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S U M M A R Y  

BNWL- 768 

N U C L E A R  G R A P H I T E  

The reaction of grey boronated 

graphite with water vapor yields B203 

and H2 in the temperature range 

700 to 900 OC and at water-vapor con- 

centrations from 2700 to 39,000 vpm. 

The B203 subsequently reacts with 

water vapor to form a volatile boric 

acid and is thereby removed from the 

sample surface. Only at the highest 

temperatures and water-vapor concen- 

trations is any C02 observed in the 

reaction products. 

Further efforts to characterize 

the nongraphitic lace networks pro- 

duced in TSX and AGOT-LS graphites 

by oxidation in the glow region of 

microwave-excited oxygen have re- 

sulted in lace structures which can 

be melted above 700 OC. The extent 

of the melted areas expands until 

virtually all the lace is melted at 

1100 OC. 

Additional microwave-excited 

oxidations with TSX and AGOT-LS 

graphite in the glow region indicate 

that the transient species respon- 

sible for saw-tooth formation is 

removed as oxygen pressure is in- 

creased and that impurities present 

in the graphite influence saw-tooth 

structure formation. Oxidation down- 

stream from the glow region do not 

result in saw-tooth formation and the 

rate, which is about 1/100th that in 

the glow region at ambient tempera- 

tures, has a greater temperature 

in the glow. The principal struc- 

tures produced by downstream oxida- 

tion are pits and channels. 

A simplified method of calculating 

the contribution to bulk properties 

of preferred crystallite orientation 

is described. The results for TSGBF 

and TSX graphite are given as exam- 

ples of extrusion textures with ro- 

tational symmetry throughout. 

Crystallites parallel to the sur- 

face of the extrusion are superposed 

on the otherwise symmetrical texture. 

The yield of radiolytic reactions 

in inert-gas-cooled reactors is 

primarily dependent upon the effi- 

ciency of energy transfer from the 

excited helium to any reactive im- 

purity which is present. The effi- 

ciency of the energy transfer is 

being studied by investigating the 

quenching of emission of light from 

helium excited by 2 MeV protons. The 

quenching efficiencies of the helium 
3 3 1 1 transitions, 3 S + 2 P and 3 P + 2 S, 

by N2, C02, and CO have been measured, 

and the results are given. 
The proof-test capsule series in 

the GETR was terminated. The H-3-27 

capsule was discharged after exposure 

to 1.5 x 10" nvt (E > 0.18 MeV), 

with capsule temperatures ranging 

from 550 to 1100 OC. Several im- 

proved isotropic graphites displayed 

good dimensional stability to expo- 

sures of lo2' nvt. An irradiation 

coefficient than the oxidation rate 
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experiment to determine the effects 

of sample size and a low compressive 

stress on the turnaround behavior of 

graphite was initiated. 

Three different irradiation experi- 

ments are being carried out in two 

Hanford reactors to investigate the 

effect of sample size on irradiation- 

induced contraction of graphite. 

Data are available on TSX graphite 

from two of these experiments to a 

maximum fast-neutron exposure of 

1.6 x 1021 nvt (E > 0.18 MeV). These 

data indicate that the large blocks 

(4 in. x 5 3/8 in. x 17 1/2 in.) are 

contracting 25 to 30% faster than the 

small samples (0.43 in. diam x 3 in. 

long and 0.43 in. diam x 6 in. long) 

for directions both transverse and 

parallel to the extrusion axis. 

Other experiments are being initiated 

to determine the causes of size- 

effect; these include X-ray determi- 

nation of crystallite orientation 

and possibly a study to determine the 

effect of high-temperature irradia- 

tion preceded by a brief exposure at 

low temperatures. 

The GEH-13-14 capsule irradiated 

at temperatures from 800 to 1300 " C  

in the ETR was discharged in February 

1968 with a maximum accumulated 

exposure of 6 x 1021 nvt (E > 

0.18 MeV). Damage appears to be 

accumulating faster at these high 

temperatures than at lower tempera- 

tures. Two types of isotropic 

graphites are exhibiting stable be- 

havior. The capsule will be re- 

charged in May; it should accumulate 

exposures approaching lo2 nvt before 

the next discharge in September 1968. 

An improved model was developed 

for explaining thermal-expansion 

hysteresis in nuclear graphite. 

F U E L  D E V E L O P M E N T  FOR G A S - C O O L E D  R E A C T O R S  - H T G R  G R A P H I T E  S T U D I E S  

Surface-area changes have been almost insignificantly small. The 

measured on four samples of graphite graphite samples will be reirradiated 

irradiated to about 1.94 x 1021 nvt to determine if significant changes 

(E > 0.18 MeV) at an average tempera- occur at higher doses. 

ture of 916 O C .  The changes were 

N U C L E A R  C E R A M I C S  

Development of methods for prepa- A scanning electron microscope 

ration of thin foils of nuclear to study the surface features of 

ceramic materials for transmission nuclear ceramic and graphite mate- 

electron microscopy has continued. rials has been ordered, and delivery 

Considerable improvement in thinning is expected by May 1, 1968. 

U02 results from a combination of Compatibility testing of hypo- 

mechanical thinning and chemical stoichiometric (U0.75P~0.25)~2-x 
9 

polishing. both helium-and sodium-bonded to 
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t y p e  304 SS, ha s  been comple t ed .  

A f t e r  h e a t i n g  f o r  1000 h r  a t  650 and 

1000 O C ,  no i n c o m p a t i b i l i t y  between 

t h e  mixed o x i d e  and sodium o r  c l a d  

was e v i d e n t .  C a r b o t h e r m i c a l l y  

produced  uran ium-plu tonium n i t r i d e s  

were  a l s o  t e s t e d  i n  sodium-bonded 

s t a i n l e s s  s t e e l .  No ev idence  of  

r e a c t i o n  was s e e n  a f t e r  1000 h r  a t  

1000 "C. 

S t u d i e s  on t h e  growth  of  c r y s t a l s  

o f  Pu02 and U02-Pu02 f o r  b a s i c  p rop -  

e r t y  measurements  were c o n t i n u e d  

w i t h  t h e  i n i t i a t i o n  of  s t u d i e s  of 

t h e  e l e c t r o n - b e a m  f l o a t i n g -  zone 

growth of  U02 e n c a p s u l a t e d  i n  

t u n g s t e n  and rhenium. C r y s t a l  

g rowth  i n  t u n g s t e n  i s  compl i ca t ed  

by t h e  s o l u b i l i t y  o f  t h e  t u n g s t e n  

i n  mo l t en  U02 and t h e  subsequen t  

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

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

a p p e a r s  t o  be  i n s o l u b l e  i n  mo l t en  

U02 and s h o u l d  s e r v e  a s  t h e  b e s t  

c o n t a i n e r  m a t e r i a l  f o r  f u r t h e r  

g rowth  s t u d i e s .  

The t he rma l  d i f f u s i v i t y  o f  

s i n t e r e d  (UO. 7 5 P ~ 0 .  2 5 )  O Z k x  can  be  

e x p r e s s e d  a s  a  f u n c t i o n  o f  t empera-  

t u r e  and oxygen - to -me ta l  r a t i o  by t h e  

e m p i r i c a l  r e l a t i o n s h i p  

where t h e  t e m p e r a t u r e ,  T ,  i s  i n  O C  

(100 t o  1200 "C) and O / M  i s  t h e  

oxygen - to -me ta l  r a t i o  (1.92 t o  2 . 0 0 ) .  

Comparison w i t h  r e s u l t s  f o r  b o t h  U02 

and Pu02 i n d i c a t e  t h a t  p lu ton ium 

c o n t e n t  ha s  no measu rab l e  e f f e c t  on 

t h e r m a l  d i f f u s i v i t y  of  mixed uranium- 

p lu ton ium o x i d e s .  

The t h e r m a l  d i f f u s i v i t y  and t h e r -  

mal c o n d u c t i v i t y  o f  p n e u m a t i c a l l y  

impacted  s t o i c h i o m e t r i c  Pu02 

( 9 3 . 3 %  TD) from 100 t o  1650 "C can  

be e x p r e s s e d  by t h e  e m p i r i c a l  r e l a -  

t i o n s h i p s  

and 

r e s p e c t i v e l y .  

A f u e l  c a p s u l e  c h a r a c t e r i z i n g  

mo l t en -zone  s o l i d i f i c a t i o n - r a t e  

e f f e c t s  on ox ide  f u e l  s t r u c t u r e  and 

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

100-KE Snout  f a c i l i t y .  The i n c i d e n t ,  

which had no a d v e r s e  e f f e c t  on r e a c -  

t o r  o p e r a t i o n ,  was a p p a r e n t l y  caused  

by i n a d e q u a t e  o u t g a s s i n g  of  t h e  f u e l  

a f t e r  i t  was exposed t o  an  o r g a n i c  

s o l v e n t .  The p o s s i b i l i t y  of  r e c u r -  

r e n t  f a i l u r e s  from t h i s  s o u r c e  i n  

subsequen t  i r r a d i a t i o n s  w i l l  be  

avoided  by o u t g a s s i n g  t h e  f u e l  a t  

1000 O C  immedia te ly  p r i o r  t o  c a p s u l e  

assembly .  

F a c i l i t i e s  f o r  measur ing  p r o p e r -  

t i e s  o f  l i q u i d  U02-Pu02 a r e  n e a r i n g  

comple t i on .  Techniques  f o r  measur ing  

change i n  volume on m e l t i n g  and 

l i q u i d  d e n s i t y  were deve loped .  Appa- 

r a t u s  f o r  measur ing  v i s c o s i t y  by t h e  

o s c i l l a t i n g  c r u c i b l e  t e c h n i q u e  a t  

t e m p e r a t u r e s  t o  app rox ima te ly  3000 O C  

was d e s i g n e d  and b u i l t .  

Appa ra tu s  f o r  measur ing  t h e  sound 

v e l o c i t y  i n  s o l i d s  by b o t h  t h e  phase -  

compar i son  method and by a  low- 

f r equency  r e s o n a n c e  t e c h n i q u e  have 

been assembled .  Measurements on a  



p o l y c r y s t a l l i n e  sample of U02 a r e  i n  

agreement  w i t h  p r e v i o u s  work. 

The t he rma l  d i f f u s i v i t y  from 200 

t o  1600 O C ,  o f  a  mixed uran ium-  

p lu ton ium n i t r i d e  sample o b t a i n e d  

d i r e c t l y  from mixed U02-20 w t %  PuOZ 

by t h e  c a r b o t h e r m i c  r e d u c t i o n  p r o c e s s  

a g r e e s  ( w i t h i n  e x p e r i m e n t a l  e r r o r )  

w i t h  t h a t  o f  a  m e t a l - h y d r i d e - d e r i v e d  

specimen.  

F A S T - R E A C T O R  N I T R I D E S  R E S E A R C H  

Procedu re s  have  been  deve loped  

which a l l ow  t h e  r e p r o d u c i b l e  s y n t h e -  

s i s  of n i t r i d e  compos i t i ons  c o n t a i n -  

i n g  a1000 ppm oxygen and a2000 ppm 

ca rbon  w i t h  v a r i a t i o n s  of l e s s  t h a n  

a 0 . 0 6  w t %  of  any a n i o n .  The t u n g s t e n  

p a r t i c l e - b e d  r e a c t o r  sys tem deve loped  

f o r  t h i s  work appea r s  t o  be c a p a b l e  

of  c o n t i n u o u s ,  l ong - t e rm  s e r v i c e  

under  p r e s e n t  o p e r a t i n g  c o n d i t i o n s .  

N i t r i d e s  o b t a i n e d  by c a r b o t h e r m i c  

r e d u c t i o n  of  o x i d e s  were s i n t e r e d  t o  

d e n s i t i e s  between %86% and a94% TD. 

The g e n e r a l  p r o c e d u r e s  deve loped  f o r  

s i n t e r i n g  m e t a l - d e r i v e d  n i t r i d e s  were 

a p p l i e d  t o  t h e  c a r b o t h e r m i c  m a t e r i a l ;  

v a r i a t i o n  o f  c a rbon  c o n t e n t  between 

S O .  2  and 0 . 6  w t %  had no s i g n i f i c a n t  

e f f e c t  on s i n t e r i n g  b e h a v i o r .  A 

compos i t i on  change i n v o l v i n g  r e d u c -  

t i o n  of c a rbon  and oxygen c o n t e n t  a s  

a  r e s u l t  of s i n t e r i n g  was n o t e d ;  

minimum oxygen and ca rbon  l e v e l s  o f  

0 .18  and 0.10 w t % ,  r e s p e c t i v e l y ,  

were  o b t a i n e d .  

P r e l i m i n a r y  s t u d i e s  on an advanced 

c a r b o t h e r m i c  s y n t h e s i s  method f o r  

mixed n i t r i d e s ,  s t a r t i n g  w i t h  u r a n y l  

n i t r a t e  hexahydra t e  and s u g a r  mix- 

t u r e s ,  were c o n t i n u e d .  Data on g a s /  

l i q u i d  mass r a t i o  f o r  optimum o p e r a -  

t i o n  of  t h e  s p r a y - c a l c i n e r  sys tem 

were  g a t h e r e d .  Homogeneous, un i fo rm 

p a r t i c u l a t e  m i x t u r e s  o f  U02 and 

ca rbon  were o b t a i n e d  w i t h  c o n t r o l l e d  

c a r b o n  c o n t e n t s  i n  t h e  r ange  r e q u i r e d  

f o r  c a r b o t h e r m i c  r e d u c t i o n .  

N O N D E S T R U C T I V E  T E S T 1  NG R E S E A R C H  

E D D Y  C U R R E N T  M E T H O D S  

The p r i n c i p a l  o b j e c t i v e  of t h e  

eddy c u r r e n t  m u l t i p a r a m e t e r  non- 

d e s t r u c t i v e  t e s t  s t u d i e s  now i n  p r o -  

g r e s s  i s  t o  deve lop  t e c h n i q u e s  t o  

o b t a i n  needed i n f o r m a t i o n  abou t  t e s t  

spec imens  t h a t  c anno t  be o b t a i n e d  by 

u s i n g  t h e  c o n v e n t i o n a l  s i n g l e  f r e -  

quency eddy c u r r e n t  t e s t  equipment .  

E l e c t r o n i c  c i r c u i t s  were deve loped  

f o r  s i m p l i f y i n g  and s t a n d a r d i z i n g  t h e  

i n s t r u m e n t  d e s i g n  f o r  m u l t i p l e -  

f r equency  m u l t i p a r a m e t e r  eddy c u r r e n t  

t e s t e r s .  

T H E R M A L  M E T H O D S  

The program t o  deve lop  a '  remote 

t r a n s i e n t  method f o r  d e t e r m i n i n g  



s u r f a c e  t he rma l  impedance v a l u e s  was 

c o n t i n u e d  t h i s  q u a r t e r .  An a u t o m a t i c  

sys tem f o r  o b t a i n i n g  t h e  impedance 

v a l u e s  f o r  v a r i o u s  sample m a t e r i a l s  

h a s  been c o n s t r u c t e d ,  and a n a l y s i s  

o f  t h e  d a t a  o b t a i n e d  w i t h  t h e  t e s t  

sys tem i n d i c a t e s  t h a t  t h e  t e s t  t e c h -  

n i q u e  i s  s e n s i t i v e  t o  m a t e r i a l  

v a r i a t i o n s .  

ULTRASON I C METHODS 

P r o p a g a t i o n  o f  u l t r a s o n i c  p u l s e s  

i n  a t t e n u a t i n g  media i s  be ing  s t u d i e d  

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

b e h a v i o r .  

The i n f l u e n c e  o f  f r equency  and 

g r a i n  s i z e  on r e f l e c t i o n  and t r a n s -  

m i s s i o n  f a c t o r s  i s  demons t ra ted  

g r a p h i c a l l y .  

METALLIC FUELS 

The long  te rm i r r a d i a t i o n  o f  t h r e e  

Th-2.5 w t %  U-1.0 w t %  Zr t u b u l a r  f u e l  

e l emen t s  c o n t i n u e s  i n  t h e  P-7 p r e s -  

s u r i z e d ,  h o t  w a t e r  l o o p  i n  t h e  ETR. 

The exposu re s  range  from 11 ,200  t o  

20,300 MWd/T w i t h  co r r e spond ing  f u e l  

volume i n c r e a s e s  from 1 . 7  t o  3 . 8 % .  

The e l emen t s  c o n t i n u e  t o  show e x c e l -  

l e n t  per formance  w i t h  no ev idence  o f  

wa rp ing ,  bowing o r  d i s t o r t i o n .  The 

maximum exposu re  e lement  h a s  e x p e r i -  

enced  more t h a n  814 e f f e c t i v e  days 

o f  i r r a d i a t i o n  under  power r e a c t o r  

c o n d i t i o n s  a t  maximum f u e l  t empera-  

t u r e s  between 350 and 600 " C .  I n  

a d d i t i o n  t h e s e  e l emen t s  have been 

removed from t h e  r e a c t o r  a f t e r  e ach  

r e a c t o r  c y c l e  f o r  i n t e r i m  examina t i on  

i n  t h e  r e a c t o r  b a s i n .  The remarkable  

s t a b i l i t y  of  t h e s e  f u e l  e l emen t s  

unde r  ex t reme c o n d i t i o n s  makes t h e  

Th-U a l l o y  t u b u l a r  f u e l  e lement  a  

pr ime c a n d i d a t e  f o r  r e a c t o r s  r e q u i r -  

i n g  s t a b l e  h i g h  exposu re  f u e l .  

T h i r t y - f i v e  ho l low  c o r e  uranium 

f u e l  e l emen t s  0.45 i n .  diam by 

6 . 2 5  i n .  long  and c o e x t r u s i o n  c l a d  

w i t h  Zry-2 have been s u c e s s f u l l y  

i r r a d i a t e d  i n  t h e  ETR-M3 loop  f a c i l -  

i t y  t o  rod  ave rage  exposu re s  r ang ing  

from 743 t o  8740 MWd/T. These e l e -  

ments  have  0.025 o r  0.050 i n .  t h i c k  

Zry-2 c l a d d i n g  and c e n t r a l  v o i d s  o f  

5 ,  10 ,  o r  20% of  t h e  f u e l  volume. 

I n t e r i m  examina t i ons  made i n  t h e  ETR 

b a s i n  a f t e r  each  r e a c t o r  c y c l e  show 

t h a t  a l l  t h e  f u e l  e l emen t s  have an 

accumula ted  volume d e c r e a s e  r ang ing  

from about  -0 .07  t o  - 3 . 6 % .  Diameter  

measurements  comple ted  on 24 o f  t h e  

e l emen t s  show b o t h  p o s i t i v e  and nega-  

t i v e  changes ,  most changes b e i n g  

w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  o f  t h e  

measurements .  Micrometer  measure-  

ments  o f  f u e l  r o d  l e n g t h s  made i n  t h e  

ETR c a n a l  i n d i c a t e  t h a t  up t o  0.97% 

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

S u f f i c i e n t  l e n g t h  d a t a  have  n o t  been  

accumula ted  t o  e s t a b l i s h  a  d i r e c t  

c o r r e l a t i o n  o f  l e n g t h  change w i t h  

volume change.  
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B A S I C  S W E L L I N G  S T U D I E S  

Capsu l e s  P-11 (550 O C ,  5000 p s i ,  

0 . 27  t o  90 a t %  BU) and P-18 (825 "C, 

-10 p s i ,  0 .16 t o  1 . 1 2  a t %  BU) were 

d i s c h a r g e d  a f t e r  comple t i ng  s u c c e s s -  

f u l  i r r a d i a t i o n s .  

