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The re la t ionsh ips  o f  s t rength  to  poros j - ty  and
gra in  s ize  fo r  many po lycrys ta l l ine  ceramic  na ter ia ls
have been examined extensively in nunerous investi-
ga t ions . r+  These s tud ies ,  th rough the  care fu l
p repara t ion  o f  fabr ica ted  ceramics  and g lasses ,  have
produced several empir ical fornulas, general ly rat io-
na l i zed  by  f rac tu re  nechan ics .  Ex tend ing  these con-
cepts  to  the  app l ica t ions  o f  g raph i te ,  Kn ibbs ,
.{ndersson, Buch, Zinrner, and Meyer"-o have proposed
s imi la r  re la t ionsh ips  o f  s t rength  to  poros i ty  and
gra in  s ize .  However ,  exper imenta l  ver i f i ca t ion  o f
these proposa ls  was ob ta ined f ron  tes t ing  poor ly
de f ined,  comnerc ia l l y  ava i lab le  mater ia ls .  Buch,
l inrner, and Meyer enphasize the need for a clear
definit ion of the structural norphology to define the
cr i t i ca l  de fec t .  The purpose o f  th is  s tudy  is  to
furnish unanbiguous experinental infornation to con-
pare  the  var ious  enp i r i ca l  s t rength-par t i c le  s ize
re la t ionsh ips .  Th is  i s  acconp l lshed by  tes t ing  graph-
i tes  fabr ica ted  us ing  a  g reen iso top ic  f i11er  o f
care fu l l y  con t ro l led  par t i c le  s izes .  The graph j . tes
were  made to  ach ieve  the  sane f ina l  1 .85  g /cm3 bu lk
dens i ty .  By  cont ro l l ing  the  fabr ica t ion  and dens i ty ,
p a r t i c l e  s i z e  i s  t h e  s i n g l e  v a r i a b l e .  T h i s  l n v e s t i -
ga t ion  a lso  cons iders  the  par t i c le -s ize  e f fec t  on
other  phys ica l  p roper t ies ;  the  coef f i c ien t  o f  therna l
e x p a n s i o n  ( C T E ) ,  e l e c t r i c a l  r e s i s t i v i t y ,  f r a c t u r e
s t ra in ,  and Young 's  modu lus .

Iso t ropy  is  ob ta ined by  us ing  green Rob inson
f i11er  coke to  fabr ica te  the  exper imenta l  g raph i tes .
This coke, made from an air-b1own petrolewn residuum,
has  a  very  so l id ,  f ine ,  randon ized op t ica l  dorna in
structure. The graphites were nade using an 0RNL
process"  to  p las t i c ize  the  ou ter  sur faces  o f  the
green f i l1er  coke.  Th is  i s  done to  ob ta in  h igh ly
e f f i c ien t  b inder ing  w i th  un i fo rn  pack ing  o f  rno ld ings
wi th  f i l l e rs  o f  a  very  nar row s ize  range.  Coa l  ta r
p i tch  30M was used as  a  p las t i c izer  and A-240 pe t ro -
leum p i tch  was used as  the  f ina l  b inder .  The p las t i -
c ized  f i l l e r  par t i c les  were  care fu l l y  sc reened to
obta in  the  par t i cLe  s ize  ranges  g iven in  Tab le  I .

Four 4O-mn-dia noldings were nade and baked
under  res t ra in t .  One mold ing  was graph i t i zed  w i thout
inpregnation and a second nolding inpregnated with
pet ro leun p i tch  be fore  graph i t i za t ion  to  3000"C.
Th is  was to  assure  tha t  the  f ina l  g raph i te  dens i t ies
or porosit ies were over a co¡ninon range. This was
very  success fu l ,  as  shown in  Tab le  I ,  except  fo r  the
th to  la rger  par t i c le  s ize  ranges .  The 430-pm mate-
r ial was inproved signif icantly by a second irnpregna-
t ion ;  however ,  the  la rger  725-yn  matér ia l  was  very
res is tan t  to  dens i f i ca t ion .  As  shown in  Tab le  I
( th i rd  co lunn) ,  the  shr inkage o f  the  in i t ia l  f i l l e r
s ize  in  p rocess ing  is  ca lcu la ted  and g iven.

