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INTRODUCTION 

F r i t z  

Although a voluminous number o f  a r t i c l e s  have been p u b l i s h e d  
on t h e  s t r u c t u r a l  changes o c c u r r i n g  i n  carbons upon h e a t  t r e a t m e n t  
over  a wide 12OO0C-280O0C t empera tu re  r ange ,  s i m i l a r  i n f o r m a t i o n  
f o r  t h e  narrow 500°C-12000C c a l c i n a t i o n  range is  r a t h e r  s p a r s e .  A 
f e w  a r t i c l e s l - 4  have been w r i t t e n  i n  which p r o p e r t i e s  such as den- 
s i t y ,  e l e c t r i c a l  r e s i s t i v i t y  and pore s t r u c t u r e  have been c o r r e l a t e d  
wi th  temperature  o f  c a l c i n a t i o n  and time a t  maximum tempera tu re .  I t  
i s ,  however, d i f f i c u l t  t o  r e l a t e  t h e  v a r i o u s  expe r imen ta l  r e s u l t s  
and conc lus ions  r e p o r t e d .  In  t h i s  s t u d y  t h e  p r o g r e s s i o n  o f  s t r u c -  
t u r a l  changes o c c u r r i n g  d u r i n g  t h e  c a l c i n a t i o n  of f o u r  raw coke 
samples from d i f f e r e n t  sou rces  was fol lowed u s i n g  h igh  t empera tu re  
microscopy t echn iques .  Concurrent w i t h  t h e  examinat ion o f  t h e  
t o p o g r a p h i c a l  f e a t u r e s ,  t h e  t r a n s f o r m a t i o n  o f  t h e  m i c r o s t r u c t u r e  
o f  t h e  carbons was s t u d i e d  by means o f  x - r a y  d i f f r a c t i o n  and mercury 
po ros ime t ry .  

EXPERIMENTAL 

The h igh  t empera tu re  microscopic  examinat ions were performed 
us ing  a L e i t z  Ortholux microscope equipped w i t h  a L e i t z  vacuum h e a t -  
i n g  s t a g e .  Thin p o l i s h e d  s e c t i o n s  (:0.03" t h i c k )  o f  t h e  cokes were 
p l aced  on a hollow g r a p h i t e  c y l i n d e r  encompassing a P t  + 10% Rh v s .  
P t  thermocouple which had been c a l i b r a t e d  a g a i n s t  t h e  m e l t i n g  p o i n t s  
o f  s e v e r a l  pu re  compounds. The sample and sample h o l d e r  were then 
r a d i a n t l y  hea ted  a t  a rate o f  ca .  30°C/minute i n  an i n e r t  atmosphere.  
A ho ld ing  t i m e  o f  5-10 minutes  was al lowed a t  each t empera tu re  t o  
e s t a b l i s h  the rma l  e q u i l i b r i u m .  Two r e p r e s e n t a t i v e  a r e a s  were s e l e c t e d  
from each sample and photographed a t  a m a g n i f i c a t i o n  o f  35X w i t h  
p a r a l l e l  and c r o s s e d  n i c o l s  i n  t h e  raw s t a t e ,  30OoC and a t  increments  
o f  100°C t o  1000.C. The dimensional  and s t r u c t u r a l  changes were 
ob ta ined  from l O O X  pho tograph ic  enlargements .  

t h e  raw cokes were p o l i s h e d ,  and s u i t a b l e  a r e a s  were s e l e c t e d  and 
photograehed a t  1 O X .  These samples were t h e n  s u c c e s s i v e l y  hea ted  
from 500 C t o  1200°C i n  100°C increments  a t  a r a t e  o f  S°C/minute. 

pore volume d i s t r i b u t i o n  i n  r e p r e s e n t a t i v e  samples of each coke as a 
f u n c t i o n  o f  h e a t  t r e a t m e n t .  The samples were c rushed  t o  10/20 mesh 
p a r t i c l e  s i z e  and d u p l i c a t e  measurements made on 0.5 g. samples.  

