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ABSTRACT 

The i r r a d i a t i o n  b e h a v i o r  of r e a c t o r  g r a p h i t e s  a t  h i g h  t e m p e r a t u r e s  

22 2 (500O t o  14OOOC) t o  h i g h  f l u e n c e s  (up t o  4 x 10 n/cm ) i s  reviewed.  Re- 

c e n t  d a t a  g e n e r a t e d  d u r i n g  t h e  p e r i o d  1965 through 1 9 7 1  are emphasized. 

The review c o v e r s  g r a p h i t e  manufac ture ,  i r r a d i a t i o n  damage, d i m e n s i o n a l  and 

s t r u c t u r a l  changes,  thermal  expans ion ,  t h e r m a l  c o n d u c t i v i t y ,  Young's modu- 

l u s ,  s t r e n g t h ,  and i r r a d i a t i o n - i n d u c e d  c r e e p .  

Graphite-moderated r e a c t o r s  u t i l i z e  g r a p h i t e s  manufac tured  w i t h  conven- 
. .  . _. 

\ t i o n a l  b i n d e r - f i l l e r  t echnology o r  some new nonconvent iona l  methods.  I n  t h e  

b i n d e r - f i l l e r  method of manufac ture  f i l l e r s  can r a n g e  from n a t u r a l  f l a k e s  or 

needle-coke,  which a re  ext remely  a n i s o t r o p i c ,  t o  G i l s o c o k e ,  p r o p r i e t a r y  i s o -  

t r o p i c  cokes ,  and carbon b l a c k s  which are  ext remely  i s o t r o p i c .  

ven t iona l  methods,  s o m e  of them p r o p r i e t a r y ,  have been used t o  produce high- 

d e n s i t y ,  h i g h - s t r e n g t h  g r a p h i t e s .  

s t r u c t u r e  and t h e  t r a d i t i o n a l  b i n d e r - f i l l e r  i n t e r f a c e s  are  n o t  v i s i b l e .  

.I 

Other  noncon- 

These materials are more uni form i n  micro- 

I r r a d i a t i o n  e f f e c t s  i n  s i n g l e  c r y s t a l s ,  a n n e a l e d  p y r o l y t i c  carbons ,  as- 

d e p o s i t e d  p y r o l y t i c  carbons ,  and h i g h l y  o r i e n t e d  g r a p h i t e s  are  d i s c u s s e d  

where t h e  d a t a  r e l a t e  t o  t h e  i n t e r p r e t a t i o n  of t h e  b e h a v i o r  of  r e a c t o r  graph-  

i t e s .  



a<- \ 

c 

I r r a d i a t i o n  damage i n  s i n g l e  c r y s t a l s  and annea led  p y r o l y t i c  ca rbons  

h a s  been  s t u d i e d  a t  t e m p e r a t u r e s  up t o  135OOC t o  h i g h  f l u e n c e s .  I n t e r s t i t i a l  

' m i g r a t i o n  i n  t h e  c-axis d i r e c t i o n  h a s  been p o s t u l a t e d  and l a r g e  i n t e r s t i t i a l  
_. - . . - - - 

l o o p s  have  been  observed  i n  t w i s t  b o u n d a r i e s  of annea led  p y r o l y t i c  c a r b o n s .  

Examinat ion of  r e a c t o r  g r a p h i t e s  h a s  been a t t e m p t e d ,  b u t  t h e  r e s u l t s  have  

n o t  been h i g h l y  s u c c e s s f u l  due  t o  e x p e r i m e n t a l  d i f f i c u l t i e s  d e a l i n g  w i t h  t h e  

complex n a t u r e  of  t h e  m i c r o s t r u c t u r e  of t h e s e  materials.. S p e c u l a t i o n s  t h a t  

o b s e r v a t i o n s  on t h e  more p e r f e c t  c r y s t a l s  may ho ld  f o r  t h e  r e a c t o r  g r a p h i t e s  

l e a d  t o  t h e  c o n c l u s i o n s  t h a t  c - ax i s  d i f f u s i o n  may occur  a t  lower t e inpe ra tu res  

i n  r e a c t o r  materials. An i n c r e a s e  i n  t h e  c r y s t a l l i n e  p e r f e c t i o n  improves t h e  

d imens iona l  s t a b i l i t y  o€ t h e  c r y s t a l l i t e s .  
~- _ _  - . _ _ _  . -  _ _ _ _  - ~ _ _ -  - __ - - -- -- 

G r a p h i t e  d a t a  a r e  assembled t o  show d imens iona l .  changes i n  t h e  r ange  

400" t o  13OOOC t o  f l u e n c e s  of up t o  4 x l o2*  n/cm2 (E > 0.050 MeV) f o r  a n i s o -  

t r o p i c  and n e a r - i s o t r o p i c  b i n d e r - f i l l e r  g r a p h i t e s  and nonconven t iona l  high-  

d e n s i t y ,  h i g h - s t r e n g t h  materials.  

The re  a p p e a r s  t o  b e  a lmos t  unanimous agreement  among the v a r i o u s  inves -  

t i g a t o r s  t h a t  volume expans ion  a f t e r  t u rna round  a t  h i g h  t e m p e r a t u r e s  r e s u l t s  

from p o r e  g e n e r a t i o n  and t h a t  i s o t r o p i c  g r a p h i t e s  w i t h  r e l a t i v e l y  h i g h  den- 

s i t y  and h i g h  s t r e n g t h  are t h e  most s t a b l e .  

r e l a t i v e l y  s m a l l  c r y s t a l l i t e s ,  b u t  t h e i r  h i g h  s t r e n g t h  and i s o t r o p y  o f f s e t  t h e  

c r y s t a l l i t e  s i z e  e f f e c t  and p r e v e n t  p o r e - g e n e r a t i o n ,  which i s  r e s p o n s i b l e  f o r  

t h e  l a r g e  volume expans ions  observed  i n  t h e  weaker more a n i s o t r o p i c  g r a p h i t e s .  

Again t h e r e  i s  good agreement  i n  t h a t  t h e  lower p o r e  g e n e r a t i o n  r e s u l t s  from 

a h i g h e r  i r r a d i a t i o n - i n d u c e d  c r e e p  r a t e  i n  t h e  i s o t r o p i c  m a t e r i a l s  t h a t  

These materials u s u a l l y  have  



i 

a l l o w s  p l a s t i c  de fo rma t ion  t o  r e l i e v e  stresses. P y r o l y t i c  c a r b o n s - b e h a v e  i n  

a l i k e  manner. 

Dimensional  i n s t a b i l i t y  a p p e a r s - t o  b e  maximized i n  t h e  r a n g e  900' t o  

1 2 O O O C  due  t o  h i g h  expans ion  ra tes .  

i n d i c a t e  t h a t  above 12OOOC t h e  expans ion  rate d e c r e a s e s  a g a i n .  

However, some d a t a  are a v a i l a b l e  t o  

More work 

i s  needed t o  conf i rm t h i s  o b s e r v a t i o n .  

Some p r o g r e s s  h a s  been  made i n  e x p l a i n i n g  t h e  m i c r o s t r u c t u r a l  and poro- 

s i t y  changes  t h a t  occu r  a t  h i g h  t empera tu res  and h i g  f l u e n c e s ,  b u t  t h e  com- 

p l e x i t y  of r e a c t o r  g r a p h i t e  s t r u c t u r e s  p e r m i t s  on ly  a q u a l i t a t i v e  i n t e r p r e -  

t a t i o n  a t  p r e s e n t .  C e r t a i n  r e l a t i v e l y  l a r g e  p o r e s  o r  c r a c k s  c l o s e  d u r i n g  

d e n s i f i c a t i o n  due  t o  c -ax i s  expans ion ,  w h i l e  o t h e r  micropores  are  g e n e r a t e d  

w i t h i n  o r  between c r y s t a l l i t e s .  Macroporos i ty  i s  g e n e r a t e d  w h e n - v o l u m e t r i c  

expans ion  b e g i n s .  

and s t r u c t u r e  a f t e r  i r r a d i a t i o n  c o n t i n u e s  t o  s low p r o g r e s s  i n  t h i s  area. 

Lack of q u a n t i t a t i v e  m e t h o d s - t o  a n a l y z e  p o r e  morphology 

E a r l y  models  based  on the rma l  expans ion  and c r y s t a l l i t e  o r i e n t a t i o n  

were s u c c e s s f u l  i n  p r e d i c t i n g  d imens iona l  changes a t  low f l u e n c e s ,  b u t  a r e  

of l i m i t e d  v a l u e  a t  h i g h  f l u e n c e s .  These models  have  been updated t o  con- 

form t o  r e c e n t  d a t a  o b t a i n e d  a t  h i g h  t e m p e r a t u r e s  and h i g h e r  f l u e n c e s  b u t  

m i c r o s t r u c t u r a l  and p o r o s i t y  changes c o n t i n u e  t o  c o m p l i c a t e  t h e  e f f o r t s  t o  

p roduce  a q u a n t i t a t i v e  model. 

L imi ted  d a t a  are a v a i l a b l e  on- convent iona l .  b i n d e r - f i l l e r  g r a p h i t e s  t h a t  

a t t e m p t  t o  c o r r e l a t e  d imens iona l  changes w i t h  v a r i a t i o n s  of c e r t a i n  f a b r i c a t i o n  
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p r o c e s s e s .  These s t u d i e s  show t h e  d imens iona l  changes t o  b e  s e n s i t i v e  t o  

m a n i p u l a t i o n  of t h e  b inder -coke  c o n t e n t .  

Thermal e x p a n s i v i t y  changes.  i n  r e a c t o r  g r a p h i t e s  d u r i n g  h tgh - t empera tu re  

i r r a d i a t i o n  co r re spond  w i t h  t h e  o n s e t  of v o l u m e t r i c  expans ion .  Thermal ex- 

p a n s i v i t y  changes are n o t  un i form among t h e  g r a p h i t e s ;  t h e  weak, a n i s o t r o p i c  

m a t e r i a l s  w i t h  i n i t i a l l y  low c o e f f i c i e n t s  i n c r e a s e  whereas  t h e  s t r o n g ,  i s o -  

t r o p i c  g r a p h i t e s  w i t h  i n i t i a l l y  h i g h  c o e f f i c i e n t s  d e c r e a s e .  No t h e o r e t i c a l  

a n a l y s i s  h a s  been  unde r t aken  t o  e x p l a i n  t h e  the rma l  expans ion  changes .  I t  

had g e n e r a l l y  been  assumed t h a t  t he rma l  e x p a n s i v i t y  would i n c r e a s e  a f t e r  

b a s a l  p l a n e  c r a c k s ,  which accommodate c -ax i s  expans ion ,  were exhaus ted .  T h i s  

i d e a  may have  t o  b e  r e v i s e d  i n  l i g h t  of t h e  c u r r e n t  d a t a .  

Thermal c o n d u c t i v i t y  deg rades  r a p i d l y  a t  low f l u e n c e s ;  t h e  magni tude  of 

t h e  f r a c t i o n a l  changes  d e c r e a s e s  w i t h  i n c r e a s i n g  i r r a d i a t i o n  t e m p e r a t u r e .  

A n a l y s i s  of t h e  the rma l  c o n d u c t i v i t y  changes i n  terms of s t r u c t u r a l  damage 

t h a t  c a u s e s  d imens iona l  changes r e v e a l e d  t h a t  submic roscop ic  c l u s t e r s ,  vacan-  

c ies ,  and vacancy l o o p s  are  r e s p o n s i b l e  f o r  t h e r m a l  c o n d u c t i v i t y  changes  

w h i l e  i n t e r s t i t i a l  l o o p s  and c o l l a p s e d  vacancy  l i n e s  which c a u s e  d i m e n s i o n a l  

changes  a re  i n s i g n i f i c a n t .  A t  h i g h  f l u e n c e s  a f t e r  l a r g e  volume-changes  have  

o c c u r r e d  t h e r e  i s  a f u r t h e r  c a t a s t r o p h i c  r e d u c t i o n  i n  t h e r m a l  c o n d u c t i v i t y  

which a p p e a r s  t o  b e  a s s o c i a t e d  w i t h  t h e  d i s i n t e g r a t i o n  of t h e  s t r u c t u r e .  

The mean t e n s i l e  s t r e n g t h  w a s  observed  t o  i n c r e a s e  i n  g r a p h i t e s  a f t e r  

i r r a d i a t i o n  a t  12OO0C, b u t  t h e  p r o b a b i l i t y  of f a i l u r e  a t  some stress below 

t h e  mean f r a c t u r e  stress w a s  h i g h e r  f o r  g r a p h i t e s  wi th  i n i t i a l l y  h i g h e r  mean @ 



, 

s t r e n g t h s ,  T h i s  w a s  i n t e r p r e t e d  t o  mean t h a t  v a r i a t i o n s  of t h e  mean s t r e n g t h  

a re  n o t  i n d i c a t i v e  of t h e  a c t u a l  r i s k -  of f a i l u r e .  

Young's modulus i n c r e a s e s  r a p i d l y  a t  l o w  f l u e n c e s  and q u i c k l y  s a t u r a t e s .  

I t  is  g e n e r a l l y  a c c e p t e d  t h a t  t h e  i n c r e a s e  i s  due  t o  p inn ing  of d i s l o c a t i o n s  

by i r r a d i a t i o n - i n d u c e d  d e f e c t s ,  and t h e  s a t u r a t e d  v a l u e  r e p r e s e n t s  comple te  

p i n n i n g .  

I r r a d i a t i o n - i n d u c e d  c r e e p  c o n s t a n t s  have  been measured a t  t e m p e r a t u r e s  

up t o  1200°C. 

times t h a t  of u n i r r a d i a t e d  samples  b e f o r e  f r a c t u r e  o c c u r s .  

I n  a n  i r r a d i a t i o n  f i e l d  g r a p h i t e s  w i l l  w i t h s t a n d  s t r a i n s  t e n  



1. INTRODUCTION 

Artificial graphite was used as the neutron moderator and reflector 

for the first atomic pile at the University of Chicago. Later it was 

chosen for the production reactors at the Hanford Works, Richland, Wash- 

ington (Nightingale, 1962), and a variety of research and test reactors 

scattered around the world. In these early reactors the graphite operated 

from ro'om temperature to about 7 0 0 O C .  

moderated gas-cooled reactors were developed in the United Kingdorr,, with 

carbon dioxide as the coolant. In this reactor concept the graphite re- 

In the early 1950s graphite- 

mained well below its oxidizing temperature to maintain compatibility with 

the carbon dioxide. These reactors, termed Calder Hall Class Reactors, 

were followed by an advanced design also cooled with carbon dioxide, known 

as the Advanced Gas-Cooled Reactor (AGR). During this same period the 

Russians were developing graphite-moderated pressurized-water power reactors 

(Petrosyants, 1969). 

-In the 1950s the concept of the high-temperature gas-cooled reactor was 

introduced with helium as the coolant. In these designs the temperature of 

the fuel, rather than that of the graphite, limits the operating temperature. 

Concurrent development of carbon-coated refractory fuel particles has per- 

mitted design temperatures of 1000" to 1300°C and lifetime fluences of 5 to 

10 x lo2' n/cm2. The most, notable among the helium-cooled reactor projects 



by high-energy n e u t r o n s .  The magni tude  of these changes i s  dependent  n o t  

o n l y  on t h e  o p e r a t i o n a l  t e m p e r a t u r e  and t o t a l  n e u t r o n  f l u e n c e  b u t  a l s o  on 

t h e  m i c r o s t r u c t u r e  of t h e  p a r t i c u l a r  g r a p h i t e .  

During t h e  p e r i o d  from t h e  e a r l y  1940s through 1960, a c o n s i d e r a b l e  

amount of  i r r a d i a t i o n  d a t a  was o b t a i n e d  and voluminous s t u d i e s  were com- 

p l e t e d  by t h e  G e n e r a l  E lec t r i c  Company a t  i t s  Hanford Atomic P r o d u c t s  Oper- 

a t i o n .  These d a t a  were o b t a i n e d  p r i m a r i l y  from i r r a d i a t i o n  exper iments  i n  

t h e  v a r i o u s  Hanford G r a p h i t e  R e a c t o r s  a t  30" t o  700°C. The exper iments  

provided  e x t e n s i v e  d a t a  on d imens iona l  changes,  s t o r e d  energy  release, s t r u c -  
_. 

t u r a l  d e t e r i o r a t i o n ,  and p h y s i c a l  and mechanica l  p r o p e r t y  changes.  The 

work w a s  summarized i n  Nuclear  G r a p h i t e  ( N i g h t i n g a l e ,  1962) ,  which i n c l u d e s  

c h a p t e r s  on g e n e r a l  g r a p h i t e  technology and p r o p e r t i e s  i n  a d d i t i o n  t o  a 

review of  t h e  e x i s t i n g  i r r a d i a t i o n  d a t a .  

/ 

A s  r e a c t o r  d e s i g n  r e q u i r e m e n t s  reached  toward h i g h e r  t e m p e r a t u r e s  and 

f l u e n c e s  d u r i n g  t h e  1960s ,  a number of books and rev iews  k e p t  pace  w i t h  t h e  

expanding technology.  Notable  among t h e s e  are Simmons (1962) and Reynolds 

(1968).  Ar t ic les  on n u c l e a r  carbon and g r a p h i t e  technology,  i r r a d i a t i o n  
.- ._ 

d a t a ,  and t h e o r y  have a l s o  appeared  i n  v a r i o u s  s e c t i o n s  of t h e  series 

Chemistry and P h y s i c s  of Carbon (Walker,  1966, 1969) .  Inc luded  i n  t h i s  

series were a r t i c l e s  by Reynolds (1966) on p h y s i c a l  p r o p e r t i e s  of g r a p h i t e ,  

Bokros (1969) on p y r o l y t i c  c a r b o n s ,  Thrower (1969) on m i c r o s c o p i c  d e f e c t s ,  

and K e l l y  (1969) on t h e r m a l  c o n d u c t i v i t y ,  Thus,  t h e  work p r i o r  t o  a b o u t  

1965 h a s  been a d e q u a t e l y  s u m a r i z e d ,  and some s p e c i f i c  i r r a d i a t i o n  damage 

phenomena a re  d i s c u s s e d  i n  c o n s i d e r a b l e  d e t a i l  i n  t h e  above c i t e d  l i t e r a t u r e .  



. . . . . . . . . . . . . . . . . . . . . . . . . . ... .. 

i n  t h e  1950s and 1960s were: (1) t h e  Exper imenta l  Gas-Cooled R e a c t o r  (EGCR) 

program a t  Oak Ridge N a t i o n a l  Labora tory  (ORNL), (2)  t h e  Dragon Reac tor  Pro- 

j ec t  [ O r g a n i z a t i o n  f o r  Economic Coopera t ion  and Development (OECD)] a t  

W i n f r i t h ,  D o r s e t ,  England, ( 3 )  t h e  High-Temperature Gas-Cooled Reac tor  (HTGR) 

program a t  Gulf Genera l  Atomic Company, and ( 4 )  t h e  K r a f t v e r k  Pebble  Bed Re- 

a c t o r  (AVR) program a t  J G l i c h ,  West Germany. I n  t h e  1960s t h e  Molten S a l t  

R e a c t o r  Experiment (MSRE) w a s  developed.  The MSRE d e s i g n  r e q u i r e s  t h a t  t h e  

g r a p h i t e ,  which serves as b o t h  moderator  and s t r u c t u r a l  member, n o t  b e  pen- 

e t r a t e d  by t h e  f u e l  s a l t  and gaseous  f i s s i o n  p r o d u c t s .  The g r a p h i t e  must 

o p e r a t e  a t  t e m p e r a t u r e s  of 500' t o  850°C, b u t  t o  ex t remely  h i g h  f a s t - n e u t r o n  

f l u e n c e s  i n  e x c e s s  of 2 x 1022 n/cm2. 

. I  

From t h i s  b r i e f  account  i t  is  obvioi s t h a t  a r t i f i c i a l  g r a p h i t e  h a s  

p l a y e d  a l e a d i n g  r o l e  as a h igh- tempera ture  r e a c t o r  m a t e r i a l .  

r e n t l y  b e i n g  u t i l i z e d  o r  c o n s i d e r e d  as n e u t r o n  modera tor ,  r e f l e c t o r ,  s t r u c -  

t u r a l  member, f u e l  matrix, o r  c o n t r o l - r o d  matrix i n  a number of power re- 

a c t o r  p r o j e c t s .  

I t  i s  cur -  

The unique  p r o p e r t i e s  t h a t  make a r t i f i c i a l  g r a p h i t e  a t t rac-  

t i v e  f o r  t h e s e  f u n c t i o n s  a re  i t s  e x c e l l e n t  modera t ing  c a p a b i l i t y ,  a d e q u a t e  

s t r e n g t h  a t  t e m p e r a t u r e s  up t o  and above 20OO0C, good thermal  p r o p e r t i e s ,  

e x c e l l e n t  m a c h i n a b i l i t y ,  and r e l a t i v e l y  low c o s t .  I ts  low r e s i s t a n c e  t o  

o x i d a t i o n  h a s  been circumvented by t h e  u s e  of ex t remely  p u r e  he l ium as cool -  

a n t ,  and o x i d a t i o n  i s  o n l y  c o n s i d e r e d  t o  b e  a problem i n  t h e  e v e n t  of a n  

a c c i d e n t  where a i r  o r  steam c a n  l e a k  i n t o  t h e  c o r e .  

G r a p h i t e ,  however, s h a r e s  t h e  common problem t h a t  a l l  r e a c t o r  mater ia ls  

have;  t h a t  i s ,  i t  undergoes d imens iona l  and p r o p e r t y  changes due t o  damage 



. 

Lt is t h e  p u r p o s e  of t h i s  paper  t o  c o l l e c t  and summarize i r r a d i a t i o n  

d a t a  g e n e r a t e d  d u r i n g  the p e r i o d  1965 through 1971. T h i s  h a s  been a par-  

t i c u l a r l y  f r u i t f u l  p e r i o d ,  due t:, the c o n c e n t r a t e d  e f f o r t s  of a number of  

i n v e s t i g a t o r s  t o  o b t a i n  and e x p l a i n  i r r a d i a t i o n  d a t a  a t  t e m p e r a t u r e s  of 

900" t o  1400°C t o  f l u e n c e s  of 2 t o  4 x n/cm2. C o n s i d e r a b l e  e f f o r t  

h a s  been expended i n  a n  a t t e m p t  t o  u n d e r s t a n d ,  a t  l eas t  q u a l i t a t i v e l y ,  t h e  

b a s i c  phenomena of r a d i a t i o n  damage by t h e  examinat ion  of a v a r i e t y  of  

materials i n c l u d i n g  n e a r - p e r f e c t  g r a p h i t e  c r y s t a l s ,  b o t h  h i g h l y  o r i e n t e d  

and i s o t r o p i c  p y r o l y t i c  c a r b o n s ,  c o n v e n t i o n a l  a n i s o t r o p i c  r e a c t o r  g r a p h i t e s ,  

and h i g h - s t r e n g t h  h i g h - d e n s i t y  i s o t r o p i c  g r a p h i t e s .  T h i s  work h a s  been per-  

formed by a number of o r g a n i z a t i o n s ,  which are d i r e c t l y  involved  i n  r e a c t o r  

development o r  s u p p o r t  major  r e a c t o r  programs t h a t  u t i l i z e  g r a p h i t e .  Many 

of  t h e  i r r a d i a t i o n  programs, because  of t h e i r  h i g h  c o s t  and complexi ty ,  are 

s h a r e d  by a number of o r g a n i z a t i o n s  and t h e i r  n a t i o n a l  governments and are 

i n d i r e c t l y  s u p p o r t e d  by commercial  e n t e r p r i s e s ,  n o t a b l y  t h e  major  carbon 

companies i n  Europe and t h e  Uni ted  S t a t e s ,  by a generous  s u p p l y  of e x p e r i -  

mental  and commercial  samples ,  in-house development programs, and c o n s u l t i n g  

a d v i c e .  



2.  MANUFACTURE 

2 .1  Convent iona l  F a b r i c a t i o n  

The m a j o r i t y  of n u c l e a r  g r a p h i t e s  are produced by t h e  c l a s s i ca l  

Atcheson p r o c e s s  employed f o r  h a l f  a c e n t u r y  i n  t h e  p r o d u c t i o n  of f u r n a c e  

e l e c t r o d e s .  T h i s  b a s i c  technology h a s  been  w e l l  d e s c r i b e d  i n  t h e  l i t e r a -  

t u r e  ( N i g h t i n g a l e ,  1962):  a c a l c i n e d  coke f i l l e r  and t h e r m o p l a s t i c  hydro- 

carbon b i n d e r  are  mixed, molded o r  e x t r u d e d  t o  form a b i n d e r - f i l l e r  a r t i f a c t ,  

and s u b j e c t e d  t o  a complex h e a t  t r e a t m e n t  t o  a f i n a l  t e m p e r a t u r e  of 2600°C 

o r  h i g h e r .  For  economic r e a s o n s ,  t h e  h e a t  t r e a t m e n t  i s  g e n e r a l l y  d i v i d e d  

i n t o  two s t a g e s ,  baking  i n  gas-heated f u r n a c e s  t o  t e m p e r a t u r e s  i n  t h e  

neighborhood of 1000°C fo l lowed by " g r a p h i t i z a t i o n "  i n  e l e c t r i c  r e s i s t a n c e -  

heaced f u r n a c e s  t o  t h e  f i n a l  t e m p e r a t u r e .  Because of t h e  p o r o s i t y  i n t r o -  

duced by t h e  n a t u r e  of t h e  r a w  m a t e r i a l s  and p r o c e s s i n g ,  a l i q u i d  impreg- 

n a n t  (normally a p i t c h  o r  t a r )  i s  employed p r i o r  t o  o r  f o l l o w i n g  t h e  f i r s t  

g r a p h i t i z a t i o n .  The i m p r e g n a t i o n  n o t  o n l y  i n c r e a s e s  t h e  d e n s i t y ,  b u t  a l s o  

improves t h e  c o n d u c t i v i t y ,  mechanica l  p r o p e r t i e s ,  and u n i f o r m i t y  of t h e  

f i n i s h e d  g r a p h i t e .  

a r t i f i c i a l  g r a p h i t e  and from c o a l  t a r  p i t c h  cokes through p e t r o l e u m  cokes 

t o  Gi l socoke*  and carbon b l a c k s .  A t  one t i m e  o r  a n o t h e r ,  each  of t h e s e  h a s  

been c o n s i d e r e d  o r  used f o r  producing  n u c l e a r  g r a p h i t e .  