D e t a i l e d  m e t a l l o g r a p h i c  examina- 

t i o n  o f  h i g h  p u r i t y  uranium specimens 

i r r a d i a t e d  a t  5000 p s i  t o  0.22 a t %  BU 

a t  450 O C  and 0.82 a t %  BU a t  425 t o  

430 "C, r e s p e c t i v e l y ,  r e v e a l e d  t h a t  

s w e l l i n g  i s  c aused  by m i c r o t e a r i n g  

and p o s s i b l y  f i s s i o n  gas  p o r o s i t y .  

P o s t i r r a d i a t i o n  a n n e a l i n g  o f  i r r a -  

d i a t e d  uranium a t  900 O C  f o r  100 h r  

i n  a  vacuum r e s u l t e d  i n  a  31 t o  33% 

volume i n c r e a s e ,  w h i l e  h e a t i n g  t o  

1082 O C  f o r  t h r e e  hou r s  produced  a  

45 t o  46% volume change .  I t  h a s  a l s o  

been  shown t h a t  h e a t i n g  i r r a d i a t e d  

uran ium a t  600 O C  i n  a  vacuum p r o -  

duces l i t t l e  o r  no volume change when 

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

t i o n  i s  removed. 

Two p a p e r s  were p r e s e n t e d  a t  t h e  

9 7 t h  Annual Meet ing o f  t h e  AIME i n  

New York C i t y ,  which was h e l d  on 

Feb rua ry  26 t o  29, 1968:  

1. " F i s s i o n  Gas Po re s  i n  P o s t i r r a d i a -  

t i o n  Annealed Uranium" by R .  D .  

L e g g e t t ,  T. K .  B i e r l e i n ,  J .  L .  

B r imha l l  and B.  M a s t e l .  

2 .  " F i s s i o n  Gas Induced S w e l l i n g  i n  

Uranium a t  High Tempera tures  and 

P r e s s u r e s "  by G .  L .  K u l c i n s k i ,  

R .  D.  Legge t t  and C .  R .  Hann. 

A T R  G A S  A N D  WATER L O O P  O P E R A T I O N  AND M A I N T E N A N C E  

PNL i s  p r o c e e d i n g  w i t h  RGD p r o -  Water c h e m i s t r y  f o r  t h e  ATR w a t e r  

grams d e s i g n e d  t o  a s s i s t  t h e  v a r i o u s  l o o p  i s  be ing  comple ted .  T e s t  s p e c i -  

G C L  vendors  i n  t h e i r  f a b r i c a t i o n  mens and h a n g e r  rods  a r e  b e i n g  p r e -  

p roblems.  I n  a d d i t i o n ,  work i s  unde r -  p a r e d  f o r  s t a r t u p  o f  t h e  ATR. A 

way t o  a s s i s t  t h e  AE and AEC i n  t h e  program document o u t l i n i n g  t h e  v a r i -  

a c c e p t a n c e  s t a n d a r d s  r e q u i r e d  f o r  t h e  ous t e s t s  t o  be  comple ted  i n  t h e  

components i n  t h e  v e n d o r s '  p l a n t s .  w a t e r  c o o l e d  loop  i s  b e i n g  p u b l i s h e d .  

R E A C T O R  F U E L S  A N D  M A T E R I A L S  

F A S T - R E A C T O R  D O S I M E T R Y  A N D  DAMAGE A N A L Y S I S  

SAND-I1 s o l u t i o n s  f o r  an  EBR-I1 P r e l i m i n a r y  r e s u l t s  i n d i c a t e  a  

low-power r e a c t o r  run  show t h a t  t h e  f i s s i o n - s p e c t r u m - a v e r a g e d  c r o s s  s e c -  

m u l t i p l e - f o i l  a c t i v a t i o n  t e c h n i q u e  t i o n  o f  0.764 mb. 

i s  w e l l  s u i t e d  f o r  f a s t - r e a c t o r  f l u x  P o i n t - d e f e c t  c a l c u l a t i o n s  f o r  

and f l u e n c e  measurements .  I n  a d d i -  i n t e r s t i t i a l  atoms i n  coppe r  have  

t i o n ,  t h e  m u l t i p l e - f o i l  a c t i v a t i o n  been  made by u s i n g  a  Morse p o t e n t i a l  

method h a s  been  u sed  t o  o b t a i n  an m o d i f i e d  t o  i n c l u d e  up t o  t h i r d  o r  

e v a l u a t e d  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o u r t h  n e i g h b o r  atoms.  The o r d e r i n g  

c u r v e  f o r  t h e  2 7 ~ 1  ( n , a )  2 4 ~ a  r e a c t i o n .  o f  e n e r g i e s  f o r  f i v e  i n t e r s t i t i a l  
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c o n f i g u r a t i o n s  i s  t h e  same a s  found C a l c u l a t i o n s  o f  b i n d i n g  e n e r g i e s  

by u s i n g  an unmodi f ied  Morse p o t e n -  a r e  c o n s i s t e n t  w i t h  t h e  s u g g e s t i o n  

t i a l ,  a l t h o u g h  energy  d i f f e r e n c e s  t h a t  S t a g e  I11  (150 C) a n n e a l i n g  i n  

a r e  l a r g e r .  For a l l  p o t e n t i a l  fo rms ,  i r r a d i a t e d  molybdenum i n v o l v e s  molyb- 

t h e  c a l c u l a t i o n s  y i e l d e d  t h e  r e s u l t  denum i n t e r s t i t i a l  atoms t r a p p e d  by 

t h a t  t h e  < l o o >  s p l i t  c o n f i g u r a t i o n  i r o n  i m p u r i t y  atoms. C a l c u l a t i o n s  

i s  t h e  most s t a b l e .  u s i n g  t h e  DEFECT code y i e l d  1 .34  eV 

The c o r r e l a t e d  mot ion  of  v a c a n c i e s  f o r  t h e  b i n d i n g  ene rgy .  The measured 

h a s  been i n t r o d u c e d  i n t o  t h e  a n n e a l -  a c t i v a t i o n  energy  f o r  S t age  I11  an -  

i n g  s i m u l a t i o n  code ANNEAL, t o  make n e a l i n g  i s  1 . 2  t o  1 . 3  eV. 

i t  a p p l i c a b l e  a t  e l e v a t e d  tempera-  

t u r e s .  The amended code i s  p r e s e n t l y  

b e i n g  checked o u t .  

IRRADIATION D A M A G E  T O  R E A C T O R  METALS 

R E A C T O R  METALS RESEARCH 

Al loy  S e l e c t i o n  

A 500 l b  q u a n t i t y  o f  1 / 2  i n .  diam 

SS rod  o f  a l l o y  FV-548 h a s  been ob-  

t a i n e d  from F i r t h  V i c k e r s  S t a i n l e s s  

S t e e l s ,  L t d . ,  England.  Procurement  

o f  t u b i n g  m a t e r i a l  from t h e  same h e a t  

a s  t h e  rod  i s  under  n e g o t i a t i o n .  

Con t inu ing  t h e  GE-APED s u p e r h e a t  

f u e l - c l a d  m a t e r i a l s  i n v e s t i g a t i o n s ,  

t h e r m a l l y  aged c o n t r o l s  f o r  t h e  a l l o y  

groups  i r r a d i a t e d  i n  t h e  GETR were 

t e n s i l e  t e s t e d  a t  704 "C. R e s u l t s  

T e n s i l e  d a t a  r e p o r t s  have been 

r e c o r d e d ,  p r o c e s s e d ,  and s t o r e d  i n  

t h e  REM ( R a d i a t i o n  E f f e c t s  on M e t a l s )  

computer  program f o r  5506 i n d i v i d u a l  

t e s t s .  

I r r a d i a t i o n  Damage t o  S t a i n l e s s  

S t e e l s  

Annealed and co ld-worked  348 SS 

i r r a d i a t e d  i n  t h e  G - 7  l oop  t o  a  f a s t  
2  f l u e n c e  o f  8 . 1  x 10" n/cm (E > 1 MeV) 

has  been t e s t e d .  The y i e l d  s t r e n g t h s  

a r e  i n c r e a s e d  f o r  i r r a d i a t e d  specimens 

i n  t h e  annea l ed  c o n d i t i o n  a t  a l l  t e s t  

a r e  compared w i t h  t h e  t e n s i l e  p rop -  t e m p e r a t u r e s .  The d u c t i l i t y  i s  v e r y  

e r t i e s  o f  t h e  i r r a d i a t e d  m a t e r i a l .  low. 

I r r a d i a t i o n  F a c i l i t i e s  O p e r a t i o n  

A t o t a l  o f  182 spec imens  were d i s -  

cha rged  from t h e  ETR a t  t h e  conc lu -  

s i o n  o f  Cyc l e s  93  and 94.  The 

v a r i e t y  i n c l u d e d  t e n s i l e ,  c r e e p ,  

charpy  impac t ,  DCB (doub le  c a n t i l e v e r  

beam),  t h i n  f o i l s ,  s t r e s s - t o - r u p t u r e ,  

and  c o r r o s i o n  spec imens .  

The t e n s i l e  d a t a  on m a r t e n s i t i c  

410 SS i r r a d i a t e d  a t  60 and 290 "C 

a r e  compiled.  

E l ec t ron -Mic roscopy  o f  ETR- I r r a d i a t e d  

S t a i n l e s s  S t e e l  

The e l e c t r o n  microscopy examina- 

t i o n  c o n t i n u e d  on AISI t y p e  304 SS 

i r r a d i a t e d  i n  t.he ETR t o  6 x 1 0 2 1  n/cm 
2 
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( E  > 1 MeV) a t  290 O C .  The c a v i t i e s ,  

which a r e  s u f f i c i e n t  t o  cause  t h e  

obse rved  h igh  t empera tu re  ha rden ing ,  

p e r s i s t  t o  t h e  h i g h e s t  p o s t i r r a d i a -  

t i o n  h e a t  t r e a t m e n t  t e m p e r a t u r e ,  

1090 O C .  Obse rva t ions  i n d i c a t e  t h a t  

t h e  c a v i t i e s  a r e  s t a b i l i z e d  and i n  

e q u i l i b r i u m  w i t h  t h e  s u r f a c e  t e n s i o n .  

However, t h e  amount o f  hel ium gas  

produced by t r a n s m u t a t i o n  was l e s s  

t h a n  o n e - t e n t h  t h e  a.mount r e q u i r e d  

t o  b a l a n c e  t h e  s u r f a c e  t e n s i o n  of  t h e  

c a v i t i e s .  The same i r r a d i a t e d  304 SS 

was g iven  a  h i g h - p r e s s u r e  h i g h -  

t empera tu re  annea l  and examined by 

e l e c t r o n  microscopy.  P r e l i m i n a r y  

a n a l y s i s  o f  t h e  e l e c t r o n  micrographs  

o f  t h e  i r r a d i a t e d  s t e e l  having  t h e  

h i g h - p r e s s u r e  h i g h - t e m p e r a t u r e  annea l  

showed t h a t  app rox ima te ly  2 x  10 1 3  

c a v i t i e s / c m 3  w i t h  an average  d i ame te r  

o f  700 A were s t i l l  p r e s e n t .  The 

r e s u l t s  d e f i n i t e l y  i n d i c a t e  t h a t  t h e  

c a v i t i e s  do n o t  respond l i k e  v o i d s ,  

b u t  behave l i k e  g a s - f i l l e d  bubb le s .  

t h e  1250 O F  i r r a d i a t i o n  a r e  p robab ly  

i n d i c a t i v e  o f  e f f e c t s  of  combined 

the rma l  and i r r a d i a t i o n - i n d u c e d  

i n s t a b i l i t i e s .  

I n - R e a c t o r  Measurements o f  Mechanical  

P r o p e r t i e s  

I n - r e a c t o r  and u n i r r a d i a t e d  con- 

t r o l  c r e e p  t e s t s  conducted on AISI 

Type 304 SS bo th  showed s i m i l a r  d i s -  

con t inuous  y i e l d i n g  upon l o a d i n g .  

The i n - r e a c t o r  t e s t  f r a c t u r e d  a t  1 3 %  

s t r a i n  w h i l e  t h e  c o n t r o l  t e s t  i s  

s t i l l  i n  p r o g r e s s .  

A f a s t e r  c r e e p  r a t e  was measured 

f o r  an annea l ed  Zry-2 i n - r e a c t o r  

c r e e p  t e s t  conducted  a t  315 O C  and 

1 0 . 6  kg/mm2 (15,000 p s i )  s t r e s s  t h a n  

f o r  a  co r r e spond ing  u n i r r a d i a t e d  

c o n t r o l  t e s t .  

I n - r e a c t o r  c r e e p  d a t a  f o r  Zr-2.5 

w t %  Nb between 14-  and 32-kg/mm 2 

s t r e s s  show l i t t l e ,  i f  any,  depen- 
dence o f  t h e  c r e e p  r a t e  on s t r e s s  a t  

300 O C .  

I r r a d i a t i o n  Damage t o  Nicke l -Base  

A l loys  Gra in  Boundary S t a b i l i z a t i o n  

P r e l i m i n a r y  d a t a  from s t r e s s -  

r u p t u r e  t e s t s  a t  1350 OF on specimens 

o f  H a s t e l l o y  X-280, Incone l  600, and 

Incone l  X -  750 a f t e r  i r r a d i a t i o n  a t  

1250 O F  t o  a  f a s t  f l u e n c e  o f  app rox i -  

ma te ly  1 x  l o z 0  n/cm2 showed reduc-  

t i o n s  i n  r u p t u r e  l i f e  compared t o  

c o n t r o l s  r ang ing  from a f a c t o r  of  10 

f o r  H a s t e l l o y  X-280 and Incone l  600 

t o  a  f a c t o r  o f  300 f o r  Incone l  X-750. 

A s t u d y  o f  r e c r y s t a l l i z a t i o n  and . 
g r a i n  growth i n  m e t a l s  c o n t a i n i n g  

s m a l l  c o n c e n t r a t i o n s  o f  i n e r t  gas 

has  r e c e n t l y  been i n i t i a t e d .  

An a p p a r a t u s  f o r  i n j e c t i n g  he l ium 

atoms i n t o  n i c k e l  powder by i o n  bom- 

bardment has been s e t  up and o p e r a t e d .  

The amount o f  he l ium i n t r o d u c e d  i s  

dependent  upon t h e  t ime o f  bombard- 

ment and t h e  p o t e n t i a l  used .  

Corresponding  r e d u c t i o n s  a f t e r  Nicke l  powder samples ,  w i t h  and 

i r r a d i a t i o n s  a t  540 OF were on ly  w i t h o u t  he l ium,  a r e  be ing  compacted 

about  a  f a c t o r  of  t h r e e  f o r  a l l  t h r e e  under  d i f f e r e n t  c o n d i t i o n s ,  and t h e  

a l l o y s .  The h i g h e r  r e d u c t i o n s  a f t e r  
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r e c r y s t a l l i z a t i o n  and g r a i n  growth  g a t e d  a s  p o s s i b l e  methods o f  p r o v i d -  

c h a r a c t e r i s t i c s  o f  t h e s e  m a t e r i a l s  i n g  more r a d i a t i o n  damage r e s i s t a n t  

w i l l  b e  i n v e s t i g a t e d .  m a t e r i a l s  f o r  n u c l e a r  r e a c t o r s .  

F r a c t u r e  S t u d i e s  

F r a c t u r e  mechanics  s t u d i e s  o f  

A533-B quenched and tempered  1 2  i n .  

p l a t e  m a t e r i a l  were i n i t i a t e d .  The 

i n i t i a l  s t u d i e s  a r e  d i r e c t e d  a t  de-  

t e r m i n i n g  s i z e  e f f e c t s  o f  t h e  Double 

C a n t i l e v e r  Beam spec imen.  F r a c t u r e  

t oughnes s  measurements a t  t h e  1 / 2  T  

p o s i t i o n  o f  t h i s  p l a t e  f o r  1 / 2  and 

1 i n .  t h i c k  spec imens  y i e l d e d  b a s i c  

r e s u l t s  whereby s i z e  c r i t e r i a  o f  t h e  

DCB specimen can  be  a s c e r t a i n e d .  

Heavy S e c t i o n  S t e e l  

A p a p e r  e n t i t l e d ,  "Dynamic Changes 

i n  t h e  I n t e r n a l  S t r e s s  F i e l d s  o f  High 

P u r i t y  I ron" ,  was p r e s e n t e d  a t  t h e  

AIME Annual Meeting i n  New York, 

Feb rua ry  26 t o  29,  1968. 

Work i n  p r o g r e s s ,  r e l a t i n g  f r a c -  

t u r e  toughness  t o  work ha rden ing  

b e h a v i o r  i n  t h e  ne ighborhood o f  a  

c r a c k  t i p ,  i s  d e s c r i b e d .  

High P r e s s u r e  S t u d i e s  

The pu rpose  o f  t h i s  phase  o f  t h e  

program i s  t o  s t u d y  t h e  e f f e c t s  o f  

u l t r a - h i g h  p r e s s u r e s  (1,000 t o  60,000 

b a r s )  on t h e  p r o d u c t i o n ,  r e t e n t i o n ,  

and subsequen t  m i c r o s c o p i c  c o n f i g u r a -  

t i o n  o f  t h e  damage produced  i n  i r r a -  

d i a t e d  s o l i d s .  I n  a d d i t i o n ,  t h e  

h i g h  p r e s s u r e  s y n t h e s i s  o f  new phases  

and t h e  h igh  p r e s s u r e  a l t e r a t i o n  o f  

mechan ica l  p r o p e r t i e s  w i l l  b e  i n v e s t i -  

I n - R e a c t o r  C o r r o s i o n  o f  Zirconium 

A 1  1 oys 

Three  l o t s  o f  Zry-2,  p r e v i o u s l y  

c h a r a c t e r i z e d  i n  t h e  Eng inee r ing  T e s t  

Reac to r  G-7 l o o p  i n  pH-10 L i O H ,  

~1 ppm 0 2 ,  were exposed i n  t h e  G-7 

l oop  i n  pH-10 NH40H ~ 0 . 0 5  ppm 0 2 .  

I n - f l u x  c o r r o s i o n  r a t e s  were o n l y  

s l i g h t l y  a c c e l e r a t e d  on a s - e t c h e d  

spec imens .  Cor ros ion  r a t e s  were 

a c c e l e r a t e d  on a l l  p r e f i l m e d  s p e c i -  

mens, b u t  t h e  r e sponse  v a r i e d  w i t h  

p r e f i l m  t r e a t m e n t .  I n - f l u x  hydrogen 

p i ckups  were r e l a t i v e l y  low e x c e p t  

on a  specimen hav ing  a  t h i c k  
2 ( ~ 2 5 0  mg/dm ) p r e f i l m  o x i d e .  