The graph i tes  were  eva lua ted  by  tes t ing
of  th ree  br i t t le  r ing  samples ,  18- run-OD,
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the  bend s t rength ,  Youngrs  nodu lus ,  and f rac tu re
s t ra in .  Two 6 .4-mn-d ia  samples ,  across-gra in  and
wi th -gra in ,  were  nade to  de termine the  e lec t r i -ca l
res is t i v i t y  and the  1000 'C nean coef f i c ien t  o f  ther -
rna l  expans ion  (CTE) .  The poros i ty -dependent  p roper -
t ies  were  e i ther  in te rpo la ted  or  ex t rapo la ted  fo r
each par t i c le  s ize  range fo r  conpar isons  to  be  made
at  a  conmon 1 .85  g /cm3 dens i ty .  The proper t ies  nea-
sured are  g iven in  Tab le  I I .

The genera l l y  accepted  node l  fo r  f rac tu re  o f
po lyc rys ta l l ine  graph i te  i s  tha t  a  c rack  propagates
f rom pore  to  pore  normal  to  the  s t ress  ax is ,  fo l low-
ing  pa ths  o f  leas t  res is tance.  Th is  may be  a long
optical donain boundaries or around the boundari.es
o f  misa l igned par t i c les .  There  ac tua l l y  ex is ts  mic ro-
c rack ing  we l l  be low the  fa i lu re  s t ress  wh ich  i -ncreases
in  nunber  w i th  inc reas ing  app l ied  s t ress .  The ¡n ic ro -
c rack ing  is  assoc ia ted  in  nagn i tude to  the  non l inear
conponent  o f  the  s t ress-s t ra in  behav io r  o f  g raph i te .
The ab i l i t y  o f  a  g raph i te  to  ach ieve  la rge  s t ra ins
to  fa i lu re  i s  l in i ted  by  the  ab i l i t y  o f  the  s t ruc tu re
to accomnodate honogeneous rnicrocracking without
resu l t ing  in  rap id  c rack  propagat ion  to  fa i lu re .  The
microcrack ing  is  ac tua l l y  a  s t ress- re l ie f  sys te ¡n
wh ich  d i f fe ren t ia tes  g raph i te  f rom c lass ica l l y  b r i t -
t le  ceramic  na ter ia ls .

Several attenpts have been nade to define the
re la t ionsh ips  be tween the  s t rength  o f  b r i t t le  po ly -
c rys ta l l ine  so l ids  to  po fos i ty  and gra in  s ize .  We
found that the part icle size data rnay be described
by  the  Petch  re la t ionsh ip ;  however ,  fo r  these da ta
the asymptotic (o-) stress was not equal to zero,
as indicated in other studies for graphite. The¡e-
fore, the more convenient l(r¡udsen relat ionship
for part icle size conbined with the Ryshkewitch-and 6 .4  run  th ickness ,  f ron i .each b lock  to  y ie ld
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f r o m  E q s .  ( 1 )  a n d  ( 2 ) .  S u b t r a c t i n g  t h e  e l ¿ r s t i c
s t ra in  f ron  the  to ta l  s t ra in  to  fa i lu re ,  we found
tha t  the  non l inear  s t ra in  was cons tan t  and indepen-
d e n t  o f  p a r t i c l e  s i z e .  i l o w e v e r ,  t h e  f r a c t u r e  s t r a i n
d id  inc rease w i th  decreas ing  poros i ty ,  as  expec ted .

e  =  3 . 2  x  l 0 - 3  e - l ' : r P
c

(s )
ano

e .  =  o 6 / E ¡  
" ( B - c t ) p  

D n - m  *  5 . 2  x  l 0 - 3  e - 1 . 5 p  ( 6 )

Th is  suggests  tha t  there  ex is ts ,  fo r  each s t ruc tu ra l
morpho logy ,  a  s t ra in  conponent  due to  n ic rocrack ing
t h a t  i s  i n d e p e n d e n t  o f  p a r t i c l e  s i z e .