F i l l e r s  range  from ground n a t u r a l  f l a k e  t o  reground 

*Gilsocarbon-based g r a p h i t e  h a s  achieved  a prominent  p l a c e  i n  n u c l e a r  
technology due p r i m a r i l y  t o  i n t e r e s t  i.n t h e  Uni ted  Kingdom. I t  i s  made from 
a coke d e r i v e d  from G i l s o n i t e  ( a  n a t u r a l l y  o c c u r r i n g  b i t u m i n )  p r e s e n t l y  
mined i n  Utah, U . S . A .  



The same f l e x i b i l i t y  a p p l i e s  t o  b i n d e r s  and impregnants .  T h e m o y l a s t i c  

t a rs  and p i t c h e s  d e r i v e d  from c o a l  o r  pe t ro leum can b e  r e p l a c e d  by syn- 

t h e t i c s  d e r i v e d  from p u r e  o r g a n i c  compounds, f o r  example, a c e n a p h t h a l e n e  

and t r u x e n e .  Thermoplas t ics  may b e  r e p l a c e d  by t h e r m o s e t t i n g  r e s i n s ,  t h e  

most common b e i n g  t h o s e  of t h e  f u r a n  f a m i l y .  Each of t h e s e  h a s  found i t s  

way i n t o  t h e  n u c l e a r  f i e l d .  

I t  i s  o b v i o u s l y  beyond t h e  scope  of  t h i s  review t o  c o n s i d e r  a l l  t h e  

r a w  mater ia l  v a r i a t i o n s  i n  g r a p h i t e  f a b r i c a t i o n .  The i m p o r t a n t  p o i n t  i s  

t h a t  t h e  s e l e c t i o n  of f i l l e r  and b i n d e r  d e t e r m i n e s  t h e  c r y s t a l l i t e  micro- 

s t r u c t u r e  and t h e  a s s o c i a t e d  micropore  t e x t u r e .  A s  w i l l  b e  shown, b o t h  

have  profound e f f e c t s  upon t h e  h igh- tempera ture  i r r a d i a t i o n  b e h a v i o r .  

T a b l e  1 summarizes t h e  e s s e n t i a l  f a b r i c a t i o n  v a r i a b l e s  f o r  t h e  t y p e s  of 

materials r e f e r r e d  t o  i n  t h e  l a t e r  d i s c u s s i o n s  of  i r r a d i a t i o n  b e h a v i o r .  

2.2 Nonconvent ional  F a b r i c a t i o n  

A s  t h e  usage  of  g r a p h i t e  h a s  broadened i n t o  areas beyond e l e c t r o d e s  

and e l e c t r o l y s i s  a p p l i c a t i o n s ,  and beyond b a t t e r i e s  and b r u s h e s ,  v e r y  

s p e c i a l i z e d  marke ts  have engendered v e r y  s p e c i d i z e d  g r a p h i t e s .  The most 

obvious  are t h o s e  a s s o c i a t e d  w i t h  t h e  r e q u i r e m e n t s  of t h e  e l e c t r o n i c s ,  syn- 

t h e t i c  chemica l ,  and a e r o s p a c e  i n d u s t r i e s .  The b a s i c  Atcheson p r o c e s s ,  f o r  

a l l  i t s  f l e x i b i l i t y  i n  raw m a t e r i a l s ,  h a s  proven i n s u f f i c i e n t .  A number of 

a l t e r n a t i v e  approaches have been s t u d i e d ,  which f o r  our  purpose  are  s imply 

r e f e r r e d  t o  as "nonconvent ional .  I '  

c h a r a c t e r i s t i c s :  they  a r e  produced i n  sinall s i z e s  and a re  r e l a t i v e l y  ex- 

p e n s i v e .  

These materials g e n e r a l l y  s h a r e  two 
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M a t e r i a l  Types 

S i n g l e  c r y s t a l s .  

Annealed p y r o l y t i c  
g r a p h i t e .  

Low- and high- 
temperature  
p y r o l y t i c  carbons.  

Raw Mater ia l  

Gaseous hydro- 
carbons. 

Gaseous hydro- 
carbons. 

TABLE 1 
SUMNARY OF CARSONS AND GRAPHITES 

Manufacturing 
D e t a t l s  

Formed i n  na ture .  

Deposited a t  Q2100°C 
and annealed a t  2900' 
t o  3600'C. 

Deposited a t  1200' 
t o  220O0C. 

S t r u c t u r a l  and 
Proper ty  Descr ip t ion  

Represents  b a s i c  c r y s t a l  
f o r  a l l  p o l y c r y s t a l l i n e  
a r t i f i c i a l  g r a p h i t a s .  
Highly a n i s o t r o p i c  i n  
phys ica l  and nechanica l  
p r o p e r t i e s .  R e l a t i v e l y  
f r e e  of d e f e c t s  i n  l a t t i c e  

S i m i l a r  t o  s i n g l e  c r y s t a l s  
bu t  of lower c r y s t a l l i n e  
p e r f e c t i o n .  