F A S T  R E A C T O R  S U P P O R T I N G  S T U D I E S  

F a s t  Neutron Mechanisms 

Noniso thermal  gas  e v o l u t i o n  t e c h -  

n i q u e s  have been deve loped  and u sed  

t o  i n v e s t i g a t e  t h e  t e m p e r a t u r e -  

s e n s i t i v e  hydrogen e f f u s i o n  c h a r a c -  

t e r i s t i c s  o f  t h e  a u s t e n i t i c  s t a i n l e s s  

s t e e l s  o v e r  t h e  200 t o  900 O C  t empera-  

t u r e  r ange .  The obse rved  gas  e v o l u -  

t i o n  b e h a v i o r  i s  n o t  r e p r e s e n t a t i v e  

o f  a  s i m p l e ,  m a t r i x - d i f f u s i o n  con-  

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

s e n s i t i v e  t o  s m a l l  d i f f e r e n c e s  i n  

a l l o y  compos i t i on .  I n  a d d i t i o n ,  

co ld -work ing  s i g n i f i c a n t l y  a l t e r s  

t h e  normal e f f u s i o n  c h a r a c t e r i s t i c s  

and appea r s  t o  f a c i l i t a t e  t h e  g a s  

e v o l u t i o n  p r o c e s s .  
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EBR-I1 I r r a d i a t i o n s  

The e f f e c t s  o f  s w e l l i n g  i n  a u s t e n -  

i t i c  s t a i n l e s s  s t e e l  i nduced  by f a s t  

r e a c t o r  exposu re  n e a r  one h a l f  t h e  

a b s o l u t e  m e l t i n g  p o i n t  a r e  be ing  

i n v e s t i g a t e d .  The g r e a t e s t  d e c r e a s e  

i n  d e n s i t y  measured t o  d a t e  i s  0 .34% 

f o r  AISI 304L i r r a d i a t e d  t o  2 . 7  x  10 2 2 

n/cmL t o t a l  EBR-I1 f l u e n c e  n e a r  800 OF. 

Fue l  C ladd ine  C h a r a c t e r i z a t i o n  

The pu rpose  o f  t h i s  program i s  t o  

de t e rmine  t h e  l o t  t o  l o t  v a r i a t i o n  of  

s e l e c t e d  mechan ica l  p r o p e r t i e s  i n  two 

l o t s  o f  AISI 304 SS t u b i n g .  The 

l a r g e  number o f  b i a x i a l  t e s t s  t o  be  

run  has  n e c e s s i t a t e d  a  f u r t h e r  modi- 

f i c a t i o n  o f  t h e  CANEL t e s t  s t a n d s .  

S t r u c t u r a l  M a t e r i a l s  and Fue l  

C ladd ine  S t u d i e s  

B i a x i a l  s t r e s s - t o - r u p t u r e  t e s t s  

have been per formed on FFTF p r o t o t y p e  

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

a s - r e c e i v e d  ( s l i g h t l y  co ld-worked)  

and a n n e a l e d  c o n d i t i o n s  o f  AISI t y p e  

304 SS. The t e s t  envi ronment  was 

1400 OF (760 "C) he l ium.  

Rupture s t r a i n  f o r  t h e  a s - r e c e i v e d  

m a t e r i a l  was c o n s i s t e n t l y  g r e a t e r  

t h a n  f o r  t h e  annea l ed  m a t e r i a l .  The 

h i g h l y  duplex  g r a i n  s i z e  o f  t h e  

a n n e a l e d  m a t e r i a l  i s  no tewor thy  i n  

comparison t o  t h e  r e g u l a r  and some- 

what  f i n e r  g r a i n  s i z e  o f  t h e  a s -  

r e c e i v e d  c o n d i t i o n .  

T e s t  F a c i l i t i e s  

C o n s t r u c t i o n  i s  app rox ima te ly  85% 

comple te  on a  f a c i l i t y  t o  t e s t  

i r r a d i a t e d - a n d  u n i r r a d i a t e d -  

c a n d i d a t e  s t r u c t u r a l  and c l a d d i n g  

m a t e r i a l s  i n  sodium and c o n t r o l l e d  

ga s  atmosphere f o r  t h e  FFTF program. 

The t r a n s f o r m e r  s u p p l y i n g  power t o  

t h i s  b u i l d i n g  w i l l  be  moved n e x t  t o  

t h e  b u i l d i n g .  The t h r e e  t e s t s  s o  

f a r  completed a f t e r  a l i gnmen t  showed 

t h a t  t h e  t e s t  f r ames  have l e s s  t h a n  

1 0 %  bending moment. 

A f u r n a c e  l i n e r  c o n t a i n i n g  sodium 

h a s  been p l a c e d  i n  s e r v i c e  on t h e  a i r  

envi ronment  c r e e p  t e s t  equipment  t o  

p r o v i d e  a  l o n g e r  un i fo rm t e m p e r a t u r e  

h o t  zone i n  t h e  t e s t  f u r n a c e .  A t e s t  

t e m p e r a t u r e  o f  1200 OF ? 1 OF and 

t e m p e r a t u r e  g r a d i e n t  o f  ? 0 . 5  OF 

a l o n g  a  2 i n .  sample  was m a i n t a i n e d  

d u r i n g  500 h r  o f  t e s t i n g .  The ASTM 

recommended s p e c i f i c a t i o n  f o r  t empera-  

t u r e  c o n t r o l  and t e m p e r a t u r e  g r a d i e n t  

a t  1200 OF i s  ? 3 OF. Acceptance  

t e s t s  were c a r r i e d  o u t  on t h e  l i q u i d  

m e t a l  l oop  i n  acco rdance  w i t h  manu- 

f a c t u r e r s  recommendat ions.  T h i s  

s e c t i o n  c o n t a i n s  one u n s h i e l d e d  t e s t  

l o o p  f o r  t e s t  o f  p r o t o t y p e  a s s e m b l i e s  

and c o n t r o l  samples .  An i n e r t  atmo- 

s p h e r e  g love-box  f o r  h a n d l i n g  h igh  

p u r i t y  a l k a l i  m e t a l s  h a s  p a s s e d  t h e  

s p e c i f i e d  per formance  t e s t s  and w i l l  

be s h i p p e d .  A problem h a s  been en-  

c o u n t e r e d  i n  t r a n s f e r r i n g  and mea- 

s u r i n g  sodium under  reduced  cove r  

ga s  p r e s s u r e s  i n  t h a t  d i s s o l v e d  

he l i um must be o u t g a s s e d  from t h e  

l i q u i d  sodium b e f o r e  a c c u r a t e  measure-  

ments  can be  made. 
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N U C L E A R  G R A P H I T E  

R.  E .  N i g h t i n g a l e  

R E A C T I O N  O F  B O R O N A T E D  G R A P H I T E  W I T H  With t h e  f o r m a t i o n  of  B203, Reac- 

W A T E R  V A P O R  t i o n  (2)  commences and e v e n t u a l l y  a  

0 .  R .  S h e a r d  a n d  R .  E .  W o o d l e y  

The use  of  bo rona t ed  g r a p h i t e  a s  

a  c o n t r o l  rod o r  s h i e l d i n g  m a t e r i a l  

i n  n u c l e a r  r e a c t o r s  r e q u i r e s  a  knowl- 

edge o f  i t s  c o m p a t i b i l i t y  w i t h  o t h e r  

components o f  t h e  r e a c t o r  envi ronment .  

Gases t h a t  can r e a c t  w i t h  bo rona t ed  

g r a p h i t e - - t h e r e b y  r educ ing  i t s  boron 

c o n t e n t  and ,  hence ,  i t s  n e u t r o n -  

a b s o r b i n g  p r o p e r t i e s - - s h o u l d  normal ly  

be exc luded  from t h e  r e a c t o r  sys tem.  

However, i n  p r a c t i c a l  r e a c t o r  sy s t ems ,  

g a s e s  such  a s  w a t e r  vapor  a r e  o f t e n  

unavo idab ly  p r e s e n t  i n  t h e  atmosphere 

and t h e i r  r e a c t i o n s  w i t h  bo rona t ed  

g r a p h i t e  mus t ,  t h e r e f o r e  be 

unde r s tood .  

The r e a c t i o n  of  g r e y  bo rona t ed  

g r a p h i t e  w i t h  w a t e r  vapor  i n  he l ium 

has  been s t u d i e d  o v e r  t h e  t e m p e r a t u r e  

r ange  from 700 t o  900 O C  w i t h  w a t e r -  

vapor  c o n c e n t r a t i o n s  from 2700 t o  

39,000 vpm. The r e a c t i o n  o r d i n a r i l y  

t a k e s  p l a c e  i n  two s t e p s :  

and 

B203 + H20 + a  v o l a t i l e  b o r i c  a c i d  (2 )  

s t e a d y  s t a t e  i s  a t t a i n e d  where in  t h e  

r a t e s  of  f o r m a t i o n  and removal o f  

B203 a r e  e q u a l .  A t  t h i s  p o i n t ,  t h e  

sample weight  d e c r e a s e s  a t  a  c o n s t a n t  

r a t e ,  and t h e  c o n c e n t r a t i o n  of  H z  i n  

a  f l owing  gas  remains  c o n s t a n t .  The 

v o l a t i l e  b o r i c  a c i d  condenses  on t h e  

c o o l e r  downstream s u r f a c e s  o f  t h e  

r e a c t i o n  v e s s e l ,  i n c l u d i n g  t h e  sample 

s u s p e n s i o n  w i r e  and makes c o n t i n u o u s  

we igh t  measurement i m p o s s i b l e .  

Under t h e  most extreme r e a c t i o n  

c o n d i t i o n s  i n v e s t i g a t e d  ( i . e . ,  T > 
850 O C  and [H20(g ) ]  = 39,000 vpm) 

and on ly  under  t h e s e  c o n d i t i o n s ,  s m a l l  

c o n c e n t r a t i o n s  o f  C02, amounting t o  

abou t  30 vpm, were found i n  t h e  e f -  

f l u e n t  g a s .  I t  i s  n o t  known whether  

t h i s  C02 a r i s e s  from t h e  o x i d a t i o n  of  

t h e  g r a p h i t e  o r  t h e  B 4 C .  I t  i s  ve ry  

i n t e r e s t i n g ,  however, t h a t  t h e  p r e s -  

ence  o f  boron  a lmos t  comple t e ly  i n -  

h i b i t s  t h e  o x i d a t i o n  o f  g r a p h i t e  

unde r  c o n d i t i o n s  where t h e  o x i d a t i o n  

r a t e  would normal ly  be a p p r e c i a b l e .  

Under t h e  l e s s  extreme c o n d i t i o n s  of  

o x i d a t i o n ,  no o x i d e s  of  c a rbon  a r e  

obse rved  and t h e  o n l y  gaseous  p r o d u c t  

d e t e c t e d  c h r o m a t o g r a p h i c a l l y  i s  t h e  

H z  r e s u l t i n g  from R e a c t i o n  ( 1 ) .  

The sample weight  i n c r e a s e s  a s  mo l t en  E L E C T R O N  M I C R O S C O P Y  S T U D I E S  O F  G A S -  

B203 i s  formed by Reac t i on  ( 1 ) ;  b u t ,  G R A P H I T E  R E A C T I O N S  

a s  t h e  t h i c k n e s s  o f  t h e  B203 l a y e r  S .  S .  J o n e s  

i n c r e a s e s ,  t h e  r a t e  o f  R e a c t i o n  (1)  

r a p i d l y  d e c r e a s e s ,  a s  does  t h e  con-  Although much e f f o r t  h a s  been ex -  

c e n t r a t i o n  of  H z  i n  t h e  e f f l u e n t  g a s .  pended upon t h e  s t u d y  o f  k i n e t i c s  of 
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g a s - g r a p h i t e  r e a c t i o n s ,  v e r y  l i t t l e  

ha s  been done t o  e l u c i d a t e  t h e  mic ro -  

s t r u c t u r a l  changes t h a t  o c c u r ;  t h e  

few s t u d i e s  conducted  s o  f a r  have  

d e a l t  e x c l u s i v e l y  w i t h  s i n g l e  c r y s -  

t a l s .  T h i s  s t u d y  i s  d e s i g n e d  t o  i n -  

v e s t i g a t e  t h e  m i c r o s t r u c t u r a l  changes 

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

c r y s t a l l i n e  g r a p h i t e ,  t h u s  g i v i n g  an  

i n c r e a s e d  u n d e r s t a n d i n g  o f  t h e  r e a c -  

t i o n s  o c c u r r i n g  i n  a  r e a c t o r  

envi ronment .  

F u r t h e r  e f f o r t s  have  been made t o  

c h a r a c t e r i z e  t h e  n o n g r a p h i t i c  l a c e  

ne tworks  produced  i n  TSX and AGOT-LS 

g r a p h i t e s  by o x i d a t i o n  i n  t h e  glow 

r e g i o n  of  mic rowave -exc i t ed  oxygen. 

Data were p r e s e n t e d  i n  an  e a r l i e r  

Q u a r t e r l y  P r o g r e s s  ~ e ~ o r t  t h a t  

i n d i c a t e d  t h a t  t h e s e  networks were 

ve ry  r e s i s t a n t  t o  change by h e a t  o r  

t he rma l  o x i d a t i o n  a t  700 O C .  More 

r e c e n t l y ,  t h i s  i n v e s t i g a t i o n  has been 

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

up t o  1100 O C  i n  i nc r emen t s  of 100 "C 

f o r  app rox ima te ly  10 t o  15 min a t  

each  t e m p e r a t u r e .  While ve ry  l i t t l e  

change was obse rved  a t  700 O C ,  e s s e n -  

t i a l l y  a l l  o f  t h e  l a c e  me l t ed  t o  form 

s p h e r i c a l  g l o b u l e s  a t  1100 O C .  Var- 

i o u s  s e c t i o n s  o f  t h e  l a c e  me l t ed  a t  

lower  t e m p e r a t u r e s ,  and t h e  e x t e n t  

o f  t h e  me l t ed  a r e a  expanded u n t i l  

v i r t u a l l y  a l l  l a c e  was me l t ed  when 

t h e  t e m p e r a t u r e  f i n a l l y  r eached  

1100 O C .  The change i n  appea rance  

of  a  t y p i c a l  l a c e  a r e a  i n  AGOT-LS 

g r a p h i t e  a s  t h e  t e m p e r a t u r e  was i n -  

c r e a s e d  i s  shown i n  F i g u r e s  3 . 1  

t h rough  3 . 5 .  The specimen f o r  t h i s  

exper iment  was p r e p a r e d  by an o x i d a -  

t i o n  i n  mic rowave -exc i t ed  oxygen 

which removed s u f f i c i e n t  g r a p h i t e  t o  

r e v e a l  t h e  l a c e  s t r u c t u r e s .  S i n c e  

t h e  m e l t e d  i m p u r i t i e s  were f i r s t  made 

v i s i b l e  by an o x i d a t i o n  t r e a t m e n t ,  

t h e r e  was some conce rn  a s  t o  whe the r  

t h e  o x i d a t i o n  p r o c e s s  had changed t h e  

o x i d a t i o n  s t a t e  of  t h e s e  i m p u r i t i e s .  

F u r t h e r  d a t a  on t h i s  s u b j e c t  were 

o b t a i n e d  by f i r s t  h e a t i n g  an  u n o x i -  

d i z e d  m e a c h a n i c a l l y - p r e p a r e d  d i s k  

specimen of  AGOT-LS t o  1100 O C  and 

t h e n  obse rv ing  t h e  coo l ed  specimen 

f o r  ev idence  of  p r e v i o u s l y  m e l t e d  

i m p u r i t i e s .  While o n l y  s m a l l  i m -  

p u r i t y  a r e a s  c o u l d  be obse rved  i n  

such  a  spec imen,  i t  was c l e a r  t h a t  

t h e  m e l t i n g  p o i n t  o f  t h e s e  i m p u r i t i e s  

had been exceeded by t h i s  t he rma l  

t r e a t m e n t  of  t h e  unox id i zed  spec imen.  

T h e r e f o r e ,  some r e l a t i v e l y  low- 

m e l t i n g  i m p u r i t i e s  must be  p r e s e n t  

i n  t h e  o r i g i n a l  AGOT-LS g r a p h i t e .  

I n  f a c t ,  i t  was found r e c e n t l y  t h a t  

some of  t h e s e  i m p u r i t i e s  a r e  s u f f i -  

c i e n t l y  v o l a t i l e  t o  c o l l e c t  i n  t h e  

c o o l e r  ends of  t h e  o x i d a t i o n  t u b e  

f o l l o w i n g  t h e  h i g h - t e m p e r a t u r e  m e l t -  

i n g  expe r imen t s .  Thus ,  t h e r e  i s  

c o n s i d e r a b l e  ev idence  t h a t  a t  l e a s t  

some o f  t h e  v o l a t i l e  i m p u r i t i e s  i n  

AGOT-LS g r a p h i t e  remain even though 

t h e  g r a p h i t e  was t r e a t e d  a t  a  t emper-  

a t u r e  of  2800 O C  i n  t h e  p r o d u c t i o n  

p r o c e s s .  E v i d e n t l y ,  such  v o l a t i l e  

m a t e r i a l s  a r e  t r a p p e d  i n  t h e  p o r e  

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

d u r i n g  manufac tu re .  

A d d i t i o n a l  m ic rowave -exc i t ed  

o x i d a t i o n s  have been done w i t h  TSX 

and AGOT-LS g r a p h i t e  i n  an a t t e m p t  

t o  g e t  more d e t a i l e d  i n f o r m a t i o n  

abou t  t h e  f e a t u r e s  of  o x i d a t i o n  

a t t a c k  i n  t h e  glow r e g i o n  and down- 

s t r e a m  from t h e  glow. I n  e a r l i e r  
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8,880X 
FIGURE 3.1 .  Lace Network I m p u r i t y  A r e a s  i n  AGOT-LS G r a p h i t e  
Exposed t o  View by  Removal o f  G r a p h i t e  a t  Low T e m p e r a t u r e  
w i t h  Glowing Microwave-Exc i t ed  Oxygen and Fol lowed  by  Thermal  
T r e a t m e n t  a t  700 O C  
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FIGURE 3 . 2 .  Same Area a s  i n  F i g u r e  3 . 1  b u t  w i t h  A d d i t i o n a l  
Thermal  T r e a t m e n t  a t  800 OC 
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FIGURE 3 . 3 .  Same Area a s  i n  F igure  3 . 2  b u t  w i t h  A d d i t i o n a l  
Thermal  T r e a t m e n t  a t  9 0 0  OC 



3 . 6  BNWL- 7 6 8  

F I G U R E  3 . 4 .  Same Area a s  i n  F i g u r e  3 .  3 b u t  w i t h  A d d i t i o n a l  
Thermal  T r e a t m e n t  a t  1 0 0 0  O C  
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FIGURE 3 . 5 .  Same A r e a  a s  i n  F i g u r e  3 . 4  b u t  w i t h  A d d i t i o n a l  
T h e r m a l  T r e a t m e n t  a t  1100  OC 
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experiments, it was shown that the 

oxidation rate within the glow region 

varies approximately in direct pro- 

portion to oxygen pressure, and that 

the saw-tooth structure formation is 

enhanced by a positive charge on the 

specimen being oxidized. It has now 

been found that the formation of saw- 

teeth is greater at lower oxygen 

pressure (100 to 200 p  as contrasted 

with 500 to 1000 p ) .  Thus, it 

appears that a transient negatively 

charged species is responsible for 

tooth formation and that the concen- 

tration of this species is diminished, 

possibly by charge neutralization or 

by recombination, as the oxygen pres- 

sure is increased. 

Further oxidations have been done 

in the microwave glow region to deter- 

mine the influence of specimen loca- 

tion and the level of impurities 

present on the structural changes pro- 

duced. While the rate of oxidation 

attack varied with the intensity of 

the glow in different parts of the 

glow region, no other significant 

change with respect to position was 

found. However, it was observed that 

impurities present in the graphite do 

affect saw-tooth structure formation. 

