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Introducti .on

The concepts of fracture mechanics
applj-ed to graphite have provided accept-
able explanations of the fracture process
in many di.verse applicati ,ons. These con-
cepts can also be applied to bulk graph-
ites when conventional f lexural strength
testing does not provide necessary dala
required to ful ly characterize fracrure
parameters. To de¡nonstrate thj.s, fraccure
toughness tests were performed on a mediun
grain, extruded graphite. Fracture tough-
ness results $rere compared to processing
and raw material changes as weLl as the
conventlonal ly measured physical pro-
pert ies. The results show fracture tough-
ness  to  be  independent  o f  tes t  o r ien ta t ion ,
and that fracture toughness correlates
with microstructural and fractographic
observa t ions .

Mater ia l  and Tes ts

Table I. Physical properties
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rad ia l  d i rec t ion  (L -R or ien ta t ion) .  A
second set of specinens from the graphites
extruded with the standard reduction rat io
were ori .ented üri th the normal to the frac-
tu re  p lane in  the  t ransverse  d i rec t ions  and
the crack propagating in the tongitudinal
d i rec t ion  (R-L  d i rec t ion)  .
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A medium grain, extruded graphite was
selected for this study. The test
material was obtai.ned from bodi.es produced
by four dif ferent extrusion reduction
rati .os. The graphites were further iden-
t i f ied by needle f i l . ler coke. Although
the source of coke was the same, the cokes
are uniquely identi f ied by dif ferent pro-
cess 1ots. One lot was extruded as a cal-
cined coke (gpe A) and as a graphi.t ized
coke (TYPe Ar ) and the second lot was pro-
cessed as a graphit ized coke only (Type
B ' ) .  Las t l -y ,  the  bas ic  heat  t rea tment
process  is  iden t i f ied  as  e i ther  a  convent -
ional process (B¡pe I) or a conventional
process vri th an addit ional heat treatment
s t e p  ( T y p e  r I ) .  A  l i s t  o f  r h e  t e s t
mat.erials and their associated physical
propert ies are shown in Table I.

The f rac tu re  toughness  (K ,^ )  tes ts
were performed at Oak Ridge Nattonal Lab-
oratory using g.|  ¡hort rod specimen with a
chevron notch *^' .  The specimen diameter
is 25.4¡nm. Specimens were oriented hri_th
the normal to the fracture plane in the
long i tud ina l  d í rec t ion  (ex t rus ion  d i rec-
t ion) and the crack propagating in the

Measured Kr r .  (s t ress- in tens i ty  fac -
a t  fa i lu re ) 'ha ta  i s  used to  ca icu la te
s t ra in -energy  re lease ra te  (G.^  o r
energy reguired to create new'Burface)
the  c r i t i ca l  de fec t  s ize  (2a" )  us ing
equations

Y 2
G - ^  =  " I C

¿v -E-

the
and
the

( 1 )

12 ' ,and 2a =

where

Resu l ts

= elast ic rnodulus
= f lexure strenqth

?_
lf

E

The convent. ional f lexure strenqth
test data in Table f indicate that Éhe
res is tance to  fa j_1ure  fo r  a l l  g raph i tes
are  essent ia l l y  egua l ,  and d iscernab le
differences due to processing or raw
material changes can only be observed by
measuring other physical propert ies. As
shown by Table I,  Type If  heat trearment
general ly yields red.uced propert ies when
compared to ?ype I heat treatment.
Although the effects of extrusion
reduction rat io changes are not expl ici t ly
demonstrated from the data, a highár
apparent density is measured for the
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Ia rser  reduc t j .on  ra t io .  F ina l l y  i t  i s

ev iáent  tha t  s ign i f i can t  d i f fe rences  do

exist betvteen the dif ferent coke tyPes

as can be measured by the electr ical
res is t i v i tY ,  and e las t i c  modu lus .

the fracture toughness results in
Tab le  I I  c lear ly  demonst ra te  d i f fe rences
bet\^teen the graphites' resistance to

fa i lu re .  wh i le  f lexure  s t rength  d id  no t

d is t ingu ish  raw mater ia l  d i f fe rences ,
fractuie toughness data effect ively con-

trasts the graphites made using the type

Ar  and Bt  cokes .  S imi la r  d i - f fe rences '
although sl ight, can also be seen betvteen

the lwo heat treatment Processes.

