ° C an d procl eucee l s - s - piu s ’ s- c’ format l u ’n i  a t  even i s - i s - s n b u m s - s - g e’ s - s - i t  t i d e ’ s ( s - u h s s u n i t  s00° C )

,-\ l u s t s - i l  s - ’ i  s e v e n e ’ xj ’e ’ ri n n en t s  were’  c o n d u c t  eel i n  w h u h s - ’ b n m s - m s - s -- s s s - n i u s - -~ i u ’ s - ms - it i o n s ,
p m s s - w t i I  , ansi c’ s - s i  1 u ’ sC s ’mt s ’e N ’s - is -  s - d m s~ ’ cc’ e ’s - I  ci s- re - c’ b i c  us i tsp r e l i c - s - i  cc i po l  m i n i  ‘ u ’ ci I h p I t t

ms - n l s ’ r e u m - m e s - o m s e -  d u i r i t i g  the - s  h - i v r u s  l y s - -m i s  s - i f s i e -en s- ip h i t h i v is’ts s - ’ u u n  t h e  l o u t  s - b  i~~s ’ . I h i u  d i s - n u t s s i s u n
t i - i t  f o  I I ‘Os-’ i s  bass ’d out ; i s ’t t t s t l ou st- s - vs - i l  i s - s i u s  ( s - u t  mm - is - s - gi l  i f  u s i t  I s - s i n s - s  ‘f 5( 1 s -mci  i ( ( ( I i  ~~
me-sop h i s - I ss - f or m a t  l ots ou ich s - u ’ s - u  u s - - m c c ’ m n e ’ e’ b e ’I wee ’u t  - ‘u I  1 0 1: m i n d  ‘s S S ° I ’ . , \ l t h i s - ’ m i i ’ h i  iii’ g u e s t  e ’—

g r u m s l u ’ -s wi- re t .C- e ’ m n  s - IS  the s s - mrn p l s ’ s s-cs ’ s - c ’ s e ’ i n g  p r o i v : - ’ s ’ e h , b s h u o t o g r , q ’ h s - ’  t m i k e - m n  o h  t e - r  t l i e
i c ’ : i t s ’d ss-Iflt p ies ’s’e ’n s - n m p i d l v  s ’ u u s u  i s - ’~ b t s u  t ’s u u u m l i  t e ’t n q ) ers i t  m I r e ’ e s - m i s  l ’s ’ u m s s ’ e b  t u ’  i h un-s- i t i t s - T i m e ’

r u ’s ii i t  - ;  u I  E l i  s ’ s - - i ’ expe ’  s - i  nme ’ui t s . ‘r i te  c s ’  - i s- h 1 5 W i  I I h u e  c i i  s - u  t i s -~ s-s - u ’ s - h  i fl 1 s- ru m - s s i t  t ( m u  - I V l u ’ - ‘

of  p l u s - n ; l i ’ s - u i s - l i  e ’ s ’t s  t h a t  go ’; - i t i b u b u  I s - i s  he m s - i ’  m u t t  t i m e ’  m s ’ s s u p ht mns e ’ . I i  s ’ u ’ s- u i s -  t u ’  - - s i n s - i s ’

c ’ s - _ t e n t  t h r s - u u u p h u o s i t  t h e  s m u t  i F e ’ t s’mm u p s ’ n s - I I t s - c’ s - s - i i i ’ s ’ , s ’\ ’ e ’ m m  t h s i m i g i n  i n c c s ’ s - I s s - s - s  1t  t ~i ’ is - m ’s-
T e m p e r s - t i n s - u s ’  g i n s - i - s - i l  i v  i t i s ’ s- s ’ , i s - ; u -  t h i s ’ ps’cce ’flt s u b  c s - i ; i l s ’ s s - s’ s - b s - i , ’ s- s - i j s - m~~~s- - s s ’ p s ’ s - s - c u t  s - n i  t ime ’
‘ mm’ s -m u i t - .
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liii ms - c i t i n g  , s - t  -0, — 90 °C , s l c e na p h l t l s - v  l e n s ’  WaS c on v e r t e d  i n t o  s - i l i g h t  ‘- - s I~i s - u s - ’

i i  c l i i i  c i .  ‘bbs’  ‘s - s  I i em- l i q u i d  da rks -u ts  s- m u d  c h m ; i m i g e ’ is f r om ye l l ow t s u  ci c s - t i n g e ’  I s ’  s-s’d s s l u n g e ’
i n  t h e  300 0

C t s - u  350° C t em p e r - I t u r e  range . Se-ion a f t e r w a r d s a b l a c k  p i t c h — l i k e -  l i q u i d
f o l  s- s- i s mn d p s - is  t ’ V s u l  Ut ion be c omes--n rapid in t i m e  350° C to  400° C t e m p e r s - i t m i r e ’  rs - in , . ‘l’h is

CC ’ r r e s-pesnds  to t u e removal ci f g s - i - ne ou s  b u s - — p r o d u c t s , p r i m a r i l y  acenap i s - t h e ’n s ’ , wIt ich
lo tin s s- is .i r e s e i l  t 01 c it - g r adat i on  of the  a c e n a p h m t l m y l e n e  p o l y m e r s .  D u r i n g  t h i s
t e s - s - 1 i c - u - s - t t t s - n e  range gas bubb les  were  observed to move across  t b - m e  f i e l d  s u b  v i e w  in a
I c mm s y t ion  of  a Se ’Cciui d (s - i t  IO OX , t h e  f i e l d  t u f  v i ew was about  1000 i s -rn i n  d i m u m m i e - t c ’r )
f l i t s -  gas hubbie s were  u s u a l ly  in t h e  range  of 250 to  300 s - rn in d i a m e t e r , b u t  var i e d
ii s - I s - s -c ’ fresm a few m icrs meters to 1000 s - : m .

A h n s n v e ’ 400° C t h e  fornua t ion of gas bubb l e s  decreased rap i d l y  and t o - -  t s s  I c m i
S e e  ‘ s t i si s- Icc -r e ’ re q u i r e d  fe s-u r h ubbies  to t r a v e l  1000 j im in the  sample .  Bubb les  we - r e ’
u u h s e c s - ’ s - - - b  to h e n r i  and move t h r o u g h  the 1000 tim d iameter  f i e l d  of v i e w  s- i t  5 t i n  10
,‘e ’ t u u d s - I i n t e r v a l s .  After heating to tempe ratures in the range of 413°C E s - i  421 °C ,

s - s. - ‘p i s- ise ,h rcunnl e l s w e t e  foun d in al l  samp les when observed t h r o u g h ci the’s- the top
or b o t t o m  g i m i s s  s l i d e ’ . These  drop lets were  usually less than  20 no in d i a m e t e ’r and
we re c a n t l s - s n n i i s-’ e l I  spers-e ’d t h r o u g h o u t  the  l i qu id  p i t ch  as shown in Fi gure 43.  P s - u s
h u b b i e s  s’s - s -  s. o b s er v e -h  ts - n  push  the  mesop hase drop le ts  around a l m s — i t I m n m e d i a t e s - l y  a f t e r
t I i e s -s- we re t o n ed .  Bubble  f o r m a t i o n  in a reg ion  s i m i l a r  to t h a t  shown in Fi gure  43

