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Int roduct i  on " :  . .
Mos t  i nves t i ga to rs  have  assumed  tha t  f r ac tu re  o f

g raph i t e  occu rs  e i t he r  a t  cops tan t  s t ra . i  n  (S . i ,E )  o r
a t  c o n s t a n t  s t r a i n - e n e r S y  ( S ¿ . u  E ) ,  a s  p e r  t h e  G r i f f i t h
e q u a t i o n s  ( l - 3 ) .  B u t  b o t h  c o n c e p t s  a s s u m e  t h a t  t h e
m a t e r i a l  ' i s  b r i t t l e ,  i s o t r o p i c ,  a n d  w i t h o u t  v o i d s .
To  the  con t ra ry ,  manu fac tu red  g raph i t es  a re  de fo rm-
a b l e ,  e x t r e m e l y  a n i s o t r o p i c  o n  a  m i c r o s c o p i c  s c a 1 e ,
and  se ldom app roach  theo re t i ca l  dens i t y .

P o r o s i t y  o f  b r i t t l e  s o l i d s  c a n  b e  t r e a t e d ' , i d e a l _' i s t i ca l l y "  i n  two  ways :  1  )  The  ma te r j a l  may  be
v i s u a l i z e d  a s  a  c o n t i n u o u s  s o l i d ,  c o n t a i n i n g  d i s c r e t e
p o r e s  ( b u b b l e s ) ,  o r  2 )  I t  m a y  b e  v i s u a l  i z e d ' a s  b e i n q
a  c o n t i n u o u s  v o i d ,  c o n t a i n i n g  p a r t i c l e s  w h i c h  a r e
bonded  toge the r  a t  t he j r  po jn t s  o f  con tac t .

I¡egrv
MacKenz ie  (4 )  has  de r i ved  the  e f f ec t  o f  po ros i t y

o n . e l a s t i c  p r o p e r t i e s  f o r  t h e  c o n t i n u o u s - s o l i d  m o d e i ,
and  Ke rne r  (5 )  has  t rea ted  the  con t i nuous -po re  mode l .
B o t h  m o d e l s  y i e l d  a  v e r y  l a r g e  d e p e n d e n c e  o f  e l a s t i c
p rope r t i es  on  po ros i t y ,  w j t h  t he  con t i nuous -po re
mode l  p red i c t i ng  t he  l a rge r  e f f ec t .

Mos t  b r i t t l e  ma te r i a l s  exh ib . i t  a  dependencv
wh ich  i s  i n te rmed ia te  be tween  the  p red i c t i ons  ó f  t he
two  mode ls .  Eu le r  (6 )  has  shown  how the  two  mode ls
can  be  comb ined  to  y i e l d  a  be t te r  f i t  t o  expe r imen ta l
d a t a .

. .  Unfor tunate ly ,  except  for  the t reatment  by
Mrozowsk i  ( 7 ) ,  t he  dependency  o f  s t reng th  on  po ros i t y
h a s  n o t  r e c e j v e d  s j m i l a r  ( o r ,  a t  l e a s t ,  s u c c e s s f u l )  

-

a t t en t i on .  A l t hough  the  mode l  deve loped  by  Mrozow ik i
l eads  to  a  cons ide rab le  dependency  o f  bo th  s t reng th
a n d  e l a s t j c  m o d u l i  o n  p o r o s i t y  ( a s  . i s  o b s e r v e d ) , - s o m e
o f  t h e  f i n e r  d e t a i l s ,  s u c h  a s  r e l a t j v e  d e p e n d e n ó e  o f
t he  two  p rope r t i es  (8 ) ,  a .e  no t  i n  aq reemen t  w i t h
theo ry .  Cons ide rab le  da ta  has ,  howeúer ,  Deen  accumu-
la ted  and  emp i r i ca l  r e l a t j onsh jps  have  been  deve loped
f o r  p o r o u s  c e r a m i c s  ( 9 - l l ) ,  a s  w e l l  a s  f o r  g r a p h i t e s .
I n  g e n e r a l ,  t h e s e  r e l a t i o n s h i p s  i n d i c a t e  t h á t  á  l 0 %
change  i n  po ros i t y  w i l l  p roduce  abou t  50% chanqe  i n
s t reng th ;  t h i s  i s  t he  same " ru le -o f - t humb ' ,  wh iéh
emana ted  f rom the  p ionee r i ng  wo rk  o f  G r i ggs  ( . | 2 )  on
the  l oss  o f  s t reng th  du r i ng  ox . i da t i on  o f -g raph i t e .