Saw-teeth always form more extensively 

in TSX than in AGOT-LS for the same 

degree of burnup. In the same graph- 

ite, either TSX or AGOT-LS, saw-tooth 

formation is less extensive at high 

burnup than at low burnup. Since the 

only difference between the two graph- 

i t e ~  is the substantially higher level 

of impurities in AGOT-LS, such im- 

purities apparently tend to suppress 

saw-tooth formation in any part of 

the specimen where they occur in high 

concentration. Examination of the 

teeth themselves reveals, almost with- 

out exception, a small quantity of 

lace structure at the tooth tip 

(Figure 3 . 6 ) .  This lace can be 

melted by heating the specimen to 

1100 O C  in the same manner as that 

described above. Thus, it appears 

that a small element of impurity at 

the tip of all tooth structures is 

influential in the formation of such 

structures. Perhaps, by inhibiting 

oxidation at its immediate location, 

an element of impurity can cause the 

oxidation process to take place in 

such a controlled manner as to pro- 

duce the observed structures. 

Saw-tooth structures are not 

formed under the oxidizing conditions 

that exist downstream from the micro- 

wave glow region. At ambient temper- 

atures, the downstream oxidation rate 

is about 1/100 of that in the glow 

region, and this rate difference can 

be reduced significantly by increas- 

ing the temperature for downstream 

oxidations. There appears to be a 

much lower temperature coefficient 

for oxidation in the glow itself. An 

effort has been made to compare micro- 

structural changes in the glow region 

with those downstream from the glow 

at approximately the same specimen 

burnup. This burnup was restricted 

to the order of 1% weight loss due to 

low downstream oxidation rates. The 

principal structural feature observed 

from oxidations immediately outside 

the downstream boundary of the glow 

region is pit formation (Figure 3 . 7 ) .  

The pits appear to decrease in con- 

centration as the distance downstream 

increases. This microstructural 
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7 2 ,  O O O X  

FIGURE 3 . 6 .  E a r l y  S t a g e  o f  Saw-Tooth Format ion  i n  TSX G r a p h i t e  
A f t e r  O x i d a t i o n  i n  Glowing M i c r o w a v e - E x c i t e d  Oxygen t o  t h e  
E x t e n t  o f  1 / 2 %  W e i g h t  L o s s  Showing T o o t h  S t r u c t u r e s  P e r p e n d i c u l a r  
t o  P lane  o f  Page w i t h  I m p u r i t y  Element  i n  T i p  o f  Each .  T o o t h  
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FIGURE 3.7. Pit Formation in TSX Graphite Produced by Oxida- 
tion Immediate22 Downstream from Glowing Microwave-Excited 
Oxygeri and Believed To Be Cue to Oxygen-Atom Attack 



change may be due to oxygen-atom 

attack. As the downstream distance 

increases and pit concentration is 

reduced (the pits also appear larger 

in diameter), channel formation is 

the most pronounced structural change 

(Figure 3.8). This form of oxidation 

attack seems to involve preferred 

oxidation at crystallite boundaries, 

and the principal oxidant may be 

ozone. The oxidation rate is in- 

creased with temperature and 2% burn- 

up is obtained with a TSX specimen in 

1 hr at 500 " C .  For unknown reasons, 

one AGOT-LS specimen incurred less 

than 1/2% weight loss by the same 

treatment. 

X - R A Y  D I F F R A C T I O N  

P .  G. P a l l m e r  

The crystallite orientation of 

graphite is of interest because the 

directional properties, such as 

thermal expansion and radiation- 

induced dimensional changes, are 

directly related to the contributions 

of the individual crystallites to 

that property. The crystallite 
orientation is the basis for the 

study of orientation dependence of 

these properties and their modifica- 

tion by intercrystalline interations. 

An intensity function, obtained 

by X-ray diffraction, measures the 

proportion of crystallites having the 

direction of the perpendicular to 

their layer planes within a particular 

solid angle. The form of the numeri- 

cal or analytical integration of the 

contribution of the crystallites to 

a vector property in a given direc- 

tion is well knownYC2) but it is not 

necessarily convenient to carry out. 

A bulk property such as thermal ex- 

pansion, a, would be related to the 

single-crystal properties aa and ac 

and the orientation parameter, R, by 

the equation 

If a simple analytic expression for 

the intensity distribution is not 

available, a point-by-point calcula- 

tion and graphical integration are 

required. This procedure has been 

simplified by recognizing that the 

integral functions utilize the poly- 

nominal P2(cos +) and an averaging 

or normalizing constant term, Po ' 
where 

The value of P2 varies from 1.0 at 

the axial direction to -0.5 in the 

transverse direction. The use of 

uniform intervals on the normalized 

coordinate cos 4 ,  rather than the 

angle 4,  is a further simplification 

inherent in this method. Because of 

the orthogonal characteristic of the 

functions, only those two components 

of the intensity distribution need 
be used. A graphical approximation 

is generally adequate for cases of 

rotational symmetry, while accurate 

values are easily obtained for any 

less symmetric or irregular distribu- 

tions of intensity by a I (x) summa- 

tion of the product I (x) -PZ (s) . The 

integral orientation parameter is 
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FIGURE 3 . 8 .  Channel  Format ion  i n  AGOT-LS G r a p h i t e  Produced 
b y  O x i d a t i o n  Downstream from Glowing M i c r o w a v e - E x c i t e d  Oxygen 
P o s s i b l y  Due t o  Ozone A t t a c k  
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d i r e c t l y  o b t a i n e d  from t h e  magni tudes  

a 2  and a. o f  t h e  components a s  

The i n t e n s i t y  d i s t r i b u t i o n s  o f  

e x t r u d e d  b a r s  o f  TSX and TSGBF were 

measured by u s e  of  a  p o l e - f i g u r e  

a t t a c h m e n t  t o  t h e  X-ray d i f f r a c t o -  

me te r .  The need l e - coke  f i l l e r  o f  t h e  

TSX g r a p h i t e  had  b o t h  a  g r e a t e r  o v e r -  

a l l  o r i e n t a t i o n  and a  s u b s i d i a r y  

o r i e n t a t i o n  toward t h e  s u r f a c e  o f  t h e  

e x t r u s i o n .  

The o r i e n t a t i o n  i n  a TSGBF g raph -  

i t e  b a r  showed n e a r l y  e x a c t  r o t a -  

t i o n a l  symmetry t h r o u g h o u t .  The 

comple te  o r i e n t a t i o n  can  be d e p i c t e d  

by a  p o l a r  p l o t  ( F i g u r e  3.9)  o f  t h e  

magnitude o f  t h e  d i f f r a c t e b d  i n t e n s i t y  

from t h e  (002) p l a n e s ,  o r  t h e  - c - a x i s  

d i r e c t i o n ,  w i t h  a n g l e s  measured from 

t h e  e x t r u s i o n  d i r e c t i o n  a s  r o t a t i o n  

a x i s .  These v a l u e s  approximate  t h e  

f u n c t i o n  0 . 8 3  - 0.32 P 2 ( c o s  4 )  p l o t -  

t e d  i n  F i g u r e  3.10.  The compensat ing 

p l u s  o r  minus d e v i a t i o n s  from t h e  

c a l c u l a t e d  v a l u e s  a r e  i m m a t e r i a l  f o r  

c a l c u l a t i n g  t h e  o r i e n t a t i o n  p a r a m e t e r ,  

b u t  t h e  c l o s e n e s s  o f  f i t  i n d i c a t e s  a  

s i m p l e  mechanism f o r  o r i e n t i n g  g r a i n s  

i n  t h e  e x t r u s i o n  p r o c e s s .  The o r i e n -  

t a t i o n  p a r a m e t e r  R ,  which i s  2 /3  f o r  

randomly o r i e n t e d  a g g r e g a t e s ,  was 

0.72 i n  t h e  e x t r u s i o n  d i r e c t i o n  and 

0.64 i n  t h e  t r a n s v e r s e  d i r e c t i o n  f o r  

TSGBF g r a p h i t e .  

TSX g r a p h i t e  w i t h  a  f i n e - g r a i n  

o r i e n t a t i o n  i n  t h e  t r a n s v e r s e  a s  w e l l  

a s  two p e r p e n d i c u l a r  l o n g i t u d i n a l  

p l a n e s  i s  d e p i c t e d  i n  F i g u r e  3 .11  by 

an i s o m e t r i c  view o f  one o c t a n t  

bounded by t h e  p r i n c i p a l  p l a n e s .  A t  

t h e  c e n t e r  o f  t h e  e x t r u s i o n ,  t h e r e  i s  

no unique  t r a n s v e r s e  d i r e c t i o n  and 

r o t a t i o n a l  symmetry i s  more c l o s e l y  

approximated .  The v a r i a t i o n s  o f  a l l  

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

me te r s  a r e  shown i n  F i g u r e  3.12.  

E x t r u s i o n  
+=O D i r e c t i o n  

A L 

A n g l e  + f r o m  A x i s  

T r a n s v e r s e  
D i r e c t i o n  

L 
r g  = 90"  

R e l a t i v e  I n t e n s i t y  I ( g )  

FIGURE 3 . 9 .  V a r i a t i o n  o f  D e f r a c t e d  
X-ray I n t e n s i t y  w i t h  Angle  f o r  TSGBF 
G r a p h i t e  

C a l c u l a t e d  0 . 8 3 - 0 . 3 2  P2 

0 ( 0 0 2 )  ( C - A x i s )  I n t e n s i t y ,  TSGBF 

I 

Cos + 
n e e d l e - c o k e  f i l l e r  shows g r e a t e r  an-  E x t r u s i o n  T r a n s v e r s e  

D i r e c t i o n  D i r e c t i o n  
i s o t r o p y  t h a n  t h e  TSGBF, and n e a r  t h e  

s u r f a c e  o f  t h e  e x t r u s i o n  t h e  c r y s t a l -  

l i t e s  t e n d  t o  a l i g n  p a r a l l e l  t o  t h e  FIGURE 3 .10 .  C r y s t a l  Z i t e  O r i e n t a t i o n  
i n  TSGBF G r a p h i t e  Normal i zed  t o  U n i t  

s u r f a c e .  The v a r i a t i o n  o f  z - a x i s  S o l i d  Angle  
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D i r e c t i o n  
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FIGURE 3.12. CrystaZZite Orientation 
near the Surface of a Bar of TSX 
Graphite 

0 . 9  

n 5 

0 2 4 6 8 I 0  

u ~ s t a n c e  A c r o s s  T S X  R d r .  l n i h e s  

FIGURE 3.12. Orientation G f TSX 
Graphite Extrusion 

I N E R T - G A S - S E N S I T I Z E D  R A D I O L Y S I S  

S T U D 1  E S  

E .  D .  J e n s o n ,  R. L .  S i m o n s ,  a n d  

G .  L .  T i n g e y  

Chemical r e a c t i o n s  induced  by 

r a d i a t i o n  a r e  o f  major  impor tance  i n  

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

c a s e s ,  t h e  r a d i a t i o n  chemis t ry  o f  a  

r e a c t i o n  i s  f a i r l y  w e l l  unde r s tood  

i n  t h e  pu re  r e a c t a n t ,  a  d i s t i n c t  gap 

does e x i s t  i n  t h e  a v a i l a b l e  in forma-  

t i o n  conce rn ing  t h e  r e a c t i o n  when i t  

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

t i t i e s  o f  i n e r t  g a s .  The work r e -  

p o r t e d  h e r e  i s  b e i n g  conduc t ed  t o  

o b t a i n  i n f o r m a t i o n  on t h e  energy  ex-  

change from r a d i a t i o n - e x c i t e d  hel ium 

t o  i m p u r i t i e s  t h a t  may be p r e s e n t  i n  

t h e  he l ium atmosphere of  n u c l e a r  

r e a c t o r s .  The a p p a r a t u s  and e x p e r i -  

men ta l  p rocedu re s  have been d e s c r i b e d  

e a r l i e r .  ( 1 )  

The g a s - l e a k a g e  problems have been 

reduced ,  and t h e  vacuum sys tem i s  now 

c a p a b l e  of  mm Hg. Ou tgas s ing  a t  

t h i s  p r e s s u r e  o v e r n i g h t  and p a s s i n g  

t h e  he l ium (nomina l ly  99 .9999% p u r e )  

t h rough  a  m o l e c u l a r - s i e v e  t r a p  a t  

l i q u i d  n i t r o g e n  t e m p e r a t u r e s  have 

reduced  t h e  background emis s ion  t o  

low l e v e l s .  Even t h i s  t r e a t m e n t ,  

however, i s  i n s u f f i c i e n t  t o  comple t e ly  

remove n i t r o g e n  e m i s s i o n s .  N2* f i r s t  

n e g a t i v e  bands a t  5865, 5228, and 
0 

4709 A a r e  obse rved  w i t h  i n t e n s i t i e s  

o f  7 ,  30, and 470, r e s p e c t i v e l y  (on 
0 

a  s c a l e  of  1000 ) .  (The 4709 A band  

head w i t h  an i n t e n s i t y  of  470 i s  p rob -  

a b l y  due mos t ly  t o  t h e  c o n t r i b u t i o n  

o f  he l ium emis s ion  l i n e  on which i t  

i s  super imposed . )  I n  a d d i t i o n ,  two 
0 

band sys tems  a t  5468 and 5506 A ,  w i t h  

i n t e n s i t i e s  o f  78 and 150 and de -  

g r aded  toward t h e  r e d ,  a r e  p r e s e n t l y  
0 

u n i d e n t i f i e d .  A neon l i n e  a t  5854 A 

w i t h  an i n t e n s i t y  of  230 i s  a l s o  

obse rved .  

The t e c h n i q u e  o f  s t u d y i n g  t h e  

energy  t r a n s f e r  i s  t o  mon i to r  t h e  

l i g h t  emi s s ion  from a  s i n g l e  he l ium 

l i n e  i n  a  f lowing  gas sys tem w h i l e  

t h e  c o n c e n t r a t i o n  of  i m p u r i t y  ga s  

changes .  Helium i s  e x c i t e d  by ex-  

p o s u r e  t o  a  1 . 5  t o  2.0 MeV p r o t o n  beam 

from a  Van de G r a a f f  p o s i t i v e - i o n  

a c c e l e r a t o r .  D e - e x c i t a t i o n  and 

n e u t r a l i z a t i o n  o f  t h e  he l i um t h e n  

o c c u r  by l i g h t  e m i s s i o n ,  c o l l i s i o n s  



w i t h  w a l l s ,  f r e e  e l e c t r o n s  o r  o t h e r  

he l i um atoms,  and o t h e r  means. I n  

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

e x c i t a t i o n  o r  quenching  a l s o  o c c u r s  

by c o l l i s i o n  and t r a n s f e r  o f  t h e  

ene rgy  t o  t h e  i m p u r i t y .  Consequen t ly ,  

t h e  emi s s ion  o f  l i g h t  from he l ium i s  

reduced  i n  t h e  p r e s e n c e  o f  i m p u r i t y .  

I n  t h e s e  s t u d i e s ,  i m p u r i t y  gas  i s  

i n t r o d u c e d  i n t o  t h e  he l ium s t r e a m  by 

s w i t c h i n g  a  he l i um s t r e a m  th rough  a  

t u b e ,  p r e v i o u s l y  f i l l e d  w i t h  t h e  

contaminant  g a s ,  i n t o  a  m a g n e t i c a l l y  

s t i r r e d  mixing chamber and t h e n  i n t o  

t h e  sample c e l l .  D i l u t i o n  o f  t h e  

con t aminan t  o c c u r s  e x p o n e n t i a l l y  w i t h  

t ime  a t  a  r a t e  depending on t h e  

he l ium f low r a t e  and t h e  volume o f  

t h e  mixing chamber. The i n t e n s i t y  

o f  l i g h t  emi s s ion  from he l i um de-  

c r e a s e s  when t h e  i m p u r i t y  i s  i n t r o -  

duced,  and b u i l d s  back up t o  i t s  

o r i g i n a l  i n t e n s i t y  a s  t h e  contaminant  

c o n c e n t r a t i o n  approaches  z e r o .  P l o t -  

t i n g  t h e  r a t i o  o f  l i g h t  i n t e n s i t y  a t  

z e r o  contaminant  c o n c e n t r a t i o n  t o  

t h a t  i n  t h e  p r e s e n c e  o f  contaminant  

f o r  a  g i v e n  emi s s ion  l i n e - v e r s u s -  

i m p u r i t y  c o n c e n t r a t i o n  g i v e s  a  

s t r a i g h t  l i n e  whose s l o p e  i s  t h e  

r a t i o  o f  t h e  r a t e  c o n s t a n t s  f o r  

emi s s ion  t o  t h a t  f o r  quenching .  

A k i n e t i c  d e s c r i p t i o n  o f  t h e  

p r o c e s s  i s  a s  f o l l o w s :  

Qucnihlng of llcllum Fmlsslon by Added N7, CO, and L O 2  -- - 

k 3 / k 2  (ppm 
Transltlon/ 

M c h l n g  Gas N2- C0 - (02-- 

HeX r e p r e s e n t s  a l l  e x c i t e d  and 

i o n i z e d  s t a t e s  produced  by t h e  p r o t o n  

beam, and He*i r e p r e s e n t s  a  s e l e c t e d  

e x c i t e d  s t a t e  o f  he l ium.  The ave rage  

i n t e n s i t y ,  Iimp, o f  emi s s ion  between 

p r o t o n  b u r s t s  i s  g i v e n  by kl ( i ) k 2 /  

( 5  + k3[Al)  o r  k l ( i ) / { l  + ( k 3 / k 2 ) [ A l } ,  

where k l ( i )  i s  t h e  r a t e  o f  f o r m a t i o n  

o f  He*i by a l l  modes and [A] i s  t h e  

c o n c e n t r a t i o n  of  i m p u r i t y .  When t h i s  

e x p r e s s i o n  i s  d i v i d e d  i n t o  t h a t  f o r  

no i m p u r i t y  p r e s e n t ,  [A] = 0 ,  t h e  

f o l l o w i n g  e x p r e s s i o n  r e s u l t s :  

Io/I imp = ( 1  + k3 /k2 )  [A] .  F i g u r e  3 .13  

shows a  p l o t  o f  I o / I  a s  a  f u n c t i o n  
imp 

of  [A].  A summary o f  q u n c h i n g / e m i s s i o n ~ ~  

r a t e  c o n s t a n t s ,  k 3 / k 2 ,  o b t a i n e d  t o  d a t e  

i s  g i v e n  below. 

Helium excitation He r1 He* (1) 

ilclium de-excitation Ile*i ik2 He + hu ( 2 )  

k .  
Quenching fle"i + A 15 lie + I* (3) 

The t o t a l  r a t e  of  l o s s  o f  energy  

from t h e  e x c i t e d  he l ium ( emis s ion  

p l u s  quenching)  i s  g iven  by t h e  sum 

o f  t h e  r a t e  o f  Reac t i ons  2 and 3. 

The f r a c t i o n a l  emi s s ion  i n t e n s i t y  

a t  a  g i v e n  contaminant  c o n c e n t r a t i o n  

i s  g i v e n  by 

F r a c t i o n a l  emi s s ion  = I imp/Io 

F i g u r e  3.14 shows t h e  r e l a t i o n -  

s h i p  between c o n c e n t r a t i o n  and p e r -  

c e n t  quenching  f o r  c a rbon  monoxide 
0 0 

on t h e  5016A ( s i n g l e t )  and 7065A 

( t r i p l e t )  emi s s ion  l i n e s .  

