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' Analyses of property changes during r e i r r a d i a t i o n s  

and anneals  show t h a t  t h e  technique of a l t e r n a t e  r e i r r a d i a -  

t i o n s  and anneals  can c o n s i s t e n t l y  be used t o  remove rad ia -  

t i o n  damage from g r a p h i t e ,  Laboratory experiments, monitor- '  

ing s t u d i e s ,  and r e a c t o r  he igh t  measurements a l l  c o r r e l a t e  

favorably,  It is  shown t h a t  t h e  recovery f o r  a r e i r r a d i a -  

t i o n  and anneal ing c y c l e  i s  independent of i r r a d i a t i o n  

temperature and t o t a l  damage over wide ranges,  The rec ip -  

r o c a l  of t h e  recovery per  cyc le  i s  a simple l i n e a r  func- 

t i o n  of t h e  exposure between anneals  wi th  a s lope  t h a t  

i s  determined by t h e  anneal  temperature,  



I. INTRODUCTION 

The r e t a i n e d  property changes i n  g r a p h i t e  a f t e r  r e -  

peated c y c l e s  of r e i r r a d i a t i o n s  and anneals  were descr ibed 

i n  o t h e r  work, I t  w a s  concluded t h a t  a l t e r n a t e  reir- 

r a d i a t i o n s  and anneals  can remove r a d i a t i o n  damage from 

graph i t e .  I n  t h i s  i n v e s t i g a t i o n  t h e  changes i n  proper- 

t i e s  t h a t  occur during r e i r r a d i a t i o n s  and anneals  a r e  

shown t o  be c o n s i s t e n t  wi th  t h e  a n a l y s i s  of t h e  r e t a i n e d  

proper ty  changes. 

The dimensional expansion during a  r e i r r a d i a t i o n  and 

t h e  c o n t r a c t i o n  during an anneal  were s tud ied  as funct ions  

of i r r a d i a t i o n  temperature',  anneal  temperature,  t o t a l  

damage, and exposure between anneals ,  Experiments i n  

which one of t h e s e  v a r i a b l e s  a t  a  t ime i s  changed a r e  

compared wi th  experiments i n  whk 11 a l l  of t h e  v a r i a b l e s  

change simultaneously,  It  is  shown t h a t  t h e  r a t i o  of t h e  

growth during a  r e i r r a d i a t i o n  (G) t o  t h e  recovery during 

an anneal  ( I R  I )  i s  independent of both  i r r a d i a t i o n  temp- 

e r a t u r e , a n d  r e t a i n e d  damage over l a r g e  ranges,  The r a t i o  ' 

G / I R (  i s  a  l i n e a r  func t ion  of exposure between anneals  wi th  a  

s lope  t h a t  i s  determined by the anneal  temperature,  The r e -  



s u l t s  a r e  found t o  be app l i cab le  t o  changes i n  t h e  Brook- 

haven r e a c t o r  (BGRR) i n  s p i t e  of complexity i n  t h e  ir- 

r a d i a t i o n  and anneal ing procedure, 

11. EXPERIMENTAL 

The type  of g r a p h i t e  used i n  t h e s e  s t u d i e s  and t h e  

method f o r  measuring changes i n  r e a c t o r  h e i g h t  have bee'n 

descr ibed  i n  d e t a i l  by R. Wi Powell. (2) Apparatus and 

techniques used i n  measuring dimensional expansions were 

given i n  o t h e r  work, ( 3 )  Exposure u n i t s  a r e  given i n  n e t  

f a s t  exposure o r  W D  where 1 MWD (megawatt day per  ad jacen t  

16 t o n  of uranium) - 7 x 10 nv t  f o r  neutrons w i t y l  ene rg ies  

above 0.6 Mev, 1 MWD i s  a l s o  approximately equiva lent  

t o  a "net  f a s t  exposure" of 3 x 1 . 0 ~ ~  n i t .  

Samples t h a t  fol low t h e  i r r a d i a t i o n  and anneal ing 

h i s t o r y  of t h e  BGRR a r e  r e f e r r e d  t o  a s  monitor samples, 

Monitoring samples a r e  d ispersed  throughout t h e  r e a c t o r .  

