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1 .  INTRODUCTION 

The e f f e c t  of r eac to r  i r r a d i a t i o n  on polycrys ta l l ine  gra  h i t  
perature  was reported during t h e  1955 Geneva Conference.rl 
p roper t ies  with neutron exposure at  3OoC are now q u i t e  p+edictable.  
t h e  f'undamental processes i n  such a complex system are far from being well 
understood, considerable progress has been made i n  t h i s  and a descrip- 
t i o n  of  r ad ia t ion  damage i n  graphi te  has been developed. r59"'The i r r a d i a t i o n  
e f f e c t s  i n  graphi te  above 30 C are less well  known. 
up t o  2OO0C has been reported.  This paper extends t h e  3OoC i r r a d i a t i o n  da ta  
reported previously t o  higher exposures, descr ibes  t h e  e f f e c t  o f  long-term 
i r r a d i a t i o n s  a t  400 - 500 C and presents  a l imi ted  amount o f  da ta  from irradi- 
a t i o n s  a t  600 - 1O5O0C. An i n t e rp re t a t ion  i s  suggested f o r  some of t h e  damage 
e f f e c t s  observed. 

a t  room tem- 
Changes i n  

Although 

A l imited amount of  da ta  

2. LONG-TERM IRRADIATION EFFECTS AT 3OoC 

The structure and proper t ies  of graphi te  are g r e a t l y  changed by p a r t i c l e  
i r r a d i a t i o n  a t  3OoC. 
decreased, s tored energy accumulates, mechanical s t rength  increases  and t h e  
graphi te  expand$ and becomes very hard. 
p a r t i c u l a r  importance in t h e  design and operation of graphi te  moderated reac= 
t o r s .  These are dimensional changes, s tored  energy, and thermal-conductivity.  

The thermal and e l e c t r i c a l  conductivity are markedly 

O f  t hese  proper t ies ,  t h ree  are of 
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During t h e  1955 Geneva Conference it was reported t h a t  after 1000 MD/AT* 
graphi te  expands a t  a l i n e a r  rate with no suggestion of a decreased rate 
t o  t h e  highest  exposure f o r  which da ta  were ava i lab le ,  3500 MD/AT. 
t h e r e  was no evidence t h a t  a state of damage sa tu ra t ion  had been reached as 
judged by o ther  physical  propert ies .  
ca t e  t h a t  a state of near-saturation has been reached after an exposure of 
6000 MD/AT. e 1 f o r  
CSF graphite**. In  t h i s  figure length ( perpendicular) and length r p a r a l l e l )  
refer t o  measurements made on samples cut  perpendicular o r  p a r a l l e l  t o  t he  
d i r ec t ion  o f  extrugion of a ba r  4" x 411 i n  cross-section. After an expansion 
of 3 percent t h e  expansion rate o f  t h e  perpendicular samples has decreased t o  
a low value.  
This corresponds t o  a ca lcu la ted  volume change of 5& percent.  

Similar ly ,  

Data have now been obtained which indi-  

This is i l l u s t r a t e d  by t h e  length  changes shown i n  F i  

Parallel samples contracted a b m t  1 percent after 6000 MD/AT:j 

Expansion perpendicular t o  t h e  extrusion d i r ec t ion  probably r e s u l t s  l a rge ly  
from expansion o f  t h e  c r y s t a l l i t e s  i n  t h e  C o  d i rec t ion .  
Waals fo rces  between l a y e r  planes permit a very l a rge  expansion of t he  planes 
from i n t e r s t i t i a l  atoms o r  c l u s t e r s  of atoms. The e f f e c t  on the'C, dis tance 
(d i s t ance  between a l t e r n a t e  carbon l aye r  planes)  is shown i n  Table I. After 
5700 MD/AT t h e  Co dis tance  has increased 16 percent.  Because t h e  dens i ty  of  
common reac to r  graphi tes  such as CSF is  only about 75 percent o f  t h e  crystal 
dens i ty ,  t h e r e  exists a considerable void volume i n t o  which c r y s t a l l i t e s  
may expand with l i t t l e  res i s tance .  
length expansion perpendicular t o  t h e  extrusion d i r ec t ion  is only about 7 
percent of t h e  C 
f r a c t i o n  o f  t he  8, expansion i s  e f f ec t ive  i n  causing length changes u n t i l  
after 5700 MD/AT t h e  length  expansion rate i s  50 percent of t h e  Co  expan ion 

and l i t t l e  f u r t h e r  change i n  length could result from t h i s  mechanism. 