From F i g u r e  3 .14 ,  i t  i s  e v i d e n t  

t h a t  a l t h o u g h  t h e  r a t i o  o f  t h e  energy  

t r a n s f e r r e d  from t h e  e x c i t e d  s i n g l e t  

and t r i p l e t  i s  c o n s t a n t  f o r  low con-  

c e n t r a t i o n  o f  C O ,  t h i s  r a t i o  changes 
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- 

4 0 0  t o  7 0 0 0  ppm r u n  

A 0  t o  5 0 0  ppm r u n  

1 0 0 0  2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  6 0 0 0  7 0 0 0  

C o n c e n t r a t i o n  C02, ppm 

FIGURE 3.13. Quenching of the Helium Transition 
33s + 2 3 ~  ( 7 0 6 5  3)  bg C 0 2  

and approaches  one a t  h i g h e r  C O  con- t h e r  work i s  underway t o  i n v e s t i g a t e  

c e n t r a t i o n s .  T h i s  change i l l u s t r a t e s  t h e  energy  t r a n s f e r  from o t h e r  

a  p r o p e r t y  t h a t  may b e  ve ry  s i g n i f i -  e x c i t e d  s t a t e s  o f  he l i um.  

c a n t  t o  r a d i a t i o n  c h e m i s t r y  i n  

g e n e r a l .  Energy t r a n s f e r r e d  from G R A P H I T E  I R R A D I A T I O N S  I N  G E T R  

d i f f e r e n t  e x c i t e d  s t a t e s  i n  an i n e r t  A .  L .  P i t n e r  

gas  w i l l  l i k e l y  e x c i t e  t h e  r e a c t i v e  

mo lecu l e  i n  d i f f e r e n t  f a s h i o n s  and ,  The p r o o f - t e s t  c a p s u l e  s e r i e s  i n  

t h u s ,  may p roduce  d i f f e r e n t  chemica l  t h e  GETR was t e r m i n a t e d  a f t e r  a  

r e a c t i o n s .  S i n c e  t h e  r e l a t i v e  amount maximum exposu re  o f  1 . 5  x 10'' n v t  

o f  ene rgy  t r a n s f e r r e d  from v a r i o u s  ( E  > 0.18 MeV) had been  accumula ted  

e x c i t e d  s t a t e s  i s  shown t o  be depen-  on some samples .  I r r a d i a t i o n  tem- 

d e n t  upon t h e  c o n c e n t r a t i o n  o f  t h e  p e r a t u r e s  ranged  from 550 t o  1100 O C ,  

r e a c t i v e  g a s ,  t h e  c o u r s e  o f  a  r a d i o -  and s e v e r a l  s i g n i f i c a n t  r e s u l t s  were 

l y t i c  p r o c e s s  may be l i k e w i s e  changed o b t a i n e d .  

by v a r y i n g  t h a t  c o n c e n t r a t i o n .  Fur -  
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A t r a n s v e r s e  TSGBF sample expanded 

50% from i t s  v i r g i n  l e n g t h  a t  an 

exposu re  of  1.1 x  10" n v t  and tem- 

p e r a t u r e  o f  1000 O C .  Al though t h e  

sample i s  somewhat d e t e r i o r a t e d  a f t e r  

t h i s  h i g h  expans ion ,  i t  i s  n o t  warped 

and seems t o  s t i l l  have good s t r e n g t h .  

Two g r a d e s  o f  Poco g r a p h i t e  were 

i r r a d i a t e d  t o  maximum exposu re s  o f  

1.1 x  n v t .  The g r a d e  d e s i g n a t e d  

by t h e  m a n u f a c t u r e r  a s  AXZ-5Q1, which 

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

1 . 5  g/cm3 and CTE o f  6 .7  x  " c - ~ ,  

showed ve ry  good d imens iona l  s t a b i l -  

i t y  t o  t h i s  exposu re  a t  a  t e m p e r a t u r e  

o f  1000 O C .  I t  had c o n t r a c t e d  back 

t o  i t s  o r i g i n a l  l e n g t h  a f t e r  an 

i n i t i a l  expans ion  o f  1 . 4 %  a t  

3  x  1 0 2 1  n v t .  Grade AXF-8Q1, a l s o  . . 

i s o t r o p i c  w i t h  a  d e n s i t y  o f  1 . 8  g/cm 3  

and CTE o f  7 . 1  x  " c - ~  , showed 

somewhat d i f f e r e n t  b e h a v i o r .  A f t e r  

an i n i t i a l  expans ion  o f  2% a t  1000 O C ,  

i t  remained a t  t h i s  v a l u e  u n t i l  an 

exposu re  o f  app rox ima te ly  l o 2 '  n v t ,  

where i t  now a p p e a r s  t o  be  expanding  

a g a i n .  T o t a l  expans ion  a t  1.1 x 

l o z 2  n v t  i s  2 . 8 % .  I r r a d i a t i o n  o f  

t h e s e  Poco samples  w i l l  c o n t i n u e  i n  

an ETR c a p s u l e  t o  b e t t e r  d e f i n e  t h e  

h i g h - e x p o s u r e  t r e n d s .  

S p e e r  Grade RC5, an i s o t r o p i c ,  

nonneed l e - coke  g r a p h i t e ,  was i r r a d i -  

a t e d  t o  an exposu re  o f  1 . 5  x  l o 2 '  n v t  

a t  1000 "C. In  t h e  p a r a l l e l  d i r e c -  

t i o n ,  i t  c o n t r a c t e d  t o  - 2 . 5 %  b e f o r e  

t u r n i n g  a round a t  8  x  l o z 1  n v t .  A t  

an exposu re  o f  1 . 5  x  l o z 2 ,  i t  had 

n o t  y e t  r e t u r n e d  t o  i t s  o r i g i n a l  

l e n g t h ,  b u t  was s t i l l  a t  - 0 . 8 %  

c o n t r a c t i o n .  The t r a n s v e r s e  o r i e n t a -  

t i o n  behaved s i m i l a r l y  and t u r n e d  

a round a t  8  x  l o z 1  n v t  a f t e r  hav ing  

c o n t r a c t e d  - 1 . 2 % .  I t  r e t u r n e d  t o  

i t s  o r i g i n a l  l e n g t h  a f t e r  exposu re  

t o  1.1 x  l o z 2  n v t .  

Another  S p e e r  i s o t r o p i c  g r a p h i t e ,  

Grade 9650, a l s o  showed good dimen- 

s i o n a l  s t a b i l i t y .  I t  expanded 

s l o w l y  t o  about  1% a t  an exposu re  o f  

7  x  l o z 1  n v t  and a  t e m p e r a t u r e  o f  

1050 O C .  T h i s  g r a p h i t e  w i l l  a l s o  be  

i n v e s t i g a t e d  f u r t h e r  i n  ETR 

i r r a d i a t i o n s .  

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

show b e t t e r  d imens iona l  i n t e g r i t y  

t h a n  c o n v e n t i o n a l  and n e e d l e - c o k e  

g r a p h i t e s .  C o n t r a c t i o n s  a r e  l e s s ,  

and d imens iona l  changes a r e  s t i l l  

s m a l l  a t  exposu re s  where r a p i d ,  p o s t -  

t u r n a r o u n d  expans ion  i s  o c c u r r i n g  i n  

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

The p r o o f - t e s t  c a p s u l e  s e r i e s  h a s  

been  r e p l a c e d  w i t h  a  compress ion-  

t e s t  s e r i e s .  Samples a r e  a l l  1 . 75  i n .  

diam x  2  i n .  l o n g ,  and some a r e  unde r  

a  50 p s i  compress ive  s t r e s s .  I r r a d i -  

a t i o n  d a t a  w i l l  be o b t a i n e d  t o  d e f i n e  

b o t h  t h e  e f f e c t  o f  sample  s i z e  and a  

low compress ive  s t r e s s  on t h e  t u r n -  

a round b e h a v i o r  o f  g r a p h i t e .  P r e -  

l i m i n a r y  r e s u l t s  o b t a i n e d  from 

s e v e r a l  l a r g e  samples  i n c l u d e d  i n  

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

c a t e d  t h a t  t h e  l a r g e  samples  c o n t r a c t  

a t  t h e  same o r  p o s s i b l y  a  s l o w e r  r a t e  

t h a n  s m a l l  samples  (0 .25  i n .  diam x  

1 .75  i n .  l o n g ) .  T h i s  i s  i n  d i r e c t  

c o n t r a s t  t o  what h a s  been s e e n  i n  

r e a c t o r s  where l a r g e  b a r s  c o n t r a c t  

f a s t e r  t h a n  s m a l l  samples .  The GETR 

i r r a d i a t i o n s ,  however ,  a r e  conducted  

a t  h i g h e r  t e m p e r a t u r e s ,  and maximum 

l a r g e - s a m p l e  exposu re s  t h u s  f a r  a r e  

l e s s  t h a n  2 x  l o z 1  n v t .  H ighe r  dose s  

a r e  r e q u i r e d  t o  i d e n t i f y  t h e  t r u e  
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t r e n d s  and de t e rmine  whether  t h i s  

b e h a v i o r  p e r s i s t s .  Upon d i s c h a r g e  

o f  t h e  Capsule  H-3-50 i n  May 1968,  

samples  w i l l  have exposu re s  t o  

5  x  10" n v t  and s h o u l d  p r o v i d e  t h e  

r e q u i r e d  d a t a  t o  r e s o l v e  t h i s  

q u e s t i o n .  

E F F E C T  O F  S A M P L E  S I Z E  O N  G R A P H I T E  

I R R A D I A T I O N  B E H A V I O R  

W .  J .  G r a y  

I t  ha s  been r e p o r t e d  ( 3 , 4 )  t h a t  

i r r a d i a t i o n - i n d u c e d  c o n t r a c t i o n  o f  

l a r g e  g r a p h i t e  b a r s  ( i . e . ,  s i z e s  

no rma l ly  used  i n  n u c l e a r  r e a c t o r s )  

o c c u r s  a t  a  r a t e  two t o  t h r e e  t i m e s  

f a s t e r  t h a n  s m a l l  t e s t  samples  

( t y p i c a l l y  0 .43  i n .  diam x  4  i n .  

l o n g ) .  A s  a  r e s u l t  o f  t h e s e  o b s e r -  

v a t i o n s ,  f o u r  i r r a d i a t i o n  e x p e r i -  

ments  ( 5 - 8 )  were i n i t i a t e d  t o  c h a r a c -  

t e r i z e  t h e  " s i z e - e f f e c t "  phenomenon; 

t h r e e  o f  t h e s e  expe r imen t s  a r e  s t i l l  

i n  p r o g r e s s .  

r e p o r t e d  t h e  r e s u l t s  f o r  

TSX g r a p h i t e  from t h e  two s i z e - e f f e c t  

expe r imen t s  i n  t h e  Hanford N-Reactor  

f o r  a  maximum f a s t - n e u t r o n  exposu re  

o f  1 . 4 1  x  l o 2 '  n v t  (E > 0 . 1 8  MeV). 

He found  t h a t  t h e  l a r g e  b l o c k s  

(4  i n .  x  5 -3 .8  i n .  x  17 -1 /2  i n . )  

c o n t r a c t e d  25 t o  50% g r e a t e r  t h a n  t h e  

s m a l l  samples  (0 .43  i n .  diam x  3  i n .  

l ong  and 0 . 4 3  i n .  diam x  6  i n .  long)  

i n  b o t h  t h e  t r a n s v e r s e  and p a r a l l e l  

d i r e c t i o n s . "  A t  a  f a s t - n e u t r o n  

exposu re  o f  6 . 6  x  l o 2 '  n v t ,  h e  found  

no  d i f f e r e n c e  i n  c o n t r a c t i o n  r a t e s  

o f  samples  t a k e n  from t h e  edge and 

from t h e  c e n t e r  o f  a  b a r .  

The s i z e - e f f e c t  samples  i n  t h e  

Hanford ~ ~ - ~ e a c t o r ( ~ )  were measured 

a f t e r  a  f a s t - n e u t r o n  exposu re  of  

abou t  4  x  l o 2 '  n v t .  A t  t h i s  low 

e x p o s u r e ,  no s a m p l e - s i z e  e f f e c t  c o u l d  

be  d e t e c t e d .  

During t h e  p r e s e n t  q u a r t e r ,  t h e  

s i z e - e f f e c t  samples  i n  N-Reactor  were 

d i s c h a r g e d  and measured a f t e r  a  maxi-  

mum f a s t - n e u t r o n  exposu re  o f  1 .66  x  

n v t .  The r e a s o n  f o r  d i s c h a r g -  

i n g  t h e  samples  a f t e r  s o  b r i e f  an 

a d d i t i o n a l  exposu re  was t h a t  t h e y  h a d  

been dropped d u r i n g  t h e  c h a r g i n g  

p r o c e s s  a f t e r  t h e  p r e v i o u s  measure-  

ment ,  and some o f  t h e  samples  damaged 

by t h e  d rop  had  t o  be r e p l a c e d .  The 

c o n t r a c t i o n  r a t e s  o f  t h e  undamaged 

samples  were i n  good agreement  w i t h  

t h o s e  found  by Cox. I n  t h e  t r a n s -  

v e r s e  d i r e c t i o n ,  c o n t r a c t i o n  r a t e s  o f  

samples  t a k e n  from t h e  edge o f  t h e  

b a r  were about  20% g r e a t e r  t h a n  t h o s e  

f o r  samples  t a k e n  from n e a r  t h e  c e n t e r .  

For  t h e  p a r a l l e l  d i r e c t i o n ,  no d i f f e r -  

ence  was found  between samples  from 

t h e  edge  and c e n t e r  o f  t h e  b a r .  A s  

p o i n t e d  o u t  l a t e r ,  t h i s  i s  t o  be 

e x p e c t e d  from v a r i a t i o n s  i n  c r y s t a l -  

l i t e  o r i e n t a t i o n  w i t h i n  a  b a r  o f  TSX 

g r a p h i t e .  Note t h a t  t h e s e  a r e  a  

d i f f e r e n t  s e t  o f  samples  t h a n  t h o s e  

f o r  which Cox compared d a t a  from t h e  

edge and c e n t e r  o f  a  b a r  a t  an expo- 

s u r e  o f  6 .6  x  l o 2 '  n v t .  

The s i z e - e f f e c t  samples  i n  t h e  KE- 

R e a c t o r  were d i s c h a r g e d  f o r  second 

l e n g t h  measurements  a f t e r  an exposu re  

o f  abou t  1 . 5  x  l o z 1  n v t  now. Length 

measurements  w i l l  b e  made, and t h e  
* T r a n s u e ~ . ~ t :  urrd paraZZeZ t o  t h e  

e x t r u s i o n  a x i s  o f  t h e  g r a p h i t e  
samples  r e c h a r g e d  f o r  a d d i t i o n a l  

b a r .  exposu re .  



I t  h a s  been  s u g g e s t e d ( 3 )  t h a t  

v a r i a t i o n s  i n  c r y s t a l l i t e  o r i e n t a t i o n  

w i t h i n  a  g r a p h i t e  b a r  might  p a r t i a l l y  

accoun t  f o r  t h e  s i z e - e f f e c t  phenom- 

enon. To i n v e s t i g a t e  t h i s  p o s s i -  

b i l i t y ,  an X-ray t e c h n i q u e  s i m i l a r  t o  

t h a t  d e s c r i b e d  by Bacon ( l o )  i s  be ing  

u sed  t o  de t e rmine  t h e  v a r i a t i o n  i n  

c r y s t a l l i t e  o r i e n t a t i o n  w i t h i n  a  b a r  

o f  TSX g r a p h i t e .  TSX g r a p h i t e  was 

chosen  f o r  t h e  i n i t i a l  s t u d y  because  

i t  i s  one o f  t h e  t y p e s  o f  g r a p h i t e s  

b e i n g  used  i n  t h e  s i z e - e f f e c t  e x p e r i -  

ments  d i s c u s s e d  above.  The X-ray 

r e s u l t s  showed, w i t h i n  e x p e r i m e n t a l  

e r r o r ,  no v a r i a t i o n  a c r o s s  t h e  b a r  

i n  t h e  number o f  c r y s t a l l i t e s  whose 

a  a x i s  i s  p a r a l l e l  t o  t h e  e x t r u s i o n  - 
a x i s .  However, t h e  c r y s t a l l i t e s  t e n d  

t o  l i e  w i t h  t h e i r  b a s a l - p l a n e s  p a r a l -  

l e l  t o  t h e  s i d e s  o f  t h e  b a r  and ,  

t h e r e f o r e ,  t h e r e  i s  a  v a r i a t i o n  

a c r o s s  t h e  b a r  w i t h  r e s p e c t  t o  any 

g i v e n  edge .  From t h e  edge t o  t h e  

c e n t e r  o f  t h e  b a r ,  a  smooth v a r i a t i o n  

e x i s t s  i n  o r i e n t a t i o n ,  i . e . ,  t h e r e  i s  

no r a p i d  change i n  o r i e n t a t i o n  n e a r  

t h e  edge (no " sk in" ) .  

Thermal -expans ion  c o e f f i c i e n t  mea- 

su remen t s  w i l l  a l s o  be made on t h e  

same b a r  o f  TSX g r a p h i t e .  These 

measurements ,  t o g e t h e r  w i t h  t h e  X-ray 

d a t a  above,  w i l l  b e  u sed  t o  de t e rmine  

whe the r  t h e  accommodation c o e f f i -  

c i e n t  (11) a l s o  v a r i e s  a c r o s s  t h e  b a r .  

T h i s  i n f o r m a t i o n  can  t h e n  be used  t o  

c a l c u l a t e ,  t o  a  f i r s t  app rox ima t ion ,  

i r r a d i a t i o n - i n d u c e d  c o n t r a c t i o n  and ,  

i n  p a r t i c u l a r ,  how t h i s  c o n t r a c t i o n  

v a r i e s  a c r o s s  a  b a r  o f  g r a p h i t e .  

I n t e r e s t i n g l y ,  t h e  X-ray  d a t a  

s u g g e s t  t h a t  t h e r e  s h o u l d  be  l i t t l e  

o r  no change i n  i r r a d i a t i o n - i n d u c e d  

c o n t r a c t i o n  a c r o s s  a  b a r  o f  TSX 

g r a p h i t e  i n  t h e  p a r a l l e l  d i r e c t i o n .  

I n  t h e  t r a n s v e r s e  d i r e c t i o n ,  however ,  

t h e  c o n t r a c t i o n  s h o u l d  be g r e a t e r  a t  

t h e  edge t h a n  i t  i s  n e a r  t h e  c e n t e r ,  

and t h i s  i s  j u s t  what was o b s e r v e d  i n  

t h e  N-Reactor  expe r imen t .  

Another  p o s s i b l e  e x p l a n a t i o n  f o r  

t h e  g r e a t e r  r a t e  o f  c o n t r a c t i o n  o f  

l a r g e  r e a c t o r  b a r s  i s  t h e  enhanced 

n u c l e a t i o n  o f  r a d i a t i o n  damage 

b r o u g h t  about  by i r r a d i a t i n g  g r a p h i t e  

f o r  a  b r i e f  p e r i o d  a t  low 

t e m p e r a t u r e s .  (12,131 

Whether b r i e f  l ow- t empera tu re  

o p e r a t i o n  du r ing  s t a r t u p s  o r  o t h e r  

t r a n s i e n t s  can i n c r e a s e  t h e  c o n t r a c -  

t i o n  by a  f a c t o r  o f  two o r  t h r e e  i s  

n o t  known a t  t h i s  t i m e .  

H I G H - T E M P E R A T U R E  I R R A D I A T I O N  I N  T H E  

E T R  

A .  L .  P i t n e r  

The GEH-13-14 h i g h - t e m p e r a t u r e  

c a p s u l e  was d i s c h a r g e d  from t h e  ETR 

i n  Feb rua ry  1968 ,  w i t h  a  maximum 

accumula ted  exposu re  o f  6  x  10" n v t  

(E > 0.18  MeV). The c a p s u l e  h a s  a  

d u a l  p u r p o s e :  p r o o f - t e s t i n g  s e v e r a l  

HTGR c a n d i d a t e  g r a p h i t e s  and accumu- 

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

d a t a  on a  v a r i e t y  o f  g r a p h i t e s  f o r  

o t h e r  advanced s y s t e m s .  Capsu l e  

t e m p e r a t u r e s  range  from 800 t o  

1300 "C. 