X-ray d i f f r a c t i o n  s t u d i e s  were c a r r i e d  o u t  employing a r eco rd ing  
d i f f r a c t o m e t e r  u s i n g  monochromatic Cu K- r a d i a t i o n .  C r y s t a l l i t e  s i z e  
va lues  were ob ta ined  u s i n g  t h e  S c h e r r e r  formula w i t h  K C l  as an i n t e r -  
n a l  s t a n d a r d .  

I n  a complementary microscopic  s tudy  r e l a t i v e l y  ' l a rge  lumps of 

A 15,000 p s i  Aminco mercury po ros ime te r  was used t o  o b t a i n  micro- 
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RESULTS 

A t o t a l  o f  f o u r  cokes was s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  As 
i n d i c a t e d  by t h e  c h a r a c t e r i s t i c s  of t h e  f o u r  cokes l i s t e d  i n  Table  
I ,  t h e s e  samples a r e  r e p r e s e n t a t i v e  o f  an a n i s o t r o p i c  coke (sample 
A E B )  and an i s o t r o p i c  coke (sample C E D I .  The ash and s u l f u r  con ten t s  
and r e a l  d e n s i t i e s  of t h e  raw cokes r e p r e s e n t  t he  range of va lues  
g e n e r a l l y  encountered  w i t h  commercial cokes.  

The type  of  changes i n  topograph ica l  f e a t u r e s  which t h e  cokes 
underwent du r ing  c a l c i n a t i o n  as  r evea led  under t h e  hot  s t a g e  micro- 
scope a r e  i l l u s t r a t e d  i n  F igure  1. The s t r u c t u r e  of t h e  raw coke 
could  be determined only  wi th  t h e  a i d  of  p o l a r i z e d  l i g h t .  Heat ing 
t o  7 O O 0 C  produced ve ry  l i t t l e  change i n  t h e  appearance of  t h e  
po l i shed  s u r f a c e  of t h e  samples e x c e p t ,  perhaps ,  a s l i g h t  i n c r e a s e  
i n  t h e  width o f  e x i s t i n g  c r a c k s .  Suddenly a t  8 O O 0 C ,  t h e  d e t a i l e d  
s t r u c t u r e  o f  t h e  coke could  be observed under p a r a l l e l  n i c o l s .  
F u r t h e r  i n c r e a s e  i n  t empera tu re  r e s u l t e d  i n  p r o g r e s s i v e  opening 
of e x i s t i n g  c r a c k s ,  appa ren t  c r e a t i o n  of  a few small c r a c k s ,  and 
a n  obvious o v e r a l l  s h r i n k a g e .  However, t h e  b a s i c  macros t ruc tu re  
of t h e  ca l c ined  coke was e s s e n t i a l l y  t h e  same a s  observed i n  t h e  
raw coke under p o l a r i z e d  l i g h t .  The two i s o t r o p i c  cokes had a r e a s  
of p i t c h  and mesophase which melted upon h e a t i n g  above S O O O C  
producing voids  l i n e d  w i t h  h i g h l y  a n i s o t r o p i c  carbon.  

