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I t  i s  fa i r l y  we l l  knownr -3  tha t  the  i r revers -
ible expansion during the f inal heat treatnent to
graphit izat ion ternpera\res is related to the sulfur
conten t  in  f i l l e r  cokes .  Whi le  th is  expans ion ,  con-
rnonly cal led puff ing, is well  known and careful ly
non i to red  in  indus t ry ,  very  l i t t le  has  been pub l ish-
ed concerning the reaction' The major concern has
been in el ininating or inhibit ing the reaction with
s tab le  su l f ide- fo rming  add i t i ves .  Rare ly  i s  the
su l fu r  reac t ion  re la ted  to  fabr ica t ion  or  phys ica l
p roper t ies .  I t  i s  the  purpose o f  th is  inves t iga t ion
to  i so la te  the  e f fec ts  o f  su l fu r  as  a  s ing le  var iab le
and to describe those propert ies dependent upon the
su l fu r  con ten t  in  the  f i l l e r  coke.

' lhe  f i l l e r  cokes  in  th is  s tudy  were  a l l  der ived
f ro ¡n  A-240 pe t ro leum p i tch  us ing  a  sna l l  4  kg  labora-
to ry  coker .  The su l fu r  con ten t  o f  the  A-240 p i tch
r ' ¡ ¡ r i e d  f r o n  0 . 3  t o  3 . 2 5  w t  e o ,  y i e l d i n g  g r e e n  c o k e s
x i th  0 .25  to  2 .70% su l fu r .  I ron  ox ide  r {as  s tud ied  as

an inhibitor by addit ions to a 3eo sulfur A-240 p-i tch

bc forc  cok ing .  The f i l l e r  cokes  were  ¡nade by  two
procedures ,  one to  p roduce the  typ ica l  ac icu la r  coke

f  ie ld ing  a  h igh ly  an iso t rop ic  g raph i te ;  the  second,
us ing  a  mod i f ied  process  to  randomize  the  coke s t ruc-
tu re  to  y ie ld  more  iso t rop ic  g raph i tes .  The la t te r
procedure  accornp l i shed the  iso t ropy  wh i le  re ta in ing
the  inherent ly  h i .gh  c rys ta l l in i t y  o f  the  cokes  nade
f ro ¡n  the  A-240 pe t ro leun p i tch .  ' l he  f i l l e r  cokes
were  a1 l  coked to  500"C,  g round and screened such
th¿t  l00eo <88 um.

The graph i tes  were  a l l  made us ing  an  ORNL pro-
ccss  to  p las t i c izc  the  ou ter  sur faces  o f  the  green

f i l le r  coke.q  
' [h is  was done to  ach ieve  h igh ly  e f f i -

cient bindering and uniform packing of noldings with

thc  < l i f fe ren t  f i l l e rs .  Coa l  ta r  p i tch  30M was used
a s  t h e  p l a s t i c i z e r  a n d  A - 2 4 0  p i t c h  a s  t h e  f i n a l
b-inder. ' fhe green as-molded bulk density was a con-

n o n  l . 3 l  t o  1 . 3 3  g / c n 3  i n  ¿ l l  c a s e s .  S e v e r a l  n o l d -
ings  o f  each m- ix  were  nac le  and baked under  res t ra in t .
In  each case,  one molc l ing  was graph i t i zed  w i thout
i rnpregner t ion ,  a  second rno ld ing  was g iven a  s ing le
A-240 p i tch  impregnat ion ,  and in  nos t  cases  a  th i rd
molding was rebaked and given a second pitch inpreg-
n¿¡t ion. The f inal graphites r{¡ere evaluated by obtain-
ing  the  1000 'C nean coef f i c ien t  o f  thermal  expans ion
( C T E ) ,  e l e c t r i c a l  r e s i s t i v i t y ,  s o n i c  v e l o c i t i e s ,  a n d

bcnd tes t  p roper t ies .

The general ly accepted concept of the irrevers-
ible expansion or puff ing reaction is related to
the  sudden re lease o f  su l fu r .  Th is  re lease c rea tes
adequate internal strains to cause a signif icant
inc rease in  mic ropores  less  than 0 .1  um in  d ianeter . l
This increase in volune by the microporosi. ty results
in  lower  f ina l  bu lk  dens i t ies  and a l te ra t ions  in
both the thermal and ¡nechanical propert ies of the
graph i te .  The decrease in  f ina l  bu lk  dens i ty  w i th
increased su l fu r  con ten t  i s  shown in  F ig .  1 .  I t  i s

s u l f u r  c o n t e n t ,  i
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a lso  c lear ly  demonst ra ted  tha t  the  vo lume expans ion
is  independent  o f  inpregnat ion .  Obv ious ly ,  th is
wou ld  be  expec ted  i f  the  poros i ty  genera ted  occurs
after the irnpregnation and not before.