R e s u l t s  from GEH-13-14 g e n e r a l l y  

show a c c e l e r a t e d  damage a t  t h e  h i g h e r  

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

a r e  g r e a t e r ,  and t u r n a r o u n d  a p p a r e n t l y  

o c c u r s  s o o n e r  f o r  most g r a p h i t e  t y p e s .  

T h i s  a g r e e s  w i t h  p r e v i o u s  h i g h -  

t e m p e r a t u r e  i r r a d i a t i o n  d a t a .  Many 
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samples  a p p e a r  t o  be a t  o r  p a s t  t u r n -  

a round ;  however, s e v e r a l  g r a p h i t e  

t y p e s  have d i s p l a y e d  good h i g h -  

t e m p e r a t u r e  s t a b i l i t y .  I n  p a r t i c u l a r ,  

Poco g r a p h i t e  and Spee r  Grade 9650 

g r a p h i t e ,  b o t h  i s o t r o p i c ,  have shown 

o n l y  s m a l l  c o n t r a c t i o n s  o r  even s l i g h t  

expans ions  t o  t h e  p r e s e n t  d o s e s .  

A d d i t i o n a l  i r r a d i a t i o n  i s  r e q u i r e d  t o  

conf i rm whe the r  t h i s  d imens iona l  s t a -  

b i l i t y  w i l l  c o n t i n u e  t o  h i g h e r  

exposu re s .  

Capsule  GEH-13-15 w i l l  be cha rged  

i n  May f o r  a n o t h e r  t h r e e - c y c l e  i r r a -  

d i a t i o n  and w i l l  be  d i s c h a r g e d  i n  

September 1968. Maximum accumula ted  

exposu re s  a t  t h a t  t ime  s h o u l d  ap-  

p roach  l o 2 '  n v t .  

THERMAL-EXPANSION HYSTERESIS I N  
POLYCRYSTALLINE GRAPHITE 

0. D .  Slagle 

In  a  p r e v i o u s  q u a r t e r l y  program 

r e p o r t ,  ( I 4 )  measurements  o f  t he rma l -  

expans ion  h y s t e r e s i s  i n  p o l y c r y s t a l -  

l i n e  g r a p h i t e  were r e p o r t e d .  I t  was 

found t h a t  a  t r a n s v e r s e  sample o f  TSX 

g r a p h i t e  h e a t e d  t o  2400 O C  had  a  

d i f f e r e n c e  i n  l e n g t h  between h e a t i n g  

and c o o l i n g  c u r v e s  a t  1800 O C  o f  

app rox ima te ly  0 . 0 7 % .  . A l o n g i t u d i n a l  

sample s i m i l a r l y  h e a t e d  had no mea- 

s u r a b l e  h y s t e r e s i s .  

A model ha s  been proposed  by 

Buessem ( I 5 )  t o  e x p l a i n  t h e  t h e r m a l -  

expans ion  h y s t e r e s i s  obse rved  i n  

a n i s o t r o p i c  ce r amic  m a t e r i a l s .  The 

model ,  shown i n  F i g u r e  3 .15 ,  r e p r e -  

s e n t s  a  c o n s t a n t - s t r a i n  ave rage  o f  

two c r y s t a l l i t e s  i n  s e r i e s ,  i . e . ,  

s e p a r a t e d  by a  g r a i n  boundary.  

Buessem's method o f  i n t r o d u c i n g  accom- 

modat ion  c o n s i s t s  o f  assuming a  tem- 

p e r a t u r e  (To) a t  which s t r e s s  b u i l d u p  

d u r i n g  c o o l i n g  b e g i n s  and a  c r i t i c a l  

t e n s i l e  s t r a i n  ( E  ) a t  which a  c r y s -  
C 

t a l l i t e  p a i r  f a i l s .  As t h e  model i s  

c o o l e d ,  t h o s e  c r y s t a l l i t e  columns 

hav ing  t h e  l a r g e s t  t he rma l  c o n t r a c -  

t i o n s  f a i l  i n  t e n s i o n ;  t h e y  a r e  

removed from t h e  model when t h e  d i f -  

f e r e n c e  between t h e i r  t he rma l  c o n t r a c -  

t i o n  and t h e  ave rage  o f  t h e  model i s  

e q u a l  t o  t h e  c r i t i c a l  s t r a i n .  I n  

t h i s  manner t h e  t he rma l - expans ion  

c o e f f i c i e n t  o f  t h e  model i s  p r o g r e s -  

s i v e l y  reduced .  On r e h e a t i n g ,  i f  it 

i s  assumed t h a t  no r ecombina t i on  

o c c u r s  u n t i l  To i s  r e a c h e d ,  t h e  

FIGURE 3.15. One-Dimensional Mode l Used in Analyzing 
Thermal-Erpansion Hysteresis. Arrows depict the crystal- 
lite c-axis and are used to indicate randomness. 



amount o f  t h e r m a l  h y s t e r e s i s  expec t ed  

can  be  e a s i l y  de t e rmined .  

T h i s  model was a p p l i e d  t o  TSX 

g r a p h i t e ,  assuming To t o  be 2000 "C 

and E~ t o  be  0.002 ( F i g u r e  3 . 1 6 ) .  

The anomally p r e d i c t e d  j u s t  above 

1700 "C f o r  t h e  t r a n s v e r s e  o r i e n t a -  

t i o n  was n o t  obse rved  i n  t h e  e x p e r i -  

men ta l  c u r v e s .  The room-tempera ture  

p r e d i c t i o n s  o f  Buessem's model a r e  

a l s o  u n r e a s o n a b l e .  The number o f  

columns remain ing  i n  t h e  p a r a l l e l  

sample would be 20%;  t h a t  i n  t h e  

t r a n s v e r s e  sample would b e  o n l y  5 % .  

T h i s  e x t e n s i v e  c r a c k i n g  i s  a l s o  

r e f l e c t e d  by t h e  low c a l c u l a t e d  

t h e r m a l  expans ion  c o e f f i c i e n t s  o f  

0 .48  and 0 . 5 1  (x "c-') f o r  t h e  

p a r a l l e l  and t r a n s v e r s e  o r i e n t a t i o n s ,  

r e s p e c t i v e l y .  The r e s p e c t i v e  mea- 

s u r e d  v a l u e s  were 1 . 7  and 4 . 9  

(x l o - 6  " c - I ) .  C l e a r l y ,  t h e  

Buessem's  model r e s u l t s  i n  t o o  much 

c -  a x i s  accommodation when a p p l i e d  t o  - 
p o l y c r y s t a l l i n e  g r a p h i t e .  

The e x t e n t  o f  accommodation can  be  

reduced  by assuming t h a t  a  column 

i n t e r a c t s  on ly  w i t h  i t s  n e x t  n e a r e s t  

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

t h e  o t h e r  columns. For  t h i s  model,  

5 0 0  1 0 0 0  1 5 0 0  

Temperature, O C  

E = 0 . 0 0 5  
C 

- 

Transverse 

FIGURE 3 . 2 6 .  Thermal  H y s t e r e s i s  a s  P r e d i c t e d  Us ing  Buessern's 
Method o f  I n t r o d u c i n g  Co lumn F a i l u r e  
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accommodation i s  i n t r o d u c e d  by a s s i g n -  

i n g  t o  each  column a  p r o b a b i l i t y  t h a t  

i t s  n e x t  n e a r e s t  n e i g h b o r  w i l l  have  a  

s m a l l e r  t he rma l  c o n t r a c t i o n  and w i l l  

impose a  t e n s i l e  s t r a i n  on t h e  column. 

T h i s  means o f  i n t r o d u c i n g  accommoda- 

t i o n  h a s  been q u i t e  s u c c e s s f u l  i n  

e x p l a i n i n g  room-tempera ture  t h e r m a l -  

expans ion  c o e f f i c i e n t s  and Young's 

modul i .  ( I 6 )  By choos ing  a  d i f f e r e n c e  

i n  t h e r m a l  c o n t r a c t i o n  a t  which a  

column can  be accommodated by i t s  

n e i g h b o r ,  a  c o o l i n g  cu rve  can  be  

de t e rmined .  

F i g u r e  3.17 g i v e s  t h e  r e s u l t i n g  

c u r v e s  o b t a i n e d  f o r  t h i s  model by 

5 0 0  1 0 0 0  1 5 0 0  

Tempera tu re ,  " C  

FIGURE 3.17. Thermal Hysteresis as Predicted when Accommodation 
is Assumed to Occur Only as a n  Interaction Between Next Nearest 
Neighbors 
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u s i n g  t h e  same p a r a m e t e r s  a s  b e f o r e .  5. 

These c u r v e s  a r e  i n  v e r y  good a g r e e -  

ment w i t h  t h e  e x p e r i m e n t a l  c u r v e s .  

The t r a n s v e r s e  o r i e n t a t i o n  h a s  a  

h y s t e r e s i s  a t  1600 O C  o f  0 . 0 7 %  w h i l e  

t h e  p a r a l l e l  o r i e n t a t i o n  has  a  6 .  

h y s t e r e s i s  o f  o n l y  0 . 0 2 5 % .  These 

p r e d i c t i o n s  a r e  c o n s i s t e n t  w i t h  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  of  no 

h y s t e r e s i s  f o r  t h e  p a r a l l e l  o r i e n t a -  
7 .  

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

h y s t e r e s i s  i s  w i t h i n  t h e  e x p e r i m e n t a l  

e r r o r .  The r e f i n e d  model ha s  59% o f  

t h e  columns remain ing  a t  room tempera-  

t u r e ,  which i s  a  r e a l i s t i c  number. 8 .  

The p r e d i c t e d  t h e r m a l  expans ion  c o e f -  

f i c i e n t s  a r e  1 .35  and 5 .1  (x  

O C - l )  f o r  t h e  p a r a l l e l  and t r a n s v e r s e  

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

i n  good agreement  w i t h  t h e  e x p e r i -  
9 .  

m e n t a l  v a l u e s  o f  1 . 7  and 4 . 9  

(x  1 0 - ~  0 c - l ) .  

10 .  
R E F E R E N C E S  

1 .  J .  J .  C a d w e l l ,  D .  R. de H a l a s ,  
R. E .  N i g h t i n g a l e ,  and D .  C .  1 1 .  
W o r l t o n .  ~ u a r t e r l y  P r o g r e s s  
R e p o r t ,  O c t o b e r ,  November,  
December 1967 ,  R e a c t o r  F u e l s  and 
M a t e r i a l s  Branch o f  USAEC 
D i v i s i o n  o f  R e a c t o r  Development  
and T e c h n o l o g y ,  BNWL-668. 
P a c i f i c  N o r t h w e s t  L a b o r a t o r u ,  
~ i c h i a n d ,  W a s h i n g t o n ,  March- i 9 6 8 .  

2 .  G .  E .  Bacon. J .  A p p l .  Chem., 
v o l .  6 ,  p .  477.  1956 .  

3 .  R. E .  N i g h t i n g a l e  and E. M .  
W o o d r u f f .  " 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  Large 
G r a p h i t e  Bars , "  N u c l .  S c i .  and 
Png., v o l .  1 9 ,  p .  390.  1964 .  

4 .  W .  C .  Morgan. " E f f e c t  o f  Low 
C o m p r e s s i v e  S t r e s s  o n  I r r a d i a t i o n -  
I n d u c e d  Dimens iona l  Changes i n  
G r a p h i t e , "  Carbon, v o l .  1 ,  p .  255.  
1964.  

S i z e  on t h e  I r r a d i a t i o n - I n d u c e d  
C o n t r a c t i o n  o f  G r a p h i t e ,  HW-8373 
G e n e r a l  E l e c t r i c  Company, 
R i c h l a n d ,  W a s h i n g t o n ,  A u g u s t  1  964.  

B .  A .  Ryan. M o n i t o r i n g  Dimen- 
s i o n a l  Changes o f  G r a p h i t e  i n  
B a l l  Channel  60 a t  N - R e a c t o r ,  
HW-84503, G e n e r a l  E l e c t r i c  
Company, R i c h  l a n d ,  W a s h i n g t o n ,  
December 1964 .  

B .  A .  Ryan. T e s t  f o r  M o n i t o r i n g  
D i m e n s i o n a l  Changes o f  G r a p h i t e  
i n  Rod Channel  74 a t  N - R e a c t o r ,  
BNWL-56. P a c i f i c  N o r t h w e s t  
L a b o r a t o r y ,  R i c h l a n d ,  W a s h i n g t o n ,  
A p r i l  1965 .  

J .  W .  Helm. R a d i a t i o n - I n d u c e d  
Dimens iona l  Changes  o f  G r a p h i t e  
E f f e c t  o f  Sample  S i z e s  L e s s  Than 
One-Hal f  I n c h  D i a m e t e r ,  
BNWL-CC-399. P a c i f i c  N o r t h w e s t  
L a b o r a t o r y ,  R i c h l a n d ,  W a s h i n g t o n ,  
December 1965 .  

J .  H .  Cox,  J r .  U n p u b l i s h e d  Data 
(NPR G r a p h i t e ) ,  P a c i f i c  N o r t h w e s t  
L a b o r a t o r y ,  R i c h l a n d ,  W a s h i n g t o n ,  
Augus t  1966.  ( I n t e r i m  R e p o r t )  

G .  E .  Bacon. " A  Method f o r  D e t e r -  
m i n i n g  t h e  Degree o f  O r i e n t a t i o n  
o f  ~ r a ~ h i t e ,  "- J .  A p p l .  Chem., 
v o l .  6 ,  p. 477.  1956.  

A .  L .  S u t t o n  and V .  C .  Howard. 
"The R o l e  o f  P o r o s i t y  i n  t h e  
Accommodation o f  Thermal  Expan- 
s i o n  i n  G r a p h i t e , "  J .  N u c l .  
M a t e r . ,  v o l .  7 ,  p .  58.  1962.  

W .  N .  R e y n o l d s  and P .  A. T h r o w e r .  
"Enhanced N u c l e a t i o n  o f  R a d i a t i o n  
Damage i n  G r a p h i t e ,  " Carbon 
v o l .  1 ,  p .  185 .  1964.' 

J .  H .  Cox and E .  M .  W o o d r u f f .  
I r r a d i a t i o n - I n d u c e d  C o n t r a c t i o n  
o f  G r a p h i t e s  a t  High T e m p e r a t u r e  
Fo ZZowing Co Zd P r e i r r a d i a t i o n  
and I n t e r m i t t e n t  Thermal  A n n e a l s ,  
BNWL-215. P a c i f i c  N o r t h w e s t  
L a b o r a t o r y ,  R i c h l a n d ,  W a s h i n g t o n ,  
January  1966 .  



1 4 .  F .  W .  A l b a u g h ,  S .  H. B u s h ,  J .  J .  
CadweZl ,  D .  R. de  H a l a s ,  and 
D .  C .  W o r l t o n .  Q u a r t e r l y  P r o g r e s s  
R e p o r t ,  A p r i l ,  Ma9, J u n e ,  1 9 6 7 ,  
R e a c t o r  F u e l s  and  M a t e r i a l s  Branch  
o f  USAEC D i v i s o n  o f  R e a c t o r  D e v e l -  
opmen t  and T e c h n o l o g y ,  BNWL-473. 
P a c i f i c  N o r t h w e s t  L a b o r a t o r w ,  
~ i c h i a n d ,  W a s h i n g t o n ,  ~ e ~ t e m b e r ,  
1 9 6 7 .  

1 5 .  W .  R. Buessem.  " I n t e r n a l  R u p t u r e s  
and R e c o m b i n a t i o n s  i n  A n i s o t r o ~ i c  
C e r a m i c  M a t e r i a l , "  M e c h a n i c a l  
P r o p e r t i e s  o f  E n g i n e e r i n g  C e r a m i c s  
e d i t e d  by  W .  W .  K r i e g e l  and H .  
Pa lmour  III I n t e r s c i e n c e ,  New Y o r k ,  
p .  1 2 7 .  1 9 6 1 .  

1 6 .  0 .  D .  S l a g l e .  A v e r a g i n g  T e c h -  
. n i q u e s  i n  P o l y c r y s t a l l i n e  Graph-  
i t e s ,  BNWL-SA-1237-Rev, P a c i f i c  - 
N o r t h w e s t  L a b o r a t o r y ,  R i c h l a n d ,  
W a s h i n g t o n ,  A u g u s t  1 4 ,  1 9 6 7 .  





BNWL- 768 

F U E L  D E V E L O P M E N T  F O R  G A S - C O O L E D  R E A C T O R S  - H T G R  G R A P H I T E  S T U D I E S  

R.  E .  N i g h t i n g a l e  

G R A P H I T E  S U R F A C E - A R E A  M E A S U R E M E N T S  

R .  E .  Woodley 

S u r f  a c e - a r e a  measurements have 

been per formed on f o u r  samples  o f  

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

GEH-13-14 i n  t h e  ETR. These measure-  

ments  were made t o  de t e rmine  i f  h i g h -  

t e m p e r a t u r e  i r r a d i a t i o n  r e s u l t s  i n  

s u r f a c e - a r e a  changes ,  t h u s  a f f e c t  

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

r a t e  o f  o x i d a t i o n .  The g r a p h i t e  

samples  have  r e c e i v e d  a  t o t a l  i n t e -  

g r a t e d  exposu re  o f  abou t  1 .94  x  

l o 2 '  n v t  (E > 0.18 MeV) a t  an a v e r a g e  

t e m p e r a t u r e  o f  app rox ima te ly  916 " C .  

Weight l o s s e s  t o  t h e  samples  d u r i n g  

t h e  i r r a d i a t i o n  ave raged  about  1 mg. 

The i n d i v i d u a l  o x i d a t i o n  p e r c e n t a g e s ,  

t h e  s u r f a c e  a r e a s ,  and t h e  p e r c e n t  

l e n g t h  change f o r  t h e  i n d i v i d u a l  

samples  a r e  i n c l u d e d  i n  t h e  f o l l o w i n g  

t a b l e :  

-- - pp . - 

G e n e r a l l y ,  t h e  s u r f a c e - a r e a  

changes a r e  s m a l l .  Because o f  t h e  

e x p e r i m e n t a l  e r r o r  i n h e r e n t  i n  

s u r f a c e - a r e a  measurements ,  p a r t i c u -  

l a r l y  f o r  t h e  s m a l l  samples  u sed  h e r e ,  

i t  i s  d i f f i c u l t  t o  a s c e r t a i n  whether  

t h e  changes o b s e r v e d  a r e  r e a l  o r  

mere ly  an e x p e r i m e n t a l  u n c e r t a i n t y .  

N e v e r t h e l e s s  i t  i s  i n t e r e s t i n g  t o  

n o t e  t h a t  t h r e e  of  t h e  samples  ex-  

h i b i t  a  s m a l l  d e c r e a s e  i n  s u r f a c e -  

a r e a .  T h i s  i m p l i e s  a  d e c r e a s e  i n  

m i c r o p o r o s i t y  caused  pe rhaps  by t h e  

expans ion  o f  c r y s t a l l i t e s  i n t o  v o i d s  

o r  t h e  f o r m a t i o n  o f  p o r e  b lockages .  