Contraction of p a r a l l e l  samples, a t  3OoC, while much less than t h e  expansion 
of perpendicular samples, i s  not as e a s i l y  understood. 
however, t h a t  i n  samples manufactured with l e s s  preferred or ien ta t ion ,  t h e  
cont rac t ion  rate is less, and in f a c t ,  some graphi tes  show a small expansion. 

The weak van der  

In CSF material t h e  i n i t i a l  rate of 

As t h e  i r r a d i a t i o n  proceeds a l a r g e r  expansion rate. 

rate. After t h i s  exposure Co has reached a near-saturation value (7.80- B ), 

It should be noted, 

*Exposures are given i n  terms of megawatt days per  adjacent ton. This 
u n i t  is defined as t h e  amount of r eac to r  r ad ia t ion  received by t h e  sample 
during t h e  time required f o r  t h e  ton  of  uranium adjacent  t o  t h e  sample t o  
generate one megawattday of  f i s s i o n  energy. 
approximately 3.9 x 10'7 nvt thermal or  6.5 x loT7 nvt t o t a l .  Neutron 
exposure has a l s o  been reported a d  "megawatt days per  cen t r a l  ton" (MD/CT) 
and "megawatt days per  ton" (MWD/T). 
estimate t h e  exposure from t h e  average r eac to r  power l e v e l  and t h e  results 
were expressed i n  u n i t s  o f  MD/CT. 
mined from t h e  power generation of adjacent fuel channels and t h e  results 
expressed in MD/AT. 
determination, t h e  use of  t h i s  u n i t  has been discontinued. 

On MD/AT is equivalent t o  

In e a r l y  work it was customary t o  

More recent ly  exposures have been deter-  

Because MWD/T does not ind ica te  t h e  method of exposure 

**Refer t o  Reference 1 f o r  a descr ip t ion  o f  CSF and other  r eac to r  graphi tes .  

I 

I 
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TABLE I 

PROPERTY CHANGES I N  CSF GRAPHITE AT 3OoC 

vmbol 

co 

LC 

K 

SE 

t .  

Crystal L yer  
Spacing ( ft  1 

Apparent 
C r y s t a l l i t e  
S i ze  i n  C, 
D ' r e c t  ion 
(8, 

Orien- Emosure ( MD/AT 1 
t a t i o n  0 1000 2000 3000 LOO0 5000 6000 

- 6.71 

- 500 

Thermal 
C onduc t i v  i t y  
a t  25OC 
( cal/cm-sec- 
OC 1 
Total Stored 
Energy 
( cal/g 1 
Total Stored 
Energy 
Remaining After 
a 3 hr .  Anneal 
a t  I O O O ~ C  

Perpen- .26 
d i cu la r  

Parallel .LO 

- 0 

-0082 -0066 .0063 .OO63 .0062 -- 

.0104 .0078 -0073 .0071 .0070 -- 

285 435 550 610 630 -- 

60 160 250 300 330 -- 

It is a l s o  s i g n i f i c a n t  t h a t  t h e  c o n t r a c t i o n  rate p a r a l l e l  t o  t h e  ex t rus ion  
d i r e c t i o n  is  

The o ther  property values  af ter  5000 m/AT exposure shown i n  Table I represent  
near-saturation. A damage state has f i n a l l y  been reached i n  which t h e  rate of 
annealing of t h e  de fec t s  produced near ly  equals  t h e i r  rate of  production, and 
f u r t h e r  changes a t  higher  exposures would be expected t o  occur wi th  a very 
low rate. 

a t  400 - 5OO0C than a t  30%. 

3. IRRADIATION EFFECTS AT LOO -. 5OOOC 

Property changes i n  graphi te  r e s u l t i n g  from p a r t i c l e  i r r a d i a t i o n s  a r e  highly 
dependent up t h e  i r r a d i a t i o n  temperature throughout t h e  range from 3OoC t o  
about 200°C,pz) t h e  h ighes t  temperature f o r  which much da ta  have been reported.  
Because graphi te  r e t a i n s  its usefu l  proper t ies  t o  very high temperatures it 

. .. .- 
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appears t o  be a u s e m  high temperature r eac to r  material and t h e  i r r ad ia t ion  
e f f ec t s  i n  t h e  temperature range 400 - 1000°C o r  higher become of i n t e r e s t .  