S t r u c t u r e s  range from 
highly  a n i s o t r o p i c  t o  iso- 
t r o p i c .  R e l a t i v e l y  smal l  
c r y s t a l l i t e s .  Wide range 
of mechanical 2nd phys ica l  
p r o p e r t i e s  and d e n s i t y .  
Usual ly  nonporous. 

~~~ 

I r r a d i a t i o n  Behavior 

Anisotropic .  R e l a t i v e l y  
s t a b l e  above 500'C. 

Simi lar  t o  s i n g l e  c r y s t a l s  
but  of lower s t a b i l i t y  a t  
high temperatures .  

Wide range of dimensional  
changes from a n i s o t r o p i c  
t o  i s o t r o p i c .  S t a b i l i t y  
covers  wide range.  

Degree of Development 
and U t i l i t y  

Exper inenta l  m a t e r i a l .  
D i f f i c u l t  t o  o b t a i n  and 
handle .  

Experimental m a t e r i a l .  Used 
a s  a s u b s t i t u t e  f o r  s i n g l e  
c r y s t a l s  because of be:ter 
i n t e g r i t y  and a v a i l a b i l i t y  
a s  l a r g e  samples. 

Highly developed and u s e f u l  
as coa t ings  f o r  nuc lear  f u e l  
p a r t i c l e s  i n  HTGRs.  Struc-  
t u r a l ,  p roper ty ,  and i r r a -  
d i a t i o n  behavior  ex tens ive ly  
s t u d i e d .  

_I_ 



c c 

TABLE 1 
S'JMXARY OF CARBONS Ah?) GFAPHITES (Continued) 

? f a t e r i a l  Types 

Aniso t ropic  
g r a p h i t e s  nanu- 
f a c t u r e d  wi th  a 
b inder  and f i l l e r .  

Near- isotropic  
g r a p h i t e s  manu- 
f a c t u r e d  wi th  a 
!>inder and f i l l e r .  

? :ear- isotropic  
g r a p h i t e s  manu- 
f a c t u r e d  by non- 
convencional and 
undisc l?sed  pro- 
cess ing  methods. 

Raw M a t e r i e l  

Cokes der ived  from 
petroleum. Binder 
and impregnants 
usua l ly  c o a l - t a r  
p i t c h .  Cokes ca l -  
c ined  p r i o r  t o  
manufacture. 

Gilsocoke. Binders 
and impregnants 
u s u a l l y  coa l - ta r  
p i t c h .  

P r o p r i e t a r y  cokes 
and uncalcined 
cokes der ived  from 
petroleum products .  
Propr ie ta ry  b inders .  
P o s s i b i l i t y  t h a t  
b inders  a r e  o n i t t e d .  

Manufacturing 
D e t a i l s  

Manufactured by conven- 
t i o n a l  techniques. 
Binder and f i l l e r  mixed, 
bodies  formed, b inder  
carbonized, bodies  
heated t o  2600" t o  
2800°C to g r a p h i t i z e  
s t r u c t u r e .  Carbon 
s t r u c t u r e  r e s u l t s  
from binder ,  f i l l e r ,  
and impregnant coke. 

Same as  a n i s o t r o p i c  
graphi tes  above. 

Propr ie ta ry .  Believed 
t o  involve i s o s t a t i c  
press ing  o r  p r e s s u r e  
baking. Heat t r e a t -  
ment usually t o  2600" 
t o  2800'C. 

S t r u c t u r a l  and 
Property Descr ip t ion  

Character ized by aniso-  
t ropy i n  y r o p e r t i e s .  Low 
thermal expans iv i ty  and 
r e l a t i v e l y  high thermal  
conduct iv i ty .  R e l a t i v e l y  
weak. Usual ly  coarse  
gra ined .  Micros t ruc ture  
appears  mult iphased.  
Large pores  and l a r g e  
spectrum of pore s i z e s .  
R e l a t i v e l y  s o f t  and 
e a s i l y  machinable. 

Character ized by near- 
i s o t r o p y  i n  p r o p e r t i e s .  
In te rmedia te  thermal  
expans iv i ty  and thermal  
conduct iv i ty .  I n t e r -  
mediate  i n  s t r e n g t h .  
Both coarse  and f i n e  
gra ined .  Microstruc-  
t u r e  appears  mul t i -  
phased. Large pores  and 
spectrum of pore s izes . .  
R e l a t i v e l y  hard and d i f -  
f i c u l t  t o  machine. 

Character ized by near- 
i so t ropy  i n  p r o p e r t i e s .  
High thermal expans iv i ty  
and i n t e r r e d i a t e  i n  
:henna1 conduct iv i ty .  
R e l a t i v e l y  s t r o n g ,  f i n e  
gra ined  w i t h  smal l  pores  
and uniform pore s i z e .  
Xela t ive ly  s o f t  and 
in te rmedia te  i n  machin- 
a b i l i t y .  

I r r a d i a t i o n  Behavior 

Dimensional and proper ty  
changes a n i s o t r o p i c .  
Undergoes r a p i d  expan- 
s i o n  a t  high f l u e n c e s .  
R e l a t i v e l y  uns tab le .  

Dimensional and proper ty  
changes s l i g h t l y  aniso-  
t r o p i c .  R e l a t i v e l y  
s t a b l e  i n  comparison with 
a n i s o t r o p i c  m a t e r i a l s .  
Low expansion r a t e  a t  
high f luences .  

Dimensional and proper ty  
changes i s o t r o p i c .  
Shows high degree of s t a -  
b i l i t y  i n  comparison with 
a n i s o t r o p i c  m a t e r i a l s .  
Low expansion a t  'nigh f l u -  
ences and delayed t o  high 
f luences.  

Degree of Development 
and U t i l i t y  

Highly developed f o r  a nun- 
ber  of c o m e r c i a l  appl ica-  
t i o n s  o t h e r  than f o r  nuc iear  
use.  Manufactured and read- 
i l y  a v a i l a b l e  i n  l a r g e  diam- 
e t e r s .  Considerable  produc- 
t i o n  experience and proper ty  
and i r r a d i a t i o n  d a t a  a v a i l -  
a b l e .  Early e x t e n s i v e  use 
in product ion and power 
r e a c t o r s .  R e l a t i v e l y  in- 
expensive and economical 
f o r  r e a c t o r  use .  

Highly developed in United 
Kingdom f o r  nuc lear  use. 
Considerable  product ion  q- 
per ience  and proper ty  and 
i r r a d i a t i o n  d a t a  a v a i l a b l e .  
Readi ly  a v a i l a b l e  i n  l a r g e  
diameters .  Extensive use 
i n  power r e a c t o r s  i n  tile 
United Kingdom. Intermedi- 
a t e  i n  c o s t  f o r  r e a c t o r  m e .  

Developed a s  e s p e c i a l t y  
g r a p h i t e  f o r  nonnuclear 
uses .  Produced i n  relz- 
t i v e l y  small  d iameters  and 
considered experir .enta1 f o r  
nuc lear  use.  High c o s t .  

! 

I 



D e s p i t e  t h e  c o s t  and s i z e  l i m i t a t i o n s  of t h e s e  n o n c o n v e n t i o n a l  mate- 

r i a l s ,  t h e y  have s i g n i f i c a n t  p o t e n t i a l  f o r  t h e  n u c l e a r  i n d u s t r y .  F i r s t ,  

and most i m p o r t a n t ,  s o n e  have been found t o  b e  more r e s i s t a n t  t o  i r r a d i a t i o n  

damage t h a n  c o n v e n t i o n a l  g r a p h i t e s .  Second, t h e y  r e p r e s e n t  a means t o  f u r -  

t h e r  t h e  s t u d y  of i r r a d i a t i o n  b e h a v i o r  of g r a p h i t e s .  The p r o d u c t i o n  t e c h -  

n i q u e s  i n  t h i s  area are u s u a l l y  p r o p r i e t a r y ,  and t h e r e f o r e  o u r  d i s c u s s i o n  

is  l i m i t e d .  Among t h e  t e c h n i q u e s  employed are: 

(1) Hot working: I n  t h e  t h e r m o p l a s t i c  r a n g e  ( > 2 4 O O 0 C ) ,  b o t h  pyro- 

l y t i c  g r a p h i t e s  and b i n d e r - f i l l e r  g r a p h i t e s  may b e  re-formed by 

s h e a r  and p l a s t i c  f low.  

c r y s t a l  b e h a v i o r .  T h i s  t e c h n i q u e  a p p e a r s  t o  b e  of  l i m i t e d  a p p l i -  

c a t i o n  t o  t h e  n u c l e a r  i n d u s t r y  because  t h e  extreme a n i s o t r o p y  of 

t h e  materials i s  u s u a l l y  u n d e s i r a b l e  f o r  n u c l e a r  a p p l i c a t i o n s .  

The f i n a l  p r o d u c t  may approach s i n g l e  

(2) Pressure-baking:  The a p p l i c a t i o n  of p r e s s u r e  d u r i n g  p y r o l y s i s  

h a s  two e f f e c t s :  i t  i n h i b i t s  t h e  e v a p o r a t i o n  of carbon-conta in ing  

gaseous  p y r o l y s i s  p r o d u c t s  and i t  promotes c r y s t a l  growth. Both 

appear  d e s i r a b l e  from a n u c l e a r  a p p l i c a t i o n s  v i e w p o i n t .  

( 3 )  I s o s t a t i c  molding: T h i s  t e c h n i q u e  combines t h e  advantages  of  

pressure-baking  w i t h  a n  external  f o r c e .  

( 4 )  C a t a l y s i s :  Low-temperature chemica l  c a t a l y s i s  can  b e  d i r e c t e d  a t  

t h e  b i n d e r  b e h a v i o r .  High-temperature  p h y s i c a l  c a t a l y s i s  caR pro- 

duce  r e c r y s t a l l i z a t i o n .  Only t h e  former a p p e a r s  t o  b e  importan-t  

i n  n u c l e a r  a p p l i c a t i o n s .  



(5) Raw and s e m i c a l c i n e d  cokes:  These f i l l e r  materials are  chemi- 

c a l l y  r e a c t i v e  and produce a "monol i th ic"  g r a p h i t e  s t r u c t u r e .  

t h e s e  materials,  t h e r e  are  no a p p a r e n t  t e x t u r a l  d i f f e r e n c e s  from 

p o i n t - t o - p o i n t  i n  t h e  mater ia l  a t  t h e  g r a i n - s i z e  l e v e l .  

I n '  

The t y p e s  o f  nonconvent iona l  g r a p h i t e s  t h a t  are r e f e r r e d  t o  i n  l a t e r  

s e c t i o n s  are  a l s o  i d e n t i f i e d ' i n  T a b l e  1. 

2 . 3  A Note on O r i e n t a t i o n  and Fluence  

Var ious  t e r m s  have been employed t o  d e n o t e  o r i e n t a t i o n ,  i n  many c a s e s  

c o n f u s i n g  i n  t h a t  t h e  p r e f e r r e d  c -ax is  d i r e c t i o n  i s  p e r p e n d i c u l a r  t o  t h e  

a x i s  of  e x t r u s i o n  b u t  p a r a l l e l  t o  t h e  a x i s  of  molding. Both f a b r i c a t i o n  

t e c h n i q u e s ,  however, g i v e  r ise t o  c y l i n d r i c a l  symmetry. I n  t h e  f o l l o w i n g  

d i s c u s s i o n s ,  t h e  n o t a t i o n s  ax ia l  ( A ) ,  r a d i a l  ( R ) ,  o r  t a n g e n t i a l  (Tan) are  

employed w i t h  r e f e r e n c e  t o  t h e  symmetry a x i s .  To emphasize a g a i n ,  t h i s  h a s  

no r e l a t i o n  t o  t h e  p r e f e r r e d  c-axis o r i e n t a t i o n  u n t i l  t h e  forming t e c h n i q u e  

is  d e f i n e d .  

_ _  - - __ _ _  - .-- _ _  - - _  - - 

The g r a D h i t e  i r r a d i a t i o n  d a t a  have been o b t a i n e d  i n  d i f f e r e n t  t e s t  

r e a c t o r s  w i t h  d i f f e r e n t  n e u t r o n  s p e c t r a .  F luence  c a l c u l a t i o n s  were made 

based on d i f f e r e n t  d o s i m e t e r s  and t h e  f l u e n c e  d a t a  have  been r e p o r t e d  w i t h  

I 
d i f f e r e n t  n e u t r o n  energy c u t o f f s .  T h i s  makes comparisons of d i m e n s i o n a l  



I n  a n  e f f o r t  t o  assemble  t h e  d a t a ,  E > 0.050 MeV h a s  been  chosen  f o r  

t h e  purpose  of comparison and i n t e r p r e t a t i o n  of d a t a  i n  t h i s  pape r .  Data 

i n  t h e  l i t e r a t u r e  were c o n v e r t e d  t o  t h i s  s c a l e  by t h e  method of P e r r y  and 

J e n k i n s  (1967). 

_ _  -_ _. - - -  - -  - _  - .  ’--- P e r r y  and J e n k i n s  c h o i c e  of 0.050 M e V  as a lower c u t o f f  f o r  t h e  f l u x  i s  

d e r i v e d  from a damage f u n c t i o n  a n a l y s i s  f o r  g r a p h i t e  based  on n e u t r o n  energy  

s p e c t r a  spann ing  t h e  ex t remes  a v a i l a b l e  i n  v a r i o u s  r e a c t o r s .  The c u t o f f  i s  

i n s e n s i t i v e  t o  t h e  p a r t i c u l a r  model used  f o r  t h e  secondary  d i sp lacemen t  func-  

, t i o n .  

~ 

A t  t h e  0.050-MeV c u t o f f ,  t h e  c a l c u l a t e d  damage rates v a r y  only  by 3% 

a t  t h e  ex t remes  of t h e  s p e c t r a l  t y p e s ,  which may b e  c o n t r a s t e d  t o  23% a t  t h e  

0.18-MeV l i m i t .  Thus, t h e  0.050-MeV lower l i m i t  r e q u i r e s  no f l u e n c e  c o r r e c -  

t i o n  from r e a c t o r  t o  r e a c t o r  and p e r m i t s  d i r e c t  comparison of a l l  d a t a .  

The f o l l o w i n g  t a b l e  of c o n v e r s i o n  f a c t o r s  i s  p r e s e n t e d  f o r  convenience .  

A p o r t i o n  of t h e  t a b l e  w a s  t a k e n  from the -Dragon  and P e t t e n  work (B lacks tone  

-* et a 1  3 1969) .  

-__ 

The r e a d e r  i s  reminded t h a t  t h e  c o n v e r s i o n  of d a t a  t o  

E > 0.050 MeV i s  by c a l c u l a t i o n  f o r  ease of comparison.  



c c 

TABLE 2 
GRAPHITE DAMAGE CORRELATION FACTORS 

F a c i l i t y  

Any 

High Flux  Reac to r -  (HFR) 

D I D O ,  PLUTO 

Genera l  Electric Test R e a c t o r .  (GETR)/ 
Engineer ing  Test Reac tor  (ETR) 

Dounreay F a s t  Reactor  

Neutron Exposure Expressed as 

n/cm2 (E > 0.050 MeV) 

E q u i v a l e n t  f i s s i o n  f l u e n c e  

Equ iva len t  . F i s s i o n  F luence  

n/cm2 (E > 0.18 MeV) , , 

T o t a l  dose  

To Obta in  n/cm2 E > 0.050 MeV 
M u l t i p l y  by 

1.0 

2 -0 

2.0 

1.20 

0.92 



3 .  IRRADIATION DAMAGE 

The graphite lattice is fundamentally damaged in a reactor environment 

'by colllsion of high-energy.neutrons with*carbon atoms in the lattice. The 

carbon atoms are displaced to interstitial positions, leaving behind vacant 

sites in the layer planes. The interstitial carbon atoms and lattfce vacan- 

cies either recombine immediately, remain as point defects, or collect into 

lines or clusters depending upon the conditions of neutron fluence and irra- 

diation temperature and the nature of the graphite structure. The damage to 

a graphite crystal by high-energy neutrons has been studied directly by 

transmission electron microscopy where clusters of interstitials and vacan- 

- 

cies have been observed in thin sections usually taken from large, well de- 

veloped crystals. 

- .  

The early work concerning irradiation damage in graphite has been summar- 

ized in a number of articles and books. Thrower (1969) has written an excel- 

lent review concerning the use and techniques of electron transmission micro- 

scopy as applied to graphite crystals. 

defect structures, material variations, defects produced by elements other 

than carbon (such as boron), irradiation-induced defects, and nucleation of 

defect clusters. Reynolds (1968) and Simmons (1962) have also given coherent 

and precise accounts of the irradiation damage to various types of carbona- 

ceous materials, Earlier de Halas (1962) reviewed the fundamentals of irra- 

diation theory and its application to graphite. Reynolds (1966) also covers 

In his review, Thrower deals with 



t h e  damage f u n c t i o n ,  p o i n t  d e f e c t s ,  n u c l e a t i o n  p r o c e s s e s ,  and o t h e r  a s p e c t s  

o f  i r r a d i a t i o n  b e h a v i o r  i n  d e t a i l .  No e f f o r t  is  made h e r e  t o  d e s c r i b e  t h e  

i r r a d i a t i o n  damage phenomena i n  d e t a i l ;  t h e  r e a d e r  i s  d i r e c t e d  t o  t h e  above 

reviews f o r  such  d e t a i l .  The r e a d e r  i s  a l s o  d i r e c t e d  t o  Thrower (1969) f o r  

a complete  b i b l i o g r a p h y  of t h e  work p r i o r  t o  1969 on t h i s  s u b j e c t .  

A s  mentioned p r e v i o u s l y ;  high-energy n e u t r o n s  c o l l i d e  w i t h  carbon atoms 

i n  t h e  g r a p h i t e  l a t t i c e  and produce s i n g l e  i n t e r s t i t i a l s  and v a c a n c i e s .  

Some p o r t i o n  of t h e  v a c a n c i e s  and i n t e r s t i t i a l s  a re  immediately a n n i h i l a t e d  

by r e c o m b i n a t i o n ,  b u t  t h o s e  remaining may move t o  n u c l e a t i o n  s i t e s  and form 

l a r g e r  c l u s t e r s .  The magnitude of t h e  c l u s t e r s  i s  dependent upon t h e  irra- 

d i a t i o n  t e m p e r a t u r e  and f l u e n c e .  The v a c a n c i e s  remaining i n  t h e  g r a p h i t e  

l a t t i c e  are immobile a t  low t e m p e r a t u r e s  and remain as p o i n t  d e f e c t s .  Above 

300' t o  500°C t h e  vacancies become mobi le ,  and i t  i s  s p e c u l a t e d  t h a t  t h e  

v a c a n c i e s  c a n  b e  formed i n t o  l i n e s .  These l i n e s  c o l l a p s e  when t h e y  grow t o  

a c r i t i c a l  l e n g t h  and t h e n  c o n t i n u e  t o  grow by c a p t u r e  of more v a c a n c i e s  a t  

t h e  ends ( K e l l y ,  1 9 6 9 ) ,  r e s u l t i n g  i n  s h r i n k a g e  of t h e  c r y s t a l s  i n  t h e  a - a x i s  

d i r e c t i o n .  I n t e r s t i t i a l  c l u s t e r s  c a u s e  c r y s t a l  growth i n  t h e  c -ax is  d i r e c -  

t i o n .  T h i s  g e n e r a l  d e s c r i p t i o n  of i r r a d i a t i o n  damage i n  t h e  g r a p h i t e  l a t t i c e  

i s  deduced from t r a n s m i s s i o n  e l e c t r o n  microscopy o b s e r v a t i o n s  i n  l a r g e  s i n g l e  

c r y s t a l s  o r  h i g h l y  annea led  p y r o l y t i c  c a r b o n s ,  which approach t h e  n a t u r a l  

c r y s t a l s  i n  p e r f e c t i o n .  A s  t h e  i r r a d i a t i o n  t e m p e r a t u r e  i s  i n c r e a s e d  from 

150" t o  135OoC, t h e  i n t e r s t i t i a l  l o o p s  o r  c l u s t e r s  i n c r e a s e  i n  s i z e  and 

d e c r e a s e  i n  d e n s i t y  (Thrower, O c t o b e r 1 9 6 8 a ) .  These r e a c t i o n s  have been ex- 

p l a i n e d  i n  terms of a t h e o r y  of homogeneous n u c l e a t i o n  assuming t h a t  t h e  

loops  are n u c l e a t e d  by t h e  chance e n c o u n t e r  of two s lowly moving groups  of 



atoms and t h a t  t h e y  grow by t h e  a d d i t i o n  of s i n g l e  intersti t ials.  The d i f -  

f u s i o n  w a s  assumed t o  b e  two d imens iona l  and t o  occur  s o l e l y  w i t h i n  the 

b a s a l  p l a n e .  

R e c e n t l y  T u r n b u l l  and Stagg (1969) have i n t r o d u c e d  t h e  concept  of t h r e e -  

d i m e n s i o n a l  d i f f u s i o n  t o  

, t i a l  and vacancy l o o p s .  

I 2000°C i n  t h e r m a l  a n n e a l  

e x p l a i n  t h e  k i n e t i c s  of a n n e a l i n g  l a r g e  i n t e r s t i -  

Turr ibul l  and Stagg  observed  c-ax is  d i f f u s i o n  above 

ng exper iments  on s i n g l e  c r y s t a l s .  Thrower 

(October  1968a)  reasoned  t h a t  i n  p o l y c r y s t a l l i n e  r e a c t o r  g r a p h i t e s ,  which 

have  smaller c r y s t a l l i t e s ,  t h e r e  may b e  c-axis d i f f u s i o n  as low as 1000°C 

i n  a n e u t r o n  f l u x  and m i g r a t i n g  d e f e c t s  may f i n d  s i n k s  between b a s a l  p l a n e s  

r a t h e r  t h a n  a t  c r y s t a l l i t e  edge s i tes .  Thrower (October 1968b) h a s  been  a 

major  c o n t r i b u t o r  t o  t h e  i r r a d i a t i o n  damage f i e l d  i n  t h e  p a s t  5 t o  6 y e a r s  

and h a s  developed a number of i d e a s  concern ing  d e f e c t  n u c l e a t i o n  based  on 
- 

h i s  o b s e r v a t i o n s  of h i g h l y  p e r f e c t e d  c r y s t a l s  and r e a c t o r  g r a p h i t e s .  H e  

examined p y r o l y t i c  g r a p h i t e s  whose c r y s t a l l i t e  p e r f e c t i o n  i n  t h e  b a s a l  

p l a n e  w a s  e x c e l l e n t ,  comparing f a v o r a b l y  w i t h  t h a t  of s i n g l e  c r y s t a l s ,  b u t  

whose p e r f e c t i o n  i n  t h e  c - d i r e c t i o n  c o u l d  b e  v a r i e d  over  a wide  range .  Two 

mater ia l s  w e r e  s t u d i e d :  (1) p y r o l y t i c  g r a p h i t e  h e a t e d  t o  29OO0C, and (2)  

a second p y r o l y t i c  g r a p h i t e  s t r e s s - a n n e a l e d  a t  3300" t o  3600°C. 

t h e  same c a r b o n s  as t h o s e  used by K e l l y  f o r  d imens iona l  change measurements.  

These were 

K e l l y  (1966) d e s c r i b e s  t h e s e  carbons  i n  d e t a i l .  They were i r r a d i a t e d  a t  

1350°C a l o n g  w i t h  s i n g l e  c r y s t a l s  t o  Q2.34 x lo2' n/cm . 2 

A t  1350°C t h e  n u c l e a t i o n  of i r r a d i a t i o n  damage i n  t h i n  c r y s t a l s  of t h e  

2900°C material  d i d  n o t  proceed  a s  i n  s i n g l e  c r y s t a l s .  Vacancies  were 



homogeneously n u c l e a t e d  throughout  t h e  c r y s t a l ,  as t h e r e  were no l a r g e r  

i n t e r s t i t i a l  l o o p s  t o  i n t r o d u c e  t h e  he te rogeneous  n u c l e a t i o n  p r e v i o u s l y  ob- 

s e r v e d  i n  s i n g l e - c r y s t a l  s t u d i e s .  S i n c e  t h e  c r y s t a l l i t e  p e r f e c t i o n  i n  t h e  

b a s a l  p l a n e s  w a s  e q u a l  t o  t h a t  of s i n g l e  c r y s t a l s ,  Thrower concluded t h a t  

t h e  o t h e r  c r y s t a l l i t e  dimension must b e  r e s p o n s i b l e  f o r  t h e  a p p a r e n t  l o s s  

of i n t e r s t i t i a l s  and t h e  m a j o r i t y  of i n t e r s t i t i a l  atoms had m i g r a t e d  t o  

t w i s t  b o u n d a r i e s  where t h e y  formed v e r y  l a r g e  l o o p s .  The o b s e r v a t i o n  of  

t h e s e  f a i n t  l o o p s  w a s  a lways found t o  b e  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  of 

twist b o u n d a r i e s .  Thrower concluded t h a t  t h e  l a r g e  p o p u l a t i o n  of  i n t e r -  

s t i t i a l  atoms i n  t h e  form of a n  i r r e g u l a r  loop  w i t h i n  t w i s t  b o u n d a r i e s  
-. 

m i g r a t e d  a l o n g  t h e  c -ax is  by i n t e r s t i t i a l  d i f f u s i o n  d u r i n g  i r r a d i a t i o n  a t  

135OOC. 

Thrower b e l i e v e s  t h a t  i n  s i n g l e  c r y s t a l s  t h e  i n t e r s t i t i a l  l o o p s  grow 

from n u c l e i  by t h e  a d d i t i o n  of t h e  f a s t e r  moving i n t e r s t i t i a l  atoms. Any 

mot ion  of  a l o o p  i s  c o n f i n e d  w i t h i n  i t s  p l a n e  and i n t e r s t i t i a l  l o o p s  o r  

c lu s t e r s  a r e  n o t  expec ted  t o  o c c u r  i n  t w i s t  b o u n d a r i e s .  H e  assumed t h e  

l a r g e  i n t e r s t i t i a l  l o o p s  i n  t h e  t w i s t  b o u n d a r i e s  were formed by t h e  d i f f u s i o n  

of s i n g l e  i n t e r s t i t i a l s  i n  t h e  c-axis d i r e c t i o n .  

I n t e r s t i t i a l  d i f f u s i o n  a l o n g  t h e  c - a x i s  i s  expec ted  t o  o c c u r  a t  

t e m p e r a t u r e s  of  900°C and above and becomes s i g n i f i c a n t  b e f o r e  vacancy 

m i g r a t i o n s  t a k e  p l a c e  w i t h i n  t h e  b a s a l  p l a n e .  

s i n g l e  c r y s t a l s  were found t o  b e  much smaller t h a n  t h o s e  i n  t h e  2900°C 

mater ia l  were many t w i s t  b o u n d a r i e s  are  p r e s e n t .  

The i n t e r s t i t i a l  l o o p s  i n  



Thrower a d m i t s  t h i s  work does  l i t t l e  t o  c lear  t h e  c o n f u s i o n  a b o u t  t h e  

n u c l e a t i o n  of d e f e c t  groups  i n  h igh- tempera ture  r e a c t o r  g r a p h i t e .  When 

damage i s  observed ,  i t  i s  u s u a l l y  i n  a n  e x c e p t i o n a l l y  l a r g e  c r y s t a l l i t e  

which may n o t  b e  c h a r a c t e r i s t i c  of t h e  ma te r i a l - a s  a whole.  

I n  a l a te r  paper  Thrower ( J u l y  1971) c a r r i e d  h i s  s t u d i e s  on t h e  same 

materials t o  h i g h e r  f l u e n c e s  and observed ,  a t  h i g h e r  n e u t r o n  f l u e n c e s ,  t h a t  

as t h e  number of v a c a n c i e s  i n  l i n e s  i n c r e a s e d ,  t h e  number of s u r p l u s  i n t e r -  

s t i t i a l s  a l s o  i n c r e a s e d .  H e  a g a i n  emphasized t h e  d i f f i c u l t i e s  of o b s e r v i n g  

d e f e c t s  i n  such  h i g h l y  damaged c r y s t a l s ,  and i t  w a s  i m p o s s i b l e  t o  estimate 

s i z e ,  shape ,  o r  d e n s i t y  of t h e  n u c l e a t e d  d e f e c t s .  

Thrower (May 1971) i r r a d i a t e d  r e a c t o r  g r a p h i t e s  a t  13OOOC and a t t e m p t e d  

t o  i d e n t i f y  t h e  i r r a d i a t i o n  d e f e c t s .  From o b s e r v a t i o n s  i n  t h e  h i g h l y  c r y s -  

t a l l i n e  p a r t i c l e s ,  h e  found d e f e c t s  t r a p p e d  a t  t w i s t  b o u n d a r i e s .  Thrower 

b e l i e v e s  t h a t  t h e  d e n s i t y  of n o n b a s a l  d i s l o c a t i o n s  i n  r e a c t o r  g r a p h i t e s  i s  

a n  o r d e r  of magni tude h i g h e r  t h a n  t h o s e  i n  w e l l  o r i e n t e d  p y r o l y t i c  g r a p h i t e  

and t h e r e f o r e  t h e  c -ax is  d i f f u s i o n  may occur  a t  t e m p e r a t u r e s  lower t h a n  