The magnitude of  t h e  dimensional  changes observed a s  a func t ion  
of  tempera ture  a i e  i l l u s t r a t e d  i n  F igure  2 r e p r e s e n t i n g  r e s u l t s  typ-  
i c a l  of an a n i s o t r o p i c  coke and i n  F igu re  3 f o r  a coke wi th  an 
i s o t r o p i c  s t r u c t u r e .  The cu rves  were p l o t t e d  from d a t a  ob ta ined  
wi th  t h e  h o t  s t a g e  (micro)  and from ambient tempera ture  measure- 
ments on t h e  coke lump samples  (macro).  Consider ing t h e  high 
tempera ture  microscopy expe r imen t s ,  i t  should be noted  t h a t  t he  
dimensional  changes r eco rded  inc lude  t h e  r e v e r s i b l e  thermal  expansion 
of  t h e  carbon as we l l  as sh r inkage .  The 1 .0% t o  2 . 5 %  l i n e a r  
expansion observed i n  a l l  of  t h e  coke samples upon h e a t i n g  t o  500°C 
i s  a m a n i f e s t a t i o n  o f  t h e  r e v e r s i b l e  expans ion .  Con t rac t ion  o f  t h e  
coke begins  a f t e r  5 0 0 O C  w i t h  t h e  maximum ra te  of  dimensional  change 
o c c u r r i n g  between 7 O O 0 C  and 80OoC. I t  is  a l s o  s i g n i f i c a n t  t o  note  
i n  t h i s  same tempera ture  range t h e  marked shr inkage  i n  t h e  d i r e c t i o n  
p e r p e n d i c u l a r  t o  t h e  n e e d l e  s t r u c t u r e  as compared t o  t h a t  occu r r ing  
p a r a l l e l  t o  t he  need le  s t r u c t u r e  f o r  t h e  a n i s o t r o p i c  cokes.  

The informat ion  d e r i v e d  from t h e  l a r g e r  samples a t  room tempera- 
t u r e  c o r r e l a t e s  w e l l  w i t h  t h e  h igh  tempera ture  measurements. The 
two s e t s  of  curves  a r e  s i m i l a r  i n  shape and t h e  c r o s s - o v e r  p o i n t  
of  t h e  shr inkage  p e r p e n d i c u l a r  and p a r a l l e l  t o  t he  flow s t r u c t u r e  
o c c u r s ,  w i th in  expe r imen ta l  e r r o r ,  a t  t h e  same tempera ture .  The 
weight  l o s s e s  c a l c u l a t e d  from t h e s e  exper iments  s u g g e s t ,  as one 
would e x p e c t ,  a g e n e r a l  d i r e c t  r e l a t i o n s h i p  w i t h  t h e  v o l a t i l e  con ten t  
Of more i n t e r e s t  i s  t h e  change i n  s l o p e  observed in?he curves  r e p r e -  
s e n t i n g  weight l o s s  a s  a f u n c t i o n  of tempera ture  which occurs  i n  t h e  
7OO0C t o  8 O O 0 C  t empera tu re  range .  This  in format ion  f o r  t h e  two 
a n i s o t r o p i c  and two i s o t r o p i c  cokes i s  g iven  i n  F igure  4 .  

Mercury poros imet ry  measurements o f  10/20M f r a c t i o n s  were used 
- - - - . a 8 s . A A b  L I L G  a ~ ~ ~ , s i b i e  po re  voiume a t  each of  t h e  h e a t  t r ea tmen t  

f o r  pore d i ame te r s  between 6 5  and 1 2 ~  and V1 f o r  d i ame te r s  between 

tc A a t n ~ - ; m -  *I.- - - - - - - -  
t empera tu res .  Pore  volumes were determined i n  two pore s i z e  r anges ,  
V 
13 and 0 . 0 1 5 ~ .  Although a g radua l  i n c r e a s e  i n  V 2  w i t h  i n c r e a s i n g  
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t empera ture  was no ted  f o r  a l l  of  t h e  cokes ,  t h e  r e s u l t s  were u s u a l l y  
e r r a t i c  and appeared t o  r e f l e c t  g r o s s ,  non-uniform s t r u c t u r a l  changes.  
The V i  p o r o s i t y  behav io r ,  as i l l u s t r a t e d  i n  F igure  5 ,  i s  g e n e r a l l y  
t h e  same f o r  both types  of cokes.  There i s  an o v e r a l l  i n c r e a s e  i n  
a c c e s s i b l e  p o r o s i t y  wi th  i n c r e a s i n g  tempera ture .  This  i n c r e a s e  i n  
p o r o s i t y  i s  cons idered  t o  be due t o  t h e  format ion  of sh r inkage  cracks 
r e s u l t i n g  p r i m a r i l y  from l o s s  of  v o l a t i l e s  dur ing  c a l c i n a t i o n .  As 
shown i n  F igure  5, t h r e e  of t h e  fou r  cokes e x h i b i t e d  a r e l a t i v e l y  
ab rup t  i n c r e a s e  i n  p o r o s i t y  beginning a t  about 900°C,  which would 
appear  t o  be i n d i c a t i v e  of a s i g n i f i c a n t  s t r u c t u r a l  change. 