H s - s~s - i e d  t he ’ uns - e ’sop hase d r o p l e t s  aside and f o r c e d  t h em toge the r , caus ing  coa lescence .
‘ i s -  - ‘ i ( I e ’ u i t  o f  gas hubbies  t h r o u g h  the  same region caused coalescence of mesop hss - mse
si r ’  I s .’I is s - i l s~u ig t h e  f r o n t  and sides of t h e  ps -is b tj hb le  t r a c k .  As a r e s u l t , tuìe
Li t - >1 ) Is ’ s pr e dt u ce d  a line or s t rin g  of coalesced mesop hase d r o p l e t s  a long  E l m s . ’ hounds - i r s - ’
on  t i m e ’  bubb le  p a t h  (See Fi gures 44 and 45 , page 60) .

‘ l e m p e r a t u m r s ’  inc reases or inc reased  in t ime at a f i x e d  tempe r a t u r e  con is es - d ( i s - c ’
s - - s - - s - - s - s- du o s - sn  d r o p le t s  I s - i  g row in  s i z e  and n u m b e r .  However , t he  p r i m a r y  mode eu f d rcup h e - i
p t ’ s - t i m  s-s- ms - s e, u , u  I escsnne ’ e’ c ’ s - i n s - s e - c l  hi’ gas h u b b i e s  pus-li I ng drop i e’ tS  t o g e th e r  . ke ’p c ’ s - u t e d

i s - ~~ t s - s - 1 s~ pC ccci L , i s -  i on  through tb i e s--name r eg ion  formed s t r i n g s  of coal e st ’t ’c h mei - s-sip in s - i se s -
m m i i  c s s - m l s ’sc e’ ei s - i r s -s - s - - l e t  s an o r s - h e ’r of m a g n i t u d e  l a rge r  in s ize  than  t h e  m s ’s-e sp lvu se ’

s- I cu n ~ u i t - I -u I s - n  lOs - i s  ‘.1 I ri cs ’p I s - n t i s  o f  t i i e~ samp le w i t h  l i t t l e  or no gas b u b b l e ’  pe ’rc o l at  i o u

( -~e’s’ Fi g u s - u - - ‘s - u s- and  4 7 ) .

‘ l i m e  i n  I i  ut’n ce-  s- i t pi s  b u b b l e  p e r co l a t i on  on mesop hase f o r m at  i ou  in s - I Is - i rpss-
t u ’~~ i cit t  ‘ i i  I i s ’ s a mp l e ’  is  i i  j i i s t r s m t e e l  in F igu re  48 , page 02 .  F i g u r e  ~~ i n - n  a s- ’ eu nn i s os i l e ’
i s - h i s u t s a gr ap h  si mo cs -’ l o g  o n e ’— b  s - u u r t h  of a s-amp le’ of acenap ht th my lene he sutec i tes o h s- i s - i, i 2 5 ° C

m s - n ’ I  l i e s - I d  u s  t i - m i s  t e m p e ’r s - t t u i r e ’  f s s c  f o t ’t v  m i n ut e s .  T h i s  p h o t s u g r s - i j s h  s b n s n w ’ s  se ’ s - c -  u i
u ’ s - .s- i t s - i p  h e ’s m u f  s t r i m ps of  i s - h  s ’” e ’ e ’ t h meseip ims - i se  d rop  l e t s  f u s s -m e t !  lu h u h - i l - i , ’ i s -  c c i ’s i s - m t. 1cm .
Cs- i s- in tu l uh  he ’ s b u s  c s - m i d i n  t l ie  rep ion a t  A :mnd moved t h r o u g h  the ss-sm~-i I s ’  m l  s u n g  t i m e ’  b s u i b h  Is ’
E n , m e ’ ks -  ir i e l i s a t e s i  s - m t  B. l i e ’ ec u i t e — s p e - i t t e d  t ’ I  rc— ul ar reg ion at I ’ I ’ - - s - i gas b m t b b - i i~-
, s - h u u u t  ~ 1)i) s- rn j i m  i s i s - - is’ w hj e - b u was r u t o v i m i g  Iresm ‘u ~s u s - s - , i t ’~ b t h e  I s i s - g e -  b u i u i u l c ’ , i t  I ) . l b s - s
h m i b b  Ic I t  C i r F ig u r e ’  ~~ b - O -~~’ 62 was frse ’ s’n i n  p b s - - m e’ s’ b y rap ~ci i ’ s ’ s’ !  l i i i ’- s - s i  I I s - i - ‘ s - i n s - p l c ’ .
l u r i n g  1 s - s - I ’ui I ys i s , s - t h s - s - i t  10 to  15 ses ’ s u ncl u-,’ ’,s- ’ s ’ t s -  r c ’ s l t i i  r ed b s u r  b u t b i n l e ’ s  I s ’  rns ’s V c ’  I u s - s -nm s-\

I) . -s - - s  b l t b b i e ’s  r i us s . u t  e c i ly  moved I t’eu n s - ~\ t u ’  0 s - Inch hut s-heel  d r u s 1 s h ’ t  i-s u ’ b  u m u e ’ s u u p l m s - i - _ l e s s
i m i O i t  JO - - i t )  s - n i  i i i  S s - - i s ’  t O t l u s s -  si  cbs ’ s- suf the ’ b u b b l  s - s - I ’ h is’ l i e ’ s -~ ’ t i m e ’ s -  ‘s s- um s - s - s - e n  s - - i d

i s - - c t  t i e r  s- ins ]  we’ t~e’ fo r c e d  t o  c Oi l h e ’s  u ’ s ’ d — TIt i s  I ns - i t  ts ’ t’mt s i t  d s - s u p  I i t  l i i  m ms - s ,  i t  l e t s  , u 5  I I ’s - cs - ci
b ’~ n s i t - s- - s - e l  c s u i i e ’ s - s e ’ n u s ’  chu te ’  E s ,  b u b b l e  p e r - s- s l i t  I m t  us-’ , is - -u s u b ’ s t ’rv e ’e I  i n  i i  I s - s - u - i ’s - m m  s- :-, s - s - r j m s - s - u - m m t  s .
At  I t i  g l i s r m n i s - i p m u i  f i c ’ at  I s u t t i - i  ( n-n e ’ s ’  b - i  ‘ , u r e ’ s  49 s - i t t d 50 , ~‘ ,i~ s - u - s  I m i s - s - i  u S ) , i~ , i