600°C i n  t h i s  t y p e  of g r a p h i t e ,  H e  e x p e c t s  t h e  n u c l e a t i o n  of i n t e r -  

s t i t i a l  atoms i n  h i g h l y  c r y s t a l l i n e  p a r t i c l e s  of r e a c t o r  g r a p h i t e s  t o  have  

t h r e e  t e m p e r a t u r e  regimes where (1) n u c l e a t i o n  i s  homogeneous and uni form 

throughout  t h e  c r y s t a l l i t e s  (T - < 3OO0C), (2 )  n u c l e a t i o n  o c c u r s  a t  c r y s t a l -  

l i t e  b o u n d a r i e s  and a t  some boron i m p u r i t y  atoms, t h e  t o t a l  amount of 

n u c l e a t e d  damage d e c r e a s i n g  w i t h  t e m p e r a t u r e  ( 3 5 0 O C  

where a n  i n c r e a s i n g  number of i n t e r s t i t i a l s  are  l o s t  t o  t w i s t  b o u n d a r i e s  

where t h e y  a re  u n a n n e a l a b l e  (T 2 3 5 O O C ) .  T h i s  should  c a u s e  t h e  r e t a i n e d  

T 5 650°C), and (3 )  



i n t e r s t i t i a l  damage t o  i n c r e a s e  q u i t e  markedly from 650" t o  1200"C, as 

observed  by Bokros e t  a l .  (1968). For i r r a d i a t i o n s  a t  900" and 1200"C, 

v a c a n c i e s  may n u c l e a t e  w i t h i n  t h e  h i g h l y  c r y s t a l l i n e  mater ia l ,  b u t  a t  1200°C 

t h e  number of  c l u s t e r s  observed i s  q u i t e  small and some c r y s t a l l i t e s  con- 

t a i n e d  none a t  a l l .  I n  t h e  h i g h l y  c r y s t a l l i n e  p a r t i c l e s ,  t h r e e  t e m p e r a t u r e  

reg imes  were d e f i n e d  where (1) v a c a n c i e s  are immobile and m o s t l y  s i n g l e  

(T < 6OO0C), (2) n u c l e a t i o n  i s  uniform and homogeneous (650OC - -  < T < llOO"C), 

and ( 3 )  l o s s  of v a c a n c i e s  t o  c r y s t a l l i t e  b o u n d a r i e s  c a u s e s  a n  u n a n n e a l a b l e  

c o n t r a c t i o n  i n  t h e  a - a x i s  (T - > 1100°C). 

c r y s t a l l i n e  p a r t i c l e s  t o  a p p l y  t o  t h e  less  p e r f e c t  c r y s t a l l i t e s  a t  lower 

t e m p e r a t u r e s  f o r  each e f f e c t .  However, t h i s  h a s  n o t  been confirmed s i n c e  

n u c l e a t e d  d e f e c t s  have n o t  been  observed  i n  t h e  less c r y s t a l l i n e  p a r t i c l e s  

H e  e x p e c t s  t h i s  model f o r  h i g h l y  

of  r e a c t o r  g r a p h i t e s  f o r  i r r a d i a t i o n s  above 90O0C.(Thrower, May 1971) .  On 

t h e  b a s i s  of t h e  model one might  e x p e c t  l a r g e r  d i m e n s i o n a l  changes i n  t h e  

less c r y s t a l l i n e  p a r t i c l e s .  

d 

Thrower b e l i e v e s  t h e  d e f e c t  c o n f i g u r a t i o n  p r o v i d i n g  maximum d i m e n s i o n a l  

s t a b i l i t y  o c c u r s  when b o t h  v a c a n c i e s  and i n t e r s t i t i a l s  are  n u c l e a t e d  i n t o  

l a r g e  l o o p s .  The most l i k e l y  s i t u a t i o n  f o r  t h i s  t o  occur  would b e  a t  a b o u t  

900°C i n  h i g h l y  c r y s t a l l i n e  mater ia ls ,  and h e  e x p e c t s  t h e  b u l k  volume change 

of a g r a p h i t e  a t  t h i s  t e m p e r a t u r e  t o  b e  r e l a t e d  t o  i t s  f r a c t i o n  of h i g h l y  

c r y s t a l l i n e  s t r u c t u r e .  

Hinman e t  a l .  (1970) i r r a d i a t e d  n a t u r a l  f l a k e  g r a p h i t e s  and measured 

vacancy c o n c e n t r a t i o n s  i n  specimens i r r a d i a t e d  by n e u t r o n s  o r  by carbon 

i o n s  up t o  f l u e n c e s  cor responding  t o  10 t o  d i s p l a c e m e n t s  p e r  l a t t i c e  
-5 



s i t e .  They found a n  i n c r e a s e  i n  vacancy c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  t e m -  

p e r a t u r e ,  which i s  c o n t r a r y  t o  e x p e c t a t i o n  because  h i g h e r  t e m p e r a t u r e s  should  

l e a d  t o  a smaller c l u s t e r  d e n s i t y ,  a c o n d i t i o n  which f a v o r s  i n t e r s t i t i a l -  

vacancy recombina t ion .  

Hinman does n o t  b e l i e v e  t h a t  i n t e r s t i t i a l - v a c a n c y  r e c o m b i n a t i o n  i n -  

creases w i t h  f l u e n c e ,  s i n c e  t h e  number of i n t e r s t i t i a l  c l u s t e r s  i n c r e a s e s .  

H e  s p e c u l a t e s  t h a t  c o l l a p s e d  vacancy l i n e  c l u s t e r s ,  p r o b a b l y  l a r g e l y  d i v a -  

c a n c i e s  which have  become s u f f i c i e n t l y  numerous i n  t h e  f l u e n c e  r a n g e  of 

h i s  s t u d i e s ,  a b s o r b  a l a r g e  number of v a c a n c i e s .  An i n c r e a s i n g  number of 

t h e s e  s i n k s  w i l l  p roduce  a d e c r e a s i n g  vacancy c o n c e n t r a t i o n ;  t h i s  e f f e c t  

should  show up a t  h i g h  f l u e n c e s .  

< - 

I f  Hinman's e x p l a n a t i o n  i s  c o r r e c t ,  i t  s u g g e s t s  t h a t  t h e  v a c a n c i e s  are 

more m o b i l e  t h a n  i s  g e n e r a l l y  assumed, o r ,  a l t e r n a t i v e l y ,  t h a t  a c o l l a p s e d  

d ivacancy  i s  mobi le .  It a p p e a r s ,  t h e r e f o r e ,  t h a t  t h e  smal l  i n t e r s t i t i a l  

c l u s t e r s  which are formed as a r e s u l t  of n e u t r o n  i r r a d i a t i o n  may b e  s t a b l e  

I lover a w i d e  r a n g e  of i r r a d i a t i o n  and annea l ing  t e m p e r a t u r e s .  
- -  

1 

Heerschap and SchGl ler  (1969) have  p u b l i s h e d  e l e c t r o n  micrographs  from 

samples  i r r a d i a t e d  a t  900' and 1200°C. They found i n t e r s t i t i a l  l o o p s  upon 

1 i r r a d i a t i o n  a t  900'C w i t h  s m a l l  d e f e c t s  i n  t h e  c e n t e r  of t h e  loops  t h a t  re- 

' sembled vacancy c l u s t e r s .  
i 

The i n t e r s t i t i a l  l o o p s  grew upon i r r a d i a t i o n  a t  

1200"C, w h i l e  t h e  s m a l l  vacancy l o o p s  grew a t  t h e  p e r i p h e r y  of t h e  i n t e r -  

1 s t i t i a l  l o o p s .  



R e a c t o r  g r a p h i t e s  s t i l l  d e f y  d i r e c t  examinat ion  due  t o  d i f f i c u l t i e s  i n  

specimen p r e p a r a t i o n  and problems i n  i n t e r p r e t i n g  t h e  complex d e f r a c t i o n  

p a t t e r n s .  However, some o b s e r v a t i o n s  have  been made i n  t h e  c r y s t a l l i t e s  of 

h i g h e s t  o r d e r  i n  r e a c t o r  g r a p h i t e s  and t h e  p y r o l y t i c  d a t a  have  been  i n t e r -  

p r e t e d  t o  show t h a t  c - a x i s  d i f f u s i o n  may o c c u r  a t  lower t e m p e r a t u r e s  i n  t h e  

smaller, less p e r f e c t  c r y s t a l l i t e s  of r e a c t o r  g r a p h i t e s .  However, t h e r e  

a p p e a r s  t o  b e  l i t t l e  doubt  t h a t  a n  i n c r e a s e  i n  c r y s t a l l i n e  p e r f e c t i o n  of t h e  

g r a p h i t e  s t r u c t u r e  w i l l  improve t h e  i r r a d i a t i o n  s t a b i l i t y  of t h e  c r y s t a l -  

l i t e s ,  and a t  h i g h  t e m p e r a t u r e s  t h e  damage r e t a i n e d  i n  a r e a c t o r  g r a p h i t e  

w i l l  b e  r e l a t e d  t o  i t s  f r a c t i o n  of h i g h l y  c r y s t a l l i n e  s t r u c t u r e .  



4 .  DIMENSIONAL AND STRUCTURAL CHANGES 

4 . 1  I n t r o d u c t i o n  

Dimensional  changes i n  t h e  g r a p h i t e  modera tor  are i m p o r t a n t  t o  t h e  

r e a c t o r  d e s i g n e r .  The d imens iona l  b e h a v i o r  of t h e  g r a p h i t e  must b e  known 

as a f u n c t i o n  of t h e  r e a c t o r  o p e r a t i n g  t e m p e r a t u r e ,  t e m p e r a t u r e  h i s t o r y ,  
- -  

and t h e  expec ted  f a s t  f l u e n c e s  of t h e  p a r t i c u l a r  r e a c t o r  under  c o n s i d e r a t i o n .  

Two c r i t e r i a  u s u a l l y  d e t e r m i n e  t h e  u s e f u l n e s s  of t h e  g r a p h i t e  i n  r e a c t o r  

d e s i g n :  (1) t h e  maximum c o n t r a c t i o n ,  which i n f l u e n c e s  t h e  s t a b i l i t y  of  a 

g r a p h i t e  s t a c k ,  and (2) t h e  f l u e n c e  where n e t  d i m e n s i o n a l  expans ion  com- 

mences a t  h i g h  f l u e n c e s .  T h e r e f o r e ,  i t  i s  v e r y  i m p o r t a n t  t o  i r r a d i a t e  

g r a p h i t e s  a t  t e m p e r a t u r e s  and f l u e n c e s  t h a t  i n c l u d e  and e x t e n d  beyond t h e  

d e s i g n  c o n d i t i o n s  of c u r r e n t  graphi te -modera ted  r e a c t o r s .  

H e l m  (1964) and P e r k s  and Simmons (1966) have  shown i n  e a r l y  work t h e  
_ _  _ _  ._ 

g e n e r a l  c h a r a c t e r i s t i c s  of r e a c t o r  g r a p h i t e s  under  high-energy n e u t r o n  irra- 
- 

22 2 d i a t i o n s  a t  t e m p e r a t u r e s  from 300" t o  800°C t o  f l u e n c e s  of 2 x 10 n/cm , 
- 

e . g . ,  i n i t i a l  c o n t r a c t i o n  fo l lowed by expans ion .  More r e c e n t l y  (1965 through 

1971)  a wide v a r i e t y  of e x p e r i m e n t a l  and commercial  r e a c t o r  g r a p h i t e s  (see 

T a b l e  1) have been i r r a d i a t e d  a t  h i g h e r  t e m p e r a t u r e s  and f l u e n c e s  by a num- 

b e r  of  i n v e s t i g a t o r s  from t h e  Dragon P r o j e c t ,  P e t t e n ,  and KFA ( J c l i c h )  i n  

Europe and from Bat te l le  Northwest L a b o r a t o r y ,  Oak Ridge N a t i o n a l  L a b o r a t o r y ,  



and Gulf G e n e r a l  Atomic Company i n  t h e  Uni ted  S t a t e s .  These i r r a d i a t i o n  

exper iments  i n c l u d e d  t e m p e r a t u r e s  of  up t o  1400°C and f l u e n c e s  of 4 x 1 0  22 

L n/cm . 

4 . 2  S i n g l e  Crys ta l s  and Highly O r i e n t e d  G r a p h i t e s  

Before a t t e m p t i n g  t o  d i s c u s s  b u l k  d i m e n s i o n a l  changes i n  r e a c t o r  graph- 

i t e s ,  i t  w i l l  b e  h e l p f u l  t o  f i r s t  r e v i e w - t h e  i r r a d i a t i o n  b e h a v i o r  of near -  

s i n g l e  c r y s t a l s ,  annea led  p y r o l y t i c  c a r b o n s ,  and h i g h l y  o r i e n t e d  g r a p h i t e s .  

These materials are e s s e n t i a l l y  nonporous and have  h i g h l y  a l i g n e d  c r y s t a l -  

l i t e s  i n  comparison w i t h  t h e  a r t i f i c i a l  r e a c t o r  g r a p h i t e s ;  measurements of 

t h e i r  b u l k  d i m e n s i o n a l  changes more n e a r l y  approximate  t h e i r  c r y s t a l l i t e  

changes.  

It i s  noteworthy t o  mention t h a t  due t o  t h e  d i f f e r e n c e s  i n  m i c r o s t r u c -  

t u r e ,  o r i e n t a t i o n ,  and p o r o s i t y  between t h e  h i g h l y  a l i g n e d  carbons  and t h e  

complex r e a c t o r  g r a p h i t e s ,  o n l y  q u a l i t a t i v e  d e d u c t i o n s  are  p o s s i b l e  i n  ex- 

p l a i n i n g  t h e  b e h a v i o r  of the r e a c t o r  g r a p h i t e s .  However, a c o n s i d e r a b l e  

amount of i n f o r m a t i o n  concern ing  fundamental  changes i n  t h e  g r a p h i t e  s t r u c -  

t u r e  and c r y s t a l l i t e  d i m e n s i o n a l  change ra tes  may b e  o b t a i n e d  from t h e s e  

. materials,  and t h e  v a l u e  of i r r a d i a t i n g  such  materials f o r  t h e  purpose  of 

l e a r n i n g  more about  t h e  b e h a v i o r  of r e a c t o r  g r a p h i t e s  i s  immediately obvious .  

A number of i n v e s t i g a t o r s  have  s t u d i e d  s i n g l e  c r y s t a l s ,  h i g h l y  a n n e a l e d  

p y r o l y t i c  c a r b o n s ,  and p y r o l y t i c  carbons  d e p o s i t e d  a t  r e l a t i v e l y  low tempera- 

t u r e s  ( P r i c e ,  1969 ;  K e l l y  and ._ B r o c k l e h u r s t , 1 9 7 1 ;  Bokros e t  a l . ,  1908; Bokros 



and P r i c e ,  1967; Bokros and Koyama, 1970) .  Dimensions of h i g h l y  a l i g n e d  

materials changed l i n e a r l y  w i t h  f l u e n c e  and t h e  d i m e n s i o n a l  change ra te  

d e c r e a s e d  w i t h  i n c r e a s i n g  a p p a r e n t  c r y s t a l l i t e  s i z e  ( P r i c e ,  1969; K e l l y  and 

B r o c k l e h u r s t , ' 1 9 7 1 ;  Bokros e t  a l . ,  1968) .  The d a t a  of  P r i c e  (1969) a t  1225" 

t o  1300°C are shown i n  F i g u r e  1 t o  i l l u s t r a t e  t h i s  p o i n t .  The d i m e n s i o n a l  

change r a t e  f o r  mater ia ls  w i t h  L v a l u e s  of 220 A i s  about  a f a c t o r  of 10 

h i g h e r  t h a n  f o r  materials w i t h  L v a l u e s  of 750 t o  1600 A .  However, h i g h l y  

c r y s t a l l i n e  p y r o l y t i c  samples  c o n t a i n i n g  0.5% boron were found t o  change 

0 

C 
0 

C 

dimensions a t  t h e  same ra te  as p o o r l y  c r y s t a l l i n e  a s - d e p o s i t e d  undoped s a m -  

p l e s ,  i n d i c a t i n g  t h a t  boron can  n u c l e a t e  a d d i t i o n a l  damage c e n t e r s  i n  c r y s -  

t a l l i n e  mater ia l  (Kel ly  and B r o c k l e h u r s t  , 1971) .  A group of boron-doped 

samples  annea led  a t  t e m p e r a t u r e s  between 2200" and 30OO0C and i r r a d i a t e d  a t  

930°C t o  2.0 x lo2'  n/cm2 showed d i m e n s i o n a l  change ra tes  d e c r e a s i n g  w i t h  

i n c r e a s i n g  a n n e a l i n g  t e m p e r a t u r e  i n  a manner v e r y  s imilar  t o  t h o s e  shown by 

P r i c e ' s  d a t a  i n  F i g u r e  1. 

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c r y s t a l l i t e  w i d t h ,  

c o n d u c t i v i t y  measurements.  

The d i m e n s i o n a l  change rates were found t o  b e  

deduced from t h e r m a l  '_ La 9 

4 . 3  P v r o l v t i c  Carbons 

Due t o  t h e  h i g h  leve l  of i n t e r e s t  i n  p y r o l y t i c  carbon c o a t e d  f u e l s  f o r  

HTGRs, t h e r e  h a s  been a p a r a l l e l  e f f o r t  t o  t h a t  f o r  t h e  g r a p h i t e s  t o  d e t e r -  

b 

mine t h e  d i m e n s i o n a l  and s t r u c t u r a l  changes i n  p y r o l y t i c  carbons  over  t h e  

same t e m p e r a t u r e  and f l u e n c e  r a n g e s  as f o r  t h e  g r a p h i t e s .  These d a t a  a r e  of 

v a l u e  i n  t h e  i n t e r p r e t a t i o n  of r e a c t o r  g r a p h i t e s .  



I n  p y r o l y t i c  carbons  where c r y s t a l l i t e  s i z e  and d e n s i t y  are t h e  same, 

\ i s o t r o p i c  b o d i e s  were found t o  b e  t h e  most s t a b l e  (Bokros and P r i c e ,  1967; 
._ 

Bokros and Koyama, 1970; Kaae, S t e v e n s ,  and Bokros, 1971) .  I f  o t h e r  f a c t o r s  

are h e l d  c o n s t a n t ,  i n c r e a s i n g  t h e  d e g r e e  of c r y s t a l l i n e  p e r f e c t i o n  i n c r e a s e s  

- 

t h e  d i m e n s i o n a l  s t a b i l i t y  of t h e  carbons  e s p e c i a l l y  a t  i r r a d i a t i o n  tempera- 

t u r e s  above 80OoC. A t  h i g h  f l u e n c e s ,  and e s p e c i a l l y  a t  t e m p e r a t u r e s  >lOOO°C, 

c r y s t a l l i t e  i n t e r a c t i o n s  may'become more i m p o r t a n t  t h a n  c r y s t a l l i t e  s i z e ;  a 

q u a l i t a t i v e  i n t e r p r e t a t i o n  of these e f f e c t s  h a s  been g i v e n  by Engle  and 

Bokros (1971).  

-- 

It w a s  observed  d u r i n g  i r r a d i a t i o n  a t  low f l u e n c e s  t h a t  h i g h - d e n s i t y  

nominal ly  i s o t r o p i c  carbons  s h r i n k  i s o t r o p i c a l l y .  A t  h i g h e r  f l u e n c e s ,  espe-  

c i a l l y  a t  h i g h  i r r a d i a t i o n  t e m p e r a t u r e s ,  t h e s e  m a t e r i a l s  s ta r t  t o  behave 

a n i s o t r o p i c a l l y ,  s h r i n k i n g  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  d e p o s i t i o n  p l a n e  

and expanding i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n .  A s  a r e s u l t ,  a t  low f l u e n c e s  

h i g h  d e n s i t y  enhances s t a b i l i t y ,  b u t  a t  h i g h  f l u e n c e s  h i g h  d e n s i t y  l e a d s  t o  

i n s t a b i l i t y  (Kaae, S t e v e n s ,  and Bokros,  1971; Engle  and Bokros,  1971) .  

Carbons t h a t  have s m a l l  c r y s t a l l i t e  s i z e s  have h i g h  s t r e n g t h ,  and i t  i s  

b e l i e v e d  t h a t  such  a s t r u c t u r e  i s  i m p o r t a n t  t o  minimize p o r e  g e n e r a t i o n  a t  

h i g h  f l u e n c e s .  T h i s  o b s e r v a t i o n  t h a t  mater ia ls  w i t h  small  c r y s t a l l i t e s  w i l l  

b e  more s t a b l e  t h a n  t h o s e  w i t h  l a r g e  c r y s t a l l i t e s  a p p e a r s  t o  c o n t r a d i c t  t h e  

d a t a  from S e c t i o n  4 . 2 ,  b u t  i t  w i l l  b e  shown t h a t  s t r e n g t h  and i s o t r o p y  may 

b e  i m p o r t a n t  i n  i n h i b i t i n g  s t r u c t u r a l  d e g r a d a t i o n  i n  t h e  carbons  and r e a c t o r  

g r a p h i t e s .  T h i s  does n o t  mean t h a t  t h e  c r y s t a l l i t e  s i z e  e f f e c t  i s  n o t  v a l i d ,  

b u t  r a t h e r  t h a t  m i c r o s t r u c t u r a l  e f f e c t s  can dominate i n  p o l y c r y s t a l l i n e  materials. 



'Bokros (Engle and Bokros, 1971; Kaae, Bokros, and Stevens, 1971) 

suggests that at some intermediate irradiation temperature, T 

(see Figure 2) ,  effects such as exaggerated volume expansion, rapid degra- 

(max. int.) 

dation of crystal structure, and accelerations in the dimensional change 

rate will be a maximum. The interactions will be most pronounced for the 

isotropic carbons of highest density. A t  high temperatures and especially 

near T high density will contribute to dimensional instability. 

At high fluences the stronger but less crystalline low-density carbons do 
(max. int.)' 

not expand as much and do not exhibit the large accelerating effects observed 

for high-density carbons (Bokros and Stevens, 1971; Bokros et al., 1971). 

Bokros further suggests that the effects of mechanical interactions between 

crystallites are less effective in causing pore generation and accelerations 

in dimensional change rates for materials with extensive crosslinking and 

strong internal binding. With the possibility of higher internal stresses 

in the stronger carbons, the crystallite strains are more likely to be accom- 

modated by irradiation-induced creep. Thus, increasing the strength by de- 

creasing the crystallite size may result in a net improvement in the dimen- 

sional stability of the polycrystalline carbon in spite of the lower stabil- 

ity expected for smaller crystallites in the unrestrained condition. 

4 . 4  Reactor Graphites 

We can now turn our attention to the discussion of reactor graphites. 

Here the situation is far more complex and difficult to analyze. The com- 

plexity in reactor graphites is due to the derivation of raw materials from 

nonhomogeneous carbonaceous precursors of the filler cokes and binders, the 



multiphase granular-type formulation methods, and complex processing as 

described in Section 2. 

Although the microstructure of reactor graphites is of such complexity, 

their high-temperature behavior, as will be shown at least qualitatively, is 

quite similar to that of the pyrolytic carbons. 

High-temperature high-fluence dimensional change data representative 

of conventional anisotropic petroleum-coke graphites have been selected from 

the work at Battelle Northwest Laboratory (BNWL), Gulf General Atomic Com- 

pany, the Dragon Project, and Oak Ridge National Laboratory (ORNL) (Cox and 

Helm, 1969; Eatherly and Kennedy, 1971; Engle and Bokros, 1971; Gray and Pitner, 

1971; Hankart et al.-,September 1971). 

and 4 .  The dimensional curves are all similar in shape and are in agreement 

These data are presented in Figures 3 
~- _ _  -- 

with the earlier data (Helm, 1963; Perks and Simmons, 1966). The graphites 

, shrink initially in the preferred c-axis direction and turn asound and expand 

at higher fluences. In the a-axis direction the contraction rate is ini- 

tially higher, and the saturation or turnaround to expansion occurs at higher 

fluences and has not been reached in all cases. The anisotropic behavior is 

caused by the high degree of alignment of the crystallites within the aniso- 

tropic filler particles and the subsequent high degree of alignment imparted 

to the filler particles by the forming methods. There is a marked effect of 

irradiation temperature in the range 700" to 1300°C on the magnitude of the 

dimensional changes for a particular grade of graphite, as illustrated by 

the data of Gray and Pitner (1971) of ENWL,. The Battelle data show only a 

small difference in behavior in the range 400" to 750°C: early turnaround 



G fo l lowed by r a p i d  expans ion  a t  950" t o  1050°C and s l o w e r  expans ion  rates 

a g a i n  above a b o u t  1200°C. 

The d a t a  i n  F i g u r e  5 t a k e n  from t h e  Dragon P r o j e c t ,  BNWL, and Gulf 

Genera l  Atomic Company i l l u s t r a t e  t h e  d imens iona l  b e h a v i o r  of g r a p h i t e s  

manufactured w i t h  G i l s o c o k e  (Blacks tone  e t  a l . ,  1969; Blacksone e t  a l . ,  

1971; Engle  and Bokros, 1971: Engle  and P i t n e r ,  1970; Hankar t ,  e t  a l . ,  J u n e  

..- - . -  

1971) .  The G i l s o c a r b o n  mater ia ls ,  w h i l e  c o n s i d e r a b l y  more i s o t r o p i c  t h a n  

t h e  pe t ro leum coke materials,  s t i l l  e x h i b i t  some a n i s o t r o p y  i n  t h e i r  dimen- 

s i o n a l  changes.  The d i m e n s i o n a l  changes of t h e s e  mater ia ls ,  i n  comparison 

w i t h  t h e  a n i s o t r o p i c  petroleum-coke g r a p h i t e s ,  show less t o t a l  c o n t r a c t i o n ,  

lower expans ion  ra tes  a f t e r  t u r n a r o u n d ,  and a d e l a y  i n  turnaround u n t i l  

h i g h e r  f l u e n c e s  . 

Data from BNWL and ORNL on h i g h - d e n s i t y  i s o t r o p i c  mater ia ls  are  pre-  

s e n t e d  i n  F i g u r e s  4 and 6 ( E a t h e r l y  and Kennedy, 1971; P i t n e r ,  1971) .  These 

materials a r e  e s s e n t i a l l y  i s o t r o p i c  i n  i r r a d i a t i o n  b e h a v i o r  and a re  cons id-  

e r a b l y  more s t a b l e  i n  t h e i r  d i m e n s i o n a l  changes t h a n  t h e  c o n v e n t i o n a l  b i n d e r -  

f i l l e r  materials.  A t  500" t o  750°C measurable  d imens iona l  changes do n o t  

occur  u n t i l  7 x lo2' n/cm2. A t  1000" t o  1100°C expans ion  b e g i n s  immedia te ly ,  

b u t  t h e  r a t e  of expans ion  s lows a t  r e l a t i v e l y  low f l u e n c e s .  A t  1200" t o  

1300"C, t h e s e  materials b e g i n  t o  c o n t r a c t  i n  a manner similar t o  t h e  b i n d e r -  

f i l l e r  m a t e r i a l s ,  b u t  t h e  magnitude of t h e  c o n t r a c t i o n  i s  s m a l l ,  expans ion  i s  

d e l a y e d  t o  h i g h  f l u e n c e s ,  and t h e  expans ion  ra te  i s  low. 
- -  _ _  

Photomicrographs i l l u s t r a t i n g  t h e  m i c r o s t r u c t u r e s  of t h e s e  t h r e e  classes 

of g r a p h i t e  b e f o r e  i r r a d i a t i o n  and a f t e r  expans ion  a t  h i g h  f l u e n c e s  are  shown 

i n  F i g u r e  7.  



Another c lass  of g r a p h i t e  based on carbon b l a c k  f i l l e r s  h a s  received 

renewed a t t e n t i o n  r e c e n t l y  a t  ORNL ( E a t h e r l y  and Kennedy, 1971) ( s e e  F i g u r e  

2 1  4 ) .  Above about  7 x 1 0  n/cm2 t h e s e  materials e x h i b i t  a n  i s o t r o p i c  l i n e a r  

expans ion  a t  750°C. U n f o r t u n a t e l y  h i g h - f l u e n c e  d a t a  a t  h i g h e r  t e m p e r a t u r e s  

are n o t  a v a i l a b l e .  

It  i s  noteworthy t h a t  i n  t h e  range  900" t o  1200"C, t h e  breakaway expan- 