Changes i n  apparent  d e n s i t y  measured by mercury displacement  
were a l s o  determined concurren t  w i th  t h e  p o r o s i t y  measurements. 
F igure  6 d i s p l a y s  t h e  t r e n d s  i n  d e n s i t y  change vs .  t empera ture  f o r  
t h e  two types  of coke s t u d i e d .  The A. D . ’ s  of  t h e  cokes were observed 
t o  remain c o n s t a n t  u n t i l  70O0C-8OO0C a t  which p o i n t  a sudden i n c r e a s e  
i n  d e n s i t y  occurred .  These r e s u l t s  c o r r e l a t e  we l l  wi th  t h e  h o t  s t a g e  
microscopy measurements where a s i g n i f i c a n t  l i n e a r  sh r inkage  of t he  
samples was observed t o  occur  i n  t h i s  tempera ture  range.  

The (002) x - r ay  d i f f r a c t i o n  peak i n t e n s i t i e s  were measured on 
t h e  f o u r  cokes and p l o t t e d  as a f u n c t i o n  of  tempera ture .  The peak 
i n t e n s i t y  measurements r e f l e c t  t h e  p r o g r e s s i v e  o r d e r i n g  o f  t h e  g r a -  
p h i t i c  p l anes  dur ing  c a l c i n a t i o n .  F igure  7 i l l u s t r a t e s  t h e  extreme 
cases  o f  the a n i s o t r o p i c  cokes compared wi th  t h e  i s o t r o p i c  cokes.  
I n  a l l  c a s e s  t h e  peak i n t e n s i t y  appears  t o  i n c r e a s e  a t  a loga r i thmic  
r a t e  w i th  tempera ture ;  however t h e  a n i s o t r o p i c  cokes main ta in  peak 
i n t e n s i t i e s  of  a h ighe r  magnitude throughout  t h e  c a l c i n a t i o n  range 
than  t h e  i s o t r o p i c  cokes.  

n a t u r e  of carbon,  was ob ta ined  f o r  a l l  samples as a f u n c t i o n  of tem- 
p e r a t u r e .  As might be expec ted ,  d-spac ings  were found t o  decrease  
wi th  i n c r e a s i n g  tempera ture .  This  i s  i l l u s t r a t e d  i n  F igure  8, where  
it is o f  i n t e r e s t  t o  n o t e  t h a t  wh i l e  t h e  i s o t r o p i c  cokes have l a r g e  
d - spac ings  a t  t h e  o u t s e t ,  t h e  d-spac ings  of t h e  a n i s o t r o p i c  and 
i s o t r o p i c  cokes a r e  e s s e n t i a l l y  e q u i v a l e n t  by l l O O ° C .  The low i n i t i a l  
d -spac ings  of t h e  i s o t r o p i c  cokes are b e l i e v e d  t o  be due t o  t h e  
amorphous m a t e r i a l  c o n t r i b u t i n g  mainly t o  t h e  background of  t h e  
d i f f r a c t i o n  curve .  Only t h e  h i g h l y  g r a p h i t i c  p o r t i o n s  of t h e  sample 
are d e t e c t a b l e ,  which resu l t  i n  low d-spac ing  va lues  n o t  t r u l y  
r e p r e s e n t a t i v e  of  t h e  e n t i r e  sample.  
material i s  p resen t  i n  t h e  a n i s o t r o p i c  cokes ,  and a broader  spectrum 
of  c r y s t a l l i t e  p e r f e c t i o n  i s  d e t e c t a b l e .  The re fo re ,  t h e  t o t a l  va lue  
o f  t h e  d-spac ings  appears  l a r g e .  Other  experiments  conducted beyond 
t h e  1200°C range have shown t h a t  t h e  d-spac ings  of  i s o t r o p i c  cokes 
main ta in  h ighe r  va lues  than  t h e  a n i s o t r o p i c  cokes,  which i s  i n  
agreement wi th  t h e  c r o s s - o v e r  p o i n t  a t  l l O O ° C  i n  F igu re  8. 