I r r a d i a t i o n  and anneal ing h i s t o r i e s  of samples i n  d i f -  

f e r e n t  p o s i t i o n s  vary considerably s i n c e  t h e  f l u x ,  t h e  

i r r a d i a t i o n  temperature and t h e  anneal  temperatures  change 

with pos. i t ion,  Temperature d i s t r i b u t i o n s  a l s o  v a r i e d  from 

anneal  t o  a n n e a l .  A t  t h e  t ime t h e  measurements repor ted  

i n  t h i s  work were completed t h e  r e a c t o r  had been annealed 



3 8  t imes ,  The f i r s t  sevenfeen anneals  occurred under 

condi t ions  of v a r i a b l e  anneal ing frequency, The r e a c t o r  

was then  annealed every t h r e e  weeks (-16 MWD), Representat ive 

d a t a  i l l u s t r a t i n g  t h e  h i s t o r y  through t h e  f i r s t  twenty an- 

n e a l s  were descr ibed  i n  o t h e r  work, (1) The monitoring s t u d i e s  

given i n  t h i s  work (Fig. 3, Table I )  p e r t a i n  t o  t h e  18th  

through t h e  38th anneal.  

Cont rac t ions  occurr ing during anneals  a r e  descr ibed  . 

- a s  e i t h e r  n e t  r ecover ie s  o r  % recovery pe r  r e i r r a d i a t i o n  

and anneal ing cycle .  Net r ecover ie s  r e f e r  t o  t h e  f r a c -  

t i o n  of t h e  t o t a l  expansion removed by c o n t r a c t i o n ,  Re- 

cover i e s  pe r  c y c l e  a r e  de£ined a s  t h e  recovery during 

an anneal  d iv ided  by t h e  growth during t h e  previous r e -  

i r r a d i a t i o n  i , e .  

r ecovery /cyc~e  = I R I /G . 
I n  some experiments both  I R I  and G were measured in -  

dependently, I n  most of t h e  monitoring s t u d i e s  only n e t  

changes i n  dimensions a f t e r  a r e i r r a d i a t i o n  and anneal-  

ing cyc le  could be measured, I n  t h e s e  cases  t h e  



growth occurr ing during t h e  r e i r r a d i a t i o n  was est imated 

from growth r a t e s  o f ' con t inuous ly  i r r a d i a t e d  BGRR graph- 

i t e ,  The da ta  necessary f o r  t h e s e  e s t ima tes  were given 

a s  funct ions  of exposure and i r r a d i a t i o n  temperature i n  

o the r  work, (3  1 The recovery f o r  a r e i r r a d i a t i o n  and 

anneal ing cyc le  under t h e s e  c 'onditions is  defined a s  

[est imated qrowth + measured con t rac t ion]  . 
est imated growth 

Reactor he igh t  measurements involve columns of 

g r a p h i t e  wi th  varying degrees of r ad ia t ' i on  damage. 

Some of t h e  g r a p h i t e  is e s s e n t i a l l y  un i r rad ia ted  s i n c e  

t h e  f a s t  f l u x  i n  t h e  per iphery is  zero. Recoveries 

f o r  such measurements a r e  def ined  r e l a t i v e  t o  ex- 

pansions t h a t  occurred during t h e  continuous exposure 

before  t h e  onse t  of a l t e r n a t e  r e i r r a d i a t i o n s  and an- 

nea l s ,  It i s  assumed t h a t  t h e  complicating f a c t o r s  

due t o  i n e r t  g r a p h i t e  e f f e c t  t h e  expansion and con- 

t r a c t i o n  of t h e  r e a c t o r  contour i n  t h e  same manner, 

These s t u d i e s  a r e  based on dimensional changes. 

I t  i s  expected, from o the r  work, - t h a t  t h e  r e s u l t s  

. a re  a l s o  v a l i d  f o r  c -axis  and s t o r e d  energy changes. 



111, RESULTS AND DISCUSSION 
I 

A. Varia t ion  of G/ I R  I with  Exposure and I r r a d i a t i o n  

Temperature 

Continuous neutron i r r a d i a t i o n s  of g r a p h i t e  r e s u l t  

i n  expansions t h a t  depend on exposure and i r r a d i a t i o n  

temperature,  When i r r a d i a t e d  g r a p h i t e  i s  thermally an- 

nealed,  t h e  amount of c o n t r a c t i o n  t h a t  occurs. a t  a g iven  

anneal  temperature i s  monotonic wi th  t h e  magnitude of 

t h e  f i r s t  exposure and i n v e r s e l y  dependent on t h e  ir- 

r a d i a t i o n  temperature.  (5 However, n e i t h e r  r e l a t i o n -  

s h i p  is w e l l  def ined.  