The less- than- theore t ica l  va lue  o f  CTE is  a
resu l t  o f  the  na ter ia l  expand ing  in to  the  de fec t  s t luc -
tu re .  There fore ,  as  the  par t i c le  s ize  is  reduced by
break ing  the  par t i c les  th rough the  de fec ts ,  the  de fec t
concentrat ion is reduced. The CTE is shown to in-
c rease w i th  reduced par t i c le  s ize  as

( 1 0 0 0 " C )  C T E  =  8 . 5 7  D - o ' o ¡ + 7  ( 7 )

No apparent  e f fec t  o f  poros i ty  w¿s observed.  ' l ' he

very  sna l l  de fec t  s t ruc tu re  in  these par t i c les  i s
obv ious  by  the  very  la rge  CTEs shown in  Tab le  l I  fo r
t h i s  n a t e r i a l  a n c l  t h e  f a i r l y  s m a l l  i n c r e a s e  d u e  t o
r e d u c e d  p a r t i c l e  s i z e .

F i n a l l y ,  i t  i s  n o t e d  t h a t  w h i l e  c l e c t r i c a l  r e s i s -
t i v i t y  ( p J  h a s  a  s t r o n g  d e p e n d e n c e  u p o n  p o r o s i t y ,  i t
i s  t h o u g h t  t o  b e  i n d e p e n d e n t  o f  p a r t i c l e  s i z e .  W e
found,  aga in  l i ke  the  nodu lus ,  tha t  a  logar i thmic
f u n c t i o n  r e p r e s e n t s  t h e  1 . 8 5  g / c n t  d a t a  f a i r l y  w e l l .

p  =  1 5 0 0  D - o ' o E 3  ¡ - r Q - c r n  ( 8 )

In  surnnary ,  th is  s tudy  has  y ie lded expcr imenta l
da ta  wh ich  < lescr ibes  the  dependence o f  phys ica i  p rop-
er t ies  upon par t i c le  s ize .  ' l ' hese  d¿r t¿r  cnphas i  ze  the
n e e d  t o  t l e s c r i b e  t h e  s t r u c t u r a l  m o r p h o l o g y  i n  d c t a i l ,
p a r t i c u l a r l y  i n  d e f i n i n g  t h e  n i c r o s t r u c t u r a l  t l c f e c t -
c o n t r o l l i n g  f r a c t u r e .  ' l h c s e  r e s u l t s  c l c a r l y  c l e s c r i b e
a  d e f e c t  w h i c h  i s  n o t  c q u a l  t o  n o r  l i n e a r l y  r c l ¿ r t e d
t o  t h e  p a r t i c l c  s i z c ;  h o r v c v c r ,  a s  s u g g e s t e d  b y
K n u d s e n ,  i t  i s  l o g a r i t h m i c ¿ r l l y  r c l a t c d  t o  t h e  p a r t i -
c l c  s i z e .  I t  i s  a l s o  s h o w n  t h a t  w h i l e  t h e  t o t a l
f r a c t u r e  s t r a i n  i n c r e a s e s  w i t h  r e d u c e d  p a r t i c l e  s i z e ,
thc  non l i -near  o r  c rack  s t ra , in  i s  cons tan t  fo r  con-
s t a n t  p o r o s i t y .  W h i l e  n o t  e x p e c t e d ,  b o t h  t h e  m o d u l u s
o f  e l a s t i c i t y  a n d  t h e  e l e c t r i c ¿ r l  r e s i s t i v i t y  i n c r e a s -
e d  w i t h  d e c r e a s i n g  p a r t i c l e  s i z e .  t h e  c o e f f i c i e n t  o f
themal  expans ion  a lso  inc reased w i th  decreas ing  par t i -
c le  s ize ,  bu t  was  less  than expec ted .
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Frac ture
St rength  St ra in  E las-

( N t P a )  ( % )  t i c i t Y
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o f

725
430
1 8 0
t70
1 5 5
1 4 0
1 3 0
I20
1 r 0
1 0 0
9 0

4 6 . 2
5 2 . 4
6 8 .  3
7 r . 0
7 5 .  8
7 9  . 3
7 7  . 9
8 0 . 0
8 r  . 4
8 4 . l
8 6 . 9

0 . 6 8
0 . 7 1
0 .  7 5
0 .  8 0
0 .  8 1
0 .  8 4
0 .  8 6
0 .  8 6
0 . 8 8
0 . 8 9
0 . 9 1