s i o n  a p p e a r s  t o  accelerate w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  b u t  above 1200°C i t  

a p p e a r s  t o  s low a g a i n .  There i s  c o n s i d e r a b l e  u n c e r t a i n t y  on t h i s  p o i n t ,  and 

t h e  d a t a  from v a r i o u s  i n v e s t i g a t o r s  ( s e e  F i g u r e s  3 and 5) appear  t o  c o n f l i c t  

somewhat i n  t h e  t r a n s i t i o n  r a n g e  from 1100" t o  1300°C- A d d i t i o n a l  d a t a  a r e  

needed t o  f u r t h e r  c l a r i f y  t h e  b e h a v i o r  of r e a c t o r  g r a p h i t e s  i n  t h e  r a n g e  900" 

t o  1400°C. 

D e t a i l e d  s t r u c t u r a l  examinat ions  of r e a c t o r  - g r a p h i t e s  b e f o r e  and a f t e r  

i r r a d i a t i o n  t o  h i g h  t e m p e r a t u r e s  and h i g h  f l u e n c e s  h a v e  been made by Thrower 

(May 1971)  u s i n g  X-ray d i f f r a c t i o n  and r e p l i c a  and t r a n s m i s s i o n  e l e c t r o n  

microscopy and by Engle  using a d e n s i m e t r i c  s e p a r a t i a n  t e c h n i q u e  coupled 

w i t h  X-ray d i f f r a c t i o n  and s c a n n i n g  e l e c t r o n  microscopy (Engle ,  1970; Engle ,  

August 1971; Engle  and Bokros, 1971) .  

Thrower (May 1971) examined e i g h t  g r a p h i t e s ,  f o r  which d i m e n s i o n a l  

change d a t a  had been o b t a i n e d  a t  900" t o  1 3 O O 0 C ,  f o r  s t r u c t u r e  and composi- 

t i o n .  

25,000, Thrower a t tempted  t o  i d e n t i f y  d i f f e r e n t  components of t h e  g r a p h i t e  

s t r u c t u r e s .  H e  i d e n t i f i e d  f o u r  d i s t i n c t l y  d i f f e r e n t  t y p e s  of p a r t i c l e s ,  n o t  

Using e l e c t r o n  t r a n s m i s s i o n  microscopy a t  m a g n i f i c a t i o n s  of about  



a l l  n e c e s s a r i l y  i n  any one g r a p h i t e :  (1) h i g h l y  c r y s t a l l i n e  p a r t i c l e s ,  

( 2 )  a h i g h l y  c r y s t a l l i n e - a p p e a r i n g  p a r t i c l e ,  b u t  a l s o  h i g h l y  deformed,  

(3 )  n e e d l e - l i k e  o r  whisker - type  p a r t i c l e s  (found i n  G i l s o c a r b o n  g r a p h i t e ) ,  

and ( 4 )  a c i r c u l a r  p a r t i c l e  composed of n e e d l e  o r  lamilar c r y s t a l l i t e s  

a r r a n g e d  i n  c o n c e n t r i c  c i rc les  as r o s e t t e s .  Thrower concluded t h a t  o n l y  

PGA, a h i g h l y  o r i e n t e d  g r a p h i t e ,  c o n t a i n e d  h i g h l y  c r y s t a l l i n e  p a r t i c l e s ,  

whereas  t h e  o t h e r  m a t e r i a l s , ' w h i c h  were i s o t r o p i c ,  were m u l t i p h a s e d .  

I n  h i s  d i s c u s s i o n s  Thrower c o n s i d e r s  t h e  mean b a s a l - p l a n e  s e p a r a t i o n  

of b o u n d a r i e s  which s ca t t e r  phonons (L ) r a t h e r  t h a n  t h e  X-ray de termined  

(L ) d i s t a n c e s  t o  d e s c r i b e  t h e  c r y s t a l l i t e  s i z e .  L i s  a b o u t  3 t o  5 t i m e s  

l a r g e r  t h a n  L and c o n t a i n s  a number of low a n g l e  t i l t  b o u n d a r i e s  which do 

n o t  s ca t t e r  phonons.  Thrower b e l i e v e s  b a s a l  p l a n e  d i f f u s i o n  of i n t e r s t i t i a l s  

can proceed through t h e  low a n g l e  b o u n d a r i e s  w i t h i n  L , b u t  n o t  t h e  bound- 

aries which d e f i n e  L , and t h e r e f o r e  L i s  a b e t t e r  measure of c r y s t a l l i t e  

s i z e  i n  t h e  a-axis d i r e c t i o n .  H e  concluded from exper iments  i n  p y r o l y t i c  

carbons  (Thrower, October  1968a) ( d i s c u s s e d  i n  S e c t i o n  3 )  t h a t  i n t e r s t i t i a l  

defects  may escape t o  basal  p l a n e  t w i s t  b o u n d a r i e s  by c -ax is  d i f f u s i o n  and 

n u c l e a t e  i n  t h e  t w i s t  b o u n d a r i e s .  H e  t h e n  assumed t h a t  a h igh- tempera ture  

d e f e c t  w i l l  behave s i m i l a r l y  i n  a r t i f i c i a l  g r a p h i t e s  and i n  p y r o l y t i c  mate- 

r i a l s  s i n c e  b o t h  have s i m i l a r  L v a l u e s .  

P 

a P 

a 

P 

P P 

C 

Thrower examined t h e  g r a p h i t e s  by t r a n s m i s s i o n  e l e c t r o n  microscopy a f t e r  

2 1  
i r r a d i a t i o n  t o  f l u e n c e s  of up t o  6 x 10 n/cm2 a t  900' o r  1 3 O O O C .  H e  

' .  observed d e f e c t  c l u s t e r s  o n l y  i n  t h e  h i g h l y  c r y s t a l l i n e  p a r t i c l e s .  However, 

h e  admi ts  "poor d i f f r a c t i o n  c o n d i t i o n s  i n  t h e  r e a c t o r  g r a p h i t e s  made an  



unambiguous i d e n t i f i c a t i o n  of t h e s e  d e f e c t s  i m p o s s i b l e . "  H e  reasoned  t h a t  

even though L v a l u e s  are  5 t i m e s  g r e a t e r  i n  t h e  annea led  p y r o l y t i c  g r a p h i t e  

t h a n  i n  r e a c t o r  g r a p h i t e ,  t h i s  s h o u l d  n o t  b e  i m p o r t a n t  s i n c e  t h e  s c a l e  of 

i n t e r s t i t i a l  n u c l e a t i o n  i s  g r e a t e r  t h a n  t h e  c r y s t a l l i t e  s i z e  i n  e i t h e r  mate- 

r i a l  whether  one u s e s  L o r  L . 

P 

a P 

H e  found no e f f e c t  on t h e  deformed p a r t i c l e s ,  a l t h o u g h  h e  b e l i e v e s  

s imi la r  d e f e c t s  t o  t h o s e  i n  t h e  h i g h l y  c r y s t a l l i n e  p a r t i c l e s  c o u l d  p o s s i b l y  

e x i s t ,  b u t  may b e  h idden  by t h e  v a r y i n g  c o n t r a s t  c o n d i t i o n s .  I n  c r y s t a l l i t e s  

of  t h e  n e e d l e  form t h e r e  w a s  some e f f e c t ,  b u t  no n u c l e a t e d  d e f e c t s  were ob- 

s e r v e d  and a s i m p l e  breakdown of t h e  s t r u c t u r e  was observed .  The i n i t i a l  

mass of needle- type  p a r t i c l e s  resembled a sponge a f t e r  i r r a d i a t i o n .  There 

were a l s o  s i g n s  of s t r u c t u r a l  d e g r a d a t i o n  i n  t h e  less c r y s t a l l i n e  o r  r o s e t t e  

p a r t i c l e s .  

A t  v e r y  h i g h  t e m p e r a t u r e s  (>12OO0C), Thrower e x p e c t s  t h e  dimensions of 

t h e  h i g h l y  c r y s t a l l i n e  p a r t i c l e s  t o  change, b u t  t o  m a i n t a i n  a c o n s t a n t  c r y s -  

t a l l i t e  volume s i n c e  t h e  v a c a n c i e s  and i n t e r s t i t i a l s  are s e p a r a t e d  by t he  

l a t t e r  d i f f u s i n g  a l o n g  nonbasa l  d i s l o c a t i o n s .  The n e e d l e - l i k e  c r y s t a l l i t e s  

g i v e  b e t t e r  d imens iona l  s t a b i l i t y  t h a n  t h e  r o s e t t e  a r rangements  a f t e r  i rra- 

d i a t i o n  a t  900°C. 

Engle  (1970) a l s o  examined a number of g r a p h i t e s  by a t e c h n i q u e  of com- 

m i n u t i n g  t h e  g r a p h i t e s  t o  s m a l l  p a r t i c l e s  (0.1 t o  40 pm) fo l lowed by s e p a r a -  

t i o n  a c c o r d i n g  t o  t h e i r  l i q u i d  immersion d e n s i t y .  The d e n s i t y  f r a c t i o n s  

were examined f o r  s t r u c t u r e  by X-ray d i f f r a c t i o n  and s c a n n i n g  e l e c t r o n  



' 

microscopy.  Engle found t h a t  a n i s o t r o p i c  needle-coke r e a c t o r  g r a p h i t e s ,  

e s p e c i a l l y  t h o s e  t h a t  had been impregnated,  c o n t a i n e d  a wide r a n g e  of c r y s -  

t a l l i t e  s i z e s  (L 

p a r t i c l e  d e n s i t y ,  whereas  n e a r - i s o t r o p i c  m a t e r i a l s  such  as G i l s o c a r b o n  

g r a p h i t e s  had a narrow band of  c r y s t a l l i t e  s i z e s  (350 t o  550 A ) .  High- 

0 

v a l u e s  from 350 t o  1600 A )  v a r y i n g  s y s t e m a t i c a l l y  w i t h  
C 

0 

d e n s i t y  i s o t r o p i c  g r a p h i t e s  which have no o b s e r v a b l e  b i n d e r  phase  were found 

t o  have c r y s t a l l i t e  s i z e s  o f ' a b o u t  400 A w i t h  l i t t l e  v a r i a t i o n .  Micro- 
0 

g r a p h i c  and s c a n n i n g  e l e c t r o n  microscopy s t u d i e s  showed t h e  p a r t i c l e s  from 

low-dens i ty  f r a c t i o n s  of t h e  needle-coke g r a p h i t e s  t o  b e  equiaxed  and i s o -  

t r o p i c ,  whereas  t h o s e  from t h e  h i g h - d e n s i t y  f r a c t i o n s  were needle-shaped 

and a n i s o t r o p i c .  

P o r o s i t y  was i d e n t i f i e d  i n  t h r e e  domains of  t h e  g r a p h i t e  m i c r o s t r u c -  

t u r e s :  i n t e r c r y s t a l l i t e  p o r e s  o r  d e f e c t s ,  p o r e s  t h a t  are  e x t e r n a l  t o  t h e  

i n d i v i d u a l  d e n s i t y - f r a c t i o n  p a r t i c l e s  b u t  c l o s e d  t o  measuring l i q u i d s  i n  

t h e  b u l k  sample,  and l a r g e  open p o r e s  due t o  g r i s t  p a r t i c l e  mismatches o r  

f r o z e n  i n  p o r e s  t h a t  formed d u r i n g  c a r b o n i z a t i o n  and g r a p h i t i z a t i o n .  T h i s  

t e c h n i q u e  a l l o w s  a q u a l i t a t i v e  e v a l u a t i o n  of s t r u c t u r a l  changes d u r i n g  i r ra -  

d i a t i o n  (Engle,  August 1971; Engle  and Bokros,  1971) .  The r e s u l t s  a re  i l l u s -  

t r a t e d  by t h e  series of d e n s i t y  c u r v e s  i n  F i g u r e  8. The b u l k  volume c o n t r a c -  

. .  ~. 

t i o n  rates were found t o  b e  s imilar  f o r  a weak, a n i s o t r o p i c  g r a p h i t e  and a 

s t r o n g ,  i s o t r o p i c  g r a p h i t e  (see F i g u r e  8a), b u t  t h e  b u l k  volume expans ion  

r a t e  a f t e r  tu rnaround w a s  much h i g h e r  f o r  t h e  weak, a n i s o t r o p i c  mater ia l  

( a l s o  compare d a t a  i n  F i g u r e s  3 ,  4 ,  5, and 6 ) .  T h i s  b e h a v i o r  was a l s o  found 

f o r  t h e  s o l i d  s t r u c t u r e  (see F i g u r e  8b) .  However, c r y s t a l l i t e  c l u s t e r s  (de- 

f i n e d  as t h e  small s i n k - f l o a t  p a r t i c l e s )  (Engle ,  1970) of b o t h  t y p e s  of 



6iJ material  expanded immediately d u r i n g  i n i t i a l  b u l k  c o n t r a c t i o n ,  w i t h  t h e  

weaker ,  h i g h l y  o r i e n t e d  g r a p h i t e s  expanding a t  a g r e a t e r  r a t e  t h a n  t h e  s t r o n -  

g e r  i s o t r o p i c  g r a p h i t e s  ( F i g u r e  8 c ) .  P o r e s  e x t e n d i n g  o v e r  d imens ions  much 

l a r g e r  t h a n  c r y s t a l l i t e  dimensions and l o c a t e d  between c r y s t a l l i t e  c l u s t e r s  

were found t o  b e  e l i m i n a t e d  d u r i n g  d e n s i f i c a t i o n ,  a p p a r e n t l y  by t h e  c r y s t a l -  

l i t e  c-ax is  expans ion .  The r a t e  of e l i m i n a t i o n  of t h e s e  p o r e s  i n c r e a s e d  

w i t h  i n c r e a s i n g  i r r a d i a t i o n  tempera ture .  

. - - . -  - - 
~ -~ 

The s u r p r i s i n g  a s p e c t  of  t h i s  experiment  w a s  t h e  o b s e r v a t i o n  t h a t  t h e  

mean v a l u e  of t h e  c r y s t a l l i t e  c l u s t e r s  ( r e p r e s e n t e d  by t h e  mean d e n s i t y  of 

t h e  s i n k - f l o a t  p a r t i c l e s )  w a s  observed t o  d e c r e a s e  i n  a l l  g r a p h i t e s ,  w h i l e  

t h e  s o l i d  and b u l k  d e n s i t i e s  were i n c r e a s i n g  (see F i g u r e  8 ) .  This  s u g g e s t s  

t h a t  m i c r o p o r o s i t y  i s  g e n e r a t e d  immediately a t  t h e  c r y s t a l l i t e  l eve l  c a u s i n g  

expans ion  of t h e  c r y s t a l l i t e  c l u s t e r s ,  and t h a t  accommodation of c -ax is  ex- 

p a n s i o n  r e s u l t s  from c l o s u r e  of much l a r g e r  c r a c k s  o r  p o r e s  which e x t e n d  

through t h e  m i c r o s t r u c t u r e  o v e r  much l a r g e r  d i s t a n c e s  t h a n  c r y s t a l l i t e  dimen- 

s i o n s  r a t h e r  t h a n  p o r e s  a s s o c i a t e d  w i t h  c r y s t a l l i t e s .  

P o r e s  were observed t o  form between f i l l e r  p a r t i c l e s  d u r i n g  t h e  expan- 

s i o n  phase  a t  h i g h  f l u e n c e s ,  a c c o u n t i n g  f o r  t h e  l a r g e  volume expans ions  of 

t h e  g r a p h i t e s  (see F i g u r e  7 ) .  The ease of f o r m a t i o n  of t h e s e  p o r e s  and 

c r a c k s  and t h e  expans ion  ra te  a f t e r  tu rnaround were found t o  b e ,  i n  a 

q u a l i t a t i v e  manner, dependent  on t h e  volume p e r c e n t  of h i g h l y  g r a p h i t i c  

( low-s t rength)  m a t e r i a l  i n  t h e  s t r u c t u r e .  

w i t h  t h o s e  o b t a i n e d  c o n c u r r e n t l y  on t h e  p y r o l y t i c  carbons,  L e . ,  t h a t  

s t r o n g  i s o t r o p i c  s t r u c t u r e s  are more s t a b l e  t h a n  a n i s o t r o p i c  s t r u c t u r e s  

d u r i n g  h igh- tempera ture  i r r a d i a t i o n .  

These r e s u l t s  were c o n s i s t e n t  



The complex b e h a v i o r  of a r t i f i c i a l  b o d i e s  a t  h i g h  f l u e n c e s  w a s  i n t e r -  

p r e t e d  q u a l i t a t i v e l y  by Engle  and Bokros based on t h e i r  s t u d i e s  of p y r o l y t i c  

carbons  and r e a c t o r  g r a p h i t e s  (Engle and Bokros, 1971) .  A s  t h e  c r y s t a l l i t e s  

i n  a n  a g g r e g a t e  change shape ,  t h e  i n t e r a c t i o n s  between c r y s t a l l i t e s  are  a t  

f i r s t  accommodated by i n t e r n a l  p o r o s i t y .  Under t h e s e  c i r c u m s t a n c e s ,  t h e  

b e h a v i o r  of t h e  b u l k  i s  c o n t r o l l e d  by t h e  b e h a v i o r  of u n r e s t r a i n e d  c r y s t a l -  

l i t e s .  

gone, t h e  i n t e r a c t i o n s  between c r y s t a l l i t e s  become i n t e n s e .  Stresses between 

c r y s t a l l i t e s  r ise  and new p o r e s  form e i t h e r  by s t r e s s - d i r e c t e d  d i f f u s i o n  of 

v a c a n c i e s  o r  by f r a c t u r e  a t  b o u n d a r i e s .  A s  a r e s u l t  of t h e s e  i n t e r a c t i o n s ,  

t h e  c r y s t a l  s t r u c t u r e  i s  degraded ,  c a u s i n g  a n  a c c e l e r a t i o n  i n  t h e  r a t e  a t  

A t  h i g h  f l u e n c e s ,  hoGever, when t h e  i n t e r n a l  p o r o s i t y  i s  n e a r l y  

which t h e  c r y s t a l l i t e s  change dimension and i n  p o r e  g e n e r a t i o n .  P o r e  genera-  

t i o n  i s  r e t a r d e d  i n  t h e  h i g h - s t r e n g t h ,  i s o t r o p i c  g r a p h i t e s  and t h e  explana-  

t i o n s  g i v e n  p r e v i o u s l y  f o r  p y r o l y t i c  carbons  h o l d  f o r  t h e  g r a p h i t e s .  

P i t n e r  ( J u l y  1971)  and Gray and P i t n e r  (1971) i r r a d i a t e d  about  20 g r a d e s  

of  g r a p h i t e  t o  1 5  x 1021 n/cm2 a t  1000" t o  1200°C. A t  1000" t o  1200°C t h e y  

found t h a t  d imens iona l  d i s t o r t i o n s  w e r e  s i m i l a r  t o  t h o s e  observed  a t  lower 

t e m p e r a t u r e s  b u t  t h a t  t h e y  o c c u r r e d  a t  a h i g h e r  r a t e .  Above 1 2 O O O C  t h e  ex- 

p a n s i o n  r a t e  a f t e r  tu rnaround i n  t h e  r a d i a l  d i r e c t i o n  was c o n s i d e r a b l y  re- 

duced from t h a t  a t  1000° t o  1200°C (see F i g u r e  3 ) .  Dimensional  changes of 

h i g h - d e n s i t y ,  h i g h - s t r e n g t h  i s o t r o p i c  g r a p h i t e s  w i t h  h i g h  t h e r m a l  e x p a n s i v i t y  

-1 v a l u e s  (%7 x lom6 "C 

of a n i s o t r o p i c  m a t e r i a l s ,  tu rnaround w a s  s l o w e r ,  and expans ion  was d e l a y e d .  

The i s o t r o p i c  g r a p h i t e s  showed r a p i d  expans ion  a t  t h e  o n s e t  of i r r a d i a t i o n  

b u t  d e c r e a s e d  t o  n e a r l y  z e r o  f o r  h i g h - d e n s i t y  materials and became n e g a t i v e  

) were more i s o t r o p i c  and of lower magnitude t h a n  t h o s e  



2 f o r  low-dens i ty  mater ia ls  a f t e r  2 x lo2' n/cm . Expansion a g a i n  became 

p r e v a l e n t  a f t e r  n/cm , b u t  t h e  r a t e  of expans ion  w a s  l e s s  t h a n  f o r  2 

a n i s o t r o p i c  g r a p h i t e s .  Above 12OOOC t h e s e  g r a p h i t e s  c o n t r a c t e d  s l i g h t l y .  

Gray and P i t n e r  b e l i e v e  t h e  s lower  expans ion  rates observed  above 

12OO0C, i n  comparison w i t h  t h o s e  a t  1000° t o  1200°C i n  their expe r imen t s ,  

can  b e  e x p l a i n e d  by invok ing  a h i g h e r  c r e e p  c o n s t a n t  t h a t  a l l o w s  p l a s t i c  

de fo rma t ion  r a t h e r  t han  f r a c t u r e  t o  accommodate d i f f e r e n t i a l  c r y s t a l  s t r a i n s  

(Gray and P i t n e r ,  1971).  
i 7 -  

- _ -  

P i t n e r  (October  1971) (see F i g u r e  6 )  has i r r a d i a t e d  f i n e - g r a i n e d ,  

i s o t r o p i c ,  h i g h - s t r e n g t h ,  high-CTE materials. These matexials r e p r e s e n t  a 

growing class of g r a p h i t e s  t h a t  have a v e r y  uni form s t r u c t u r e  w i t h  s m a l l ,  

equiaxed  f i l l e r  p a r t i c l e s  that are d i f f i c u l t  t o  d i s t i n g u i s h  (see Tab le  1 ) .  

No c o n t i n u o u s  b i n d e r  phase  i s  e v i d e n t  i n  t h i s  c l a s s  of g r a p h i t e s ,  and t h e  

b i n d e r - f i l l e r  s e p a r a t i o n  t h a t  i s  p r e s e n t  a l o n g  t h e  b a s a l  p l a n e  s u r f a c e s  of 

t h e  f i l l e r  p a r t i c l e s  i n  t h e  needle-coke g r a p h i t e s  i s  n o t  s e e n  i n  t h e s e  mate- 

r i a l s .  I n t r a p a r t i c l e  c r a c k s  are a l s o  a b s e n t .  

P i t n e r  found t h e s e  m a t e r i a l s  t o  expand w i t h  f l u e n c e  (see F i g u r e  6 )  dur-  

i n g  t h e  e a r l y  s t a g e s  of i r r a d i a t i o n  a t  ~lOOO"C, and q u i c k l y  s a t u r a t e  a t  low 

f l u e n c e s  whereas  c o n v e n t i o n a l  g r a p h i t e s  c o n t r a c t e d .  P i t n e r  b e l i e v e s  t h a t  

under  i r r a d i a t i o n ,  t h e  c -ax i s  expans ion  of t h e  c r y s t a l l i t e s  i n  t h e  b i n d e r l e s s  

materiais a p p e a r s  immedia te ly  as a b u l k  expans ion  a t  low f l u e n c e s  r a t h e r  t h a n  

b e i n g  accommodated by b a s a l  p l a n e  c r a c k s ,  which i s  b e l i e v e d  t o  o c c u r  i n  con- 

ven t iona l .  a n i s o t r o p i c  g r a p h i t e s .  



2 A t  '~1000°C and a f t e r  h i g h  n e u t r o n  exposures  (>loz2 n/cm ), t h e s e  graph- 

i t e s  began t o  expand a g a i n ,  a p p a r e n t l y  cor responding  t o  t h e  u l t i m a t e  high-  

exposure  expans ion  s e e n  i n  c o n v e n t i o n a l  g r a p h i t e s .  However, t h i s  growth 

took p l a c e  a t  a s i g n i f i c a n t l y  de layed  f l u e n c e  and reduced r a t e  from t h a t  of  

c o n v e n t i o n a l  g r a p h i t e s .  P i t n e r  p o s t u l a t e d  t h a t  t h i s  improved b e h a v i o r  may 

b e  due t o  t h e  e x c e p t i o n a l l y  good bonding q u a l i t y  among t h e  p a r t i c l e s ,  as 

ev idenced  from t h e i r  h i g h  s t r e n g t h s .  D i s t o r t i o n s  g e n e r a t e d  by p a r t i c l e  

expans ions  may b e  r e s t r a i n e d  by t i g h t  bonding among t h e  p a r t i c l e s ,  a l l o w i n g  

i r r a d i a t i o n  c r e e p  t o  accommodate some of t h e  s t r a i n s  w i t h o u t  f r a c t u r e .  

Consequent ly ,  t h e  l a r g e  d e g r e e  of c r a c k  g e n e r a t i o n  a s s o c i a t e d  w i t h  high-  

exposure  expans ion  i n  c o n v e n t i o n a l  g r a p h i t e s  may n o t  b e  observed i n  t h e s e  

materials,  and t h e  growth ra te  may-be reduced.  The s t r u c t u r a l  i n t e g r i t y  a t  

h i g h  f l u e n c e s  w a s  s u b s t a n t i a t e d  by s t r e n g t h  measurements.  

A t  t e m p e r a t u r e s  above 1200°C, t h e s e  materials c o n t r a c t e d  from t h e  o n s e t  

o f  i r r a d i a t i o n  r a t h e r  t h a n  expanding. T h i s  b e h a v i o r  w a s  b e l i e v e d  t o  b e  due 

t o  t h e  i n c r e a s e d  i r r a d i a t i o n - i n d u c e d  c r e e p  r a t e  of t h e  g r a p h i t e  a t  tempera- 

t u r e s  above 1200°C. 

3 Low-density g r a d e s  of h i g h - s t r e n g t h  i s o t r o p i c  g r a p h i t e s  (p = 1.5  g/cm ) 

were a l s o  i r r a d i a t e d  and appear  t o  have i n c r e a s e d  l i f e t i m e s  o v e r  t h e  h i g h e r  

d e n s i t y  g r a d e s  (p = 1 . 8  g/cm ). T h i s  i s  b e l i e v e d  t o  b e  t r u e  because  a t  950" 3 

t o  l l O O ° C ,  t h e  i n i t i a l  expans ion  f o r  t h e  low-densi ty  materials was fo l lowed 

by c o n t r a c t i o n  t o  a p o i n t  less t h a n  t h e  o r i g i n a l  sample l e n g t h ,  and t h e  

u l t i m a t e  h i g h - f l u e n c e  expans ion  was a l s o  de layed .  Above 120OoC t h e  g r e a t e r  

c o n t r a c t i o n s  a l s o  s u g g e s t  t h a t  h i g h e r  exposures  w i l l  b e  reached  b e f o r e  a n e t  

expans ion  i s  exper ienced .  



B l a c k s t o n e  e t  a l .  (1969, 1971) i r r a d i a t e d  G i l s o c a r b o n  g r a p h i t e s  a t  

900" and 1200°C (see F i g u r e  5).  I n  t h e s e  s t u d i e s  t h e y  a t t e m p t e d - t o  c o r r e -  

l a t e  on a s t a t i s t i c a l  b a s i s  r e l a t i o n s h i p s  between p r o p e r t i e s  s u c h  as Young's 

modulus and d e n s i t y  and i r r a d i a t i o n  b e h a v i o r .  

c o r r e l a t i o n s  between p r e i r r a d i a t i o n  p r o p e r t i e s  and d i m e n s i o n a l  changes 

e x c e p t  t h a t  a h i g h  i n i t i a l  Young's modulus w a s  a s s o c i a t e d  w i t h  a h i g h e r  

i n i t i a l  c o n t r a c t i o n  r a t e  a t  1200°C. 

They c o u l d  n o t  e s t a b l i s h  

- 

I n  c o n n e c t i o n  w i t h  t h e  m o l t e n - s a l t  r e a c t o r  program, E a t h e r l y  and Kennedy 

(1971) have i n v e s t i g a t e d  t h e  b e h a v i o r  of g r a p h i t e s  a t  700°C t o  f l u e n c e s  up t o  

4.5 x 10'' n/cm* ( s e e  F i g u r e  4 ) .  T h i s  program i s  noteworthy f o r  t h e  wide 

v a r i e t y  of materials i n v e s t i g a t e d ,  many of which were f a b r i c a t e d  a t  ORNL o r  

a t  t h e  Y-12 Development L a b o r a t o r y  (Kennedy, 1970; O v e r h o l s e r ,  1969) .  Hence 

t h e  raw materials and f a b r i c a t i o n  h i s t o r y  a re  comple te ly  known. I n c l u d e d  i n  

t h i s  work a re  sets of materials w i t h  a p p r o x i m a t e l y  t h e  same c r y s t a l l i t e  s i z e  

b u t  v a r y i n g  o r i e n t a t i o n  p a r a m t e r s .  S i n c e  t h e  v o l u m e t r i c  changes t a k i n g  p l a c e  

i n  t h e  b u l k  material i n v o l v e  b o t h  t h e  c r y s t a l l i t e s  and p o r e s ,  i t  is  g e n e r a l l y  

n o t  p o s s i b l e  t o  deduce t h e  c r y s t a l l i t e  b e h a v i o r  from t h e  b u l k  b e h a v i o r .  

Kennedy (1969, 1970) h a s  h y p o t h e s i z e d  t h a t  t h e  changes i n  p o r e  volume would 

n o t  b e  s i g n i f i c a n t  when t h e  r a t e  of change of b u l k  volume w i t h  f l u e n c e  i s  

z e r o ,  a n  assumpt ion  t h a t  would b e  e x a c t  i f  t h e  p o r e s  were n o t  p r e f e r e n t i a l l y  

o r i e n t e d  and t h e  c r y s t a l l i t e s  were c h a n g i n g s h a p a  a t  c o n s t a n t  volume. Thus,  

t h e  l i n e a r  d i m e n s i o n a l  changes o c c u r r i n g  a t  t h e  i n s t a n t  t h e  volume change 