Figures 2-5 show t h e  effect  o f  reac tor  i r r ad ia t ion  a j  400 - 500% on the  
physical propert ies  and s t ruc tu re  of CSF graphite.  ( 5 While t h e  i r r ad ia t ion  
temperature i n  these  experiments was not accurately control led,  it was known 
t o  be between 400 and 500%. 
contract ion is  observed a t  400 - 500°C perpendicular t o  t h e  extrusion ax i s .  
Parallel samples also contract ,  but,  as noted earlier,  a t  a 2- r a t e  than 
found a t  30°C. 
ra te  t o  t h e  highest  exposures f o r  which da ta  are ava i lab le .  Volume changes 
shown i n  Figure 2 were calculated from length changes, 

A s  contrasted t o  t h e  high expansion ra te  a t  30°C, 

Contraction i n  both d i rec t ions  occurs a t  an  almost l i n e a r  

Carbon materials with a less  completely developed graphi t ic  s t ruc tu re  con- 
t r a c t  a t  a considerably higher  rate.  The results on perpendicular samples 
are shown i n  Figure 3. Although carbons of t h i s  type expand a t  a much lower 
ra te  a t  3 O O C ,  and therefore  have been suggested for use i n  reactor applica- 
t i o n s  where expansion is  troublesome, it should be recognized t h a t  they w i l l  
a l s o  cont rac t  a t  a higher r a t e  a t  temperatures above 250 - 30OoC. 
may aggravate moderatm d i s t o r t i o n  effects  s ince  colder f r inge  zones o f  t h e  
r eac to r  core may expand while h o t t e r  cen t r a l  regions contract .  If the  mag- 
ni tudes of t h e  dimensional changes are known, such problems may be minimized 
by making su i t ab le  modifications i n  the  design o f  t h e  graphi te  s tack.  

Contraction 

Contraction of  perpendicular samples might, a t  f i rs t ,  be thought due t o  a 
fu r the r  development of  t h e  graphi te  s t ruc ture .  However changes i n  t h e  C, 
spacing and apparent c rys ta l l i t e  s ize ,  parameters of ten  used t o  measure t h e  
degree of development of g raph i t i c  carbon, are i n  disagreement with t h i s  idea.  
Figure 4 shows t h a t  t h e  C, d i s tance  increases  and t h e  apparent c r y s t a l l i t e  
s i z e  decreases i n  both t h e  Co and A 0  d i rec t ions ,  
results from a more e f f i c i e n t  packing of t h e  crystall i tes.  Thermal cyclfng 
experiments i n  t h e  laboratory have not accomplished any dimensional changes 
i n  CSF material, and it appears t h a t  contract ion occurs only i n  t h e  presence 
of r eac to r  i r r ad ia t ion .  

The contract ion apparently 

The c o l l i s i o n  o f  fas t  displaced carbon atoms with l a t t i c e  atoms d i s s ipa t e s  
a l a r g e  amount of  energy over a small volume and may supply t h e  ac t iva t ion  
energy f o r  t h e  d i f fus ion  of many atoms i n  loca l ized  volumes of t h e  c r y s t a l l i t e .  
Crystallites which are snagged a t  edges and corners during t h e  development of 
t h e i r  s t ruc tu re  may be freed by t h i s  rad ia t ion  induced d i f fus ion ,  
t h e  stresses frozen-in during fabr ica t ion  can be rel ieved by i r r a d i a t i o n  a t  
high temperature and result  i n  an increase i n  densi ty .  

In  t h i s  way 

Surface area s tudies  of graphi te  p r i o r  t o  and following irracfiation have 
ducted i n  an  e f fo r t  t o  b e t t e r  understand t h e  contract ion phenom- 

been enon. fgT The aurface area ava i lab le  t o  ni t rogen decreases when graphi te  
i s  i r r ad ia t ed  a t  3OOC. 
reduces t h e  void volume. I n  cont ras t  t o  t h i s  t h e  surface area of graphi te  
i r r ad ia t ed  a t  high temperature increases.  Nitrogen adsorption and desorp- 
t i o n  measurements, pore s i z e  d i s t r ibu t ion  ca lcu la t ions ,  and helium dens i ty  
determinations were performed on a series of CSF samples i r r ad ia t ed  a t  
400 - 50OoC. Because it appeared t h a t  a small amount of oxidation had 
occurred during i r r ad ia t ion ,  s imi l a r  measurements were made on unirra-  
d ia ted  samples oxidized t o  known extents .  
increase i n  surface area r e s u l t i n g  from i r r a d i a t i o n  was considerably g rea t e r  
than could be explained by oxidation alone. 

