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In t roduc t lon

I t  i s  w e l l  k n o w n  t h a t  p u f f i n g ,  i . e .
i r revers ib le  vo lunet r i c  expans ion  o f  car -
bon ar t i fac ts  dur lng  graph l t i za t ion ,  i s
c o r r e l a t e d  t o  s u l f u r  r e l e a s e  f r o m  c o k e .
Puf f ing  decreases  bu lk  dens i ty ,  s t rength ,
e lec t r fca l  and thermal  conduct lv i t y ,  and
can induce the formatlon of cracks. Gra-
phite rnanufactures have a long experlence
in .dea l lng  w l th  the  pu f f ing  phenornenon
/I/_,- and productlon paraneters inf luenclng
puf f ing ,  e .g .  su l fu r  con ten t  o f  coke,
heat ing  ra te ,  g ra ln  s lze ,  ca lc ina t lon  tem-
?era ture ,  and pu f f ing  inh lb i to rs  have been
s t u d l e d  e x t e n s i v e l y  / 2 - B / .

-  Th9 pu f f ing  e f fec t  1s  genera l l y  un-
lerstood as being due to the spontaneous
r e l e a s e - o f  o r g a n i c  ( b a s i c a l t y  t h i o p h e n l c )
su l fu r  f ro rn  the  carbon c rys ta l  s t rücrure ,
rhe  pressure  o f  the  vo la t i le  su l fu rous  ga-
s e s  ( e l e m e n t a l  s u l f u r ,  p o l y s u l f u r ,  a n d
p o s s i b i l y  H r S  a n d  C S r )  b e i n g  r e s p o n s i b t e
:o r  the  vo lümet r fc  e fpans lon  by  c rea t lon
c f  poros l ty  be tween the  c rys ta l  lamel lae .
Flosever, as shown In a cornpanlon paper
/9 / ,  su l tu r  evo lu t lon  o f  méd lu¡n  a ia - f r fgn
s u l f u r  c o k e s  s t a r t s  a t  1 2 0 0  t o  1 3 0 0  " C
lead lng  to  p repuf f ing ,  i .e .  c rea t lon  o f
c losed poros i ty  w l thout  any  macroscop lc
expans lon  o f  coke gra lns .  The beg ln  o f
pu f f lng  o f  coke gra inE and ar t l fác ts
nade thereof is observed at temperatures
s o m e  3 0 0  K  h l g h e r ,  a t  1 5 0 0  t o  1 6 0 0  o C .  f t
v i I l  be  denonst ra ted  here  tha t  pu f f lng ,
i .e .  macroscop lc  expans lon  o f  coke grá ins ,
can on ly  s ta r t  a t  p regraph l t l za t lon  tem_
pera tures ,  where  the  carbon s t ruc tu re  so f_
tens  due to  c rys ta l  a l ignenent  ln  c -d l rec-
t i .on .

Exper imenta l

Ca lc lned pe t ro leum cokes  A,  D,  and F
u i t t r  l o w  ( 0 . 1 9  t ) ,  m e d l u m  ( 1 . 0 7  $ )  a n d
h i q h  ( I . 5 3  t )  s u l f u r  c o n t e n t  w e r e  p r o c e s -
sed under standard condit lons (maxlmurn
gra in  s lze  I  mm,  no  pu f f ing  i .nh ib i to r  ad-
ded)  to  rods  o f  d ia rne ter  Z0  mm.  Deta l l s
of coke propert igs are preienEEE-ln tab-
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te I  ar¡d¿/9/,, iThe extruded stock r¡asJ?l
ked to  1000 oC and f ina l l y  heat  t rea ted

to  tempera tures  be t \ reen 1200 and 3000 .C.
The mechan lca l  and e lec t r i ca t  p roper t ies
after heat treat¡nent $rere determined bv
s tandard  labora tory  methods .