~
s
~se ,i s - s - t h a t  t h u & ’

p m — . b u l u b  i s ’  a t  C i n  F l  g u t s - u ’ 4 5 , p ag e’ (‘2 its-is un ehe ’r gou ie ’ c i t - b  s u n s - m it  ion  b m s ’ s - u  i t s  ns n i i s - m , u l  s - I s - —
c i i  I - t n i-s-h u m ’ s - due’ t o  s- i s ’u u I I i s  h u n  w i t h  a c c i i  I s  - S ’  u ’ s - I  d rop  l s t  s u b  is - is ’  ‘ s - s - s i s ?  m I s - - u ’ - I  I sang t s - u  i-i I s l e ’
s O  I ho h u I h u h i s ’  t r , u - k .  A t u p s - I r sn t i t  Iv , c’ u n s ~ l e s s - c - s i  c b t u s l u l e ’t  is I s - m i s - e s -  t b i s - l n  i l ’ s - m s - I  l I l t )  iii i n
-s-~~ -/ e’ t t ~ - ;j s t  b e i n g  ‘ m i - l i e ’ s - I  , i s I s I t ’  by  p s - i s -  b u b b l e ’ s  e l it e ’ t i ’ s  t h ~’ I t l u ’ r u t ’ ; u ’ s - l  c ’ s - m t - i s i h e ’ t s - s’ u - u ’ s - ~

li t ’  p i , i — u ’’ s - I i s i s ’  m i s - t e l  t h - me d rop  I c t
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FIG. 43, INITIAL FORMATION OF MESOPHASE DROPLETS IN ACE NAPHTHYLEN E
HEATED TO 421°C ON THE MICROSCOPE HOT STAGE 
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FIG, 44, STRINGS OF COALESCED DROPLETS OF MESOPHASE FORMED
BY GAS BUBBLE PERCOLATION
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FIG. 46, ACCELERATED COALESCENCE OF MESOPHASE DROPLETS DUE TO GAS
BUBBLE PERCOLATION D U R I N G  HOT STAGE PY ROLYS (S OF ACENAPHTHY LENE -
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FIG, 47 , CO ALESCED r ’~~$gi f ’ ij A ,s -~ DROPLETS OUTL ING THE PAT H OF GAS
BU BBLES WHICH F i l l ’  s- I  I) DURING A C ENA P HTHVLEN E PYROLYSIS
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FIG. 49, GAS BUBBLE ~C) TRAPPED IN A BUBBLE TRACK BY RAPID COOLING
OF A SAMPLE OF AC ENAPHTHYLENE PYROLYZED ON THE HOT STAGE
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F i g u r e  45 , page 62 and Figure 50, page 65 illustrmmte s-m ot h er point. As discussed
previously, most drop lets of  inesop hiase in the  p a t h  of s- i gas bubb le  are pushed aside.
Small drop le ts  of mesop hase not visible in front of a gas- bubble we-re observed U s - s  be
pushed agains t  t h e  top cove r glass-  b y t he  bubble .  This  casts -ed the  mesop hase d r o p l e t s
to become a t t a c h e d  to the  top cover glass inside the  gas bubble .  As a resu l t , the
drop lets  became v i s ib l e  as wh i t e  spots ins ide  the bubble  as shown at C in Fi gure  49 ,
page 63 and F igure  50 , page 65. A f t e r  the  gas bubble moved away , the drople t s  w e t t i n g
the  top cove r g lass slowly lost contact  w i t h  the glas s and disappeared in to the
l iquid  p i t c h .  This phenomenon was not  observed c o n s i s t e n t ly.  However , when i t  did
occur , the t r a i l  of small mesop hase drop lets attached to the top cover glass dis-
appeared a few seconds after the bubble moved away .

Another area of the  sample described above shows long strings of coalesced
mesophase almost one mm long (see Figure  51) . These s t r i n g s  of comple te ly sus - i l e sced
mesop hase were formed when a single gas bubble moved f rom A to B in the  p h o t o .  P r i o r
to the gas bubble  movement , the e n t i r e  region was composed of small  mesopb ase d r o p l e t s
similar to reg ion U . Repea ted  gas bubble percolation through a region causes a rap id
increase in t h e  s i z e  of t h e  coalesced drop lets  but  decreases the  to ta l  number  of
drop lets presen t .

W h e n  a p s -u s b u b b l e  moved a mesophase drop let , the  po la r ized  l i g h t  e x t i n c t i o n
contours were changed , indicating rearrangemen t of the molecular structure mt the
dnes ~u 1 e t .  [n nmost cases , at leas t pa r t  of t he  d rop le t  lost  con tac t  w i t h  the  g ls -ms s-
sur  I s - u c~ and i t  was not p o s s i b l e  to observe t h e  cit ire droplet. The s u s - f s u c e’ of meso—
phase drop lets next to the cove r glass became torn and disorganized if time dre-ip lets-
were repeatedly moved a round .  They could not m a i n t a i n  a smooth s u r f a c e  next  to t h e
cover glass, and it was not possible to distinguish the extinctions contours s-ms shown
in Fi gure 52 .  The appearance  of mesop hm ase  d rop le t s  in F i g ct r e  52 is in sls s-irp c o n t r a s t
to  the  well d e f i n e d  e x t i n c t i o n  contours  observed in d r o p l e t s  w h i c h - i  r emain  s t s - i t i e n n ’m s - u r v
f o r  10 to 20 m i n u t e s  as shown i n  Fi gure 46 , page 60.

Coalescence of mesop hase drop le t s  was observed alott g t h e  f r o n t  and s i de ’s  e~f g~ ii s

bubbles moving through the samp le. The a c t u a l  coalescence  h - i r s - i s- ens - s s-c ’c et r e e l  w i t h i t t
f i v e  seconds af te r init ial con t ac t of two dr oplets. Coalescence ‘in such a short
period of time indicates- that time mesophase drop lets are very f l u id a t  4 10°C to
450° C. Polar ized l ight extinction contours began to change in each drop l e t  m m m c d i —
ately af te r thei r  in i t ial con tac t , ind icating rearrsmngs’ms’n ’ of the rnolecui s-s- imn t h e
rne ’sophase d rop  let . Movement of the  e x t i n c t i o n  contours  c o n t i n u e d  u n t i l  t h e ’  Es - u ’ s l r c sp—
l e t s-  grew toge t i- i e r in to  an oblong shape . In samples p y r o l y z e d  in  I c - St  t u a t s e s  s i i h u s ’s - s ’s
in c on l s l s ’t, w i t h  one a n o t h e r  we re some t lines observed ts u  be s ic ’  b r ine-si s - , i  I u s s r  t h a i m
coalesced.  Coalescence would not  be expected  to  esccur i f  t i m e -  m o l e c u l a r  l ive ’s-s s i t

e ’ ,ic h m sp here  s - i r e ’ o r i e n t s - i t e d  at tis e po int  of c o n t a c t  in  ,u manne r  t h , i t  p r e ’v e ’n t s -  j u t e ’ s - —
l e a v i n g  of  t he  1, i y ~’ r n-n Howeve r , the  s t r e s s  a p p l i e d  to  ti ien-s -up h s- t s- e ’ ci n e i l ’  I st  s- hi ’ p s - m s
b u b b l e ’  ~‘e ’ r co l a t  ion i s  a p p a r e n t l y s u f f i  c’ i en t  to  f o r c e  mes -oph n s - t s e  d r o i s l e t s -  I s ’ s  e isa i s ’ s - s - s~ u ’

r e g - ir d 1~ ’ s--n s- of  t u e  o r i e n t s - it i on  s - - i f  m o l e c u l e ’s  at t i -me i so in t  of s - s - u n - i l  s - t n t