,  ,  A s s u m i n g  t h e  e m p i r i c a l  c o r r e l a t i o n :  ( S / S o )  =
(p /po ) * ,  whe re  S  =  compress i ve  s t reng th ,  p  =  üens i t y ,
a n d  t h e - s u b s c r i p t e d ' , 0 "  i n d i c a t e s  a  i e f e r e n c e  s t a t e ;
t h e  " r u l e - o f - t h u m b ' ,  y i e l d s  o  =  6 . 5 g .  A s s u m i n g  a
s i m i l a r  r e l a t i o n s h i p  f o r  e l a s t i c  m o d u l . i :  ( E / É o )  =
( o / 0 9 ) t r '  ( S / S o )  =  ( E / E ' ) Y ,  w h e r e  y  =  a l 9 .  E u l é r ' s
rnode l  g l ves  a  ca l cu la ted  change  o f  \ 40% in  e las t i c
l l og r l j  be tween  80% (p  =  t . 8 t  MS/mr )  and  70% (p  =  1 .58
M g / m r )  o f  t h e o r e t i c a l  d e n s j t y ; " t h e ' e x a c t  c a l c u l a t i o n s
Y i e l d  B  =  3 . 7 8  a n d  y  =  1 . 7 4 .

R e s u I t s  t J i t h  U n o x i d i z e d  S a m p l e s
S i x  3 - j n c h  d i a m e t e r  b y  6 - i n c h  l o n g  s a m p l e s  w e r e

mach ined  f rom d j f f e ren t  sec t i ons .o f  a  l og  b t  a  h ig f , _
dens i t y ,  h i gh -s t reng th  g raph i t e * * .  Dens í t y  and
e l a s t i c . m o d u l i  I c a r ó u r a i e d  f r o m  u r t r á i o n i c  v e r o c i t i e s ,
m e a s u r e d  b y  t h 9 , ' p i t c h - c a t c h "  m e t h o d  ( . l 3 ) l  w e r Á -
ob ta rned  and  the  samp les  we re  tes ted  fo r  compress i ve
s t reng th  i n  acco rdance  w i th  ASTM S tanda rd  C_b95  ( . l 4 ) .
T h e  b e s t  " p h y s i c a l l y  r e a s o n a b l e "  c o r r e l a t i o n s ,  n i t h '
t h e  Y o u n g ' s  m o d u l ¡  ( t q )  a n d . s h e a r  m o d u l i  ( ¡ r ) '  

-

m e a s u r e d  p a r a l l e l  t o  t h e  a x i s  o f  t h e  s a m p i e d ,  u r . ,

S  =  0 . 3 4 2 4  r , 1 . 8 4 E e 1 . 8 7 ,  u n d

s  =  1 . 3 3 g  p 2 ' 4 ] E s . l . 7 4 ,  w i t h

S  i . n_megapasca l s ,  p  i n  megagrams  pe r  cub i c  me te r ,
a n d  E  i n  g i g a p a s c a l s .