I n  g r a p h i t e s  t h a t  a r e  a l t e r n a t e l y  i r r a d i a t e d  and an- 

nealed more dimensional damage can be removed by a r e -  

i r r a d i a t i o n  and anneal ing c y c l e  than  'is produced by t h e  

r e i r r a d i a t i o n  i t s e l f . .  The r a t i o  of t h e  growth t o  t h e  r e -  

covery ( G / ( R ~ )  w i l l  vary from l e s s  t h a n  u n i t y  t o  g r e a t e r  

than  u n i t y  with inc reas ing  exposure between anneals ,  A l -  

though t h e  growth during t h e  r e i r r a d i a t i o n  and t h e  r e -  

covery d i ~ r i n g  the a.nneal a r e  each dependent on ir- 

r a d i a t i o n  temperature and magnitude of exposure between 

anneals ,  t h e  r a t i o  G / I R  I i s  independent of i r r a d i a t i o n  

temperature and i s  a l i n e a r  funct ion  of t h e  exposure 



between anneals ,  . t 

The r a t i o  G / I R J  was measured on samples t h a t  were 

annealed a t  3 5 0 ' ~  a f t e r  each of a s e r i e s  of d i f f e r e n t  

exposures a t  a f ixed  i r r a d i a t i o n  temperature,  The r e -  

s u l t s  of such experiments f o r  irradiation'temperatures 

between 2 0 ' ~  and 2 0 0 ' ~  a r e  shown i n  Fig,  1. The samples 

s tud ied  had t o t a l  exposures from 1200 MWD t o  2000 MWD 

with  an exposure before  t h e  f i r s t  anneal  of about 1000 

MWD, It can be seen t h a t  f o r  t h e  range of exposures 

s tud ied ,  t h e  r a t i o  of expansion during t h e  r e i r r a d i a t i o n  

t o  t h e  c o n t r a c t i o n  occurr ing a t  3 5 0 ' ~  i s  p ropor t iona l  

t o  t h e  exposure between t h e  350°c anneals  and i s  in -  

dependent of t h e  temperature of i r r a d i a t i o n .  

The absc i s sa  value f o r  G / I R I  = 1 corresponds t o  t h e  

exposure a t  which t h e  .350°c anneal  removes t h e  same 
I 

q u a n t i t y  of damage t h a t  t h e  previous r e i r r a d i a t i o n  pro- 

duced. The r e s u l t s  of s t u d i e s  r e l a t i n g  t h e  exposure 

necessary f o r  .loo% recovery ( G / ~ R (  = 1) t o  t h e  anneal  

temperature a r e  compared t o  a s i m i l a r  experiment of 

Woodruff 's  (4 1 i n  Fig. 2. It is  seen t h a t  a s  t h e  ex- 

posure between anneals  increases ,  h igher  anneal  temp- 

e r a t u r e s  a r e  necessary t o  remove t h e  expansion pro- 



duced by the  r e i r r ad i a t i on ,  , , 

B,  Recoveries Under Conditions of Varying Anneal Temp- 

+ e ra tu re s  

Net recoveries fo r  a l l  t he  3 week r e i r r a d i a t i o n  and 

annealing cycles  of t he  BGRR a r e  shown f o r  3 t y p i c a l  

samples i n  Fig, 3, The samples were taken from d i f f e r e n t  

( 2 )  r eac tor  posi t ions  and represent  a range of i r r a d i a t i o n  

temperatures from 2 8 O ~  t o  1 2 5 ' ~ ~  The o r i g i n a l  damage 

present  before t he  f i r s t  cycle v a r i e s  by a f ac to r  of 

t h r ee  i n  t he  samples shown, Additional data  f o r  these  

and a four th  sample a r e  given i n  Table I ,  (The p l o t  of 

new recovery vs  number of cycles  f o r  t h e  four th  sample 

i s  almost i d e n t i c a l  t o  t he  sample with a 2 8 ' ~  i r r a d i a -  

t i o n  temperature and i s  not shown,) 

