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The displacenent danage of graphite under neu-
tron irradiat ion causes graphite to change dinensions.
The dinensional instabi l i ty requi.res careful atten-
t ion when graphite is used as the moderator and re-
f lector structure in nuclear devices. The neutron
fl .ux and tenperature gradients in the graphite
blocks result in t ime-varying dif ferential grohrth
wi th  resu l t ing  s t resses  s imi la r  to  thermal  s t resses
with an ever-increasing temperature gradient. Graph-
ite fortunately has the abi l i ty to creep under irra-
d ia t ion ,  a l low ing  the  s t ress  in tens i ty  to  re lax  be low
crit ical levels for fracture, The creep strain also
serves to average the radiat ion-induced strains, thus
contr ibuting to the di¡nensional stabi l i ty of the core.

Several experimental programs have been under-
taken to study radiat ion-induced creep, but always
with the emphasis on creep strain and induced
st resses . ' - "  0 f  secondary  in te res t  has  been the
study of the potential ly, equally irnportant depen-
dence of other physical propert ies upon the creep
deforrnation. '  I t  is the purpose of this study to
describe the results of the f irst of a series of
creep experi-nents run in the Oak Ridge Research Reac-
to r  (ORR) .  The de ta i l s  o f  the  e labora te  i r rad ia t ion
experinent are described by Senn et aL.u The graph-
ite specinens were compression creep tested in thro
identical columns at 900"C under design stresses of
13 ,8  and 20 .7  l t lPa .  The grades  tes ted  wete  H-327,
H-451,  and AXF-SQBG.  A l l  o f  the  spec imens were
stressed in the extrusion direct ion except for one
radial specinen of both grades H-451 and H-327. The
AXF-5QBG specinen has been previously compression
c r e e p  t e s t e d  b y  G r a y ' a t  8 0 0 o C ,  1 0 . 4  M P a ,  t o  a  f l u e n c e
of  I  x  10"  (n /n ' ) .  D imens iona l  changes,  e lec t r i ca l
res is t i v i t ies ,  son ic  ve loc i t j -es ,  and the  coef f i c ien t
of thernal expansion (CTE) to 800oC were measured on
each stressed and control specinen in the experinent.

The dimensional measurements of the specinens
clearly indicated ratchett ing by the load cel l  read-
out during the experirnent. I t  appears that each t ime
the reactor shut down, the specirnen colunn shrank,
the loading system fol lowed the shrinkage, and jammed
solid. Upon startup, the colu¡n expanded against the
jarruned load system to fair ly high stresses which then
relaxed due to the irradiat ion creep, Thus, we have
three sets of speci-mens, one set of controls under
zero stress, one set of specimens under a constant
13.8 MPa and 20.7 ' l lPa, and one set experiencing creep
re laxa t ion  o f  thermal  s t resses .  The la t te r  i s  an
exaggerated condit ion sini lar to actual service re-
quirements, The specimens subjected to the ratchett-
ing exhibited deformation several t imes greater than
those under constant stress.

'  The creep coeff icients calculated from the con-
s tan t  s t ress  spec imens are  g iven in  F ig .  1 .  These
values include correcti-ons for elast ic nodulus and
CTE changes and assumes the prinary creep equal to
the  in i t ia l  e las t i c  s t ra in .  These cor rec t ions  are
confirmed by the H-451 axial data with a wide spread
in  f luence 1eve ls  to  a l low an ex t rapo la t ion  back  to
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The Creep Coeff icient at 900'C t¡nder

the  i lOr t  in te rcept .  These resu l ts ,  shown in  F ig .  1 ,
are obviously in good agreenent with the creep coef-
f icient decreasing l inearly with increasing nodulus
o f  e las t i c i t y .  The va lue  o f  the  c reep coef f i c ien ts
is also in good agreement with values given by
Ver inga and B lacks tone '  cons ider ing  the  f lux  leve l
effect. The uncertainty in the load cel l .  output by
irradiat ion danage precludes accurate calculat ions of
the creep coeff icient by the relaxation behavior.
However, the total strain introduced into the speci-
nens indicates a creep coeff icient of a similar value
to  the  cons tan t  s t ress  spec inens ,

Dia¡neter neasurements of the stressed specinens
indicate a signif icant reduction in volune by the corn-
press ive  s t resses .  The ra t io  o f  the  inc rease in  d ia ¡n-
eter to the axial compressive strai.n varied from -{,1
to  - { .2 ,  s ign i f i can t ly  less  than -0 .5  requ i red  fo r  no
volume change. The decrease in volu¡ne was close to 2%
for several of the higher strained specimens.