This is  t h e  result of crystal l i te  expansion which 

It was concluded t h a t  t he  

Surface areas measured by t h e  
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BET method(7) and by summing t h e  pore a reas  (BJH method ( 8, ) agreed very well. 
Pore s i z e  d i s t r i b u t i o n s  are shown i n  Figure 5. S l igh t  oxidation f t he  irra- 

f rom t h e  removal of pore blmkages allowing adsorption o f  t h e  ni t rogen within 
small pores which were previously ' inaccessible.  
o f  t h e  c r y s t a l l i t e s  r e s u l t i n g  from a more e f i c i e n t  packing may a l s o  have 

r a d i i ,  100 - 200 8, a r e  probably affected t o  a g rea t e r  extent  by t h e  packing 
of  t h e  c r y s t a l l i t e s .  Whereas t h e  uni r rad ia ted  sample has a peak centered a t  
190 8, neutron i r r a d i a t i o n  and oxidation results i n  a decrease i n  i n t e n s i t y  
of t h i s  peak and an increase i n  i n t e n s i t y  of a peak a t  about 120 8 .  
s h i f t  toward smaller pore r a d i i  implies t h a t  c r y s t a l l i t e s  adjacent t o  a w i d  
have moved f a r t h e r  i n to  t h e  void c rea t ing  pores of smaller r a d i i .  

Other proper t ies  are changed somewhat by extended i r r a d i a t i o n  a t  400 - 5OOoC. 
A very small amount o f  s tored  energy, 15 cal/g is  accumulated a f t e r  an expo- 
sure of 4500 MD/AT. This may be annealed completely by heat ing t o  1000°C f o r  
3 hours. 
i r r a d i a t e d  t o  4,500 MD/AT a t  4OO0C is  increased t o  17 cm-sec-°C/cal - 4 times 
t h e  uni r rad ia ted  value.  

d ia ted  samples is  shown by the  appearance o f  t h e  peak 'a t  20 - 30 w and r e s u l t s  

contributed t o  t he  increase i n  t h e  20 - 30 !i peak, t he  peaks a t  l a r g e r  pore 

Although any r ed i s t r ibu t ion  

This 

The room temperature thermal r e s i s t i v i t y  (Figure 6 )  of  graphi te  

A t  5OOoC t h e  change i s  somewhat l e s s .  

L. D R A D I A T I O N  EFFECTS AT 600 - 1050°C 

Graphite possesses usefu l  proper t ies  a t  very high temperatures and shows 
considerable promise as a useful moderator f o r  advanced r eac to r s  operating a t  
600 - 15OOOC. temperatures has been s t a r t e d  and 
some preliminary da ta  have been obtained.?') The results o f  c m t r o l l e d  high 
temperature i r r a d i a t i o n s  from 600 t o  1050°C i n  t h e  Materials Testing Reactm 
are summarized i n  Table 11. 
a t  1050°C as indicated by a s l i g h t  increase i n  C, and decrease i n  LC and J ~ A .  
The value of 9 cal/g on one sample confirms t h e  expectation t h a t  s tored energy 
w i l l  be o f  no concern a t  75OoC. 
parable t o  the  Hanford MD/AT u n i t s ,  best estimates of t h e  equivalent damaging 
flux i n  a Hanford type r eac to r  suggest t h a t  t h e  contract ion rate up t o  750°C 
i s  not appreciably g r e a t e r  than t h a t  a t  50OoC. A t  975OC and 1O5O0C t h e  con- 
t r a c t i o n  rate may be somewhat g rea t e r ,  although more da ta  are needed t o  
conclude t h i s  with ce r t a in ty .  

I r r ad ia t ion  t e s t i n g  a t  t h e  

Graphite s u f f e r s  sQme c r y s t a l l i t e  damage even 

While exposure u n i t s  are not d i r e c t l y  com- 

5 .  ANNEALING OF RADIATION DAMAGE 

A .  THERMAL ANNEALING 

Property damage i n  i r r ad ia t ed  graphi te  may be annealed a t  temperatures above 
t h e  i r r a d i a t i o n  temperature. 
have been he lpfu l  i n  charac te r iz ing  the  damage state. f491°7 The extent  and 
r a t e  o f  property annealing i s  a l s o  of importance i n  t h e  design and operation 
of reac tors .  This i s  p a r t i c u l a r l y  true of moderator graphi te  s ince  a change 
i n  temperature can e f f e c t  t he  thermal conductivity,  s tored energy, and dimen- 
s ions  o f  a l a rge  volume o f  t h e  reac tor .  