rate goes  t o  zero  are  c h a r a c t e r i s t i c  of t h e  c r y s t a l l i t e  d i m e n s i o n a l  change 
q v \ j v  

& I  
ra tes .  H e  t h u s  o b t a i n s  c u r v e s  s imi la r  t o  t h o s e  of Eokros- (19Zt)  t o r  



p y r o l y t i c  carbons ,  and t h e  c r y s t a l l i t e  growth ra tes  i n  b u l k  a r t i f i c i a l  

g r a p h i t e  are  i d e n t i c a l  t o  t h o s e  o b t a i n e d  by Bokros,,(l967). 
a f l ~  R- 1 

These i n v e s t i g a t o r s  have  a l s o  d i v i d e d  t h e i r  material  i n t o  t h r e e  g e n e r a l  

classes, based  upon t h e i r  d i m e n s i o n a l  b e h a v i o r  ( E a t h e r l y  and Kennedy, 1971) .  

The f i r s t  c lass  i s  d e f i n e d  as c o n v e n t i o n a l  i n  t h e  s e n s e  of S e c t i o n  2 ,  and 

i s  c h a r a c t e r i z e d  by r a p i d  s h r i n k a g e  fo l lowed by r a p i d  expans ion  a l o n g  a 

r o u g h l y  p a r a b o l i c  c u r v e .  The second c lass  i s  termed m o n o l i t h i c  ( h i g h  den- 

sity, h i g h  s t r e n g t h ) ,  and i s  c h a r a c t e r i z e d  by a l o n g  i n d u c t i o n  p e r i o d  of 

r e l a t ive  s t a b i l i t y  b e f o r e  p a r a b o l i c  expans ion  o c c u r s .  The t h i r d  c lass  i s  

g r a p h i t e s  based upon b l a c k s  as f i l l e r s ,  which p o s s e s s  a l i n e a r  expans ion  

c u r v e  above 7 x lo2' n/crn2 a t  715°C (see F i g u r e  4 ) .  E a t h e r l y  (1969) h a s  

d e r l v e d  a n  e q u a t i o n  based  on u n r e s t r a i n e d  c r y s t a l  growth w i t h  r e s u l t a n t  

p o r e  g e n e r a t i o n  which r e s u l t s  i n  a p a r a b o l i c  breakaway expans ion  and pre-  

d i c t s  b o t h  t h e  magni tude  and o r i e n t a t i o n  e f f e c t s .  

They b e l i e v e  t h e  l o n g  i n d u c t i o n  p e r i o d  of t h e  m o n o l i t h i c - t y p e  g r a p h i t e s  

is a s s o c i a t e d  w i t h  t he  po re  t e x t u r e  and a h igh  d e g r e e  of p l a s t i c  f l o w .  T h e  

ORNL group h a s  u t i l i z e d  r a w  i s o t r o p i c  cokes (such as t h o s e  made from air-  

blown a s p h a l t e n e s )  coupled w i t h  i n t e n s i v e  mixing t o  produce  m o n o l i t h i c  graph- 

i t e s .  The r e s u l t a n t  materials had r e l a t i v e l y  h i g h  expans ion  c o e f f i c i e n t s ,  

i s o l a t e d  s p h e r i c a l  p o r e s ,  and h i g h  s t r a i n - t o - f a i l u r e .  The monol i th ic - type  

s t r u c t u r e ,  i n  t h i s  case a t  l eas t ,  is  a t t r i b u t e d  t o  t h e  h i g h  chemica l  a c t i v i t y  

of t h e  r a w  coke and i t s  i n t e r a c t i o n  w i t h  t h e  b i n d e r .  

D e l l e  ( l 9 7 l ) - m d  Delle and Vohler  (1971) d i s c u s s e d  t h e  i n f l u e n c e  of t h e  
1 

raw materials used f o r  t h e  manufac ture  of n u c l e a r  g r a p h i t e s  on t h e i r  



-. 
b e h a v i o r  under  h i g h - f l u x  f a s t - n e u t r o n  i r r a d i a t i o n s  and s t u d i e d  r e s u l t i n g  

changes i n  l i n e a r  d imens ions  and p h y s i c a l  p r o p e r t i e s ,  i n  p a r t i c u l a r  t h e  

i n f l u e n c e s  of d i f f e r e n t  g r a i n  t y p e s ,  b i n d e r  t y p e s ,  and b i n d e r  c o n t e n t s .  

J 

I n  d e s c r i b i n g  t h e i r  d a t a ,  Delle and Vohler  assumed t h a t  p o l y c r y s t a l l i n e  

g r a p h i t e  c o n s i s t e d  of w e l l  and p o o r l y  o r d e r e d  r e g i o n s ,  s imilar  t o  t h e  e a r l y  

i d e a s  of d e  Halas and Yoshikawa (1962).  Delle p r e s e n t s  an  e q u a t i o n  t o  rep-  

resent d i m e n s i o n a l  changes and i n d i c a t e s  i t  is  p o s s i b l e  t o  t a k e  a c c o u n t  of t h e  

i r r a d i a t i o n - i n d u c e d  o r d e r i n g  of  p o o r l y  g r a p h i t i z e d  r e g i o n s  by a s h r i n k a g e  

term. An expans ion  term w a s  added a l l o w i n g  f o r  l a t t i c e  expans ions  i n  t h e  
> 

c - d i r e c t i o n ,  a s  w e l l  as a s h r i n k a g e  t e r m  a l l o w i n g  f o r  t h e  l a t t i c e  c o n t r a c -  

t i o n  i n  t h e  a - d i r e c t i o n .  The expans ion  i s  reduced by p o r o s i t y ;  i . e . ,  t h e  

c r y s t a l l i t e s  may expand i n t o  t h e  p o r e s  w h i l e  t h e  d imens ions  of t h e  b u l k  are  

n o t  a f f e c t e d  t o  t h e  same e x t e n t .  When t h e  p o r e s  c l o s e  a t  s u f f i c i e n t l y  h i g h  

f l u e n c e s ,  t h e  expans ion  term i n c r e a s e s  and predominates  o v e r  t h e  s h r i n k a g e  

term. Such p o r e s  are more abundant  i n  g r a p h i t e s  b a s e d  on p i t c h  o r  pe t ro leum 

cokes ,  b u t  are n o t  abundant  i n  n a t u r a l  g r a p h i t e s .  

g r a p h i t e  t h e r e f o r e  predominates  a t  r e l a t i v e l y  l o w  f l u e n c e s .  

The expans ion  i n  n a t u r a l  

Delle b e l i e v e s  from o x i d a t i o n  s t u d i e s  t h a t  t h e  b i n d e r  coke composes 

t h e  p o o r l y  g r a p h i t i z e d  r e g i o n s  of t h e  b u l k  material and t h a t  t h e  s h r i n k a g e  

term becomes h i g h e r  w i t h  i n c r e a s i n g  b i n d e r  c o n t e n t .  A h i g h e r  s h r i n k a g e  i s  

o b t a i n e d  by t h e  u s e  of r e s i n  b i n d e r s  i n s t e a d  of  p i t c h  b i n d e r s  where p r o c e s s -  

i n g  i s  a p p a r e n t l y  o t h e r w i s e  t h e  same. 



. .  

Delle and Vohler discussed the expansion of graphites after turnaround, 

Beyond the turnaround of the dimensional changes, a relative increase in the 

porosity was observed as a result of the development of new micropores due 

to internal stresses during the expansion of the crystallites and the newly 

developed macropores. The newly formed porosity was quite different from 

that before irradiation with respect to pore size distribution and the 

total size of the pores. 

The behavior of four extruded graphites was discussed by Nettley and 

Martin (1966). All four graphites were manufactured from cokes and binders 

that yielded well graphitized material when they were heat treated at about 

2800OC. The materials included an anisotropic graphite (PGA) and three near- 

isotropic graphites. They found the crystal strains in poorly graphitized 

material to be much larger than those in the well graphitized material when 

they were irradiated under similar conditions. 

4.5 Models to Explain Dimensional Changes 

A number of authors have attempted to relate structural characteristics 

and properties such as thermal expansivity, crystallite orientation, and 

crystallite change rates to bulk dimensional changes in artificial graphites 

and pyrolytic carbons. It is considered worthwhile to review the early work 

briefly and to present the more recent ideas. 

Simmons (1959, 1961) first proposed the following expression based on 

thermodynamic considerations: 



a RdR RdX RdX 
-x - - +(l-A)- 
Rxdy *x c y  C a x X d y  ’ 
. -  - 

where R is the length of the body in a particular direction x, y is the 

fast-neutron exposure, X is the dimension of an individual crystallite in 

X 

C 

the c-direction, and Xa is the crystallite dimension in the a-direction. 

A is a parameter characteristic of the direction of measurement, x, in a 

particular block of graphite. It is related to the way stress applied to 

the bulk material is distributed in the crystallites. 

X 

In practice, A is obtained from the thermal expansion coefficient, 

a of the body in the x-direction, using an expression analogous to the 

one used for irradiation-induced dimensional change: 

X 

X’ 
-- __ - .  

= A a + (1 - Ax)aa X x c  

where a and a are the single-crystal thermal expansion coefficients at 

the temperature of measurement. The derivation assumes that the material 

acts as a single phase. It is assumed that the effects of pores and micro- 

cracks are accounted for by their influence on the stress distribution among 

the crystallites and hence on Ax. 

C a 

An alternative but similar treatment by Price-and Bokros 0965) follows 

work on the thermal expansion of polycrystalline graphite by Bacon (1956)  

and by Sutton and Howard (1962). 

averaging the dimensional change of the constituent crystallites, taking 

The bulk dimensional change is obtained by 

.% .....- 



i n t o  account  t h e  p r e f e r r e d  o r i e n t a t i o n  of t h e  body. P a r t  of t h e  c - d i r e c t i o n  

c r y s t a l l i t e  expans ion  is  accommodated-by the c l e a v a g e  m i c r o c r a c k s  l y i n g  

p a r a l l e l  t o  t h e  b a s a l  p l a n e .  The r e s u l t i n g  e x p r e s s i o n  f o r  the i r r a d i a t i o n -  

induced  d imens iona l  change h a s  t h e  form: 

RdR RdX RdX 

R i s  a p r e f e r r e d  o r i e n t a t i o n  parameter  t h a t  may b e  o b t a i n e d  from X-ray 

d i f f r a c t i o n  measurements and depends on t h e  d e g r e e  of p r e f e r r e d  o r i e n t a t i o n  

and t h e  d i r e c t i o n  of measurement w i t h i n  a body. 

X 

i s  t h e  f r a c t i o n  of c r y s t a l l i t e  
rX' 

The "accommodation c o e f f i c i e n t , "  

expans ion  i n  t h e  c - d i r e c t i o n  t h a t  c o n t r i b u t e s  t o  t h e  b u l k  d i m e n s i o n a l  

change. It i s  a f u n c t i o n  of t h e  p r e f e r r e d  o r i e n t a t i o n  of t h e  body, of t h e  

d i r e c t i o n  of measurement, and of t h e  d e t a i l s  o f  t h e  m i c r o s t r u c t u r e .  I n  

p r a c t i c e  i t  i s  o b t a i n e d  from measurements of t h e  t h e r m a l  expans ion  c o e f f i -  

c i e n t  of t h e  body i n  t h e  r e q u i r e d  d i r e c t i o n  x, and t h e  f o l l o w i n g  formula:  

~1 = (1 .- R ) r  cx i- R,cx, 
X x x c  

The d e r i v a t i o n  a g a i n  assumes t h a t  t h e  m a t e r i a l  ac t s  as a s i n g l e  phase.  The 

e f f e c t  of t h e  b a s a l - p l a n e  m i c r o c r a c k s  i s  t a k e n  i n t o  account  by t h e  accommo- 

d a t i o n  c o e f f i c i e n t  Tx. 

e l a s t i c  r e s t r a i n t s ,  and accommodation of t h e  c r y s t a l  a - d i r e c t i o n  changes 

The e f f e c t s  of b u l k  p o r o s i t y ,  i n t e r c r y s t a l l i t e  

are n e g l e c t e d .  



The two models are  i d e n t i c a l  f o r  a n  i d e a l i z e d  case of a c rack-  and 

p o r e - f r e e  a g g r e g a t e  w i t h o u t  i n t e r c r y s t a l l i t e  r e s t r a i n t s .  Both models 

e x p l a i n  t h e  g e n e r a l  f e a t u r e s  of  t h e  observed  i r r a d i a t i o n - i n d u c e d  d i m e n s i o n a l  

changes i n  a sample of p o l y c r y s t a l . l i n e  g r a p h i t e  i n  terms of a c r y s t a l l i t e  

c - d i r e c t i o n  expans ion  and a n  a - d i r e c t i o n  c o n t r a c t i o n .  The i n c r e a s e s  i n  t h e  

t h e r m a l  expans ion  c o e f f i c i e n t  and t h e  i r r a d i a t i o n - i n d u c e d  growth r a t e  per-  

p e n d i c u l a r  t o  t h e  e x t r u s i o n  a x i s  t h a t  o c c u r  a t  t h e  "breakaway" p o i n t  d u r i n g  

i r r a d i a t i o n  are  e x p l a i n e d  i n  b o t h  cases by c l o s u r e  of t h e  o r i e n t e d  micro- 

c r a c k s .  
. -,-- 
:. _e... . . 

The v a l i d i t y  o f  t h e  e q u a t i o n s  w a s  t e s t e d  by P r i c e  and Bokros (1967)  by 

measuring t h e  d i m e n s i o n a l  changes i n  an o r i e n t e d  g r a p h i t e  body. P r i c e  and 

Bokros found t h a t  t h e  agreement  between measurements and t h e  r e l a t i o n s h i p s  

p r e d i c t e d  by t h e  s i n g l e - p h a s e  models f o r  i r r a d i a t i o n - i n d u c e d  d i m e n s i o n a l  

change i n  a r t i f i c i a l  g r a p h i t e s  showed such  models t o  b e  v a l i d  f o r  i r r a d i a -  

2 1  
t i o n s  i n  t h e  t e m p e r a t u r e  r a n g e  %500° t o  l l O O ° C  and f l u e n c e s  up t o  3 x 10 

n/cm , and t h e  Simmons model f i t t e d ' t h e  d a t a  s l i g h t l y  b e t t e r  t h a n  t h e  a l te r -  
2 

n a t e  model. The a d d i t i o n a l  s h r i n k a g e  i n  any n o n g r a p h i t i c  mater ia l  t h a t  may 

b e  p r e s e n t  was n o t  s u f f i c i e n t  t o  a f f e c t  t h e  s i n g l e - p h a s e  r e l a t i o n s h i p s .  

P e r k s  and Simmons (1966) and Henson, P e r k s ,  and Simmons (1968) have 

c o n t i n u e d  t h e  i r r a d i a t i o n  of g r a p h i t e s  begun i n  t h e i r  e a r l i e r  work t o  h i g h e r  

t e m p e r a t u r e s  and f l u e n c e s ,  where t h e  g r a p h i t e s  have t u r n e d  around and ex- 

panded,  and have  p r e s e n t e d  some f u r t h e r  i d e a s  d e a l i n g  w i t h  t h e  a n a l y s i s  of 

d i m e n s i o n a l  changes.  



P e r k s  and Simmons (1966) showed t h e i r  p r e v i o u s  r e l a t i o n s h i p s  (Simmons, 

1959, 1961)  t o  b r e a k  down a t  h i g h  i r r a d i a t i o n  f l u e n c e s .  A t  h i g h  f l u e n c e s  

t h e y  s p e c u l a t e  t h a t  r e s t r a i n t s  may n o t  b e  t h e  same f o r  t h e r m a l  expans ion  and 

i r r a d i a t i o n  growth due  t o  t h e  e f f e c t  of i r r a d i a t i o n  c r e e p .  These a u t h o r s  

s u g g e s t  how t h e i r  t h e o r y  of d i m e n s i o n a l  changes should  b e  modi f ied  t o  t a k e  

. i n t o  account  t h e  e f f e c t s  of i r r a d i a t i o n  c r e e p .  

- _ .  . - - - . ~- - -_ - - - - ~- - ~ - .  

- They s p e c u l a t e d  t h a t  t h e  p o r e  s p a c e  d i m i n i s h e s  i n  t h e  e a r l y  s t a g e s  of 

i r r a d i a t i o n  and a t  h i g h  f l u e n c e s  t h e r e  i s  some p o r e  g e n e r a t i o n  i n  t h e i r  

a n i s o t r o p i c  g r a p h i t e .  They f u r t h e r  concluded t h a t  t h e  i n c r e a s e  of p o r e  

volume i n  t h e i r  a n i s o t r o p i c  g r a p h i t e  a t  h i g h  f l u e n c e s  o c c u r s  between t h e  

g r i s t  p a r t i c l e s .  The e f f e c t  does n o t  appear  i n  t h e  i s o t r o p i c  g r a p h i t e ,  

presumably because  t h e  g r i s t - p a r t i c l e s  a r e  more n e a r l y  i s o t r o p i c  t h a n  t h o s e  

of t h e  a n i s o t r o p i c  g r a p h i t e .  

They b e l i e v e  from t h e  t h e o r y  o u t l i n e d  t h a t  a mater ia l  composed of i s o -  

t r o p i c  p a r t i c l e s  would, a f t e r  i n i t i a l  e f f e c t s  due t o  c l o s u r e  of t h e  c r a c k s  

and volume expans ion  of t h e  c r y s t a l s ,  become s t a b l e  a t  h i g h  f l u e n c e s .  

F u r t h e r  work by Henson, P e r k s ,  and Simmons (1968) concerned measure- 

ments  made on g r a p h i t e  i r r a d i a t e d  a t  900" and 135OoC, a t  400" t o  450"C, and 

a t  550" t o  650°C. L a t t i c e  parameter  changes were a l s o  measured on samples  

which had p r e v i o u s l y  been i r r a d i a t e d  i n  t h e  r a n g e  300" t o  650°C. 

, -\ 

I n  t h i s  s t u d y  t h e y  r e p o r t  t h e  a-spacing changes s a t u r a t e  a t  a l l  tempera.- 

t u r e s  i n  t h e  h i g h  f l u e n c e  i r r a d i a t i o n s ,  b u t  t h e  change i n  c -spac ing  t e n d s  t o  

i n c r e a s e  a t  t h e  h i g h e r  tempera ture .  



The a n a l y s i s  of t h e  l a t t i c e  parameter and d imens iona l  changes r e q u i r e d  

c e r t a i n  assumpt ions  and concep t s  r e l a t i n g  t o  t h e  n a t u r e  of i r r a d i a t i o n  dam- 

a g e  i n  g r a p h i t e .  Again,  t hey  assumed t h a t  p o l y c r y s t a l l i n e  g r a p h i t e  con- 

s i d e r e d  on a small enough scale can  b e  r ega rded  as a s i n g l e  m a t e r i a l ,  i n  

s p i t e  of t h e  complexi ty  o f  i t s  macroscopic  s t r u c t u r e ,  w i t h  a l lowance  made 

f o r  t h e  e f f e c t  of m i c r o s c o p i c  d e f e c t s  i n  t h e  l o c a l  s t r u c t u r e  and f o r  t h e  

e f f e c t  of t h e  macroscopic  s t h c t u r a l  v a r i a t i o n s .  

They a p p l i e d  growth e q u a t i o n s  from Pe rks  and Simmons (1966) t o  h i g h  

f l u e n c e  d a t a  and found t h e  most o u t s t a n d i n g  f e a t u r e  of t h e  growth c u r v e s  

t o  b e  t h e i r  upward t r e n d  a t  h i g h  s t r a i n s .  They b e l i e v e d  t h i s  w a s  due t o  

t h e  g e n e r a t i o n  of p o r o s i t y .  

They d e s c r i b e d  a mechanism f o r  p o r o s i t y  g e n e r a t i o n  d u r i n g  expans ion  

a t  h i g h  f l u e n c e s .  I n  t h i s  scheme, t h e  f r e e  growth r a t e  i n  a p a r t i c u l a r  

d i r e c t i o n  i n  t h e  g r a p h i t e  may v a r y  from p o i n t  t o  p o i n t  due t o  l o c a l  v a r i a -  

t i o n s  of p o r o s i t y  and o r i e n t a t i o n ,  and t h e s e  v a r i a t i o n s  g i v e  r i se  t o  i n t e r n a l  

stresses t h a t  w i l l  b e  reduced t o  some e x t e n t  by c r e e p  r e l a x a t i o n .  Creep  

r e l a x a t i o n  w i l l  s u p p r e s s  t h e  v a r i a t i o n  of growth r a t e  w i t h i n  t h e  b l o c k ,  b u t  

t h e  v a r i a t i o n s  shou ld  b e  a p p a r e n t  on t h e  s u r f a c e  of t h e  specimen.  They 

found t h e  s u r f a c e  of a n  a n i s o t r o p i c  g r a p h i t e  specimen,  which was i n i t i a l l y  

o p t i c a l l y  f l a t ,  had roughened.  They b e l i e v e  v a r i a t i o n s  of growth r a t e  o c c u r  

o v e r  q u i t e  l a r g e  volumes w i t h i n  an  a n i s o t r o p i c  g r a p h i t e .  
_ -  - _ _  __ - 



4 . 6  S i z e  E f f e c t  

I n v e s t i g a t o r s  a t  BNWL ( N i g h t i n g a l e  and Woodruff, 1964)  have r e p o r t e d  

t h a t  some l a r g e  r e a c t o r  g r a p h i t e  b l o c k s  measured i n  a r e a c t o r  a p p a r e n t l y  

c o n t r a c t  a t  a h i g h e r  r a t e  i n i t i a l l y  t h a n  smaller samples  of t h e  same mate- 

r i a l  i r r a d i a t e d  i n  c a p s u l e  e x p e r i m e n t s .  They r e p o r t e d  t h i s  e f f e c t  t o  b e  a 

f a c t o r  of 2 .  Gray and R u s s e l l  (1969) have  r e c e n t l y  r e p o r t e d  d a t a  which t h e y  

claim s u p p o r t  t h e  e x i s t e n c e  of a s i z e  e f f e c t  on t h e  i r r a d i a t i o n - i n d u c e d  con- 

t r a c t i o n  o f  n u c l e a r  g r a p h i t e ,  b u t  t h e  e f f e c t  is  n o t  as l a r g e  as o r i g i n a l l y  

r e p o r t e d  by N i g h t i n g a l e  and Woodruff. 

were q u i t e  scattered, t h e y c o n s i d e r e d  t h e  magnitude of t h e  observed  s i z e  e f f e c t  

Although t h e  d a t a  of Gray and R u s s e l l  

- .- 
t o  be t o o  l a r g e  t o  a t t r i b u t e  t o  e x p e r i m e n t a l  e r r o r .  

Gray b e l i e v e s  t h a t  p o s s i b l y  some f a c t o r  i n  a d d i t i o n  t o  s i z e ,  such  as  

p r e f e r r e d  o r i e n t a t i o n  e f f e c t s  o r  i r r a d i a t i o n  h i s t o r y ,  a f f e c t s  t h e  d imens iona l  

changes of t h e  l a r g e  b a r s .  

Horner e t  a l .  (1966) have measured g r a p h i t e  s t r u t s  a f t e r  i r r a d i a t i o n  
_ _  I: i 

i n  graphi te -modera ted  r e a c t o r s  i n  t h e  U n i t e d  Kingdom and compared t h e i r  

d i m e n s i o n a l  changes w i t h  s m a l l  samples  i r r a d i a t e d  i n  c a p s u l e s .  T h e i r  r e s u l t s  

i n d i c a t e  t h a t  t h e  d i m e n s i o n a l  changes i n  t h e  g r a p h i t e  s t r u t s  are i n  a g r e e -  

_ _ _ _  
ment w i t h  t h e  s m a l l  e n c a p s u l a t e d  samples .  

~ 



u 4.7  F a b r i c a t i o n  Versus I r r a d i a t i o n  E f f e c t s  

- - _ _  
Engle (August 1971) p r e p a r e d  and i r r a d i a t e d a t  1225°C t o  f l u e n c e s  o f  

2 1  11.5 x 10 n/cm2 a series of molded needle-coke g r a p h i t e s  where t h e  c o a l -  

tar  p i t c h  b i n d e r  coke w a s  v a r i e d  between 5 t o  1 4  p e r c e n t  by weight .  

The d i m e n s i o n a l  c h a n g e s ' i n  t h e  c - a x i s  d i r e c t i o n  were s e n s i t i v e  t o  t h e  

b inder -coke  f r a c t i o n ,  showing d e c r e a s i n g  expans ion  w i t h  i n c r e a s i n g  b i n d e r -  

coke c o n t e n t  and going  through a n  optimum a t  a b inder -coke  f r a c t i o n  of a b o u t  

11 w t  %. The a-axis d i r e c t i o n  changes were dependent  upon t h e  binder-coke 

c o n t e n t ,  showing l a r g e r  c o n t r a c t i o n s  by a f a c t o r  of 2 when t h e  binder-coke 

c o n t e n t  was h i g h .  Volumetr ic  expans ion  was l a r g e s t  when t h e  binder-coke 

c o n t e n t  w a s  low and smallest a t  t h e  optimum v a l u e  o f  11 w t  %. 

Rappeneau e t  a l .  (1971) i r r a d i a t e d  g r a p h i t e s  f a b r i c a t e d  from t h r e e  

cokes d e l i b e r a t e l y  chosen f o r  t h e i r  d i f f e r e n t  p r o p e r t i e s .  The f i r s t  w a s  a 

n e e d l e  coke  g i v i n g  s t r o n g l y  a n i s o t r o p i c  p r o p e r t i e s ,  t h e  second an  i s o t r o p i c  

Gilsocoke, and the third an intermediate fibrous coke. The graphitization 

ra tes  were v a r i e d  between 5O0C/hr and 3300"C/hr. 

t h e  p r o d u c t s  d e c r e a s e d  as t h e  g r a p h i t i z a t i o n  r a t e  i n c r e a s e d .  The t r u e  

d e n s i t i e s  d e c r e a s e d  a s  t h e  h e a t i n g  r a t e  i n c r e a s e d .  

The a p p a r e n t  d e n s i t y  of 

The g r a p h i t i z a t i o n  ra te  w a s  shown t o  i n f l u e n c e  t h e  micropore  s t r u c t u r e  

of  t h e  g r a p h i t e s  and w a s  b e l i e v e d  r e s p o n s i b l e  f o r  the  d imens iona l  b e h a v i o r  

of t h e s e  g r a p h i t e s  under i r r a d i a t i o n .  



Graphites graphitized at 50, 200, 500, 2000, and 3300"C/hr were irradi- 

ated between 470" and 560OC and to fluences of 5 to 8 x lo2' n/cm2. A s  the 

heating rate of graphitization increased, an increase in the contraction 

rate was observed, especially in the c-axis direction, and the contraction 

curve minimum moved toward higher fluences. 

Markel et al. (1968) prepared two controlled series of graphite speci- 

mens, where the graphitization rate was varied in one and the binder was 

graphitized at temperature intervals in the range 1300" to 2900°C in another. 

They found that increasing the graphitization rate produced a decrease in 

the bulk density, but the contraction rate was not affected during irradia- 

tion at 550" to 7OOOC to about 3 x 10 n/cm . An increase in contraction 

rate was found with decreasing processing temperature in the binder coke. 

20 2 

These authors concluded that the binder coke significantly contributes 

to the graphite irradiation dimensional.change when the degree of graphiti- 

zation of the binder coke is different. 

4.8 Summary 

. . -. . .__ . . . .. . 

. ,  I 

There appears to be almost unanimous agreement among the various inves- 

tigators that volume expansion after turnaround at high-temperatures results 

from pore generation and isotropic graphites with relatively high density 

and high strength are the most stable. These materials usually have rela- 

tively small crystallites, but their high strength offset the crystallite 

size effect and prevent pore generation which is responsible for the large 



volume expans ions  observed  i n  t h e  weaker more a n i s o t r o p i c  g r a p h i t e s .  