The i n c r e a s e d  s u r f a c e - a r e a  shown by 

t h e  remain ing  sample i s  more d i f -  

f i c u l t  t o  e x p l a i n .  A l l  o f  t h e  sam- 

p l e s  l o s t  s m a l l  amounts o f  we igh t  

b u t  c e r t a i n l y  n o t  enough t o  e f f e c t  

a  measu rab l e  s u r f a c e - a r e a  i n c r e a s e .  

Because t h e  i n i t i a l  s u r f a c e - a r e a  

v a l u e s  a r e  b a s e d  on o n l y  a  s i n g l e  

measurement (whereas ,  t h e  f i n a l  

v a l u e s  a r e  ave rages  u s u a l l y  o f  t h r e e  

measurements  and hence  b e l i e v e d  t o  

be b e t t e r  e s t a b l i s h e d ) ,  t h e s e  same 

samples  w i l l  be  r e i r r a d i a t e d  t o  

d e t e r m i n e  i f  an a d d i t i o n a l ,  more 

s i g n i f i c a n t  change i n  s u r f a c e - a r e a  

w i l l  o c c u r  upon f u r t h e r  exposu re .  
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N U C L E A R  C E R A M I C S  

R .  E .  N i g h t i n g a l e  

M I C R O S T R U C T U R E  A N D  T R A N S M I S S I O N  E L E C -  

T R O N  M I C R O S C O P Y  O F  N U C L E A R  O X I D E S  

S .  J .  M a y h a n  a n d  J .  L .  D a n i e l  

M i c r o s t r u c t u r a l  s t u d y  o f  ce r amic  

m a t e r i a l s  such  a s  n u c l e a r  o x i d e s  i s  

most meaningfu l  i f  s e v e r a l  modes o f  

examina t i on  ( e . g . ,  p e t r o g r a p h y ,  s u r -  

f a c e  s t r u c t u r e ,  and i n t e r n a l  c r y s t a l -  

l og raphy )  can be c l o s e l y  c o r r e l a t e d  

w i t h o u t  i n t r o d u c t i o n  of  a r t i f a c t s  d u r -  

i n g  specimen p r e p a r a t i o n .  T h e r e f o r e ,  

development  of  methods f o r  improved 

t h i n - f o i l  p r e p a r a t i o n  o f  ce r amic  mate-  

r i a l s  f o r  t r a n s m i s s i o n  e l e c t r o n  micro-  

scopy  has  c o n t i n u e d .  

An e a r l i e r  r e p o r t ( ' )  d e s c r i b e d  t h e  

mechanica l  t h i n n i n g  methods under  

development .  F u r t h e r  work now i n d i -  

c a t e s  t h a t  a  combina t ion  o f  a  l i g h t  

chemica l  t h i n n i n g  o r  e t c h i n g  t r e a t m e n t  

w i t h  mechanica l  t h i n n i n g  may reduce  

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

and p o l i s h i n g  marks shown i n  p r e v i o u s  

specimens ( F i g u r e  5 .1 )  . The c u r r e n t  

p rocedu re  i n c l u d e s  : 

T r e a t i n g  t h e  p r e c u t  specimen w i t h  

9 : l  H202:H2S04 f o r  4 min-; 

P o l i s h i n g  one s i d e ,  u s i n g  c a r e f u l  

m e t a l l o g r a p h i c  p r o c e d u r e s ,  f o l l owed  

by a p p l i c a t i o n  o f  t h e  H202-H2S04 

f o r  10 s e c  

P o l i s h i n g  (rough and f i n e )  t h e  

o t h e r  s i d e  t o  a  f i n a l  t h i c k n e s s  

s u i t a b l e  f o r  t r a n s m i s s i o n  

T r e a t i n g  w i t h  H202-H2S04 f o r  3 s e c .  

Some m i c r o s t r u c t u r a l  c h a r a c t e r i s -  

t i c s  p o s s i b l y  a t t r i b u t a b l e  t o  t h e  p r e p -  

a r a t i o n  p rocedu re  a r e  s t i l l  e v i d e n t ,  

b u t  g e n e r a l  q u a l i t y  i s  much improved. 

E v a l u a t i o n  of  o t h e r  chemica l  p o l i s h i n g  

r e a g e n t s  and methods o f  combina t ion  

w i t h  t h e  mechanica l  t h i n n i n g  i s  i n  

p r o g r e s s .  

S C A N N I N G  E L E C T R O N  M I C R O S C O P E  F O R  

N U C L E A R  M A T E R I A L S  S T U D Y  

J .  L .  D a n i e l  

Fol lowing  t h e  f a v o r a b l e  c o n c l u s i o n s  

from e v a l u a t i o n  o f  s c a n n i n g  e l e c t r o n  

microscopy f o r  n u c l e a r  m a t e r i a l s  s t u d y ,  

d e t a i l e d  per formance  s p e c i f i c a t i o n s  f o r  

an  optimum i n s t r u m e n t  were p r e p a r e d ,  

and p u r c h a s e  p r o c e d u r e s  were i n i t i a t e d .  

The i n s t r u m e n t  w i l l  i n c l u d e  t h e  f o l l o w -  

i n g  f e a t u r e s  : 

P r o v i s i o n s  i n c l u d e d  o r  a v a i l a b l e  f o r  

images r e s u l t i n g  from seconda ry ,  

b a c k s c a t t e r e d ,  t r a n s m i t t e d  and a b -  

s o r b e d  e l e c t r o n s ,  ca thodlurn inescence ,  

and emf d i f f e r e n c e s  

M a g n i f i c a t i o n  range  of  a t  l e a s t  100 

t o  100,000X w i t h  p r imary  beam v o l t -  

age o f  a t  l e a s t  5 kV t o  50 kV 
0 

Image r e s o l u t i o n  o f  250 A o r  b e t t e r  

U n i v e r s a l  goniometer  specimen s t a g e  

P r o v i s i o n s  f o r  image r e c o r d i n g  by 

s t a n d a r d  camera,  P o l a r o i d  h i g h - s p e e d  

photography ,  and v ideo  t a p e  

P h y s i c a l  d e s i g n  a d a p t a b l e  t o  u se  o f  

s p e c i a l l y  de s igned  a t t a c h m e n t s  f o r  

dynamic i n -mic roscope  e x p e r i m e n t s ,  

and f o r  examina t i on  o f  p lu ton ium-  

b e a r i n g  m a t e r i a l s .  

D e l i v e r y  o f  t h e  i n s t r u m e n t  i s  an-  

t i c i p a t e d  by May 1, 1968.  
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Beg J - 4 2 0 8  1 6 ,  O O O X  

MechanicaZZy Th inned  Only 

Neg J - 4 6 7 1  4 0 ,  O O O X  Neg J - 4 6 7 0  40,OOOX 

MechanicaZZy T h i n n e d  and ChernicaZZy P o l i s h e d  

FIGURE 5 . 1 .  T h i n  S e c t i o n s  o f  S i n t e r e d  U02 

C O M P A T I B I L I T Y  O F  M I X E D  U R A N I U M -  on the study of the compatibility of 

P L U T O N I U M  O X I D E S  A N D  N I T R I D E S  W I T H  sodium and helium bonded uranium- 

S T A I N L E S S  S T E E L  plutonium mixed oxide (U02-25 wt% Pu02) 

F .  M. S m i t h  a n d  J .  L .  D a n i e l  pellets with type 304 SS have been com- 

pleted. These hypostoichiometric 

Some of the experiments referred to oxides (O/M = 1.96 and 1.97) were 

in the last Quarterly Progress Report either helium- or sodium-bonded to 304 



SS and h e a t e d  f o r  t ime  p e r i o d s  r a n g i n g  

from 100 t o  1000 h r  a t  t e m p e r a t u r e s  of  

650 and 1000 "C. I n s p e c t i o n  of  t h e s e  

d i f f u s i o n  coup le s  h a s  been l i m i t e d  t o  

ceramographic  and m e t a l l o g r a p h i c  

t e c h n i q u e s .  

Reference  ox ide  p e l l e t s  showed a  

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

c r a c k s  a t  75X m a g n i f i c a t i o n .  Helium- 

bonded p e l l e t s  h e a t e d  a t  650 "C f o r  

1000 h r  and 1000 "C f o r  1000 h r  showed 

e s s e n t i a l l y  t h e  same m i c r o s t r u c t u r e  a s  

t h e  r e f e r e n c e  p e l l e t s  w i t h  on ly  s l i g h t l y  

more c r a c k i n g .  No i n t e r a c t i o n  c o u l d  be 

s een  between t h e  f u e l  and a d j a c e n t  c l a d -  

d i n g .  Sodium-bonded p e l l e t s  showed a  

l i t t l e  more c r a c k i n g  n e a r  t h e  edges  

p r o b a b l y  a  r e s u l t  of sodium p e n e t r a t i o n ,  

b u t  s t i l l  no i n t e r a c t i o n  between t h e  

f u e l  and c l a d d i n g .  F i g u r e s  5.2 and 5 . 3  

show a s - p o l i s h e d  micrographs  of  t h e  

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

l a y e r e d  m a t e r i a l  n e a r  t h e  c l a d d i n g  and 

f u e l  s u r f a c e s  i s  a c t u a l l y  s u c c e s s i v e  

l a y e r s  o f  mounting r e s i n .  No r e a c t i o n  

l a y e r  i s  p r e s e n t  i n  any specimen e x -  

amined t o  d a t e ,  and no ev idence  of  i n -  

c o m p a t i b i l i t y  ha s  been found .  The 

d i f f e r e n c e s  i n  p o r o s i t y  shown i n  t h e  

f u e l  m i c r o s t r u c t u r e s  i n  t h e s e  two 

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

i n  a s -manufac tu red  p e l l e t s .  

Neg 47249  

FIGURE 5 . 2 .  As-Po l i s h e d  P h o t o m i c r o g r a p h  o f  S p e c i m e n  1 - 6 .  
D i f f u s i o n  C o u p l e  o f  U02-25 w t %  Pu02 ( O / M  = 1 . 9 6 )  S o d i u m  
Bonded t o  304 SS  and  H e a t e d  t o  650  O C  f o r  1000  h r .  S o d i u m  
Has Been  R e p l a c e d  b y  Epoxy  R e s i n  and  S e p a r a t e s  t h e  C l a d d i n g  
o n  L e f t  f r o m  F u e l  o n  R i g h t .  No R e a c t i o n  L a y e r s  P r e s e n t  o n  
E i t h e r  F u e l  o r  C l a d d i n g .  O b s e r v e d  L a y e r s  R e s u l t e d  f rom 
M o u n t i n g  T e c h n i q u e .  
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Neg 47254  600X 

FIGURE 5 . 3 .  A s - P o l i s h e d  P h o t o m i c r o g r a p h  o f  S p e c i m e n  2 - 6 .  
D i f f u s i o n  C o u p l e  o f  U02-25 w t %  PuO2 ( O / M  = 1 . 9 6 )  S o d i u m  
Bonded  t o  304  S S  and  H e a t e d  t o  1 0 0 0  OC f o r  1 0 0 0  h r .  
S o d i u m  Has B e e n  Removed  and  R e p l a c e d  b y  Epoxy  R e s i n  W h i c h  
S e p a r a t e s  C l a d d i n g  L e f t  a n d  F u e l  R i g h t .  No R e a c t i o n  L a y e r s  
P r e s e n t  o n  E i t h e r  F u e l  o r  C l a d d i n g .  O b s e r v e d  L a y e r s  Re -  
s u l t e d  f r o m  M o u n t i n g  T e c h n i q u e .  

The g r a i n  growth i n  t h e  304 SS 

c l a d d i n g  i s  o f  i n t e r e s t .  Those cap -  

s u l e s  h e a t e d  t o  650 " C  f o r  1000 h r  

show abou t  10 t o  1 2  g r a i n s  a c r o s s  t h e  

16 m i l  c a p s u l e  w a l l ,  which co r r e sponds  

t o  ASTM g r a i n  S i z e  6 .  The c a p s u l e s  

h e a t e d  t o  1000 O C  e x h i b i t e d  a  g r a i n  

growth such  t h a t  on ly  two t o  t h r e e  

g r a i n s  spanned  t h e  same w a l l  t h i c k n e s s  

(ASTM g r a i n  S i z e  2 ) .  Th i s  r e s u l t s  i n  

a  weakening of  t h e  c a p s u l e  w a l l  when 

o p e r a t i n g  a t  t h e  h i g h e r  t e m p e r a t u r e s .  

A l l  o f  t h e  ox ide  and n i t r i d e  compat i -  

b i l i t y  c a p s u l e s  examined have shown 

t h e s e  same r e s u l t s .  

O the r  t e s t  expe r imen t s  w i t h  t h e  

mixed o x i d e s  a r e  i n  v a r i o u s  s t a g e s  of  

comple t i on ;  however, none of  t h e s e  

have r e c e i v e d  a s  e x t e n s i v e  a  h e a t  

t r e a t m e n t  a s  t h o s e  d i s c u s s e d  and a r e ,  

t h e r e f o r e ,  expec t ed  t o  show no e v i -  

dence o f  i n c o m p a t i b i l i t y .  

I n  a l l  t h e  c o m p a t i b i l i t y  e x p e r i -  

ments d i s c u s s e d  h e r e  and i n  p r e v i o u s  

r e p o r t s ,  ( 1 , 2 , 3 )  d i r e c t  c o n t a c t  o f  

f u e l  and c l a d d i n g  m a t e r i a l  ha s  o n l y  

been i n c i d e n t a l .  I n t i m a t e  c o n t a c t  

would be more mean ing fu l ,  and some 

method i s  needed t o  keep t h e  f u e l  and 

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

s u r e  c o n t a c t  d u r i n g  t h e  h e a t i n g .  P r e -  

v i o u s l y ,  a t  PNL (1966) pneumat ic  

impac t ion  has  proven  s u c c e s s f u l  f o r  

c o m p a t i b i l i t y  expe r imen t s  between p r o -  

methium ox ide  and e n c a p s u l a t i n g  mate-  

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

i s  t o o  d i f f i c u l t  f o r  such  a  method t o  

be used  w i t h  uran ium-plu tonium mixed 

o x i d e s .  To i n s u r e  c o n t a c t ,  a  double  

r e s t r a i n i n g  c a p s u l e  ha s  been made 

( F i g u r e  5 . 4 ) .  I t  c o n s i s t s  o f  an 

i n n e r  c o n t a i n e r  of  304 SS o r  some 

o t h e r  c l a d d i n g  c a n d i d a t e  c o n t a i n i n g  



Neg 2660602 

FIGURE 5 . 4 .  R e s t r a i n i n g  C a p s u l e  t o  I n s u r e  I n t i m a t e  C o n t a c t  
B e t w e e n  t h e  F u e l  P e l l e t s  and M e t a l  D i s k  Coupons  o f  C l a d d i n g  
M a t e r i a l .  F u e l  P e l l e t s  and M e t a l  D i s k  Coupons  Are  Loaded 
i n t o  Long S l e e v e  and  W e l d e d  a t  Each End.  A s s e m b l y  I s  T h e n  
P l a c e d  i n t o  Molybdenum R e s t r a i n i n g  C o n t a i n e r  ( T o p ) .  

f u e l  and c l a d d i n g - c a n d i d a t e  d i s k  c o u -  I n s p e c t i o n  o f  t h r e e ,  t y p e  304 SS 
p o n s ,  and a n o t h e r  r e s t r a i n i n g  c o n -  c a p s u l e s  c o n t a i n i n g  UN-20 w t %  PUN i s  
t a i n e r  o f  molybdenum m e t a l .  T h i s  i s  a  e s s e n t i a l l y  c o m p l e t e d ,  and t e s t  c o n -  
m o d i f i c a t i o n  o f  a  t e c h n i q u e  u s e d  by d i t i o n s  a r e  summar ized  be low:  
W a l t e r  and  aht ti'" i n  t h e i r  c o m p a t i -  

b i l i t y  work.  S i n c e  t h e  molybdenum h a s  Run Y C ~ F ) ~ ~ ~ T ~ = ~ ,  I ~ ~ c ,  : Cnrbori b u r r a c e  

- - O C  Ilr I 1 1  Hond L n r r t e n t  P r e j a r a t l o n  ho .  - - -~ - - - - 
a b o u t  o n e - h a l f  t h e  t h e r m a l  e x p a n s i o n  

41 10 0 0 1000 8 5 . 0  .ha j l l l l l l  ppm Ccr r t e r l c i s  g r o u n d  

c o e f f i c i e n t  o f  304 SS, t h e  f u e l  and 

c l a d d i n g  d i s k s  a r e  f o r c e d  i n t o  i n t i -  

ma te  c o n t a c t  a s  t h e  t e m p e r a t u r e  i s  

17 1 0 0  0  1 0 0  8 5 . b  A d  3000 ppls ( : e n t c r l c s i  groui ld  

'i : 10 0 11 1 0 0 0  . 8 i . 0  h a  300 p p e  l l n g r o u r ~ d  

i n c r e a s e d .  P r e l i m i n a r y  t e s t i n g  o f  These  h a v e  b e e n  examined  by b o t h  c e r a -  

t h i s  c a p s u l e  i s  i n  p r o g r e s s .  mography and  m e t a l l o g r a p h y  w i t h  t h e  
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sodium i n  p l a c e  and a l s o  a f t e r  r e -  

moval .  Comparison of  t h e  f u e l  mi- 

c r o s t r u c t u r e s  w i t h  t h o s e  o b t a i n e d  on 

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

t e s t i n g  shows v e r y  l i t t l e  change.  

The minute  c r a c k s  found i n  t h e  o x i d e s  

a r e  n o t  p r e s e n t  i n  t h e  n i t r i d e s ,  and 

t h e  edge of  t h e  unground p e l l e t  i s  

l e s s  i r r e g u l a r  t h a n  t h o s e  of  t h e  

ground o n e s .  A l s o ,  t h e  f a c t  t h a t  two 

o f  t h e  p e l l e t s  had a  carbon  concen-  

t r a t i o n  10 t imes  g r e a t e r  t h a n  t h e  

t h i r d  p e l l e t  seemed t o  have no e f f e c t  

on t h e  c o m p a t i b i l i t y  o f  t h e  sys tem.  

A l l  t h r e e  d i f f u s i o n  coup le s  showed 

no i n t e r a c t i o n  o r  e v i d e n c e  of  

i n c o m p a t i b i l i t y .  

O the r  t e s t s  i n  t h i s  s e r i e s ,  a s  

l i s t e d  i n  t h e  l a s t  Q u a r t e r l y  P r o g r e s s  

R e p o r t ,  a r e  i n  p r o g r e s s  and w i l l  be  

r e p o r t e d  l a t e r .  Bes ides  t h e s e  t e s t s ,  

o t h e r s  a r e  i n  p r o g r e s s  which u se  mixed 

n i t r i d e s  p r e p a r e d  by t h e  c a r b o t h e r m i c  

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

These t e s t s  w i l l  be  done a t  t h e  same 

t e m p e r a t u r e s  u sed  b e f o r e  (650 and 

1000 O C ) ,  b u t  t h e  t i m e s  w i l l  be  ex -  

t e n d e d  up t o  5000 h r .  