The a lways  less- than- theore t ica l  coe f f i c ien t  o f
thernal expansion is a result of the ¡naterial expand-
. ing  in to  the  de fec t  s t ruc tu re .  To  be  e f fec t i ve ,  the
defec ts  nus t  be  pre feren t ia l l y  a l igned normal  to  the
c  ax is .  The vo lumet r ic  CTE (2x  w i th -gra i "n  CTE +

aga ins t -g ra in  CTE)  used to  cance l  an iso t ropy  d i f fe r -
ences  is  shown in  F ig .  2  to  be  s ign i f i can t ly  reduced
by increased sulfur content. This suggests a prefer-
en t ia l  a l ignnent  o f  poros i ty  wh ich  may we l l  resu l t
f ron  the  in te rna l  p ressure  sp l i t t ing  the  lower
s t rength  in te r layer  bonds .  The e f fec t  o f  Fe2O3 to
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Fig .  2 .  Su l fu r  Conten t  in  the  F i l le r  Coke
Decreases  the  Coef f i c ien t  o f  Therna l  Expans ion .
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i nh ib i t  the  reac t ion
i n  F i g .  3 ,  s u g g e s t i n g
poros  i t y .

inc reases  the  CTE,  as  shown
a n  e l i n i n a t i o n  o f  t h e  m i c r o -
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Fig .  3 .  Fe203 Add i t j -ons  Decrease the  Therna l
S t ress  Res is tance o f  Graph i te .

The ab i l i t y  o f  g raph i te  to  s ign i f i can t ly  n ic ro -
fracture without rapid crack propagation to fai lure
d is t ingu ishes  br i t t le  g raph i tes  f ron  those w i th  s ig -
n i f i can t  toughness .  The mic rocrack ing  is  ac tua l l y  a
s t ress  re l ie f  sys ten  to  honogen ize  the  s t ress ,  reduc-
ing  the  po ten t ia l  fo r  c rack  propagat ion .  I t  was
observed tha t  wh i le  the  ac tua l  f rac tu re  s t rength-
to ta l  poros i ty  re la t ionsh ips  are  essent ia l l y  indepen-
dent  o f  the  su l fu r  con ten t ,  the  f rac tu re  s t ra in  i s
s ign i f i can t ly  improved by  inc reased su l fu r  con ten t .
The e f fec t  o f  Fe203 inh ib i to rs  i s  aga in  to  reduce
the  f rac tu re  s t ra in  w i th  l i t t le  e f fec t  on  f rac tu te
s t rength .  The e las t i c  p roper t ies ,  eva lua ted  by
son ic  ve loc i ty  neasurenents ,5  denonst ra ted  the  s in -
gu la r  dependence o f  the  bu lk  conpress ib i l i t y  to
to ta l  poros i ty .  However ,  Po issonts  ra t io  decreased,
as  shor^ /n  in  F ig .  4 ,  w i th  inc reased su l fu r  con ten t .
The i rnp l i ca t ion  is  tha t ,  w i th  h igher  su l fu r  con ten t
and h igher  rn ic roporos i ty ,  a  s ign i f i can t  por t ion  o f
the  s t ra in  i s  a  resu l t  o f  vo id  open ing  or  c losure .
The f ineness  o f  the  s t ruc tu re  a l lows fo r  g rea ter
f rac tu re  s t ra ins  w i thout  a  decrease in  s t rength .

In  sunnary ,  the  e f fec t  o f  inc reased su l fu r  con-
ten t  in  a  so f t  coke,  as  der ived  f rom Ash land A-240
pet ro leum p i tch ,  i s  to  f i rs t  reduce the  po ten t ia l
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Su l  fu r  Conteñ t ,  t

F i g .  4 .  S u l f u r  C o n t e n t  D e c r e a s e s  P o i s s o n t s  R a t i o .

bu lk  dens j - ty  o f  the  f ina l  g raph i te  by  an  i r revers ib le
vo lune expans ion .  The n ic roporos i ty  p roduced by  the
su l fu rous-gas  evo lu t ion  e f fec t i ve ly  reduces  the  CTE
and increases  the  s t ra in  to  f rac tu re  w i thout  a  loss
i n  s t r e n g t h .  T h e  i m p l i c a t i o n  o f  t h e s e  r e s u l t s ,  w i t h
t h e  r e d u c e d  P o i s s o n r s  r a t i o ,  i s  t h a t  t h e  p o r o s i t y  i s
very  f ine ,  even ly  d is t r ibu ted ,  and or ien ted  norna l  to
the  c  ax is .  In  e f fec t ,  inc reased su l fu r  con ten t
o f fe rs  a  f ine  so lu t ion  to  ob ta in ing  graph i tes  w i th
ex t raord inary  thermal  s t ress  res is tance and toughness
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