Another noteworthy observalion is

Table II. Fracture tlechanics Data
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ef fec t i ve ly  re l ieves  the  s t resses  a t  the

crack  t ip .  The s t ress  re l ie f  mechan ism
continues unti-1 coincidental al ignment
of these microcracks advances the crack
to  i t s  c r i t i ca l  c rack  length '  where
fa i lu re  occurs .

On the other hand, fracture in the
t ransverse  d i rec t ion  (L -R or ien ta t ion)
does  no t  benef i t  f rom th is  s t ress  re l ie f
system due to the Preferred orientat ion
of  the  mic rocracks .  Here  the  c rack  f ron t
propagates by a tortuous intergranular

Éatñ  áue to  misor ien ted  gra ins .  Fa i lu re
óccurs  on ly  a f te r  su f f i c ien t  energy  has
been absorbed at the crack t iP to advance
the crack either around or through the
grain. As exPected from these th¡o
áifferent fracture Processes, the
cri t ical crack length is larger in the

orientat ion that can acco¡wnodate the
greater  energy  consumPt ion .

As  n igh t  be  exPected ,  Grn  and the

fracture toughness of the gráBhites ex-
t ruded us ing  the  Type A '  and B '  cokes
(same source)  shou ld  essent ia l l y  be
equa l ,  a l l  o ther  cond i t ions  be ing  the
sáme. Hortever, the graphites made using
the B' type coke deviate from the
expected iesults by as much as 50t. This
. large deviat ion is apparently affected
by large defects observed vt i thin the
micros t ruc ture .  Inspec t ion  o f  the  L-R
oriented short rod specimen fracture sur-
face reveals a relat ively smooth surface
wi th  many c leaved face ts ,  in  cont ras t  to
the  i r regu la r  f rac tu re  sur face  o f  the
tougher graphites with the same frac-
tu ré  o r ien ta t ion .  Wi th  the  presence o f
these defects and without the preferred
or ien ta t ion  o f  the  mic rocrack  s t ress
rel ief mechanism, the low energy frac-
ture is to be exPected.

gong-tgion

This study has shown that fracture
mechanics principles provide a simple
method to  eva lua te  a  g raph i te 's  res is -
tance to fai lure when conventional f lex-
ure tests do not. Although the true
plane strain fracture toughness is not
calculated, the total fracture energy,
ca lcu la ted  fo r  two d i f fe ren t  o r ien ta t ions ,
shor¡r the irnportance of the microcrack
stress rel ief mechanisms in the fracture
process .  F ina1 ly ,  unexpected  d i f fe rences
in the fracture toughness are explained
with microstructural and fractographic
observa t ions .
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independence of fracture touqhness to the
oreférred orientat ion, in contrast to the
ánisotropy of f lexural strength. Even
more remárkable i-s the greater energy (Grr.)

required to Propagate a crack in the lon$=
itudinal direct ion (R-L) than to proPagate

a  c rack  in  the  t ransverse  d i rec t ion  (L -R) .

This seeningly contradictory notion that
w i th -gra in  f rac tu re  may be  more  d i f f i cu l t
to propagate than across-grain fracture
is éxplained by a better understanding of
fractüre toughness results and the graph-
i te '  s  mi .c ros t ruc ture .

D iscuss ion

The approach used here to calculate
the fracture toughness parameters of
qraphite assumes l inear elast ic con-
á i t ion=.  Th is  s imp l i f i ca t ion  neg lec ts
graph i te 's  ac tua l  non- I inear  s t ress-
átráin behavior. By neglecting this non-

l inear i ty ,  the  ca lcu la ted  Gt .  over -
esti .mates the true plane st iáin energy
fracture toughness by an amount :tlff 

t"

the  p las t i c  work  energy  component ' - ' '
This plast ic deformatlon term ls assoc-
iated with preexist ing microcracks,
ac t ing  as  a  psuedo-p las t ic .  zone a t  s t ress

conceñtrat ion points. I t  is the orien-
tat ion and density of the microcracking
that determines the extent of the graph-

i ¡e 's  s t ress  re l ie f  mechan ism-

The h igher  Gt r .  va lues  ca lcu la ted
for  the  w i th -gra iñ" f rac tu re  (R-L  or ien-
tat ion) imply that a hi-gher density of
microcracks are oriented in the long-
itudlnal direct ion. when the fracture
toughness sPecimen is loaded, the
app i ied  ex terna l  energy  is  essent ia l l y
cónsumed by the process of openi-ng these
preexist j-ng microcracks. This process
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