I )  t t i e r  i t - id  i ca t  i os-u s of  t he  I I u id  i ts - u  l i t r e ’ of  t 1-ic ae’ e’nap h t inn -’ I s-us ’ tm - ic ’ sop i m s - I s s ’ ic e- s - c ’
t o u n d .  i ) r o p l e t s  suf mesoph~is-c’ l , m r g c ’ r t i m a n  a p l s s - s u s - - s - i t n s - u t e - l  s- 20 1) t u rn  l i t  e l i s - m m s ’ t  s - c  I s-n d t o
r t -  ‘- .1st h e- ing  mm ve ’eI l ’s v b u b b l e s  of s - mi ) out  t h - ic s , m i m u e -  is I zs’ . Wi t e ’tt - I p s-i s h u !nh  I s  - it I t snU Otis’

c i t  I l i e ’ s - c - large u s - s u p  I s I s , movs’rne’nt of  t h e ’ p o l a r i z e s -el I I s - l i t  e x t  i n e ’t  i m u t t  s ’ s s - u l i u um’ s i t -i t h e ’
s t r o p  l e t  c o u t i c i  H i ’  ohs - c ’s -v ’s - I, s ’v s ’n l h e u u t g i m  the ’ d r o p  1 s t  i t  s - s i t  d i e t  os-s t im n ov e ’ . -\ m m u s s v i n g
gas b u b b l e ’  ( ‘s-in , I h u b u , m n ’ e ’ i i t I v  s- - ippl v s- u St re’s-n-n to t h e  m s - ne- s - u u h u l m , u ’ _ u -  i b m - s- s i ’  l e t  , s-h h i l l  I s- i s - -  t o
r e- li c-vs  t h e  st  r e -s - s - u  b y r c i r s - s - u t - i g e ’ m e nt s u b  t i m e  I a s -p c ’  p l i m u m n’ m i n i  s - s - t I l e ’ s -  j u t  t h i s ’  s - u m ’ s - s s - u h u h s - . i s s ’.
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I s - i  g ur ”  s- I p i Vs ’s--i s-uu i e Xs - u s - m i p I c  of  a curved  sit c i ii p ot T i ’ s - us - m i s  - seed  mcsop l u s - :  s - s s i r s - s I n  1 c’I s-
resulting t ro nm t ins  s i s w  I a rma t is is -i  o f  a Is - n  s-gus (1. 5 — -~ mm) gas i) ub i )  i s -  i n  r s - g i  s - i s - i  s-\.
Mesop i n s - u s c’ d rc u p l e t  -: we’ s-e’ pushed  a long  the  gas— li qeu i d i n i l e -  r f , - i ’ ’e ’ s-i s t t ic ’ g~~S b u i b b  I s ’
formed.  The t u e  rc ’m s i n g  S i z e ’ of the  b u b b l e  crowded mii c ’ -s - i u l i i s - s - i s e -  drop lets t i u g c - I t m e - r  a l on g
the gas—lic~uiel m u  c i t ’ s - i c c’ , causing them to  c o a t s ’ s - c s ’ . S i m s ’ s - i  t i n s  p s - ms b ubb le ’ col lapsed
as the v s- i i s - u t  i i  e’ b V — p s -’ s ’c t i i c  I s  c’s- es -aped f r o m  t h e  s - s - in s - i s -  i n  , t i n e  n c - s -~ ion  s i c ’ s- ’ m i s - i ed by the
bubb le was r s - u~-i j el l v t i l l  c d  w i t h  unt  r ans fs- irmc,’d p i t  s- l i . l i e -  s-s- i ’s re v i  S e a m s - s  m es oph s -u se
drop let s-u r cs -ms - m i u te d  10 s- I s - i s - c’ , s ’ n n l  l i n i n g  t h e  csr i  g i ns -i l l i q u i d — p s - s - s  l n t e ’ r f s - m s - c ’ . l’he p bs - i to—
m i c r e - i g r a p l n  shs-’wi-m in F i  s- - s i r e ’  53 , page’ 69 was t aken  lb s - r o u g h the ’ to ts cover  g U s - i s i s  using
ref le ’ c t e -d pci1  , u r i z c s - c t  l i gh t .  Fi gure 54 , page 69 s-ha ’s- s  t h e  san s-nc- an - c’s -u phets -igraphed
t h r o u g h  I t s - c -  O s - i n  toni s :s- sve ’ r g l . m s s . ‘these I igeures ilicist rs -ute t h s - n t  e u n i c e ’  t h e n  mesop h ase’
drop le t is t u e- c s ’s - s - is as l j n C e -  i s - i  d i s - im um e ter  as t i m e  s- s- imp i s ’ I - n  t ti  i n k  (about  50 — 60 -m ’ s - )
t hey s - c t  t h i t ’  t o p  is - ic! ! u s ’I t o m  glass slide ’s. Drop l e t s  s - u f t i - m i s  si :-: s- ’ s - - i t s - s - s w  t h e  same
g e n e ’  r ,m 1 c b s - a  s - , i s ’ n s- - n i s - - U  i i ’s when observed f r o m  e’ ithmer n -si de of t I l e ’ ss - im ui p I c  . l l s - i s - ’ c v e ’  r , the
mo l e c u l i t -  orde t - I s - i  s- i s i n s - s - I c  d rop le t , an d  L h i e ’t - e f s u s - e n  l i n e ’  po i m s -  i c e d  1 i p t i t  s ’ x t l m u ’ t ion
c o n t o u r s  , i s  us- i s - , i l  l v  m u s t  t u e  s - s - I n s - ne s - m t  t lie t o p  and ho t  t ots-i s i t ’ the -‘-s -s -mi s-ic .