I t  i s  observed from Fig. 3 t h a t  t he  net  recoveries 

a r e  approximately l i nea r  with t he  number of cycles  and 

show no t rend with i r r a d i a t i o n  temperature, From 

Table I it is  seen t h a t  while t h e  net  recoveries show 

no t rend with o r i g i n a l  dimensional damage, the  average 

recovery, per cycle is  the  same f o r  a l l  samplzs, 
r 

Similar e f f e c t s  were a l s o  observed i n  reac tor  height 



measurements, Fig.  4 shows t h e  d a t a  used t o  o b t a i n  t h e  

recovery per  cyc le  i n  rea0ctor  he igh t .  The t h r e e  l i n e a r  

p l o t s  wi th  pos i t ive .  s lopes  on t h e  l e f t  s i d e  of t h e  f i g u r e  

r e p r e s e n t  growth be fo re  t h e  f i rs t  anneal  given by R, W, 

Powell [Reactor Operations Divis ion Monthly Report, A p r i l  

1957, BNL 450 (T-96) 1, The curves on t h e  r i g h t  of Fig.  4 

,. g i v e  t h e  r ecen t  d a t a  on r e a c t o r  c o n t r a c t i o n s  f o r  t h e  24th 

through t h e  37th anneal.  The average recover ie s  obtained . 

from t h e  r a t i o s  of t h e  s lopes  of t h e  l i n e s  a r e  182%, 189%, and 188% 

f o r  t h e  t h r e e  p o s i t i o n s  measured; These va lues  compare 

favorably wi th  t h e  monitoring r e s u l t s ,  

C. Estimates  of E f f e c t i v e  Anneal Temperatures 

The absence of any dependence of t h e  recovery per  

c y c l e  on t h e  i r r a d i a t i o n  temperature is  not  s u r p r i s i n g  

i n  view of t h e  s t u d i e s  descr ibed  i n  Sec t ion  A. The 

c o n s i s t e n t  va lue  of 185% obtained throughout t h e  r e a c t o r  

from monitoring and r e a c t o r  he igh t  measurements is, how- 

e v e r ,  unexpected, Since t h e  recovery ( i . e ,  I R  I /G) i s  

dependent on anneal  temperature,  t h e  d a t a  imply t h a t  a 

s i n g l e  e f f e c t i v e  anneal  temperature c h a r a c t e r i z e s  each 

c y c l e  a t  all p o s i t i o n s ,  

It i s  poss ib le  t o  es t imate ,  such a temperature from 



t h e  d a t a  given i n  Figs .  1 and 2,; I t  is  f i r s t  assumed 

t h a t  t h e  G / I R  I func t ions  a r e  l i n e a r  wi th  exposure between 

anneals  f o r  a l l  anneal  temperatures,  The ac tua l ,  s lopes  
. . 

of t h e  l i n e s  can then  be determined by connecting t h e  

o r i g i n  wi th  p o i n t s  obtained from Fig. 2 f o r  G / I R I  = 1. 

The r e s u l t s  a r e  shown i n  Fig. 5. It  i s  observed t h a t  

a recovery of 185% f o r  a 16 MWD exposure between anneals  

is equiva lent  t o  an e f f e c t i v e  anneal  temperature of 250°c, 
. . 

It is  worth not ing  t h a t  the,  same e f f e c t i v e  anneal  temp- 

e r a t u r e  can be- obtained from a weighted average of t h e  

seventy thermocouples used t o  measure anneal  tempera- 

t u r e s .  The numerical temperature d i s t r i b u t i o n  and weight- 
. . . . 

ed averages f o r  t h e  l a s t  seven anneals  .are g iven  i n  Table 
. . 

11. The weighted average, the re fo re ,  appears t o  be a 

u s e f u l  empi r i ca l  t o o l  . for  es t imat ing  t h e  e f f e c t i v e n e s s  
, , 

of an anneal.  

I V .  CONCLUSIONS 

Laboratory. experiments, monitoring s t u d i e s ,  and r e -  

a c t o r  he igh t  measurements a l l  show t h a t  t h e  recovery f o r  

a r e i r r a d i a t i o n  and anneal ing cyc le  is  independent of 

irradiation temperature and t o t a l  damage over wide ranges. 

The r e c i p r o c a l  of t h e  recovery per  cyc le  is l i n e a r  wi th  



exposure between anneals  w i t 9  a s lope  t h a t  i s  determined 

by t h e  anneal  temperature,  When t h e  exposure between an- 

n e a l s  and t h e  anneal  temperature a r e  f ixed ,  t h e  recovery 

per  cyc le  remains cons tan t  and does n o t  appear t o  decrease 

a f t e r  many cyc les ,  This  e f f e c t  was a l s o  observed i n  o t h e r  

work and holds f o r  wide ranges of dimensional damage. 