R e s u l t s  a n d  D i s c u s s i o n

Dynamic  youngrs  modu lus  (para l le l  and
perpend icu la r  to  g ra in )  and compress ive
s t rength  o f  a r t i fac ts  made f rom cokes  A,
D,  -and F  are  presented  ln  f iqs .  1  and 2  as
a functlon of heat treatrneñE6!,- iáture.
It  ls obvlous that rnodulus and strength
show a drastlc decrease in the temperature
range f rom 1000 to  2000 .C w i th  a  áe f in i te
minirnum at 2000 oC and some recovery at
higher temperatures. !{ i thin a few hundred
Ke lv ln  a round 1600 oC,  modu lus  and s t rength
faII fron the high niveau of carbon to the
lord nj.veau of graphite.

Th is  t rans i t ion  cor re l .a tes  ure l l  w i th
the  pregraph i t i za t ion  s tage as  descrLbed
by A.  ober l in  and coworke is  f rom e leccron
mlcroscopy  work  /10-12 / :  c rys ta l  g rowth
occurs  f i rs t  1n  c -d i rec t ion  (p reg iaph i t i -
za t lon  s tage)  and then in  a -d i reé t ion
(graph i t i za t ion) .  p regraph i t l za t ion  takes
p lace  be tneen 1500 and 2000 oC.  By  remova l .
o f  i n t e r s t i t i a l s ,  s n a l l  m o s a i c  e l é m e n t s
about  10  A in  s ize  (a romat ic  layers  w i th
¡ l  to  10  r ings ,  s tacked by  N =  2  to  3 )  be-
come assoc ia ted  in  an  a lmost  para l le l
a l ignement  in  the  c rys ta l i te  c -d l rec t ion .
N,  the  number  o f  layers  in  s tack ,  inc rea-
ses  dras t ica l l y ,  bu t  L .  does  no t  change,
s j .nce  on ly  in te rs t l t ia fs  a re  removed bu t
no t  in -p lane de fec ts .  In -p lane de fec ts
d isappear  a t  tempera tures  above 2000 .C,
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leadlng to a drastlc aroúrth of }ayer dia-
meter  L . .  The aromat ic  layers  become s t i f f
and  per fec t .  A t  the  same t ime,  the  ? fe lec-
trons of the perfect latt ice aqulre a semi-
meta l l l c  cbarac ter  and the  e lec t r i ca l  res i -
s t fv l t y  decreases  dras t ica l l y .

I t  i s  obv lous  tha t  pu f f lng  is  assoc ia -
ted  w l th  p regraph i t i za t lon :  a  p rerequ ls i te
for macroscoplc expanslon of carbon grains
fo rced by  su l fu rous  gases  ls  a  so f ten lng
of the carbon latt ice by crystal ordering
1n c -d l rec t ion .  Be los  1500 to  1600 oC,  the
graln structure can reslst the pressure of
the  vo la t l le  Eu l fu rous  gaseÉ¡  to  some ex-
tent and only nlcroporoslty develops rr l th-
out nacroscopic expanslon of the cárU6ñ-
g r a l n s  ( f l q .  3 ) .

Conc lus lons

ft has been demonstrated that the
two-s tage graph i t l za t lon  process  as  ob-

served by A. Oberl in and coworkers with
electron microscopy methods can be seen
c lear ly  f rom ar t i fac t  da ta :  c rys ta l  c -
ax is  g rowth ,  i .e .  d ras t lc  inc rease o f
carbon Iayers in stack during pregraphi-
t i z a t i o n  s t a g e  ( 1 5 0 0  t o  2 0 0 0  " C ) ,  i s  a s -
soc ia ted  w l th  t rans i t ion  o f  modu lus  and
strength from the carbon to the graphite
n lveau.  Puf f1 .ng ,  i .e .  macroscop lc  expan-
s ion  o f  the  carbon gra in  s t ruc tu re  by
outbreak ing  su l fu rous  gases ,  i s  on ly  pos-
s ib le  a f te r  the  beg in  o f  th is  t rans i t lon .
On the  o ther  hand,  g raph i t i za t l c jn ,  i .e .
grorth of layer dia¡neter L- by removal of
lnp lane de fec ts ,  takes  p la8e above 2OOO .C
and can be  fo l lowed,  e .9 . ,  by  the  decrease
of  e lec t r i ca l  res is t i v l t y .
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