t h e r e  i s  good agreement  t h a t  t h e  lower p o r e  g e n e r a t i o n  r e s u l t s  from a 

h i g h e r  i r r a d i a t i o n - i n d u c e d  creep ra te  i n  t h e  i s o t r o p i c  materials t h a t  a l l o w s  

p l a s t i c  de fo rma t ion  t o  r e l i e v e  stresses. P y r o l y t i c  ca rbons  behave i n  a 

Again 

l i k e  manner. 

Dimensional  i n s t a b i l i t y . a p p e a r s  t o  b e  maximized i n  t h e  r ange  900' t o  

1200°C due t o  h i g h  expans ion  ra tes .  However, some d a t a  are  a v a i l a b l e  t o  

i n d i c a t e  t h a t  above 1200°C t h e  expans ion  r a t e  d e c r e a s e s  a g a i n .  

i s  needed t o  conf i rm t h i s  o b s e r v a t i o n .  :- 
More work 

Some p r o g r e s s  h a s  been made i n  s o r t i n g  o u t  t h e  m i c r o s t r u c t u r a l  and 

p o r o s i t y  changes  t h a t  occu r  a t  h i g h  t e m p e r a t u r e s  and h i g h  f l u e n c e s ,  b u t  t h e  

complexi ty  of r e a c t o r  g r a p h i t e  s t r u c t u r e s  p e r m i t s  on ly  q u a l i t a t i v e  i n t e r -  , 

p r e t a t i o n s  a t  t h i s  t i m e .  

C e r t a i n  r e l a t i v e l y  l a r g e  p o r e s  o r  c r a c k s  c l o s e  d u r i n g  d e n s i f i c a t i o n  due 

t o  c -ax is  expansion,  wh i l e  o t h e r  micropores are generated w i t h i n  o r  between 

c r y s t a l l i t e s .  Macroporos i ty  i s  g e n e r a t e d  when v o l u m e t r i c  expans ion  b e g i n s .  

Lack of q u a n t i t a t i v e  methods t o  a n a l y z e  p o r e  morphology and s t r u c t u r e  a f t e r  

i r r a d i a t i o n  c o n t i n u e s  t o  hamper s t u d i e s  i n  t h i s  area. 

E a r l y  models based  on t h e r m a l  expans ion  and c r y s t a l l i t e  o r i e n t a t i o n  

were s u c c e s s f u l  i n  p r e d i c t i n g  d imens iona l  changes  a t  low f l u e n c e s ,  b u t  are  

of l i t t l e  u s e  a t  h i g h  f l u e n c e s .  These models have  been updated  t o  conform 



u t o  r e c e n t  d a t a  o b t a i n e d  a t  h i g h  t e m p e r a t u r e s  and h i g h e r  f l u e n c e s  b u t  micro- 

s t r u c t u r a l  and p o r o s i t y  changes c o n t i n u e  t o  c o m p l i c a t e  t h e  e f f o r t s  t o  produce 

a t r u l y  q u a n t i t a t i v e  model. 

L imi ted  d a t a  are a v a i l a b l e  that a t t e m p t  t o  c o r r e l a t e  d i m e n s i o n a l  

changes w i t h  v a r i a t i o n s  of c e r t a i n  f a b r i c a t i o n  p r o c e s s e s  i n  c o n v e n t i o n a l  

b i n d e r - f i l l e r  cokes.  These s t u d i e s  show t h e  d imens iona l  changes  t o  b e  

s e n s i t i v e  t o  m a n i p u l a t i o n s  of t h e  b inder -coke  c o n t e n t .  



5. THERMAL PROPERTIES 

The important thermal properties with' respect to reactor design are 

thermal expansivity and thermal conductivity. 

Dimensional tolerances must be met in the initial design and maintained 

within tolerable limits during the life of the reactor. Thermal stresses in 

the graphite components during operation and shutdowns are critically depen- 

dent upon, among other properties, the thermal expansion coefficient and 

thermal conductivity of the graphite moderator blocks. 

sivity and high thermal conductivity values are desirable. 

ducted from the fuel to the coolant through the graphite in high-temperature 

gas-cooled reactor designs, and any adverse changes in the conductivity will 

affect the fuel operation temperature and the performance of the reactor. 

Thus, it is critically important that any changes in the thermal properties 

be minimized and known. 

Low thermal expan- 

Heat is con- 

5.1 - Thermal Expansivity 

In graphite crystals the thermal expansion coefficient parallel to the 

c-axis, ct 

negative at low temperatures, but becomes positive at about 400°C. 

measurements by a number of investigators on single crystals and later work 

is large and positive; that in the layer plane, ct a' is small and 
C Y  

Early 



on annea led  p y r o l y t i c  carbon,  a l o n g  w i t h  t h e  t h e o r e t i c a l  a n a l y s i s  of t h e  

t h e r m a l  expans ion ,  have been r e c e n t l y  summarized by Reynolds  (1968). 

The thermal  expans ion  of p o l y c r y s t a l l i n e  r e a c t o r  g r a p h i t e s  is u s u a l l y  

o n l y  a f r a c t i o n  of t h a t  o f  t h e  s i n g l e  c r y s t a l s .  For  t h e  volume c o e f f i c i e n t s  

cx t h e  f r a c t i o n  i s  u s u a l l y  %30%. Mrozowski (1956) s u g g e s t e d  that  the 

e x p l a n a t i o n  w a s  a s s o c i a t e d  w i t h  t h e  p o r o s i t y  and cracks of a r t i f i c i a l  mate- 

r i a l s .  These are p r e f e r e n t i a l l y  p l a n a r  and p a r a l l e l  t o  t h e  l o c a l  b a s a l  

p l a n e s ,  s o  t h a t  t h e y  p r e v e n t  t h e  h i g h  c -ax is  expans ion  from c o n t r i b u t i n g  i t s  

f u l l  q u o t a  t o  t h e  o v e r a l l  d imens iona l  changes.  I n  t h e  h i g h - d e n s i t y ,  h igh-  

V '  

s t r e n g t h  g r a p h i t e s  which are i s o t r o p i c ,  a more c l o s e l y  approaches  t h e  s i n g l e  

c r y s t a l  v a l u e .  The l i n e a r  v a l u e s  i n  a n i s o t r o p i c  g r a p h i t e s  are u s u a l l y  a n i s o -  

t r o p i c  i n  a p r o p o r t i o n  determined by t h e  r a w  m a t e r i a l s  and manufac ture ,  t h e  

a n i s o t r o p y  b e i n g  always less t h a n  t h a t  of t h e  s i n g l e  c r y s t a l .  

V 

- _  

, A number of i n v e s t i g a t o r s  have measured t h e  changes of t h e r m a l  expans iv-  

ity i n  r e a c t o r  g r a p h i t e s  as a f u n c t i o n  of n e u t r o n  f l u e n c e  a t  e l e v a t e d  temper- 

a t u r e  and t o  h i g h  f l u e n c e s  (Blacks tone  e t  a l . ,  1969;  D e l l e  and Vohler ,  1971 ;  

Engle, August 1971; Engle  and Bokros,  1971; Gray and P i t n e r ,  1971; Hankart  

e t  a l . ,  J u n e  and September 1971; P i t n e r ,  J u l y  1971) .  The c u r v e s  i n  F i g u r e  

9a from BNWL (Helm, 1969) and i n  F i g u r e  9b from Gulf Genera l  Atomic Company 

~~ 

(Engle,  August 1971) show t h e  changes i n  a n i s o t r o p i c  petroleum-coke graph-  

i tes .  The needle-coke g r a p h i t e s  i n c r e a s e  w i t h  f l u e n c e  a t  1000" t o  12OOOC 

21 2 up t o  a b o u t  20 x 10 n/cm , e x c e p t  f o r  one needle-cokegraphi tewhich  d i d  

n o t  change. The n e a r - i s o t r o p i c  g r a p h i t e s  from t h e  Dragon P r o j e c t  and Gulf 

G e n e r a l  Atomic Company (Blacks tone  e t  a l . ,  1969; Engle  and Bokros,  1971; 

Hankart  e t  a l . ,  . J u n e  and September 1971) t h a t  have o r i g i n a l  thermal  



e x p a n s i v i t y  v a l u e s  above t h o s e - o f  t h e  n e e d l e  coke ( s e e  F i g u r e s  9b and 9 c )  

, f i r s t  i n c r e a s e  s l i g h t l y  and t h e n  d e c r e a s e  w i t h  i n c r e a s i n g  f l u e n c e .  The 

changes i n  t h e r m a l  e x p a n s i v i t y  are s m a l l  a t  low f l u e n c e s  w h i l e  t h e  g r a p h i t e s  

a r e  d e n s i f y i n g ;  t h e  l a r g e  i n c r e a s e  o r  d e c r e a s e  accompanies t h e  volume expan- 
' 

s i o n s  t h a t  t a k e  p l a c e  a t  h i g h  f l u e n c e s  a f t e r  v o l u m e t r i c  tu rnaround ( s e e  

- - .  
F i g u r e s  3 through 6 ) .  

Thermal e x p a n s i v i t y  changes of h i g h - d e n s i t y ,  h i g h - s t r e n g t h  g r a p h i t e s ,  

-6 "c-l), which are  i s o t r o p i c  and which have l a r g e  u n i r r a d i a t e d  v a l u e s  (Q7 x 10 

are  shown i n  F i g u r e  9d a t  500" t o  1300°C ( P i t n e r ,  October  1971) .  A t  1000" 

t o  llOO°C, t h e  v a l u e s  d e c r e a s e  r a p i d l y  w i t h  f l u e n c e  u n t i l  t h e y  r e a c h  v a l u e s  

o f  about  2 x OC . The changes a t  1200" t o  1300°C are  less t h a n  t h o s e  -1 

a t  t h e  i n t e r m e d i a t e  t e m p e r a t u r e .  

Taken t o g e t h e r ,  t h e  d a t a  i n  F i g u r e s  9a through 9d show t h e  thermal  

e x p a n s i v i t i e s  of a n i s o t r o p i c  g r a p h i t e s  w i t h  low u n i r r a d i a t e d  t h e r m a l  expan- '  

s i v i t y  v a l u e s  i n c r e a s e ,  whereas  t h o s e  t h a t  are  i s o t r o p i c  w i t h  h i g h  u n i r r a -  

d i a t e d  v a l u e s  d e c r e a s e .  

. F i t z e r  e t  a l .  (1968) have a l s o  observed  a d e c r e a s e  i n  i s o t r o p i c  G i l s o -  

carbon g r a p h i t e s  a t  1200°C. H e l m  (1969) h a s  found t h e  same e f f e c t  on a 

number of i s o t r o p i c  g r a p h i t e s .  N e t t l e y  and M a r t i n  (1966) a l s o  found t h a t  

i n i t i a l l y  t h e  l i n e a r  t h e r m a l  expans ion  c o e f f i c i e n t s  of t h e  i s o t r o p i c  graph- 

i t e s  i n c r e a s e d  w i t h  f l u e n c e s ,  b u t  a t  h i g h  f l u e n c e s  d e c r e a s e d  a g a i n  d u r i n g  

i r r a d i a t i o n  a t  500" t o  750°C. 



Delle and Vohler  (1971)  have measured changes i n  t h e r m a l  e x p a n s i v i t y  

of petroleum-coke o r  p i t c h  g r a p h i t e s .  Below 600°C t h e  c o e f f i c i e n t  of l i n e a r  

t he rma l  expans ion  f i r s t  i n c r e a s e d  up t o  30% and remained h i g h  w i t h  i n c r e a s -  

i n g  f l u e n c e .  Above 600°C t h e  the rma l  expans ion  of t h e s e  m a t e r i a l s  d e c r e a s e d  

w i t h  i n c r e a s i n g  f l u e n c e .  They found t h a t  G i l soca rbon  g r a p h i t e c  showed l a r g e  

d e c r e a s e s  i n  t h e r m a l  e x p a n s i v i t y .  

The the rma l  expans ion  c o e f f i c i e n t s  of t h e  hot-worked g r a p h i t e  and mas- 

s ive  p y r o l y t i c  ca rbon  samples  i n  t h e  two p r i n c i p a l  d i r e c t i o n s  ( P r i c e ,  1969)  

are a l s o  o f  i n t e re s t  i n  u n d e r s t a n d i n g  t h e  changes i n  t h e  r e a c t o r  g r a p h i t e s  

(see F i g u r e  10). A t  750" t o  800°C t h e  expans ion  c o e f f i c i e n t  of t h e  ho t -  

worked g r a p h i t e  p a r a l l e l  t o  t h e  hot-working a x i s  ( c -ax i s  d i r e c t i o n )  showed 

a g r a d u a l  i n c r e a s e  w i t h  n e u t r o n  exposure ,  r i s i n g  from 15 x 1 0  

d i a t e d )  t o  1 7  x 

-6 oc-l ( u n i  r r a- 

2 
OC- '  a t  1.8 x 1 0 2 1  n/cm . The c o e f f i c i e n t  remained 

unchanged p e r p e n d i c u l a r  t o  t h e  a x i s .  However, a t  1200°C t h e  expans ion  co- 

e f f i c i e n t  p a r a l l e l  t o  t h e  a x i s  showed an i n i t i a l  r ise,  passed  through a 

maximum of 1 9  x 10 

i t s  o r i g i n a l  v a l u e  by 11.6 x lo2' n/cm2 ( s e e  F i g u r e  1 0 ) .  

d i c u l a r  d i r e c t i o n  i t  i n c r e a s e d  from 1 x 

-6 -1 2 
"C a t  2.4 x 1 0 2 1  n/cm , and t h e n  f e l l  t o  about  h a l f  

- ._ - .  

I n  t h e  perpen-  

" C - l  ove r  "C t o  2 x 

t h e  same n e u t r o n  exposure .  

what d i f f e r e n t l y .  A t  750" t o  800°C t h e  t h e r m a l  expans ion  c o e f f i c i e n t  was 

unchanged by t h e  i r r a d i a t i o n .  

t h e r m a l  expans ion  c o e f f i c i e n t s  of p y r o l y t i c  g r a p h i t e  a t  500" t o  750°C as 

de te rmined  by N e t t l e y  and M a r t i n  (1966).  A t  1250°C p e r p e n d i c u l a r  t o  t h e  

d e p o s i t  i t  i n c r e a s e d  r a p i d l y  from 25 t o  27 x 10 "C  and showed no s i g n  of 

a subsequen t  d e c r e a s e ,  d e s p i t e  t h e  fo rma t ion  of d e l a m i n a t i o n  c r a c k s .  Paral-  

l e l  t o  t h e  d e p o s i t  t h e r e  was no s i g n i f i c a n t  change.  

The mass ive  p y r o l y t i c  carbon behaved some- 

No s i g n i f i c a n t  changes were observed  i n  t h e  

-6 -1 



Thermal expansivity changes drastically in most reactor graphites dur- 

ing high-temperature irradiation, the changes corresponding with the onset 

of volumetric expansion. The changes are not uniform among the graphites; 

the weak anisotropic materials with initially low coefficients generally 

increase, whereas the strong isotropic materials with initially high co- 

efficients decrease. No theoretical analyses have been undertaken to explain 

the thermal expansivity changes. 

expansivity would increase after basal plane cracks, which accommodate 

It had generally been assumed that thermal 

c-axis expansion, were exhausted. This idea may have to be revised in light 

of the current data. 
. -  

_ -  

5.2 Thermal Conductivity 

Thermal conductivity of reactor graphite is reduced during fast- 

neutron irradiation at elevated temperatures (Delle and Vohler, 1971; 

Engle and Koyama, 1971; Kelly and Brocklehurst, 1971; Nettley and Martin, 

1966; Taylor et al., 1969). Thermal conductivity measurements hsve been 

obtained on a number of materials as a function of fluence at 300" to 1200°C 
2 to fluences of 2 x n/cm (Engle and Koyama, 1971; Helm, 1969; Taylor 

et al., 1969). Data representative of the changes that are characteristic 

of reactor graphites are shown in Figure 11 at 625", lOOO", 1200" and 1400°C 

to high fluences. The effect of irradiation on thermal conductivity as a 

function of measuring temperature is shown in Figure 12 for reactor graph- 

ites irradiated at 2 to 4 x 1021 n/cm2 at 300" to 1500°C (Engle and Koyama, 

,1968). 



The data show that thermal conductivity, measured at room termperature, 

decreases rapidly with fluence, saturates, and then decreases again with the 

onset of breakaway expansion. There is also a strong temperature effect; 

conductivity degradation was reduced with increasing irradiation temperature. 

Taylor et al. (1969) have analyzed the behavior of the thermal conduc- 

tivity changes in highly annealed pyrolytic carbons in the range 30" to 
21 450°C to 5 x lo2' n/cm2 and reactor graphites at 200" to 1350°C to 5 x 10 

n/cm2 in terms of the lattice defects that cause dimensional changes. 

authors concluded that thermal. conductivity changes are due to submicro- 

These 

scopic clusters, vacancies in the lattice, and vacancy loops, and that inter- 

stitial loops and collapsed vacancy lines, which are responsible for dimen- 

sional changes, are insignificant. 

They (Taylor et al., 1969) indicate that thermal conductivity changes 

of reactor graphites, however, are larger at irradiation temperatures above 

650°C than can be accounted for by vacancy content estimated from lattice 

parameter changes. They have estimated room temperature thermal conductivity 

changes by the analysis of crystallite dimensional changes in reactor graph- 

ites at 650" to 1350°C to 4 x 1021 n/cm2 and found that the vacancy loops 

responsible for thermal degradation increase both in size and separation 

w i t h  increasing irradiation temperature. 

fluence data observed by other investigators (Blackstone et al., 1969; 

Delle and Vohler, 1971; Engle and Koyama, 1968; Engle and Koyama, 1971) and 

may explain the smaller fractional changes in conductivity with increasing 

irradiation temperature. 

This is in agreement with low 

- 



Engle  and Koyama (Engle,  October  1971; Engle  and Koyama, 1971) now 

h a v e  d a t a  on r e a c t o r  g r a p h i t e s  i r r a d i a t e d  t o  h i g h  f l u e n c e s  i n  t h e  r a n g e  500" 

t o  1 4 0 0 ° C  ( s e e  F i g u r e  11) and have found t h e  same t e m p e r a t u r e  e f f e c t  w i t h  

b o t h  a n i s o t r o p i c  and i s o t r o p i c  r e a c t o r  g r a p h i t e s .  T a y l o r  e t  a l .  (1969) con- 

c l u d e d  t h a t  a f t e r  t h e  i n i t i a l  r a p i d  d e g r a d a t i o n  of c o n d u c t i v i t y  which s a t u -  

2 rates a t  a b o u t  3 t o  5 x lo2' n/cm , f u r t h e r  changes i n  c o n d u c t i v i t y  would 

n o t  o c c u r  u n t i l  l a r g e  expans ions  b e g i n  above 1 x n/cm . Comparison of 2 

t h e r m a l  c o n d u c t i v i t y  changes i n  F i g u r e  1 1 w i t h  d i m e n s i o n a l  changes s u p p o r t s  

t h e  c o n c l u s i o n  by Taylor  e t  a l .  (1969) t h a t  c r y s t a l  d e f e c t s  r e s p o n s i b l e  f o r  

d i m e n s i o n a l  changes do n o t  c o r r e l a t e  w i t h  t h e r m a l  c o n d u c t i v i t y  changes.  

Engle  and Koyama (1971) i n  a n n e a l i n g  t h e i r  g r a p h i t e s  found t h e  fo l low-  

i n g .  

needle-coke g r a p h i t e s  a f t e r  i r r a d i a t i o n  t o  a b o u t  3 x 10 

Recovery of c o n d u c t i v i t y  w a s  s l o w e r  i n  G i l s o c a r b o n  g r a p h i t e  t h a n  i n  

n/cm2 a t  1200°C 2 1  

under  i d e n t i c a l  a n n e a l i n g  c o n d i t i o n s  of 1500°C. 

8 x 10 n/cm a t  1200"C, r e c o v e r y  of c o n d u c t i v i t y  w a s  even more d i f f i c u l t  

when t h e  same mater ia ls  were annea led  a t  1 7 O O 0 C ,  and t h e  f r a c t i o n a l  changes 

remained l a r g e .  It should be n o t e d  here tha t  no increase i n  f r a c t i o n a l  con- 

d u c t i v i t y  change took  p l a c e  i n  t h e s e  g r a p h i t e s  between 3 and 8 x lo2' n/cm . 
T a y l o r  e t  a l .  (1969) have  c a l c u l a t e d  a d e c r e a s e  i n  t h e  s p a c i n g  between 

vacancy l o o p s  o r  a n  i n c r e a s e  i n  l o o p  p o p u l a t i o n  i n  r e a c t o r  g r a p h i t e s  between 

1 and 4 x lo2' n/crn2 a t  1 3 5 0 " C ,  which would i n d i c a t e  a s t e a d y  r e d u c t i o n  of 

t h e r m a l  c o n d u c t i v i t y  o v e r  t h i s  f l u e n c e  r a n g e .  

which c a u s e  d i m e n s i o n a l  change,  must c e r t a i n l y  grow d u r i n g  t h e  f l u e n c e  r e g i o n  

where t h e  c o n d u c t i v i t y  i s  n o t  changing ,  b e c a u s e  t h e  c r y s t a l l i t e s  c o n t i n u e  t o  

d i s t o r t .  

c o n s t a n t  and t h a t  t h e  p o p u l a t i o n  may b e  l e v e l i n g  o f f  a t  4 x I O 2 '  n/cm . 

A f t e r  i r r a d i a t i o n  t o  

2 1  2 

2 

The l a r g e  i n t e r s t i t i a l  l o o p s ,  

T a y l o r ' s  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  vacancy l o o p  s i z e  remains  

3 



I n  a l a t e r  p a p e r ,  K e l l y  and B r o c k e l h u r s t  (1971) show- t h e  c o n d u c t i v i t y  

d e g r a d a t i o n  t o  s a t u r a t e  a t  a f l u e n c e  of  a b o u t  5 x IO2' n/cm*. K e l l y  and 

B r o c k e l h u r s t  (1971) i n d i c a t e  t h a t  s c a t t e r i n g  s i t e s  due t o  submicroscopic  

c l u s t e r s  i n  g r a p h i t e  c r y s t a l s  i r r a d i a t e d  a t  15OOC c a n  b e  removed w i t h  a 

1900°C a n n e a l  by a g g r e g a t i o n  i n t o  i n t e r s t i t i a l  l o o p s .  Samples i r r a d i a t e d  

a t  h i g h e r  t e m p e r a t u r e s  r e c o v e r  much less. A t  i r r a d i a t i o n  t e m p e r a t u r e s  

above 1000°C, i t  i s  d o u b t f u l ' w h e t h e r  t h e  p o p u l a t i o n  of submicroscopic  

c l u s t e r s  o r  v a c a n c i e s  remains  due t o  enhanced t h e r m a l  e f f e c t s ;  t h u s ,  t h e r m a l  

d e g r a d a t i o n  may b e  due  o n l y  t o  vacancy l o o p s .  

cy l o o p s  may c o u p l e  w i t h  t h e  growing i n t e r s t i t i a l  c l u s t e r s  and t h u s  annea l -  

A t  h i g h e r  f l u e n c e s  t h e  vacan- 

i n g  o r  a n n i h i l a t i o n  may b e  more d i f f i c u l t  t h a n  a t  lower f l u e n c e s .  

A f u r t h e r  d e g r a d a t i o n  i n  thermal  c o n d u c t i v i t y  w i t h  i r r a d i a t i o n  t o  s t i l l  

22 h i g h e r  f l u e n c e s  (Q2 x 10 a t  12OO0C), where t h e  g r a p h i t e s  expand r a p i d l y  

and become h i g h l y  porous ,  h a s  been observed ( D e l l e  and Vohler ,  1971 ;  Engle  
. -  

- - -  and Koyama, 1 9 7 1 ) .  .. 

It is tempting to assign this final degradation in conductivity to the 

22 2 f o r m a t i o n  of  p o r o s i t y .  However, i n  two g r a p h i t e s  t a k e n  t o  2 x 10 n/cm 

(Engle  and Koyama, 1971) ,  t h e  t h e r m a l  c o n d u c t i v i t y  w a s  ex t remely  low and 

n e a r l y  i d e n t i c a l  i n  b o t h  samples ,  b u t  t h e r e  was a f a c t o r  of 3 d i f f e r e n c e  i n  

t h e i r  volume expansion.  

C o n s i d e r a b l e  p r o g r e s s  h a s  been made i n  t h e  t h e o r y  of  t h e  t h e r m a l  con- 

d u c t i v i t y  of g r a p h i t e s  through o b s e r v a t i o n s  on h i g h l y  annea led  p y r o l y t i c  

c a r b o n s ,  D e f e c t s  which c a u s e  thermal  c o n d u c t i v i t y  d e g r a d a t i o n  d u r i n g  low 



t o  i n t e r m e d i a t e  i r r a d i a t i o n  t e m p e r a t u r e s  have  been i d e n t i f i e d  up t o  l i m i t e d  

f l u e n c e s .  While c o n s i d e r a b l e  d imens iona l  d a t a  are  a v a i l a b l e  i n  t h e  r ange  

2 800' t o  13OOOC t o  2 x n/cm , t h e  the rma l  c o n d u c t i v i t y  d a t a  a re  n o t  as 

abundant .  

into t h i s  r a n g e  and t h e  g e n e r a l  b e h a v i o r  h a s  been obse rved ;  however, t h e r e  

h a s  been no s y s t e m a t i c  examinat ion  of the rma l  c o n d u c t i v i t y  changes .  Addi- 

t i o n a l  e x p e r i m e n t a l  and t h e o r e t i c a l  work i s  r e q u i r e d  a t  h i g h  f luences .  

S e v e r a l  i n v e s t i g a t o r s  have  the rma l  c o n d u c t i v i t y  d a t a  ex tend ing  
, 

- . -  -~ - _. 



6. MECHANICAL PROPERTIES 

6 . 1  I n t r o d u c t i o n :  The S t r e s s - S t r a i n  R e l a t i o n s h i p  f o r  U n i r r a d i a t e d  G r a p h i t e  

Conven t iona l  r e a c t o r - g r a d e  g r a p h i t e s  b e f o r e  i r r a d i a t i o n  e x h i b i t  a non- 

l i n e a r  s t r e s s - s t r a i n  cu rve ,  which i s  s e n s i t i v e  t o  p a s t  h i s t o r y  and e x h i b i t s  

a h y s t e r e s i s  e f f e c t  upon load  c y c l i n g .  Moreover, t h e  t e n s i l e  s t r a i n - t o -  

f a i l u r e  i s  o n l y  a b o u t  0.25%. C l e a r l y ,  i n  view of t h e  d i s c u s s i o n  on b u l k  

and c r y s t a l l i t e  d imens iona l  changes ,  a n  i r r a d i a t i o n - i n d u c e d  mechanism must 

ex is t  t o  r e l i e v e  t h e  i n t e r n a l l y  developed stresses, o r  g r a p h i t e  would quick-  

l y  d i s i n t e g r a t e .  Be fo re  d i s c u s s i n g  r a d i a t i o n  e f f e c t s ,  i t  i s  advantageous  

t o  q u i c k l y  r ev iew t h e  mechan ica l  behav io r  of u n i r r a d i a t e d  g r a p h i t e .  

f a c t o r s  i n v o l v e d  i n  t h e  u n i r r a d i a t e d  material  p r o v i d e  some q u a l i t a t i v e  ex- 

The 

p l a n a t i o n  f o r  t h e  i r r a d i a t i o n - i n d u c e d  phenomena. 

The g e n e r a l  b e h a v i o r  of u n i a x i a l l y  s t r e s s e d  g r a p h i t e  i s  i n d i c a t e d  i n  

F i g u r e  13. Upon a p p l y i n g  a stress 0 ,  t h e  g r a p h i t e  s t r a i n s  n o n l i n e a r l y ,  as 

i n d i c a t e d  by t h e  c u r v e  AB. I f  t h e  maximum stress Om i s  n o t  t o o  c l o s e  t o  t h e  

u l t i m a t e  s t r e n g t h ,  t h e  mater ia l  r e l a x e s  a l o n g  t h e  cu rve  BC, l e a v i n g  a r e s i d -  

u a l  s t r a i n  & . 
which r e l a x e s  l i n e a r l y  back  a l o n g  t h e  l i n e  DC.  

g r e a t e r  t h a n  0 

t h e  o r i g i n a l  c u r v e  AB. 