1 0 .  3
1 1 . 3
r 2 . 3
1 3 . 0
1 3 . 3
I 3 . 4
1 3 . 0
t  3 . 4
t 3 . 4
' t <  7

t 3 .  4

850
880

t  000
970
9 5 5
970
9 6 0
9 9 0
9 6 0

1 0 0 0
9 5 0

A l q

6 .  5 0
6 . 5 5
6 . 7 6
6 . 7  4
6  . 7 9
6  . 8 7
6 .  8 6
6 . 9 1
6 . 9 3
6  . 7 5

Duckwor th  express ion  fo r  poros i ty  i s  used:

o ^  =  o n  
" * P  

D *r i l l

where  o ,  =  f rac tu re  s t rength  (MPa) ,oo  =  ze to  poros i ty
s t rengt f i  (644 MPa) ,  p  =  f rac t iona l  poros i ty ,  o ,m
=  c o n s t a n t s  ( o  =  5 . 4 7 ,  m  =  0 . 3 I 2 ) ,  D  =  p a r t i c l e  s i z e
(pn) .  The independence o f  poros i ty  and par t i . c le  s ize
i s  a s s u n e d ;  h o w e v e r ,  w h i l e  t h e  p a r t i c l e  s i z e - s t r e n g t h
re la t ionsh ip  i s  dernons t ra ted  over  a  log  cyc le ,  the
s t rength-poros i ty  da ta  were  on ly  ava i lab le  f rom l5  to
22% for  the  430-un mater ia l .

' Ihese graph i tes  nade us ing  a  f i l l e r  w i th  un i -
fsrn F4 ¡rn optical donains cornpared to a rninimurn
70 pm par t i c le  s ize  emphas ize  the  in te rpar t i c le  pore
as  the  poss ib le  weak l ink  cont ro l l ing  f rac tu re .  How-
ever ,  i t  must  be  rea l i zed  tha t  the  pore  s ize  ls  con-
t ro l led  by  the  f i l l e r  par t i c le  s ize .  The va lue  o f
n  =  0 . 3 1 2  ( l e s s  t h a n  0 . 5 )  s u g g e s t s  t h a t  t h e  c r i t i c a l
s ize  or  pore  s ize  does  no t  decrease propor t ionate ly
w i th  decreas ing  par t i c le  s ize .  Th is  can be  shown to
be assoc ia ted  h¡ i th  the  known tendency  fo r  agg lonera-
t ion  w i th  decreased par t i c le  s ize  inc reas ing  the
ef fec t i ve  length  o f  the  pores .

Young 's  nodu lus  was found to  have a  s imi la r  expo-
nent ia l  func t ion  o f  poros i ty ;  however ,  the  genera l l y
assumed independence o f  par t i c le  s ize  was no t  observed.
We found the  fo l low ing  express ion  necessary  to
descr ibe  the  decreas ing  modu l r . rs  w i th  inc reas ing  par t i -
c l e  s i z e :

E = E O ' B P N - ( 2 )

where  E =  Yor ¡ng ts  nodr ¡ lus  (GPa) ,  I lo  =  zero  poros i ty
n o d u l u s  ( 3 1 . 6  G P a ) ,  B , n  =  c o n s t a n t s  ( 3  =  2 . 2 ,  n  =
0 , 1 1 ) ,  p  =  f r a c t i o n a l  p o r o s i t y ,  D  =  p a r t i c l e  d i a m e t e r
( U m ) .  T h i s  i m p l i e s  t h a t  a  r a t i o n a l i z a t i o n  o f  t h e
modu lus  o f  e las t i c i t y  nus t  inc lude the  e f fec ts  o f  non-
spher ica l  poros i ty  and de fec t ive  par t i c les  wh ich
reduce the inherent spring constants wi.thin the
s t  ruc tu re .

The to ta l  s t ra in  (e1)  to  f rac tu re  can be  sepa-
ra ted  in to  two conponents ,  the  e las t i c  s t ra in  (c " )
and a  non l inear  conponent  (e . )  resu l t ing  f ron  c rack
e x t e n s i o n .

cT =  ee  +  i : c  (3 )

The e l¿rs t i c  s t ra in  can be  represented  bv
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