A s - u s - i s - i  o t  c e u s - i l  s e c - c l mns - u,- s - - s - s - s - I s - t i ,m se was s - m b — s - c - s - V s’ s - I  I i ’  s- s - ins - s- 5 c ’ x L ( f l t  s - m t - os-md s - l i e  s - s ip s -  of

,i ll s-as-np I s - - s  (Se’e ’ Fl  g u n s -- ‘Y, ) . in genera l , t h e  mne sop ima sus  d r o p le t s  m l c -x t to t h i n - i  O s -u ru d
of e c i s - i i e ’ s c c ’ si m i is ’ s--s- s- ’l i i m , I s - s ’ we ’re Lu n g e r  i n  s i z e ’ t h a u i  d rop l e t s  s - i ms-ms -m m s - m s - s - m v  f r i u m n s -  Ib is’ s - - s - i s - s - s  s - ’ t
t ime co ve r  g lass ( p r s s v i d e s t  no b u b b l e  p e r c o l s -u t  Ion s - , i s - l  c c c e t r r e d  i n  t I s - s  s - s - m i s - s n ) .  There ’
d rc’ se-ye m s - i l  p o s s ib l e  c x l ’s is-mat ions f o r  t h i s  s ’h se ’r v a t  i o n .  S i  nice ’ I n s  s i n s - p s -  I s -  s - m d  g lass
s-i [des - s We’  s-c p l i ce s - I  in a s-c’s’e’ss in t h e  hea t  ud c s ’ s -p c ’ s- b l i ’ s -k  (se -c ’ F t  s - s - s - i  s-s ’ I I  , ‘i ~ s ’ 25)
i t  is s - e s~ i b l e n  h is - u t  t i m e  te ’mpe r s - l tu r e  i roc mnc i t h e  s - s I p s ’ o t i m e ’  s- s- imp is-’ was I s - i s - s - i s - er - ‘Is-li is
would  c isc -n - a I s - u s  I c - n u~ i t  e’ of mesop hiase g rowl  Ii s - sc-ar  t i m e  s s - u m n h u I s ’ e dge . s - t x v p s ’n  P ne ’ s-- . e ’t i t

in amounts  g m ’e’ , m t e ’ r t lm ;~ut abo cnt 5~T by we igh t  14 , ‘Yus- i s  known t c - i  e ’3 0 5 e ’ f s - i  t-tmu s - Lt I on  s i f  s - s - i
[SOt [C c’ s- ’ ,i l e sc ’ed n ne ’ - - n s ip l u , n s s - -  (see p s - u p s ’  ~2) . l I m e ’s - c ’  h o t  SI  s - ig es -  c’s--s- fi e ’ rime-nt is iS, ’ is ’ C u - i n s - —
du cted i n s - u i  r , and one - ‘ s - m s - n e i l  rule s - u n i t  the s - o s - s i b  i i i  t y  t h at the  cs ’ s - u  i c ’ s - s - e d  s - s - s - s’ s - s - ap i s - s - i s - c ’
band a long t h e  s s -ump l s’ e’dge is a result s -- if re’ s - t n t  ions i n v o l v in g  oxv gem s  - i l i’\ s ’ s ’Vc ’t ’  , in
two exp e- s - i  s- s- s- e n s - m is I a rge- cs- s -is b u b b l e - s we re’ observed t o  r epea t  eel lv  p n u s t i  t i i e s s -m s -li  s - S e ’  dre - i p I en
t es- the c’ s - t pe - cii i lie s-ample  , w hen s-e’ coalesc c - n i c e’ s - i cc ur re ’ci to p rod smc c’ ,i baiss i  s - i f  c s - u i ic ’s- cc-cl
mesophase . -\ s - I  ml Is - m r  m - t f e c t  is shown in Fi gure 96 , reg iou t  B , in w i m i  c l i  s- - m s  H i s - h O l e’s-
have pus - lied mesop hmase d rs -u p ls’ts f r o m A to  B . Tb -me resu lt is a rap id  O s - s i  I d — s q - i  i n  t I -m e
si z e of  t h e  s- - s , i i  s - s u e ’ s - I  mesophase ’ d rop I s t  s- at  the  s ips ’ s - u f t h e  I i qu id i n ri - p b  sun B.
Except in ti m e case- s u b  t h e  ‘‘ e d ges- e t’ lects ’’ s-ms i l l  ust  r i  ed itt Fi gu re  Sh , r e p  I on B ,
st r ings u i  f e s - u s - I  l ens - -s -s- - e d mess ’s-i n s - m s - e n  or d r o p l e t s -  of me soph ;mse  s - i r s ’ fo r tnec l  I s - - m s - s - u i i s  I U s )  I t ue
d i r e c t i o n  of p a - .  b u bble  movement .

‘this ’ size s u l  t i m e  coalese- s’d mesoph iuse s-e s- p i s - n u t s  near  t h e  edge- s u l  t lie ’ g l s - i s s - -  n - s - l i d~’ s--’
grew large r w i t h  m n i c ’ s- ’ sSs -i s-s’ s- in t empera tu re  esr t i m e . - \ t  a bs - s i t t  455 ° C , i’ s - s -  i u u t i s  s - ’ t

coa lesced rne ’suup li s - i s s ’  la rger  than I nun were forme d next  t s u  l i m e ’ s s - m i m u t u l i ’  s ’ s - I s - s - s . ‘I ’ i u l s
c o a i e n -u s’~’eh m m n e ’ s s u p t u s - m s e’ had not  been subj e s - l e d  t c u  h u h h i i i ’  p e r s ’ s- u i i t  I es-i s - i s - t e l  i s -  n - s - h i u w m m  i t s
Fi gu re  57 , page 72 , p roduced a f ine i so t ro~-i i n  m i c r e - i s t r s u c t u s - s - e- w hems  o l u - , s ’ r i s e 1  t i n n i e r
l i i i  I s - i s - i  ,‘ e’d ii ghmt . Cos-u lesced mesop hiase fo rms-si b y buhi s Ic ’ 

~
‘ ‘  s-c ’ s-u i  s - u t  iots u s - id s- I s - s - s - ms - i l l

l u  r p e- r s-;’,mc l is p be tween  the  po la r  h ze ’d I i  p1-it ex t  I umc  l i o n  c o u t t m ’u r s  is -  I I h e i s t  s - s - u l u -si i t t
1 i  ~ii s-e’s- 58 s-inst u s - I , h ’s - i C e ’  73.

I- i s - s - s - s - i ’s - s  58 ,mncl ‘i s - a l s o  n-show l I m i t  s - s - u s -i s - i  I s - i t - s - s - si u - u -i , s - i s - s -ce’mt cs ’ of t mu t ’ s - -- s s s - ’ l i , s - - s - u- e l m  s u l ’ l u ’ t  S

s i u t s ’  t m - i  h s - m t s b u  I u ’ u i - s - s - m u 1 m t  i s - s - t i  I s ’ s - i s I s- i n  ms - li ly s- , l n - ; s - s -  tu’ c -s - m t  u s - n ’ s - s - i ’  - s - m t  i t ’ m i s - m t  s- s - m m - - ‘ m s - s - i , , ! s- i l  s - l u
w j I I I  i t t  t i ’  ‘ u s - i l  s ’s- s’ s - b  s- s - m u ’ s -  S ’i l u t i ,  I ’ s - s  - . ~t e ’Si ’s 3 u I i s - i S e -  ejroiu l e t s  w i i  I b ’ s - i i ’ s -mn i s - i n s -  I sIc ’ l b s - s ’ s-c ’ u n i t  u ’ s - i  I ’ I ’ s ’ s l
p o o l s  of t I n t  s- is - in s -  f ’ ’ s - n s - i u’ ii  p i t e s -h  I I t h e  ‘v u’ s ’  1 v s i  is i n-s s ‘n t  l O t t e ’s - b