as  a f u n c t i o n  of tempera ture  was very  similar f o r  a l l  cokes.  Th i s  
r e l a t i o n s h i p ,  p re sen ted  i n  F igure  9 f o r  t h e  f o u r  cokes ,  i s  charac-  
t e r i z e d  by a s i g n i f i c a n t  dec rease  i n  s ize  between 500°C and 900OC; 
a f t e r  which a s t eady  i n c r e a s e  is  observed  up t o  1200°C. S ince  the  
Lc va lues  r e p r e s e n t  an average o f  a l l  d e t e c t a b l e  c r y s t a l l i t e s  f o r  a 
given sample,  it is be l i eved  t h a t  t h e  i n i t i a l  decrease  i n  Lc is  due 
t o  t h e  appearance of  a l a r g e  number of  ex t remely  small c r y s t a l l i t e s  
which have grown t o  a d e t e c t a b l e  s i z e .  This  pronounced dec rease  i n  

The d - spac ing ,  which i s  c l a s s i c a l l y  a measure of  t h e  g r a p h i t i c  

On t h e  o t h e r  hand,  l e s s  amorphous 

The change i n  c r y s t a l l i t e  s i z e  a long  t h e  c c r y s t a l l o g r a p h i c  a x i s  
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Lc va lues  a t  60O0C-7OO0C corresponds  wi th  t h e  onse t  of  t h e  r a p i d  
shr inkage  o f  t h e  coke samples .  I t  seems r easonab le ,  t h e r e f o r e ,  t o  
presume t h a t  t h e  coke s t r u c t u r e  sh r inkage  is i n  p a r t  a r e s u l t  o f  
i t s  convers ion  t o  a more compact c r y s t a l l i n e  s t r u c t u r e .  

CONCLUSIONS 

With only minor e x c e p t i o n s ,  t h e  gene ra l  o v e r a l l  s t r u c t u r e  of 
t he  c a l c i n e d  coke is prede termined  i n  t h e  raw s t a t e .  With r e spec t  
t o  m i c r o s t r u c t u r e ,  t h e  dominant r e c u r r i n g  theme running through our  
exper imenta l  d a t a  is t h e  sudden changes which occur  i n  t h e  600'C t o  
9 0 0 ° C  t empera ture  r ange .  The sharp  observed i n c r e a s e  i n  dimensional  
shr inkage  r e s u l t s  from t h e  loss o f  v o l a t i l e  c o n s t i t u e n t s  as well as 
o rde r ing  and growth o f  t h e  p o l y c r y s t a l l i n e  s t r u c t u r e .  The inc reased  
mic roporos i ty  r e p r e s e n t s  t h e  c r e a t i o n  o f  sh r inkage  c racks  a s  we l l  as 
pores  formed due t o  t h e  escape  o f  v o l a t i l e  components. 

I '  
I 
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FIGURE 1 
STRUCTURAL CHANGES ACCOMPANY I NG 
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FIGURE 2 

DIMENSIONAL CHANGES OF AN ANISOTROPIC COKE 
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FIGURE 3 
DIMENSIONAL CHANGES OF AN ISOTROPIC COKE 
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FIGURE 4 

WEIGHT LOSSES VSTEMPERATURE % 
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FIGURE 5 
POROSITY VsTEMPERATURE OF VARIOUS COKES 
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FIGURE 6 
DENSITY vsTEr.lPERATURE 
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FIGURE 9 
LcCRYSTALLlTE SIZE VSTEMPER ATURE 
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