The effect of conpressive creep deformation did
increase the CTE in a manner similar to the results
of Brocklehurst and Brown.l The increase in the CTE
appears to be l inear wi.th the creep defornation as
shown in Fig. 2. The values of A and B i-n the f igure
are the constants of the equation

n e a n C T E = A + B T  ( l )

The values of B are general ly sini lar for al l  graph-
i-tes relat ively independent of grade, method of fab-
r i ca t ion ,  and pre fer red  or ien ta t ion .  As  seen in
F ig .  2 ,  the  va lue  o f  B  lE ta ins  th is  independence o f
grade and orientat ion, but increases sharply with de-
fornation. The value of A, of course, is a function
of grade and preferred orientat ion. Therefore, the
ratio A/A6 is used for comparison rather than the
ac tua l  va lue  as  fo r  B .  As  seen in  F ig .  2 ,  the  va lues
of A do not increase wi-th deformation as signif icant-
l y  a s  t h e  v a l u e  o f  B -
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Fig .  2 .  Conpress ive  St ra in  a t  900 'C
the Mean Coeff icient of Thermal Expansion
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F i g .  4 .  T h e  R e d u c t i o n  o f  P o i s s o n t s  R a t i o  o f
Grade I l -451 by  Creep St ra in ,

w i l l  a lso  inc rease the  CTE as  observed.  However ,  the
ef fec t  o f  de format i .on  was to  s l igh t ly  and un i fo r rn ly
increase A w i th  a  s ign i f i can t  j .nc rease in  the  va lue
o f  B  o f  E q .  ( 1 ) .  T h i s  i n p l i e s  t h a t  v o i d  f l a t t e n i n g
is the doninant feature i-n reducing the CTE. This
does  no t  in fe r  a  hea l ing  o f  the  vo ids ,  bu t ,  to  the
cont ra ry ,  the  reduc t ion  in  Po issonrs  ra t io  descr ibes
an actual decrease in the conti-nulty of the structure.
The rna jo r  imp l ica t ions  o f  these resu l ts  a re :

1 .  Compress ive  s t ra ins  inc rease the  CTE and tens i le
strains decrease the CTE. The actual magnitudes
are larger than reported in the l i terature in
that the creep defornation has a greater inf lu-
e n c e  u p o n  B  t h a n  A  i n  E q .  ( 1 ) .

2 .  The e f fec t  o f  pore  co l lapse and/or  reor ien ta t ion
by  compress ive  s t ra ins  decreases  the  e las t i c
tr¡odul i  and very l j .kely the tensi le strength of
the  graph i te .  Th is  w i l l  be  o f  i rnpor tance in
h¡i thstanding the reverse thermal stresses during
shut -down opera t ions .
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In  c reases
( o = A + B T ) .

The decrease in Youngrs nodulus fron the un-
s t ressed i r rad ia ted  cont ro l  samples  by  conpress ive
Jeformat ion  is  g iven  in  F ig .  3 .  Apparent ly ,  l i ke  the
-TE,  the  a l te ra t ion  is  i -ndependent  o f  the  f luence
:rnd dependent only upon the total deformation. Pois-
sonrs  ra t io ,  wh i le  v i r tuaL ly  unchanged by  i r rad ia t ion
'd i thout  s t ress ,  i s  d ranat ica l l y  reduced to  essent ia l l y
:ero by the compressive deformation. This is shown
i n  F i g .  4  f o r  g r a d e  H - 4 5 1 .
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Reduct ion  o f  Youngrs  Modu lus  by

The ab i l i t y  o f  the  graph i te  to  sus ta in  compres-
sive strains up to 2.Sro have been dernonstrated at
900"C.  The mechan ism o f  the  de forna t ion  i . s  a t  leas t
uncer ta in ;  however ,  i t  i s  c lear  f ron  the  phys ica l
property rneasurenents that the init ial  structure has
been a l te red .  The reduc t ion  in  Youngrs  nodu lus  can
resu l t  f rom th ¡o  causes .  The f i rs t  i s  a  f la t ten ing
of  the  vo id  vo lune to  ¡educe the  overa l l  spr ing  con-
s tan ts ,  and the  second is  a  reor ien ta t ion  to  inc rease
the  an iso t ropy  o f  the  graph i te .  Both  o f  these events
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