(uS
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FIG. 53, C O A t  E S C E D  M E S On ’ I I ’ u S E  DROPLETS OUT L IN ING ONE SIDE OF A
GAS Bu B B L E  i’s - H i m  H t s - i t s -~ ui P DURING I- lO T  STAGE P YRO L YS I S OF
A CE NA PHT I I ’ s- LEN t

A -

1 2 4 4  0 P

FIG.  54 . P H O T O G R AP H  s - i l  b i l l  I n ’ s - b  TOM S i t U  OF T i l l  A P I  A s - , I I I ) W N  IN F I G U R E  53
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FIG. 57. COALESCED MESOPHASE WITH AN ISOTROPIC MICROSTRUCT(J RE
FORMED DURING HEATING ACEN APHTHYLENE TO APPROXIMATELY
455°C ON THE MICROSCOPE HOT STAGE
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FIG 59’ tINTRANS FLs- i-i’lF D PITCH ENTRAPPED IN THE COA l  I SCUD MESOPHASE
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s-~ wide  v a r i e t y  si f  p o l a r i z e d  Ii g Ist e x t i n c t i o n  c o n t o u r s  was observed in the
e’os-i lesced mesop hase , and e’xas -n np les s- ire g i v e n  in F ig u ir e s  60 t h roug h 63 , pages 75 and
76. One f e a t u r e  common to s - i l l  t i le  examples  of cs - ’s-u l t ’s ced mesophase m i c r o s t r u c t u r e
is the  high c o n c e n t r a t i o n  of e x t i n c t i o n  c rosses .  Ex t inc t ion cros ses ar e known 44 to
be a resul t  of the  coalescence of mesophase spheres. The molecular arrangements
which prod uce the extinction crosses when the sample is observed under , polarized
light (crossed polarizers) have also been determined by Whi te , et aiJ2 In
th is  s t u d y ,  regions of coalesced mesophase large r than  500 i,im in s ize  w h i c h  were
formed as a resul t  of bubble  pe rco la t ion  were c o n s i s t e n t ly found to have e x t i n c t i o n
crosses s t re tched  out in one d i rec t ion  as shown in Fi gures 62 and 63 , page 76.  As
i l l u s t r a t e d  at A in Figure 62 , page 105 , the p o l a r i z e d  l ight  ex t i nc t i on  cr osses took
on an appearance which resembled parallel lines. It is not  known if d e f o r m a t i o n  due
to bubble percolation causes the molecular rearrangements which produce the stretched
out ext inc t ion  crosses . Deformation and stretching of the coalesced mesop hase by
gas bubbles was so severe in some cases that  the  coalesced mesop hase was torn apar t
as show-n in  F igure  64 , page 77.  Since this  usual ly  occurred in less than 10 second s,
it  was not possible to de te rmine  how the  po la r ized  light ex t inc t ion  contours  changed
as the coalesced mesop hase was be ing  deforme d b y a gas bubble.  However , d e f o r m a t i o n
of the coalesced mesop hase j u s t  p r io r  to  harden ing  has been repor ted  b y W h i t e  and
Pr ice 14 to fo rm the f ine  fibrous microstructure characteristic of needle cokes.

Al thoug h the  usefulness of hot stage microscopy in studi es of mesop hase formation
has been demons t r a t ed  in th i s  work , the  observat ions  must  be interpreted with caution .
The behavior of a li quid crys ta l  f i l m  between g lass slides may be different from that
wh i c h  occurs in bulk samp les. Some of the  conclusions resulting from observations
made d u r i n g  hot  stage pyrolysis of acenaphthylene would be expected to be invalid for
pyrolysis  s tudies  conducted on bulk samp les. For examp le , the “ed ge e f f e c t s ” dis - -n —
cussed on pages 69—7 1 would not  occur d u r i n g  p y ro l y s i s  of bu lk  samp les in i s - i rge  t e s t
t u b e s .  Gas bubbles  can move in onl y two d imens ions  in samples pyrol yzed betweets
glass slides on the hot stage. As a result , mesopha se drop lets are pushed tuagetiler
and fore - ed to coalesce by gas bubble movement. The coalesced drop le ts  form an o u t l i n e
s - i t  the bubble path. Once these mesophase dr op lets become firmly attached t o  the
glass slide , add itional bubble movemen s- in t he  same reg ion wi l l  u s u a l ly  f o l l o w  the
prev io usly established bubble path.

At some p o i n t  a f t e r  mesop h -is-i se I orms - i t ion beg ins d u r i n g  p y r o l ys i s  of acenap h t i iy l e n e
in  t e s t  tubes , t h e  s i z e  and n u m b e r  of me-so s- I - is - u s e’ sp heres becomes so large tha t  p s- is
bubb le  pe r co la t  ion  css ul sh  no t  os-cur  w l t i u s - i u u t  p u s h i n g  numerous  mesop hase sp lmere s  t oge ths ’r .
The s-e’ fo re ’ , i t is b e l i e v e d  t h a t  b u b b l e  p e r e s - - i l a t  ion in  h u l k  samp les leads-  to  a c c e l e r a t e d
s’sus -iles cenc e in s-i manner  s - i m i  i s -m r t o  t h a t  observed  d u r i n g  the  hot  s tage  p v r s - i l v s i s
e x p e r i m e n t s .  In  b u l k  s - s - mmp is’s , gas b u b b l e s  p roduced  d u r i n g  s -y r o ly s i s -  s-ire  f r ee  ts mesve
r s -u nd o m ly  in  t h r e e ’  d i m e n s i o n s  arid are’ less l i k e l y  t e ’u r epea tedl y mov e along the  same
p a t h  as i n  t b s -~ h o t  51 age ’ p v r ol v s  is e x p e r i m e n t s . T h e r e f o r e , one would  not c ’xpect  t o