Fo r  t he  modu l i  measu red  d iame t r i ca l l y ,  t he  bes t
c o r r e l a t i o n s  a r e :

S  =  0 . 6 1 0 9  E " 1 . 6 9 o - 0 . 4 1 2 ,  u n d

S  =  3 . 8 2 5  E s 1  ' 6 7 0 - o ' 1 9 8 ,  
u u h " r .

o  =  P o i s s o n ' s  r a t i o ,

.  The_exponen ts  f o r  E  a re  i n  exce j i en t  ag reemen t
w i  t h  va l  u€ ,  y  =  |  . 74 ,  wh i  ch  was  de r . i  ved  above .  More_
ove r ,  t he  max imum d j f f e rence  be tween  ca l cu la ted  and
measu red  s t reng th  i s  

. l . 9% 
o f  measú red  s t reng th  ( f o r

t he  co r re la t i on  o f  s t reng th  w i t h  dens i t y  and  shea r
modu lus ) ;  t ne  max imum d i i f e rence  fo r  t hé  o tne r
t h r e e  c o r r e l a t i o n s  i s  i  . 4 % .

L e s u l t s  W i t n  O x i ¿ i z e

,  N i n e  s a m p i g : ,  3 - i n c h e s  i n  d i a m e t e r  a n d  g _ j n c h e s
rong ,  we re  ox ld i zed  a t  va ry ing  ra tes  . i n  an  a tmo_
spt fe, rg of  80% C02,  Z0% C0,-  to"betwéen 5 and l0%w e l g n t  t o s s ;  o x i d a t i o n  p r o f i l e s  r a n g e d  f r o m  m o s t l y
: r i l l : "  

t o  nea r l y .homogeneous .  A f té r  ox ida t . i on ,  "
I  r ncn  was  removed  f rom each  end  o f  t he  san rp les ;
d e n s i t y ,  u l t r a s o n i c  v e l o c i t y ,  a n d - c o r i f r e s s i v e
s t reng th  we re  then  measu red .  Or ig ina i  s t reng ths
were  ca l cu la ted ,  us . i ng  t he  co r re lá t i ons  de te im ined
fo r  t he  unox jd j zed  samp les ;  change  i n  i t r eng t f r  was
l !g :  : . : . : ]a ted^wi th chansé in  uí i .uroni .  véroc i iy ,
t ¡ { ) o l  =  \ v / v o )  

' ,  w h e r e  v  i s  t h e  u l  t r a s o n i c
v e r o c t t y  ( e i t h e r  o f  t h e  s h e a r  w a v e  o r  o f  t h e  l o n g i _t u d i n a l  w a v e ) ,  a n d  I  !  2 , . 3 .

The  max imum d . i f f e rence  be tween  ca l cu la ted  and
measu red  s t reng th  . i s  6 .4 i f  o f  measu red  s t reng th  ( i o r
t h e  c o r r e l a t j o n  o f  s t r e n g t h  w i t h  y o u n g ; s  m o d u l u s  a n d
1 9 : : : : t ' s  r a . t i o ) ; . t h e  c o i r e l a t i o n  o f  i t r e n g t h  w i t ho e n s t t y  a n d  y o u n g ' s  m o d u l u s  y i e l d s  a  t n a x l m u n ¡  d i f f e r _e n c e  o f  o n l y  3 . 3 % .
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C o n c l u s i  o n s

r  Re la t i onsh ips  have  been  deve loped  be tween
s t r e n g t h  a n d  c h a n g e s  i n  u l t r a s o n j c  v e l o c i t y ;
wh i ch  can  be  used  to  accu ra te l y  and  non -
des t ruc t i ve l y  de te rm ine  the  compress i ve  s t reng th
o f  S tackpo le  Grade  2020  g raPh i te .

¡  The re  i s  reason  to  be l i eve  tha t  t he  gene ra l
re la t i onsh jp  be tween  s t reng th  and  e las t i c  modu l  i
may  be  app l i cab le  t o  o the r  g raph i t es  and  to
Dorous  ce ram ics .

¡  Th i s  i s  a  p rom is ing  a rea  fo r  bo th  expe r imen ta l
and  theo re t i ca l  wo rk .
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