Annealing experiments o a v r i e t y  of types 



TkBLE I1 

Ml'R HIGH TEMPERATURE GRAPHITE IRRADIATIONS 

I r r ad ia t ion  Percent 
Graphite Type Temperature ExDosure ( n v t  x I O  -20) Length Crvstallite ProDerties 
md Densitv ( OC 1 Thermal >1 MeV Chanee c, ( E >  LkSQ m 

--- 
600 

TSGBF(~) 750 
1.6 g/cm3 750* 

750 
975 
97 5 

1050 

-- Unirradiated - 
I .08 
14 1.4 
12 1.8 
11 1 .o 
18 2.6 
12 1.9 
14 2.0 

I_ 

-.Oh 
-.06 
-.06 
-.32 

-1 .ll  
-.13 
-.49 

6.732 
6.751 
6.749 
6.780 
6.740 
6.762 
6.759 
6.746 

525 90 
3 51 92 
380 52 
250 60 
332 58 
1 40 51 
170 50 
138 43 

TSGBF --- -- Unirradiated - -- 6.734 465 loo 
1.2 g/cm3 750 I .40 -.07 6.740 3 51 89 

TSF 
1.4 g/cm3 

- 6.720 480 90 
750 -- 0.31 +.o2 6.735 495 75 
--- -- Unirradiated - 

*The s tored energy of  tb is  sample was 9 cal/g. Thermal conductivity a t  2 5 O C  decreased from 0.21 t o  
0.1 o cal/cm-sec-'C. 
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Some o f  t h e  cha rac t e r i  t i c s  
1955 Geneva Conferenceel ,2937 and i n  recent  publ icat ions.  f1 ,l3Y The stored 
energy annealed in t h r e e  broad temperature ranges is  shown i n  Table 111. 
Energy was released slow enough t o  prevent a self-sustained hea t  release which 
would raise t h e  temperature above t h a t  desired.  The s tored energy released 
i n  t h e  4965 MD/AT sample i n  each of t h e  three temperature ranges approaches 
t h e  value of t h e  spec i f i c  heat integrated over t h e  in t e rva l .  This implies 
t h a t  a self-sustained energy release might be s t a r t e d  a t  100 - 2OO0C which 
would cause a spontaneous temperature increase t o  temperatures of t h e  order 
of 1000°C. The exact temperature r ise would depend on t h e  de t a i l ed  form o f  
t h e  s tored  energy release curve and t h e  rate of  heat removal. 
c l e a r  t h a t  t h i s  would represent  a very hazardous s i t u a t i o n  if  s ign i f i can t  
q u a n t i t i e s  o f  g raphi te  moderator were i n  such a condition. 

f s tored  energy annealing we e re r t e d  i n  the  

However, it i s  

TABLE I11 

STORED ENERGY ANNEALING 

kposure 
i t  3OoC T o t a l  Stored Between Between 
MD/AT 1 Enerw UD t o  8OO0C 800 - 1300°C 1300 - 1800°C 

57 5 210 cal/g 160 cal/g 35 cal/g 5 cal/g 

Stored Enerm Annealed i n  3 Hours 

2023 425 280 100 40 

4965 630 27 5 170 175 

It is  s ign i f i can t  t h a t  as t h e  sad ia t ion  damage becomes more severe,  a l a r g e r  
f r a c t i o n  of . the s tored  energy anneals a t  t h e  high 
a l s o  seen very c l e a r l y  i n  other  property changes. ef3f In t h e  case of Co 
annealing an a c t i v a t i o n  energy of  about 100 kcal/g-atom is  required t o  anneal 
one-half of the damage of a sample exposed at 30% for 5700 MD/AT. 
400 MD/AT exposure o n l y  65 kcal/g-atom is required,  
continuously by i r r a d i a t i o n  a t  a s u f f i c i e n t l y  high temperature o r  by frequent 
per iodic  anneals, more and more complex types of defec ts  w i l l  be formed which 
requi re  higher  ac t iva t ion  energies  t o  be annealed. 