see st  r i n g s  of coalesce-cl mesophase spheres  o u t l i n in g  b u b b l e  p a t h s  in s-amp le ’s p v r c u l ’s-’zed
in b u l k .  As t I m e  mesop h s - m s e  t r u s s - s fo rma t  ion nea r s -  c o m p l e t i o n , t h e  v i m - s - c o n - s - i t  ‘s’ s - u isd p e r c e n t
of e s u s - I  i~’sced mesop hase ine rt ’s-i s-es tm - i  an e x t  cot t h a t  s - i m s v  bubl’u is ’s 

~~~~ 
rco 1 at ion i n  h u t  1k

s a m p le s-  w o u l d  c’ s - h i s-u ,’ s - s - t  rs ’ t ( s - i l l  ri~ and t e s - u r i n g  of  t h e  n n e s o i - i h i s - i s - s’ s-is observed d u r i n g  his- i t
‘St s-ups ’ p v r e u  I v s--i is (Sc’s’ Fl gtu re 64 ps-u gd ’ 77 )  - 
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FIG, 60, REGION OF COALESCED MESOPHASE CONTAINING A
HIGH CONCENTRATION OF EXTINCTION CROSSES
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FIG. 62, STRETCHED OUT EXTINCTION CROSSES IN T HE COALESC ED MESOPH A SE
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FIG. 64 , MESOPHASE DROPLETS STRETCHED AND TORN APART
DUE TO STRESSES CAUSED BY GAS BUBBLE FORMATION
AND MOVEMENT

77

_ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - --‘.‘- ‘— --- ---- - ‘ -- -“-.--~~- - — - ‘. —  —‘~~-- ‘  .—.------ .‘--~~~,

NSWC/WOL/TR 76-113

I . F or m at i o n i ) I ’  F i b r o u s -  E x t i n c t i o n  Crosses

The type of m i c r o s t r u c t u r e  i l l u s t r a t e d  by F igu re  65 has been observed in s i x
diff erent samples of acenaphthy lene pyrolyzed in the microscope hot stage at tempera—
t u re s  between 420° C and 450° C. However , i t  has never  been observed in samples of
acenap h t h yle n e  pyro lyzed  in test tubes .  As shown in Fi gure 65 , regions s-us l a rge  s - s - s  -:
1 mm h ave been observed in which only ex t inc t ion  crosses of var ious  s i ze s  are  p r c ’ s c ’ u u t .
The crosses are all or ien ta ted  in the same direction and have a fibrous or thr e ’s-uc i—like
c h a r a c t e r .  In one case (see Figure 66) an ext inc t ion  cross of about  1 mm in d i a m e t c ’r
was observed in an acenaphthylene samp le hea ted  to about 450° C. This type  of e x t  i f l c
t ion  cross observed using polar ized  li ght may be c lass i f i ed  as a c c - i — r o t a t i n g  c ross ’-~
or a f ixed type in tegral nucleus83 since the brushes of the cross rotate c lo c k w i s e
as t h e  p lane of p o l a r i z a t i o n  of the inciden t light is rotated clockwise ( see ’ F i g u r e
67 , page 80) . Reg ions composed of fibrous extinction crosses have been observed
n e x t  to  the  top and bo t tom cover glasses us ing r e f l e c t e d  polar is-~~d light. ‘I ’b’ ie s - , i s - n s - s’
p a t t e r n s  were also observed us ing  t r a n s m i t t e d  polar ized  li gh t .

Some samp les hea ted  on the  hot  s tage  did not produce the  f i b r o u s  e x t i n c t i o n
cr ’s- is - st ’s. When present , the f i b r o u s  crosses were always observed ~ o occur t s - g c’ t b u s - r

in a c l u s t e r  in only one reg ion of the samp le , and were near the  ed ge of t h i s ’ l i q u i d
f i l m  be tween  t h e  g lass sl ides.  The fibrous ext inction crosses were usuall y obse r v e - s - i
in s-u t h i n  f i l m  a t t a c h e d  to  e i t h e r  the  top  or b o t t o m  cover glass . T h i s  f i l m  was t h i n
compared t o  t h e  t h i c k n e sm --  of t h e  mesop hiase samp le between the  cover g lass-c-s . In
se ’~s- me cs -Is -c ’s- , drop l e t s  of coalesced mesop hase are l e f t  a t t ached  to the  glu e-s-s s l i d e s
when g u s  bubb les  rap idly push the f l u i d , untransformed p itch material aws - i v . S l u s s ’s- ’

the  b u l k  mesop luase is- opaque , regions of coalesced mesop hase appear  b l a c k  when
observe d us in g t r a n s m i t t e d  light  as in Figure  68. The w h i t e  areas in Fi gure ’  65
r e - s - c s - s - s ’ s - it reg ions where  t h e r e  is no p i t c h  or mesophas-e , or regions  w h er e ’ t h e r e  is-

s - u t h i n  I’ i l m  which  is t r a n s p a r e n t .  Gray areas su r rounded  b y b lack  in F ig u i r s  eM s - m i s - i - i
rep ie ’ s - & ’ s -~i t  t h i n  f i l m  reg ions somewhat t r a n s-p a r e n t  to  li g h t .  The same area st h s e r v c ’ s - I
using reflected pol a r ized  l igh t is i l l u s t r a t e d  in Fi gure 69.  F i b r e s u s  ex t  i n c t i e u n
c r iu s se s  su p p e s - u r  in  those regions wh ich i  we re shown in F i g u r e  68 to  s’on t a i n  t r s -mns p a r e n t
t h i n  f i l m s , i f  one were to i l l u s t r a t e  this with a diagram , i t  w o u l d  appea r  is-
g i v e n  below :

TOP COVER GLASS
THIN FILM ________________________________

C O N TP JN I N G  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

EXTINCTION
CROSSES

BOTTOM GLASS SLIDE

~15
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FIG. 65, FI BROUS EXTINCT ION CROSSES OBSERV ED IN A SAMPLE OF
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FIG, 68, TRANSMITTED LIGHT I’ HOTOM ICROGRAPH OF A CENAPHTHYLENE
P Y R O L Y Z E D  ON T H E  HOT STAGE
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The glass sl ide s conta i n i n g  pyr olyzed samp les of acenaphthylene were sepa rated
in three instances. Fibrous extinction crosses were observed using reflected polar-
ized light directed on the surface of the pyrolys is residue . The thin film on a
cover glass containing the fibrous extinction crosses was easily scraped from the
glass surface with a needle point.

Fibrous e x t i n c t i o n  crosses are d i f f e r e n t  f r o m  the normal e x t i n c t i o n  crosses
observed in cross sections of an ideal mesop hase sphere (Fi gure 70) , coalesced
mesophase drople ts (Figure 71, page 84) , or large regions of coalesced mesophase
fo rme d between glass slides on the  hot stage (Figure 72, page 85). Extinction
crosses in the  mesophase f r o m  acenaphthy l ene  or any o ther  organic have never been
-eported to hav e the  f ibrous  brushes  as shown in Fi gure 66 , page 79. The fibrous
crosses were observed in one samp le of acenaph thylene heated to 380°C — 400°C on
the hot stage . In this experiment , no mesophase was formed. These results indicate
t h a t  the  f i b rous  e x t i n c t i o n  crosses are a resul t  of c rys t a l l i za t ion  of some organic