Reloading  t o  a stress less t h a n  am produces  t h e  c u r v e  CD, 
0 

F u r t h e r  l o a d i n g  t o  a stress 

produces  t h e  c u r v e  CDE, which becomes a n  e x t e n s i o n  (EF) of m 



... __ .. .. . . . - - -  - 

A number of s e m i e m p i r i c a l  e q u a t i o n s  have been sugges ted  t o  f i t  t h e  

b e h a v i o r  of F i g u r e  13. The s i m p l e s t  i s  t h a t  recommended by J e n k i n s  (1963), 

f o r  which h e  h a s  provided  a s e m i q u a n t i t a t i v e  t h e o r e t i c a l  b a s i s .  The o r i g i -  

n a l  l o a d i n g  c u r v e  AB i s  f i t t e d  c l o s e l y  by 

2 
E = AO + BU 

and t h e  u n l o a d i n g  c u r v e  BC by 

- 1  2 
E = E - A(O - O) - ~ B ( C J ~  - O) rn m 

Upon r e l o a d i n g ,  t h e  c u r v e  CDE is  g i v e n  by 

1 2  
E = E + ACJ + -BO 

0 2 

w i t h  t h e  permanent s e t  

1- ' 2 = -BO 
€0 2 m 

- T h e  two c o e f f i c i e n t s  A and B are r e l a t e d  ( J e n k i n s  e t  a l . ,  1965) t o  

c r y s t a l l i t e  s i z e  and o r i e n t a t i o n .  

depends upon t h e  c r y s t a l  s h e a r  s t i f f n e s s  C 

l o c a t i o n s  and t h e i r  p i n n i n g  c h a r a c t e r i s t i c s ,  whereas  B depends on t h e  gener -  

a t i o n  of  new d i s l o c a t i o n s .  Thus, a p i c t u r e  emerges of a n  i n d i v i d u a l  c r y s t a l -  

l i t e  p l a s t i c a l l y  s h e a r i n g  as d i s l o c a t i o n s  are unpinned by t h e  a p p l i e d  stress, 

The c o e f f i c i e n t  A i n  a p a r t i c u l a r  d i r e c t i o n  

as w e l l  as t h e  d e n s i t y  of d i s -  44 

e v e n t u a l l y  p i l i n g  up a t  t h e  c r y s t a l l i t e  b o u n d a r i e s ,  t o  p r o v i d e  a r e s t r a i n i n g  



back  stress. Mason and Knibbs (1967) ex tended  t h i s  work t o  f u r t h e r  d e l i n -  

eate t h e  e f f e c t  o f  t e m p e r a t u r e  and c r y s t a l  s i z e .  

o u t  t h a t  a t  t e m p e r a t u r e s  above  300°C t h e  i n c r e a s e  i n  Young's modulus w i t h  

t empera tu re  can  b e  e x p l a i n e d  by c l o s u r e  of v o i d s  due  t o  t h e  a n i s o t r o p i c  

c r y s t a l l i t e  expans ions ,  t h u s  e f f e c t i v e l y  l o c k i n g  t h e  material  t o g e t h e r .  

I n  p a r t i c u l a r ,  t hey  p o i n t  

We t h u s  have  a f a i r l y  s a t i s f a c t o r y  q u a l i t a t i v e ,  and indeed  semiquan t i -  

t a t i ve ,  t h e o r e t i c a l  b a s i s  t o  accoun t  f o r  t h e  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  

o f  u n i r r a d i a t e d  g r a p h i t e ,  i n v o l v i n g  d i s l o c a t i o n  mot ion  and p i n n i n g  as w e l l  

as t h e  m i c r o p o r o s i t y  of t h e  materials. 

6 . 2  S t r e n g t h  of I r r a d i a t e d  G r a p h i t e  

Very l i t t l e  work h a s  been  done on measur ing  t h e  s t r e n g t h  of r e a c t o r .  

g r a p h i t e s  a f t e r  h igh - t empera tu re  i r r a d i a t i o n .  Tay lo r  e t  a l .  (1967) observed  

a n  i n c r e a s e  i n  t e n s i l e  s t r e n g t h  of r e a c t o r  g r a p h i t e s  of up t o  100% i r r a d i a t e d  

a t  150°C t o  low f l u e n c e s .  K r e f e l d  e t  a l .  (1971) measured changes i n  t e n s i l e  

s t r e n g t h  on Gi l soca rbon  g r a p h i t e s  and pe t ro l eum coke  g r a p h i t e s  a t  -1200°C t o  
~ - - -- - -  . - .. 

a f l u e n c e  of abou t  5 x lo2' n/cm2, T h i s  exper iment  w a s  t r e a t e d  s t a t i s t i c a l l y  

and they  r e p o r t e d  t h a t  a g r a p h i t e  w i t h  a h i g h  mean u n i r r a d i a t e d  s t r e n g t h  may 

have  a h i g h e r  r i s k  of f a i l u r e  a t  some stress below t h e  mean f r a c t u r e  stress 

a f t e r  i r r a d i a t i o n  t h a n  one of lower mean s t r e n g t h ,  T h i s  i s  i n t e r p r e t e d  t o  
- - - 

mean t h a t  v a r i a t i o n s  of t h e  mean - s t r e n g t h  due t o  i r r a d i a t i o n  are n o t  i n d i c a t i v e  

of t h e  a c t u a l  r i s k  of f a i l u r e .  T h i s  r e s u l t  i f  confirmed on a wide r  v a r i e t y  

of g r a p h i t e s  could  b e  d i s t u r b i n g  s i n c e  i t  i s  g e n e r a l l y  b e l i e v e d  t h a t  d u r i n g  

d e n s i f i c a t i o n  a t  low f l u e n c e s  s t r e n g t h  i n c r e a s e s  i n  r e a c t o r  g r a p h i t e s .  



No s y s t e m a t i c  d a t a  were uncovered on s t r e n g t h  measurements of  g r a p h i t e s  

a f t e r  l a r g e  expans ion  a t  h i g h  f l u e n c e s .  P i t n e r  (October  1971)  ment ions  t h e  

t e s t i n g  of  a s i n g l e  h i g h - d e n s i t y  h i g h - s t r e n g t h  i s o t r o p i c  g r a p h i t e  sample 

a f t e r  i r r a d i a t i o n  a t  1050°C and 1.5 x n/cm . On t h i s  sample t h e  ten-  2 

s i l e  s t r e n g t h  i n c r e a s e d  by a f a c t o r  of a b o u t  2. However, due  t o  t h e  exce l -  

l e n t  s t a b i l i t y  of  t h i s  materia-1, t h e  expans ion  was n o t  l a r g e  a t  such  a h i g h  

f h e n c e .  

- -  

_ -  

The s t r e n g t h  of g r a p h i t e , o r  more s p e c i f i c a l l y  t h e  changes i n  t h e  proba- 
_ . _ - -  

b i l i t y  of f a i l u r e  of g r a p h i t e s  a f t e r  h igh- tempera ture ,  h i g h - f l u e n c e  i r r a d i -  

a t i o n , i s  of  c r i t i c a l  impor tance  t o  r e a c t o r  d e s i g n s , a n d  c o n s i d e r a b l y  more 

work i s  needed i n  t h i s  area. 

6 . 3  Young's Modulus of  I r r a d i a t e d  G r a p h i t e  

I r r a d i a t i o n  a t  t e m p e r a t u r e s  from j u s t  above l i q u i d  n i t r o g e n  t o  t h e  

h i g h e s t  y e t  s t u d i e d  h a s  shown a n  immediate i n c r e a s e  i n  t h e  Young's modulus.  

The e f f e c t  q u i c k l y  s a t u r a t e d  and o n l y  minor dependence on f luence  o r  t e m p e r -  

a t u r e  w a s  s u b s e q u e n t l y  observed .  It i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  f i r s t  

r a p i d  i n c r e a s e  i s  d u e  t o  p i n n i n g  of  d i s l o c a t i o n s  by r a d i a t i o n - i n d u c e d  de- 

f e c t s ,  and t h a t  t h e s e  are  p r o b a b l y  d i - i n t e r s t i t i a l s  o r  l a r g e r  c o n f i g u r a t i o n s  

(Goggin, 1963).  

n i n g ,  and subsequent  t e m p e r a t u r e  dependence a t t r i b u t a b l e  t o  t h e  c r y s t a l  

s h e a r  c o n s t a n t  o r  t o  t h e r m a l  unpinning  of  a small f r a c t i o n  of t h e  d i s l o c a -  

t i o n s  (Summers e t  a l . ,  1966).  

The s a t u r a t e d  v a l u e  i s  assumed t o  r e p r e s e n t  complete  p in-  



I n  t h e  l a s t  3 y e a r s ,  i n f o r m a t i o n  a t  h i g h e r  t e m p e r a t u r e s  and much 

g r e a t e r  f l u e n c e s  h a s  become a v a i l a b l e .  The d a t a  are  n o t  e n t i r e l y  c o n s i s t e n t ,  

and much more remains  t o  b e  done b e f o r e  g e n e r a l  c o n c l u s i o n s  c a n  b e  drawn. 

It i s  a p p a r e n t ,  however, t h a t  t h e  s i t u a t i o n  i s  much more complex t h a n  t h e  

e a r l y  d a t a  a t  low t e m p e r a t u r e s  and f l u e n c e s  i m p l i e d .  The new i n f o r m a t i o n  

w a s  o b t a i n e d  by Bat te l le  Northwest  L a b o r a t o r y  ( P i t n e r ,  J u l y  1971)  and t h e  

Dragon P r o j e c t  (Hankart  e t  a l . ,  J u n e  and September 1 9 7 1 ) .  The Bat te l le  group 

admi t  t o  c o n s i d e r a b l e  u n c e r t a i n t i e s  i n  t e m p e r a t u r e  and measure t h e  modulus 

by s o n i c  resonance .  

s t r e s s - s t r a i n  c u r v e .  Much of t h e  Bat te l le  d a t a  i s  s o  s c a t t e r e d  t h a t  t r e n d s  

of  modulus v e r s u s  f l u e n c e  are  n o t  d i s c e r n a b l e .  These d i f f e r e n c e s  i n  tech-  

The Dragon i n v e s t i g a t o r s  o b t a i n  t h e  modulus from t h e  

n i q u e  and r e s o l u t i o n  may a c c o u n t  a t  l eas t  i n  p a r t  f o r  t h e  l a c k  of c o n s i s t e n c y  

i n  d a t a  on similar g r a p h i t e s .  

The h i g h e s t  f l u e n c e  d a t a  i s  on a n  a n i s o t r o p i c  g r a p h i t e  ( P i t n e r ,  J u l y  

1971) ,  a c o n v e n t i o n a l l y  formed g r a p h i t e  based on a c i c u l a r  coke  ( s e e  F i g u r e  

1 4 ) .  The c u r v e s  a r e  n o t  t o o  d i s s i m i l a r  t o  ea r l i e r  d a t a  i n d i c a t i n g  s i m p l e  

s a t u r a t i o n ,  a l t h o u g h  there is a h i n t  of a n  i n f l e c t i o n  p o i n t  a t  t he  h i g h e s t  

2 f l u e n c e s ,  around 2 x lo2* n/cm . These may b e  compared w i t h  t h e  Dragon Pro- 

j e c t  d a t a  (Hankart  e t  a l . ,  J u n e  and September 1971), on e x p e r i m e n t a l  a c i c u l a r -  

coke g r a p h i t e s  ( F i g u r e  15), f o r  which the i n f l e c t i o n  p o i n t s  o c c u r  n e a r  

2 1  5 x 10  n/cm2 fo l lowed by a maximum. 

I s o t r o p i c  g r a p h i t e s  c o n v e n t i o n a l l y  formed are r e p r e s e n t e d  by G i l s o -  

c a r b o n  based g r a p h i t e  (Hankart  e t  a l . ,  J u n e  and September 1971) ,  shown i n  

F i g u r e  1 6 .  Although n o t  i n d i c a t e d  i n  t h e  f i g u r e ,  d a t a  a t  900°C e x i s t  t o  

I 



1.3 x n/cm2 and demons t r a t e  a maximum modulus change of A E / E  = 150% 

22 a t  1 .0  x 1 0  . The r a t h e r  s u b t l e  d i f f e r e n c e s  between t h e  b e h a v i o r  of t h e  

a n i s o t r o p i c  and i s o t r o p i c  g r a p h i t e s  are  wor th  n o t i n g .  The e f f e c t s  are  less 

d r a m a t i c  and more de l ayed  i n  t h e  more i s o t r o p i c  material .  

Some d a t a  are  a l s o  a v a i l a b l e  on  a h igh -dens i ty ,  h i g h - s t r e n g t h  g r a p h i t e  

( P i t n e r ,  October  1971)  o b t a i n e d  a t  Bat te l le  ( F i g u r e  1 7 ) .  I n  view of t h e  

i n c o n s i s t e n c i e s  e x h i b i t e d  by t h e  Bat te l le  and t h e  Dragon d a t a ,  i t  i s  n o t  

p o s s i b l e  t o  s t a t e  t h a t  t h e  more d i m e n s i o n a l l y  s t a b l e  i s o t r o p i c  g r a p h i t e s  

are  a l s o  more modulus-s tab le .  

- .  

The e x p e r i m e n t a l  r e s u l t s  h a r d l y  j u s t i f y  a s e r i o u s  a t t e m p t  a t  t h e o r e t i -  

c a l  j u s t i f i c a t i o n .  One i s  n e v e r t h e l e s s  tempted t o  h y p o t h e s i z e  a r a t i o n a l i -  

z a t i o n :  a f t e r  t h e  d i s l o c a t i o n  p i n n i n g  p r o c e s s  i s  comple ted ,  a f u r t h e r  hard-  

en ing  of t h e  mater ia l  o c c u r s  as c r y s t a l - t o - c r y s t a l  i n t e r l o c k i n g  o c c u r s  

(Reynolds, 1965; Thrower and Reynolds ,  1967) .  The c r y s t a l  i n t e r l o c k i n g  

e v e n t u a l l y  g i v e s  r i s e  t o  d i r e c t  p o r e - g e n e r a t i o n  o r  f r a c t u r e  (Summers e t  a l . ,  

1966; Tay lo r  e t  a l . ,  1967) ,  which l e a d s  t o  t h e  a p p a r e n t  d e c r e a s e  i n  modulus. 

It  remains  f o r  t h e  f u t u r e  t o  e s t a b l i s h  t h e s e  hypo theses  and t o  u n r a v e l  t h e  

b e h a v i o r  of t h e  Young's modulus as measured s o n i c a l l y  o r  from t h e  stress- 

s t r a i n  c u r v e  (Tay lo r  and K l i n e ,  1970) .  

6 . 4  Radia t ion- Induced  Creep 

It i s  somewhat s u r p r i s i n g  t h a t  a r e l a t i v e l y  o b s c u r e  p r o p e r t y  such  as 

c r e e p  h a s  emerged as one of t h e  c r i t i c a l  p r o p e r t i e s  of n u c l e a r  g r a p h i t e .  



Thermally induced c r e e p  is  of s i g n i f i c a n c e  o n l y  a t  t e m p e r a t u r e s  i n  e x c e s s  

of  2O0O0C (Reynolds,  1968).  

becomes a n  i m p o r t a n t  phenomenon a t  t e m p e r a t u r e s  as  low as 300OC. G r a p h i t e  

w i l l  normal ly  w i t h s t a n d  s t r a i n s  of o n l y  0 .1  t o  0.3% b e f o r e  f r a c t u r e ,  b u t  

w i l l  take a t  l ea s t  t e n  times t h i s  s t r a i n  i n  a r a d i a t i o n  f i e l d .  I n  view of 

t h e  i r r a d i a t i o n - i n d u c e d  d i s t o r t i o n  and i t s  t e m p e r a t u r e  dependence, g r a p h i t e  

- 
Yet i n  a n e u t r o n - i r r a d i a t i o n  environment ,  c r e e p  

would r a p i d l y  d i s i n t e g r a t e  wi’thout t h i s  r e l a x a t i o n  p r o c e s s .  The c r e e p - c h a r a c -  

ter is t ics  a re  a dominant s t r e s s - r e l a x a t i o n  p a r a m e t e r - i n  t h e  r e a c t o r  d e s i g n e r ‘ s  
. -  .. . -  

a n a l y s i s  (Head and Sockalingam, 1968; S c o t t  and E a t h e r l y ,  1970) .  

I r r a d i a t i o n - i n d u c e d  c r e e p  t a k e s  p l a c e  i n  two s t a g e s ,  t h e  f i r s t  (pr imary)  
- ~- .._ 

b e i n g  a r e v e r s i b l e  p r o c e s s  which i s  q u i c k l y  exhaus ted ,  and f o r  p r a c t i c a l  

p u r p o s e s  may b e  c o n s i d e r e d  a p s e u d o e l a s t i c  p r o c e s s .  T h i s  i s  fo l lowed by a n  

i r r e v e r s i b l e  s t e a d y - s t a t e  secondary  c r e e p ,  whose r a t e  i s  l i n e a r l y  dependent  

on f l u e n c e  and stress. 

The c r e e p  problem i s  f u r t h e r  confused by t h e  change i n  Young’s modulus, 

equ iva len t  i n  i t s e l f  t o  a permanent set under i r r a d i a t i o n .  Losty (1966), 

who d i d  t h e  p i o n e e r i n g  work on c r e e p ,  a r g u e s  p e r s u a s i v e l y  t h a t  t h e  c r e e p  co- 

e f f i c i e n t  s h o u l d  b e  d e f i n e d  s o  t h a t  t h e  mater ia l  system does no e x t e r n a l  

work, and t h i s  v i e w p o i n t  h a s  been u n i f o r m l y  a c c e p t e d  i n  d e f i n i n g  t h e  c r e e p  

c o e f f i c i e n t  (Simmons, 1 9 6 2 ) .  

The e a r l y  work on c r e e p  w a s  performed on s p r i n g s  and c o n s t r a i n e d -  

geometry samples .  The f i r s t  c l e a r c u t  exper iments  d e s i g n e d  t o  produce uni form 

stress f i e l d s  c o n s t a n t  i n  t i m e  were performed by Kennedy (1967) ,  whose 



r e s u l t s  a t  low t e m p e r a t u r e  (>400°) were i n c o n s i s t e n t  w i t h  t h o s e  of Los ty .  

T h i s  d i s c r e p a n c y  h a s  been  l e f t  u n r e s o l v e d ,  and need concern  u s  o n l y  as i t  

l e a d s  t o  doubt  f o r  t h e  h i g h e r  t e m p e r a t u r e  d a t a .  F o r t u n a t e l y ,  t h e  h i g h e r  

t e m p e r a t u r e  s i t u a t i o n  h a s  been r e s o l v e d  i n  t h e  l a s t  3 y e a r s .  

The f i r s t  c l e a r c u t  r e s o l u t i o n  of t h e  problem w a s  f u r n i s h e d  by P l a t o n o v  

- e t  a l .  (1969),  whose d a t a  a r e  superimposed upon Kennedy's i n  F i g u r e  18. 

Subsequent ly ,  t h e  Dragon P r o j e c t  (Blacks tone  e t  a l .  , 1969) , have  f u r t h e r  

s u b s t a n t i a t e d  t h e  h igh- tempera ture  r e s u l t s  and extended them from Q900" t o  

. ~ _.__ ~-~ 

_ _  _- - - -  

I 

'Q12OO0C ( F i g u r e  19) .  

The a v a i l a b l e  d a t a  on secondary  c r e e p  c o e f f i c i e n t s  leave many q u e s t i o n s  

unanswered. The r a n g e  of g r a p h i t e  s t r u c t u r e s  covered i s  l i m i t e d .  From 

a n a l o g y  w i t h  t h e r m a l l y  induced h igh- tempera ture  c r e e p ,  one would e x p e c t  

o r i e n t a t i o n  and d e n s i t y  p a r a m e t e r s  t o  e n t e r  / i n t o  t h e  f u n c t i o n a l  dependence 

of  t h e  secondary  c r e e p  c o e f f i c i e n t .  No c l e a r c u t  d e m o n s t r a t i o n  h a s  been made, 

a l t h o u g h  some i n d i c a t i o n  of a n  inverse r e l a t i o n s h i p  between Young's modulus 

and c r e e p  c o e f f i c i e n t  has been s u g g e s t e d  ( B r o c k l e h u r s t  and Brown, 1969; 

Kennedy, 1966) .  

T h e o r e t i c a l  a s p e c t s  of  i r r a d i a t i o n  c r e e p  i n  g r a p h i t e  have  been  d i s c u s s e d  
- 

by K e l l y  and B r o c k l e h u r s t  (1970).  They p r e s e n t e d  a t h e o r e t i c a l  model f o r  

i r r a d i a t i o n  c r e e p  i n  which b a s a l  s h e a r  i s  t h e  dominant d e f o r m a t i o n  mode t h a t  

p r e d i c t s  a n  i r r a d i a t i o n  c r e e p  r a t e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i n i t i a l  

Young's modulus of  t h e  sample,  i n  good agreement w i t h  s e v e r a l  e x p e r i m e n t s .  

The i r r a d i a t i o n - i n d u c e d  s h e a r  s t r a i n  d u r i n g  t r a n s i e n t  c r e e p  i s  b e l i e v e d  t o  



b e  caused by t h e  removal of p i n n i n g  p o i n t s  f o r  b a s a l  d i s l o c a t i o n s .  

mechanism f o r  secondary  c r e e p  i s  n o t  y e t  e s t a b l i s h e d .  

i n t e r n a l  y i e l d i n g  r e s u l t i n g  from i r r a d i a t i o n - i n d u c e d  c r y s t a l  s t r a i n s ,  t h e  

d i f f u s i o n  of i n t e r s t i t i a l s  i n  t h e  h i g h  stress g r a d i e n t s  p r e s e n t  a t  t h e  t i p s  

of b a s a l  p l a n e  m i c r o c r a c k s ,  g r a i n  boundary s l i d i n g ,  d e - i n t e r l e a v i n g  of c r y s -  

t a l s ,  and t h e  r e s t r a i n t  of c -ax is  growth ,  Each of these mechanisms i s  

e i t h e r  i n c o n s i s t e n t  w i t h  some p a r t  of t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o r  h a s  

n o t  been  q u a n t i f i e d  t o  t h e  p o i n t  where u s e f u l  comparisons w i t h  t h e  d a t a  can  

b e  made. 

The 

S u g g e s t i o n s  i n c l u d e  

- >~- 

_. " .  



7. CONCLUSIONS AND FUTURE TRENDS 

A comple te  u n d e r s t a n d i n g  of t h e  i r r a d i a t i o n  b e h a v i o r  o r  r e a c t o r  graph-  

i t e s  a t  h i g h  t e m p e r a t u r e s  and h i g h  f l u e n c e s  h a s  n o t  been a t t a i n e d ,  b u t  a 

number of s i g n i f i c a n t  advances have  been made d u r i n g  t h e  p a s t  6 t o  7 y e a r s .  

The i r r a d i a t i o n  d a t a  have  been extended t o  f l u e n c e s  of ' 4  x n/cm2 and 

t e m p e r a t u r e s  i n t o  t h e  r a n g e  900" t o  1400°C. The i r r a d i a t i o n  of r e a c t o r  

g r a p h i t e s  h a s  b e e n  p a r a l l e l e d  by similar s t u d i e s  on a s - d e p o s i t e d  p y r o l y t i c  

carbons  and a n n e a l e d  p y r o l y t f c  carbons  which approach  s i n g l e  c r y s t a l s  i n  

s t r u c t u r e .  

New i n s i g h t s  have  been  made i n t o  t h e  mechanism of i r r a d i a t i o n  damage t o  

c r y s t a l l i t e s  t h r o u g h  e l e c t r o n  microscopy and t h e  n a t u r e  and m o b i l i t y  of 

d e f e c t s  i n  s i n g l e  c r y s t a l s  is  now b e t t e r  unders tood .  However, d i r e c t  ob- 

s e r v a t i o n  of t h e  neutron-induced d e f e c t s  i n  r e a c t o r  c r y s t a l l i t e s  c o n t i n u e s  

t o  b e  r e t a r d e d  by e x p e r i m e n t a l  d i f f i c u l t i e s  i n  sample p r e p a r a t i o n  and t h e  

poor  d i f f r a c t i o n  q u a l i t i e s  of t h e  r e a c t o r  g r a p h i t e s .  P r o g r e s s  has been  

made i n  a n a l y z i n g  d imens iona l  changes and c e r t a i n  p r o p e r t y  changes such  as 

t h e r m a l  c o n d u c t i v i t y  and Young's modulus i n  r e a c t o r  g r a p h i t e s  i n  terms of 

d e f e c t s  observed  i n  t h e  annea led  p y r o l y t i c  c a r b o n s  and s i n g l e  c r y s t a l s ,  b u t  

a g a i n  t h e  d i r e c t  o b s e r v a t i o n s  of damage i n  r e a c t o r  g r a p h i t e  c r y s t a l l i t e s  

would b e  h e l p f u l  t o  conf i rm t h e s e  i n t e r p r e t a t i o n s .  M i c r o s t r u c t u r a l  changes 

i n  r e a c t o r  g r a p h i t e s  have been measured and e x p l a i n e d ,  b u t  o n l y  i n  q u a l i t a -  

t i v e  terms. Better q u a n t i t a t i v e  e x p e r i m e n t a l  t e c h n i q u e s ,  t o  measure c r y s t a l -  

l i t e  and p o r e  morphology changes,  a r e  r e q u i r e d  i n  t h i s  area.  



The e f f e c t  of i r r a d i a t i o n  t empera tu re  on t h e  d imens iona l  change r a t e  

of r e a c t o r  g r a p h i t e s  i n  t h e  r ange  900" t o  1400°C needs  t o  b e  c l a r i f i e d .  

There  a p p e a r s  t o  b e  a t e m p e r a t u r e  r a n g e  from 900" t o  1200°C where s t r u c t u r a l  

d e g r a d a t i o n  i s  s e v e r e ,  whereas  above abou t  1200°C lower  d imens iona l  change 

ra tes  have  been  r e p o r t e d .  However, d a t a  are n o t  abundent  above 1200°C and 

anomol ies  e x i s t .  

ments  i n  thermometry and dos ime t ry  above 1200°C w i l l  b e  r e q u i r e d .  

More expe r imen t s  are needed a t  900' t o  1400°C and improve- 

~ 

S e v e r a l  n o v e l  h igh - t empera tu re ,  h i g h - s t r e n g t h  i s o t r o p i c  g r a p h i t e s  have  

come unde r  s t u d y  d u r i n g  t h e  p a s t  6 t o  7 y e a r s  and w e r e  shown t o  have  improved 

d imens iona l  s t a b i l i t y  o v e r  c o n v e n t i o n a l  g r a p h i t e s  manufac tured  w i t h  a n i s o -  

t r o p i c  pe t ro leum-based  cokes .  U n f o r t u n a t e l y ,  a t  p r e s e n t ,  t h e s e  materials 

_ -  

, 

I have  l i m i t e d  u s e  i n  l a r g e  commercial h igh - t empera tu re  gas-cooled  power r e a c -  

I t o r s  due t o  l i m i t a t i o n s  i n  p r o d u c t i o n  s i z e  and t h e  h i g h  c o s t s  of p r o c e s s i n g .  

i While economic d e s i g n  of power r e a c t o r s  a p p e a r s  f e a s i b l e  from c o n v e n t i o n a l  

materials, i t  i s  encourag ing  t o  n o t e  t h a t  improvements are p o s s i b l e  and f u r -  
i 
I t h e r  development of economica l  i s o t r o p i c  g r a p h i t e s  f o r  commercial power 

r e a c t o r s  s h o u l d  be  encouraged.  
~ ~ ._  

High- tempera ture  gas-cooled  r e a c t o r s  have  now become a commercial pro- 

d u c t .  

g r a d e  g r a p h i t e  i n  t h e  form of l a r g e  modera tor  b l o c k s .  F u t u r e  improvements 

i n  d e s i g n  of t h e  r e a c t o r s  may r e q u i r e  t h e  g r a p h i t e s  t o  remain  i n  t h e  r e a c t o r  

Each r e a c t o r  w i l l  u t i l i z e  a b o u t  1500 t o n s  of h i g h - p u r i t y  n u c l e a r -  

environment  t o  h i g h e r  f l u e n c e s  and t o  o p e r a t e  a t  h i g h e r  t e m p e r a t u r e s  and ,  

t h u s ,  con t inued  e f f o r t s  w i l l  b e  needed t o  o b t a i n  commercial  g r a p h i t e s  w i t h  

improved i r r a d i a t i o n  s t a b i l i t y .  
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Fig .  16. Fractional change of Young's modulus, A E I E ,  versus fluence for 
molded Gilsocoke graphites. 
dynes/cm2, R = 12.0 x 1O1O dynes/cm2 

Original E values: A = 11.9 x 101o 
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Fig .  17 .  F r a c t i o n a l  change of Young's modulus ,  AE/E,  v e r s u s  f l u e n c e  f o r  
i s o t r o p i c  g r a p h i t e s .  O r i g i n a l  E v a l u e s :  low-dens i ty  = 7 .6  x 1O1O 
dynes  / c n ~ ' ~ ,  h igh -dens i  t y  = 10.4 x 1O1O dynes /cm2 
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F i g .  18. Secondary c r e e p  c o e f f i c i e n t  v e r s u s  t e m p e r a t u r e  f o r  i r r a d i a t e d  
g r a p h i  tes 