emperatures. This is  

For a 
Unless damage is annealed 

B,  IRRADIATION ANNEALING 

Early i n  t h e  study of r ad ia t ion  damage t o  graphi te  it was observed t h a t  graphi te  
which had been damaged by r eac to r  i r r a d i a t i o n  a t  about 3OoC could be annealed 
by a second i r r a d i a t i o n  a t  a higher  temperature. The temperature of  t h i s  
second i r r a d i a t i o n  was considerably less than t h e  temperature required t o  do 
an equivalent amount of annealing out o f  t h e  reac tor .  The p o s s i b i l i t y  o f  
" i r r a d i  t i  n annealing" was postulated and s h e  t h a t  time more de t a i l ed  
s tud ie s  f147 have confirmed t h e  o r ig ina l  observations. Figure 7 shows the  
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effect observed on t h e  Co l a t t i c e  spacing. 
fe ren t  exposures at 3OoC and then annealed f o r  several  days a t  375 C. 
t h e  samples were placed i n  t h e  reac tor  a t  a lower temperature of  335OC,  anneal- 
ing continued over a long period of  time. 
reac tor  continued t o  anneal only very slowly i n  t h e  manner expected during 
thermal annealing. 
Stored energy, t h e m 1  conductivity and sample length  behave i n  a similar 
fashion. 

Samples were i r r ad ia t e$  t o  d i f -  
When 

Those heated t o  335% out of t h e  

The enhanced annealing i n  t h e  reactor is qu i t e  d e f i d t e .  

I r r ad ia t ion  annealing i s  least e f f e c t i v e  on e l e c t r i c a l  r e s i s t i v i t y .  

The t o t a l  property change demonstrates t h a t  i r r a d i a t i o n  enhances annealing. 
It is  more reveal ing,  however, t o  study t h e  manner i n  which property damage 
is d i s t r ibu ted  with a c t i v a t i o n  energy on samples which have been subjected t o  
i r r a d i a t i o n  annealing. Methods of ana z in  k i n e t i c  da ta  from thermal anneal- 
ing da ta  have been published recent ly .  tTo, l f )  From a determination of t h e  
damage d i s t r i b u t i o n  curves it was concluded t h a t  k i n e t i c  processes with a 
wide range o f  ac t iva t ion  energies contr ibute  t o  i r r a d i a t i o n  annealing at  any 
in s t an t .  Reactor i r r a d i a t i o n  a t  335% i s  e f f e c t i v e  i n  p a r t i a l l y  removing 
damage out t o  high a c t i v a t i m  energy regions only reached by thermal annealing 
t o  13OO0C. 

The mechanism by which irradiation annealing occurs has received only very 
s l i g h t  a t t e n t i o n ,  but it appears t o  be c lose ly  associated with t h e  mechanism 
of contract ion during high temperature i r r ad ia t ions .  Activation energies i n  
excess of those ava i l ab le  from equilibrium l a t t i c e  temperatures are necessary 
f o r  both. 
c o l l i s i o n a l  processes which t r a n s f e r  energy i n  t h e  range o f  3 - 25 ev t o  t h e  
l a t t i c e  de fec t s  supplying t h e  ac t iva t ion  energy f o r  periods of time long 
enough for d i f fus ion  t o  occur. 

It i s  l i k e l y  t h a t  i r r a d i a t i o n  annealing is accomplished through 
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FIGURE I 
LENGTH AND VOLUME CHANGES IN CSF GRAPHITE AT 30.C 
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FIGURE 2 

LENGTH AND VOLUME CHANGES IN 
CSF GRAPHITE AT 40Oo-50O0C 
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FIGURE 3 
EFFECT OF ORAPHlTlZATlON TEMPERATURE ON CONTRACTION OF 

TEXAS COKE ORAPHlTES IRRADIATED AT 400. - SOOO C 
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FIGURE 4 

CRYSTALLITE CHANGES IN C S F  
GRAPHITE IRRADIATED AT 400-500 'C 
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FIGURE - 5  
PORE SIZE DISTRIBUTION IN C S F  

GRAPHITE IRRADIATED AT 400-500 O C  



- 13- 

FIGURE 6 

THERMAL RESISTIVITY OF C S F  
GRAPHITE IRRADIATED AT HIGH TEMPERATURE 
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FIGURE 7 

LATTIC€ SPACING ANNEALING OF IRRADIATE0 GRAPHITE 

THERMAL ANNEAL 
AT 375.C --- THERMAL ANNEAL ONLY - REACTOR ANNEAL 
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