However, it i s  not  expected t o  hold when most of t h e  

damage i s  removed. (6 1 

I n  s p i t e  of complexity i n  t h e  i r r a d i a t i o n  and anneal-  

ing program and f l u c t u a t i o n s  i n  p e r t i n e n t  v a r i a b l e s ,  r e -  

a c t o r  he igh t  measurements c o r r e l a t e  w e l l  wi th  monitoring. 

sample measurements, 

It is  concluded t h a t  t h e  technique of a l t e r n a t e  r e -  

i r r a d i a t i o n s  and anneals  can be used c o n s i s t e n t l y  t o  r e -  

move r a d i a t i o n  damage from graph i t e .  
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FIGURE CAPTIONS 

Fig.  1 - Rat io  of growth t o  recovery ( a f t e r  3 5 0 ~ ~  anneals )  

. v s  exposure, between anneals  f o r  var ious  i r r a d i a t i o n  ternp- 
e r a t u r e s .  

Fig.  2 - - Anneal temperature f o r  G / [ R I  = 1 v s  exposure 

. . between anneals .  

F ig ,  3 - Net dimensional recover ies  v s  number of 3 week 
, 

r e i r r a d i a t i o n  and anneal ing cycles ,  

Fig.  4 - Reactor he igh t  expansions and con t rac t ions ,  
i 

Fig. 5 - G / I R I  funct ions  f o r  var ious  anneal  temperatures.  



RATIO OF GROWTH TO RECOVERY (AFTER 
350°C ANNEAL)  vs IRRADIATION INTERVAL BETWEEN 

A N N E A L S  FOR GRAPHITES IRRADIATED TO 2000 MWD 

i . ' 1 . . ,  , . \ . , . :  . :. .,. _ , . . 
FIGURE 1 



A N N E A L  TEMPERATURE vs 
IRRADIATION INTERVAL FOR G / I R I = I  

IRRADIATION I N T E R V A L  (MWD) 

FIGURE 2 
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I G I / I R I  F U N C T I O N S  FOR V A R I O U S  
ANNEAL TEMPERATURES 
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TABLE 1 
Average Dimensional Recovery of BGRR Monitoring Samples  

Channel 

B - 3.i  S 

B-3; N 

B-D-4$ N 

B-3; S 

I 

I r r ad ia t ion  
Temp. 

"C 

125 

28 

7 6 

80 

Expected Growth 
During 

3 Week P r o g r a m  

inches  x 10' 

3 1 

57 

48 

4 1 

Total Growth 
a t  Beginning of 

3 Week P r o g r a m  

inches x 1 o4 

54 

108 

169 

82 

Contraction 
During 

3 Week P r o g r a m  

inches  x l o 4  

26 

4 6 

41 

3 6 

1 

Average 
Recovery  
P e r  Cycle 

70 

185 

181 

185 

188 



TABLE 2 
Tempera ture  Distribution i n  BGRR During a n  Anneal 

*Based on 70 thermocouples  d i s p e r s e d  through the BGRR. 

Temp. 

(OC) 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

3 75 

Weighted 
Average - 

38th 

Axneal 

(9/:4/63) 

1 

5 

4 

1 

1 

7 

8 

L 5 

L 1 

12 

5 

0 

252°C 

37th 

Anneal 

;8/23/63) 

3 

2 

3 

3 

0 

8 

8 

9 

16 a 

11 

5 

2 

267°C 

Number 

36th 

Anneal 

(8/2/63) 

1 

4 

3 

3 

0 

3 

11 

8 

22 

9 

6 

0 

269°C 

of 

35th 

Anneal 

(7/12/63) 

1 

5 

4 

1 

1 

3 

11 

16 

13 

11 

4 

0 

263°C 

Thermocouples* 

34th 

Anneal 

(6/22/63) 

1 

6 

3 

1 

2 

3 

20 

8 

17 

9 

0 

0 

254°C 

33rd 

Anneal 

(5/10/63) 

3 

4 

4 

0 

0 

4 

15 

13 

13 

9 

5 

0 

260°C 

32nd 

Anneal 

(4/20/63) 

1 

6 

4 

0 

2 ' 

4 

17 

18 

13 

5 

0 

0 

250°C 