b y — p r o d u c t  p roduced dur ing  the  pyrolysis of acenap h t h y l e n e .  Since it  forms in a
thin film on the cover glasses near the edge of a pitch—mesophase region , it probably
is a volat i le  b y — p r o d u c t  which  condenses and c rys t a l l i zes  on rap id cooling of the
samp le to room t empe ra tu r e  (possibly pol yacenaphthylene) . Micros t ruc tures  s imi l a r
to those shown in Fi gures 65—67 , pages 79 and 80 are common in l iquid c rys ta l
systems such as c h o l e s t e r y l  acetat s- e ,84 and pol ymers such as pol yethy lene and poly—
carbonates  c rys ta l l ized  f r o m  the mel t . 85

Si
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FIG, 72, EXTINCTION CROSSES IN COALESCED MESOPHASE FORMED DURING
PYROLYSIS OF ACENAPHTHYLENE ON THE MICROSCOPE HOT STAGE
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CHAPTER V

CONCLUSIONS AND REC O~’NENDATIONS

Mesophase sp here f o r m a t i o n , g rowth , and coa lescence  d u r i n g  pyro lys i s  of
acenaphthylene ‘is t i m e — t e m p e r a t u r e  dependent. For the particular heating cycle
used in th i s  s t u d y ,  mesophass sphere formation began at approximately 400 °C. Sphere
growth  and coalescence continued during pyrolysis until the entire sample was tra ns-
formed into the coalesced mesophase between 466°C and 500 °C. The mesophase formed
d u r i n g  a c e n a p h t h y lene p y r o l v s i s -  is f l u i d  over a wide temperature range (from about
400 ° C to at leas t  466 ° C) amid has a h igh s o l i d i f i c a t i o n  point  (between 466 ° C and
500 ° C ) .  Both of these  characteristics is irudicative of a highly graphit izing
, r g , u n i c . 1-4 Above 450 °C , a small  pe rcen t  (--:2O7~) of the  coalesced mesop hase was
observed to form the fine fibrous mic-rostructure which is characteristic of highly
graphitizing needle cokes. The fine fibrosu s microstructure was usually associated
with gas bubbles. This provides additional evidence to support White ’s suggestion 14
that gas bubble percolation timrou gh a fluid coalesced mesophase just prior to meso—
phase solidification is responsible for formation of the fine fibrous microstructure.

The u s e f u l n e s s  of hot stage microscopy as a technique for investigating meso—
phase fo rma t ion  was d e m o n s t r a t e d  in t h i s  s t u d y .  Direct observation of mesop has e
forma t ion in ac enap hthvlene during hot stage pyrolysis revealed that gas bubble-s
us-move mesophase drop l e t s around , crowd them together along the gas bubble—liquid
j s i t c h  i n t e r f a c e , and cause  th i e drop l e t s  to coa lesce .  A p p a r e n t ly , a m e c h a n i c a l  s t r e s s
such as t h a t  p roduced  b y gas bubb le  p e r c o l a t i o n  increases the  ra te  of coalescence
compared to t h a t  which  would  n o r m a l l y  occur in the  absence of bubble p e r c o l a t i o n .
Gas bubble  f o r m a t i o n  and percolation also stresses the coalesced mesophase , whicis-
must constantly undergo rearraulgement c - if t h e  o rdered  molecu les  to re l ieve  the ap p l i e d
s t r e s s .  The phy s ica l  a c t i o n  of gas b u b b l e  p e r c o l a t i o n  mus t  now be added to  the  l i s t
cs - f factors wh ich control the mesophase s-nicrostructu re. In addition , the rate of gas
bubble percola t ion and the  t e m p e r a t u r e  at  wh ich  pv r olv s i s  gases a re  fo rmed  mus t  he
cons idered  as f a c t o r s  which  may i n f l u e n ce ’  mesophase g rowth  and c o a l e s c e n c e .

In o rder  to develop an improved  s - u n d e r s t a n d i n g  of how the  v a r i o u s  type ’s  of
mesophase u s -mic ros t ruc  Lu r e  s - u n -  fo rm e- d d u r i n g  ac e n a p h th y le ’s-se p y r o l y s- i s -, sevc ’rs - i 1 are s- I s-
of s tud y should  be p r u r s u e d .  The absence  of t i m e  f i n e  f i b r o u s  m i c r o s t r u c - t e i r s- i l _I

sa m p l e s  p y r o l y z e d  on t i -it’ hot stage is believed to be dime to t h e  r ise  of sn s--s-ull ss-umpls’s
and i n s u f f i c i e n t l y  low p y r o l y s i s  t e m p e r a t u r e s  (455 ° C ) .  T h e r e f o r e , a d d i t i o n s - m i  ho t
s t igc ’ e x p e r i m e n t s  should  be c o i d u c te d  s- I t  t e m p e r a t u r e s  t mj - i to 500 ° C in as-s a t t e m p t t o

observe  d i r e - t l v  the  f o r m a t i o n  of t he  f i n e  f i b r o u s  m i c r o s t ru i c t u r e .  Ti - is ’ use ’ of
t h i c k e r  samp le-s  ( 0 . 5  cm or more)  w o u l d  a l s o  a l low one to  o b t a i n  c r o s s — s e c t  i o n s - i l
v i e w s  s - s - f  t i me ’  p h en o m e n o n  observed d i rec t  lv  t b s r o u gh  the ’ t o p  cove r  g l s - m s s .  i m p r o v e d
m e t  iuods of m e a s u r i n g  samp le t e m p e r s - m t  m i r e  on the  ho t  St s -m gc ’  s h o u l d  he d e v e l o p e d  t m - i
p rov ide  an s - m e - c u r a t e ’  me ’tho d f o r  d e t  c’r m i u s s - l t i o n  of t i l e ’  t c ’mpc ’r at  u r c ’— t  ins’ cond i t  ions
use-c ’s- s - , u r v  f o r  mu-sophase forma t ic-i n d s - u r i s - i g  the p v r ol v s i s  of organic - mat c ’riuuls .

Si s - I c ’ c the I i ne f i h rs - ui m s m i s - - r s - - i s  t r i l e - t un  - c- if nc-c-cl  I s - ’  s- ’okc ’s is- be ’ 1 i s ’v e ’ s-,i t o  r & ’sr i  I t
f r o m  d c- forms -I t j r - in of a lu i i s - h  i v  f l u i d  s’ s - is - u i  c ’ s - s - e d  ns -e ’s o p h i s - m s e - Isv s - s - m s  h - i s - i l - i l - i  ii’ s-s r i ’ s - - i i s - u t  i ous -

i t  s h o u l d  he ’ p o s s i b l e ’  ts iu l e - r e - I s c  h u e - p e r - e s- st  o f  t i m e ’  i n s -  I i h s r o u i s  m i c s - - s - s - s t r u i c t i s - r s - m l
c o m p o n e n t  hv  ap p i  i s - - s - m t i o n  of u ms s - - h ms - u s -’m i c - a h s-h ru - s - s  t m - i  t hi s ’ M I l e s - s - u s - i ns - s - ’ s - o p l s - i s - s - ’  ~u l S t
p r i or E s - i  i t s  s - o l i d i f i s -- , i t  j e u s . Such s - mu ~u p p r e s - s - s -’h s  cn s - s - l v i s ’ s - u i t u s -  t i m e ’ i I u ’ ~~’ u ’ i u - i j s - i s - u’n t  s ’s - i  , i  i s - - s-s-

rs - s - u ’thod t o  produmu - e- i m puovs - -l ume ’s- d I , ’ c u ’ k , - s -  i s -  u s - s -  i u s  a r t  i i u j , u l  - ‘ r u p ! s - i t c -  tii s-lnIi t - I u ’ ( s - m u u - .
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