GROWTH OF U 0 2 - P u 0 7  SINGLE CRYSTALS 

R .  P. N e l s o n  

A v a i l a b i l i t y  of  s u f f i c i e n t l y  l a r g e  

Pu02 and mixed U02-Pu02 s i n g l e  c r y s -  

t a l s  would p r o v i d e  p o s s i b i l i t i e s  f o r  

a  wide r ange  of  b a s i c  p r o p e r t y  mea- 

su remen t s  f r e e  from t h e  i n f l u e n c e  o f  

m i c r o s t r u c t u r a l  f e a t u r e s  such  a s  

p o r o s i t y  and g r a i n  b o u n d a r i e s .  Prop-  

e r t i e s  o f  d i r e c t  impor tance  t o  n u c l e a r  

f u e l  pe r fo rmance ,  such  as  t he rma l  con-  

d u c t i v i t y  and h i g h - t e m p e r a t u r e  c r e e p  

b e h a v i o r ,  and o t h e r  p r o p e r t i e s  o f  i n -  

d i r e c t  impor t ance ,  such  a s  e l a s t i c  

modulus and e l e c t r i c a l  c o n d u c t i v i t y ,  

a r e  a l l  dependent  on m i c r o s t r u c t u r e .  

Measurements on s i n g l e  c r y s t a l s  w i l l  

a l l ow  t h e  s e p a r a t i o n  o f  t h e s e  e x -  

t r i n s i c  e f f e c t s  from t h e  i n t r i n s i c  

p r o p e r t i e s  t h a t  a r e  dependent  on ly  on 

compos i t i on  and s t o i c h i o m e t r y .  

The purpose  of  t h i s  work i s  t o  

deve lop  methods f o r  t h e  growth of  

U O  -PuO c r y s t a l s  f o r  b a s i c  p r o p e r t y  2 2 
s t u d i e s .  Although many t e c h n i q u e s  a r e  

a v a i l a b l e  f o r  c r y s t a l  growth o f  r e -  

f r a c t o r y  o x i d e s ,  t h e  most s u i t a b l e  

must be chosen on t h e  b a s e s  o f  t h e  

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

m a t e r i a l  and t h e  p r o b a b i l i t y  t h a t  

c r y s t a l s  o f  r e q u i s i t e  s i z e  w i l l  r e -  

s u l t .  S e v e r a l  d i f f e r e n t  methods have  

been employed t o  produce  U02, Pu02,  

and o t h e r  f l u o r i t e - s t r u c t u r e d  o x i d e  

c r y s t a l s ;  a l l  seem t o  have i n h e r e n t  

d i s a d v a n t a g e s .  Large U02 c r y s t a l s  

a r e  commerc ia l ly  a v a i l a b l e  t h rough  

s e l e c t i v e  c u l l i n g  o f  l a r g e  a r c -  

me l t ed  b a t c h e s .  Nuc l ea r  c r i t i c a l i t y  

problems would seem t o  impose s e v e r e  

l i m i t a t i o n s  on t h e  s i z e  of  a  Pu02 o r  

U02-Pu02 me l t  and ,  c o n s e q u e n t l y ,  on 

t h e  s i z e  of t h e  c r y s t a l  t h a t  would be  

produced  from t h e  s low c o o l i n g  of  

such  a  m e l t .  

U02 s i n g l e  c r y s t a l s  have a l s o  been 

produced  i n  t h e  l a b o r a t o r y  by an  i n -  

d u c t i o n - h e a t e d  f l o a t i n g - z o n e  method (5)  

and a  v a p o r - t r a n s p o r t  method. (6)  

Both t e c h n i q u e s  r e q u i r e  t h e  s e p a r a -  

t i o n  of t h e  l a r g e r  c r y s t a l s  from a  

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

second  method p roduc ing  c r y s t a l s  t h a t  

a r e  c h a r a c t e r i s t i c a l l y  s m a l l .  

S e v e r a l  l ow- t empera tu re  methods 
have been s t u d i e d .  Both Pu02 (7)  
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and ~ 0 ~ ' ~ )  c r y s t a l s  have been p r o -  

duced by e l e c t r o d e p o s i t i o n ,  and 

PuO ( 7  and s e v e r a l  f l u o r i t e  

s t r u c t u r e d  ox ides  have  been c r y s t a l -  

l i z e d  from mol ten  s o l v e n t s  ( f l u x  

g rowth ) .  C r y s t a l s  p roduced  by t h e s e  

methods a r e  c h a r a c t e r i s t i c a l l y  s m a l l  

and o f t e n  c o n t a i n  s o l v e n t  i n c l u s i o n s .  

I n  g e n e r a l ,  l a r g e ,  p u r e  r e f r a c t o r y  

ox ide  c r y s t a l s  o f  h i g h  p e r f e c t i o n  a r e  

most s u c c e s s f u l l y  grown by methods i n -  

v o l v i n g  d i r e c t  m e l t i n g  and s o l i d i f i c a -  

t i o n ,  e . g . ,  Bridgman, C z o c h r a l s k i ,  and 

f l o a t i n g - z o n e  methods.  These t e c h -  

n i q u e s  were c o n s i d e r e d  t h e  ones most 

l i k e l y  t o  produce  s u c c e s s f u l  growth 

o f  compos i t i ons  i n  t h e  sys tem U02-Pu02, 

even though t h e  h igh  l i q u i d u s  tem- 

p e r a t u r e s  (2840 + 20 "C f o r  s t o i c h i o -  

m e t r i c  UO t o  2390 5 20 O C  f o r  2 
s t o i c h i o m e t r i c  Pu02) ( l o )  and t h e  r e l a -  

t i v e l y  h i g h  oxygen p a r t i a l  p r e s s u r e s  

a t  t h e  m e l t i n g  p o i n t  ( app rox ima te ly  

0 . 1  mm O 2  f o r  s t o i c h i o m e t r i c  U02) (11)  

p l a c e  s e v e r e  l i m i t a t i o n s  on t h e  c h o i c e  

of  a  s u i t a b l e  c r u c i b l e  m a t e r i a l .  

During t h e  p a s t  y e a r ,  work was 

begun on t h e  growth o f  U02-Pu02 com- 

p o s i t i o n s  by t h e  Bridgman, C z o c h r a l s k i ,  

and f l o a t i n g - z o n e  methods ,  u s i n g  U02 

and Ce02 a s  s t a n d - i n  m a t e r i a l s .  

I n i t i a l  growth s t u d i e s  have concen-  

t r a t e d  on t h e  f l o a t i n g - z o n e  growth o f  

UO v i a  t h e  e l e c t r o n - b e a m  h e a t i n g  o f  2 
t h e  ox ide  c o n t a i n e d  i n  c l o s e d  t u n g s t e n  

and rhenium c a p s u l e s .  E n c a p s u l a t i o n  

i s  n e c e s s a r y  t o  p e r m i t  e l e c t r o n - b e a m  

h e a t i n g  o f  U02 which has  a  h i g h  vapo r -  

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

Tungs ten  and rhenium a r e  t h e  o n l y  r e -  

f r a c t o r y  m e t a l s  w i t h  m e l t i n g  p o i n t s  

s u f f i c i e n t l y  h igh  enough t o  u se  f o r  

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

E lec t ron-Beam F l o a t i n e - Z o n e  Growth 

of  U02 i n  Tungs ten  

A s e r i e s  o f  growth expe r imen t s  i n -  

v o l v i n g  e l e c t r o n - b e a m  h e a t i n g  and 

f l o a t i n g - z o n e  growth of  U02 encapsu-  

l a t e d  i n  t u n g s t e n  have been comple ted .  

P o l y c r y s t a l l i n e  U02 (95% TD) rods  were 

c o n t a i n e d  i n  0.250 i n .  ID x  0.020 i n .  

w a l l  x  2 i n .  l o n g ,  chemica l l y  vapo r -  

d e p o s i t e d  (CVD) t u n g s t e n  t u b i n g  w i t h  

end  c l o s u r e s  made by e l e c t r o n - b e a m  

we ld ing .  The c a p s u l e s  were s i m p l e ,  

r i g h t  c y l i n d e r s  w i t h  no s p e c i a l  end 

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

The U02 rods  were chemica l l y  h e a t  

t r e a t e d  i n  Ar-8% H z  a tmosphere a t  

1850 O C  f o r  1 h r  t o  reduce  t h e  O / U  

t o  2 .00 .  Capsules  formed i n  t h i s  

manner were mounted v e r t i c a l l y  and 

s canned  i n  a  c o n v e n t i o n a l  e l e c t r o n -  

beam f l o a t i n g - z o n e  sys tem o p e r a t e d  a t  

2 . 7  kV and beam c u r r e n t s  o f  200 t o  

400 mA. S u c c e s s f u l  g rowth  e x p e r i -  

ments n e c e s s i t a t e d  o u t g a s s e d  and l e a k -  

f r e e  c a p s u l e s  t o  p r e v e n t  l o c a l i z e d  

m e l t i n g  of  t h e  t u n g s t e n .  S e v e r a l  cap-  

s u l e s  were o u t g a s s e d  by s c a n n i n g  a t  

2500 " C  p r i o r  t o  U02 l o a d i n g .  T h i s  

h e a t  t r e a t m e n t  a l s o  r e s u l t e d  i n  con- 

s i d e r a b l e  g r a i n  growth i n  t h e  t u n g s t e n .  

The i n t e r n a l  t e m p e r a t u r e  was main-  

t a i n e d  r e l a t i v e l y  c o n s t a n t  by con-  

t r o l l i n g  t h e  f i l a m e n t  c u r r e n t ,  which 

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

t e m p e r a t u r e  unde r  t h e  beam a s  measured 

by a  d i r e c t  r e a d i n g  t w o - c o l o r  o p t i c a l  

py rome te r .  By t r i a l - a n d - e r r o r  t e s t s ,  

UO t e m p e r a t u r e s  i n  t h e  mol ten  zone 2 
were ma in t a ined  50 t o  100 O C  above t h e  

m e l t i n g  p o i n t .  Beam s c a n s  were made 

a t  1 t o  2 i n . / h r .  

A t y p i c a l  r e s u l t  i s  shown i n  

F i g u r e  5 .5 .  S i n g l e  c r y s t a l  growth 



f rom m u l t i p l e  n u c l e a t i o n  s i t e s  o c -  

c u r r e d ,  and  i n d i v i d u a l  g r a i n s  up t o  

1 cm l o n g  x  2 t o  3  mm w i d e  w e r e  grown,  

b u t  a l w a y s  i n  a s s o c i a t i o n  w i t h  s e v e r a l  

o t h e r  g r a i n s .  

A s i g n i f i c a n t  amount o f  m e t a l  i n -  

c l u s i o n s  i d e n t i f i e d  a s  t u n g s t e n  by 

e l e c t r o n - m i c r o p r o b e  s p e c t r o s c o p y  was 

p r e s e n t  i n  a l l  t h e  m e l t e d  and  s o l i d i -  

f i e d  U02. The t u n g s t e n  was p r e s e n t  i n  

two d i s t i n c t  f o r m s  ( F i g u r e  5 . 6 )  and 

was n o t  d i s t r i b u t e d  u n i f o r m i l y .  A 

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

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

p a r t i c l e s  a l i g n e d  p a r a l l e l  w i t h  t h e  

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

d i s t r i b u t e d  t h r o u g h o u t  t h e  s o l i d i f i e d  

U02. A c o n s i d e r a b l y  l a r g e r  volume o f  

t u n g s t e n  was d e p o s i t e d  i n  much l a r g e r  

c l u s t e r s .  O c c a s i o n a l l y ,  a  l a r g e  c o n -  

c e n t r a t i o n  o f  t u n g s t e n  was p r e s e n t  

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

on t h e  w a l l  was e v i d e n t  ( F i g u r e  5 . 7 ) .  

The mechanism o f  t u n g s t e n  t r a n s p o r t  

and d e p o s i t i o n  i n  t h e  m o l t e n  U02 h a s  

2 5 .  6X 
FIGURE 5 . 5 .  C r y s t a l  Growth  P a r a l l e l  
t o  S c a n  D i r e c t i o n  i n  U02 Produced  b y  
E l e c t r o n - B e a m  F l o a t i n g - Z o n e  M e t h o d .  
IH2S04 - H202 E t c h a n t l  

b e e n  o b s e r v e d  by o t h e r  i n v e s t i -  

g a t o r s ,  (12,13)  b u t  i n  o n e  e x p e r i m e n t  

w h e r e  a  s i n g l e - c r y s t a l  t u n g s t e n  c a p -  

s u l e  was u s e d ,  ( I 3 )  no v i s i b l e  t u n g s t e n  

c o n t a m i n a t i o n  was o b s e r v e d .  S e v e r a l  

p o s s i b l e  mechanisms c o u l d  a c c o u n t  f o r  

t h e  t u n g s t e n  c o n t a m i n a t i o n :  

E r r o s i o n  o f  t u n g s t e n  g r a i n s  t h r o u g h  

a t t a c k  by m o l t e n  U02 a l o n g  g r a i n  

b o u n d a r i e s  a t  t h e  c a p s u l e  w a l l  

Chemica l  d i s s o l u t i o n  o f  t u n g s t e n  i n  

m o l t e n  U02,  

FIGURE 5 . 6 .  T u n g s t e n  I n c Z u s i o n s  i n  
S i n g l e  C r y s t a l  U02 P r o d u c e d  b y  
E l e c t r o n - B e a m  F l o a t i n g -  Zone M e t h o d .  
( U n e t c h e d i  

' , R 
80X 

FIGURE 5 .  7 .  T u n g s t e n  I n c l u s i o n s  i n  - 
S i n g l e  C r y s t a l  U02 Showing  D e p o s i t i o n  
a t  C a p s u l e  W a l l .  ( U n e t c h e d l  



Reac t ion  of  t u n g s t e n  w i t h  e x c e s s  

oxygen i n  t h e  U02 t o  form a  t u n g s t e n  

o x i d e .  

E r r o s i o n  of  w a l l  g r a i n s  c o u l d  accoun t  

f o r  t h e  l a r g e  g r a i n s  o f  t u n g s t e n  i n  t h e  

U02 b u t  n o t  f o r  t h e  s i n t e r i n g  of  t h e s e  

g r a i n s  t o g e t h e r  o r  t o  t h e  w a l l ,  n o r  f o r  

t h e  d i s p e r s i o n  o f  f i n e  t u n g s t e n  p a r -  

t i c l e s .  Fu r the rmore ,  t h e  i n c r e a s e d  

t u n g s t e n  g r a i n  s i z e  r e s u l t i n g  from t h e  

o u t g a s s i n g  h e a t  t r e a t m e n t  had no e f f e c t  

on t h e  t u n g s t e n  c o n t e n t  o r  d i s t r i b u -  

t i o n ,  a s  might be  expec t ed  i f  c o r r o s i o n  

was t h e  predominant  mechanism. The 

l a s t  two mechanisms a r e  t h e  same s i n c e  

t u n g s t e n  ox ide  would be e x p e c t e d  t o  

r e a c t  w i t h  t h e  mol ten  U02. The s o l u -  

t i o n  of  t u n g s t e n  i n  mo l t en  U02 t o  form 

a  l i q u i d  o x i d e  s o l u t i o n  has  been s u g -  

g e s t e d  by Grossman. ( I 4 )  The e u t e c t i c  

i n  t h i s  p s e u d o - b i n a r y  system i s  p roba -  

b l y  v e r y  n e a r  t h e  compos i t i on  U02. 

One might  e x p e c t  t h e  s o l u b i l i t y  of  

t u n g s t e n  t o  v a r y  w i t h  t h e  s t o i c h i o m -  

e t r y ,  b u t  u n t i l  t h e  n a t u r e  and e x t e n t  

o f  t u n g s t e n  s o l u b i l i t y  i n  mol ten  UO 
2 

i s  known a s  a  f u n c t i o n  of  s t o i c h i o m -  

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

g rowth  o f  u s e f u l  U02 s i n g l e  c r y s t a l s  

v i a  t h i s  method. Measurements o f  t h e  

e q u i l i b r i u m  s o l u b i l i t y  o f  t u n g s t e n  i n  

s t o i c h i o m e t r i c  and h y p o s t o i c h i o m e t r i c  

l i q u i d  U02 a r e  p l anned .  

f a b r i c a t e d  by t h e  r o l l i n g  and e l e c t r o n -  

beam we ld ing  o f  0.030 i n .  rhenium 

s h e e t .  A p o l y c r y s t a l l i n e  U02 rod was 

h e a t  t r e a t e d  and e n c a p s u l a t e d  i n  t h e  

manner u sed  f o r  t h e  t u n g s t e n  c a p s u l e .  

S e v e r a l  a t t e m p t s  t o  f l o a t  a  mol ten  

zone f a i l e d  a lmos t  immedia te ly  on UO 2 
m e l t i n g  because  of  l o c a l i z e d  m e l t i n g  

o f  t h e  rhenium and g r o s s  e s c a p e  o f  

vapo r  l e a d i n g  t o  l o s s  o f  vacuum and 

plasma d i s c h a r g e  t h roughou t  t h e  s y s -  

tem. The p re sence  of  sma l l  d e f e c t s  

i n  t h e  weld r e g i o n ,  which a l lowed e s -  

cape of  v a p o r ,  cou ld  accoun t  f o r  t h i s  

b e h a v i o r .  I n  t h e  f i n a l  expe r imen t  

w i t h  t h e  c a p s u l e  reduced  t o  1 i n .  i n  

l e n g t h ,  a  s u c c e s s f u l  r un  was o b -  

t a i n e d .  However, m e t a l l o g r a p h i c  ob-  

s e r v a t i o n  i n d i c a t e d  t h a t  a  mo l t en  

zone had been moved only  t h rough  a  

l i m i t e d  r e g i o n  i n  t h e  c e n t e r  o f  t h e  

U02, p roduc ing  a  s m a l l  r e g i o n  of  

columnar growth .  Most s i g n i f i c a n t  

was t h e  a p p a r e n t  absence  of rhenium 

me ta l  i n c l u s i o n s ,  which was conf i rmed 

by s p a r k - s o u r c e  mass s p e c t r o m e t r y  i n -  

d i c a t i n g  l e s s  t h a n  2 ppm rhenium i n  

t h e  m e l t e d  r e g i o n .  Measurements o f  

t h e  e q u i l i b r i u m  s o l u b i l i t y  of  

rhenium i n  U02 a r e  p l anned .  F u r t h e r  

growth s t u d i e s  a r e  i n  p r o g r e s s  u s i n g  

CVD rhenium t o  minimize t h e  p o s s i -  

b i l i t y  o f  f a i l u r e  t h rough  o u t g a s s i n g .  

E lec t ron-Beam F loa t i ng -Zone  Growth T H E R M A L  D I F F U S I V I T Y  O F  ( P U , U ) O ~ , ~  

of  U02 i n  Rhenium R. L .  G i b b y  

Growth s t u d i e s  v i a  t h e  e l e c t r o n -  The t he rma l  d i f f u s i v i t y  of s i n -  

beam f l o a t i n g - z o n e  method were e x -  t e r e d  ( U 0 , 7 5 P ~ 0 , 2 5 ) 0 2 + x  was measured 

t ended  t o  rhen ium-encapsu l a t ed  U02 t o  from 100 t o  1200 O C  a s  a  f u n c t i o n  o f  

a s c e r t a i n  t h e  growth  b e h a v i o r  and t h e  oxygen - to -me ta l  r a t i o  from 1 . 9 3  t o  

c o m p a t i b i l i t y  o f  U02 w i t h  rhenium. 2.00.  Measurements were made w i t h  a  

A 0.250 i n .  OD x  0.030 i n .  w a l l  l a s e r  h e a t  - p u l s e  a p p a r a t u s .  (15)  

x  2 .0  i n .  long  rhenium c a p s u l e  was 
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Properties of the specimens are given 

in Table 5.1, and results of the mea- 

surements are plotted in Figure 5.8. 

The mixed-oxide solid-solution 

samples were prepared by blending Pu02 

and U02 powders in a ball mill for 

72 hr, dry-pressing the blended pow- 

der into pellets, and sintering the 

pellets at approximately 1650 OC for 

24 hr in an argon-8% hydrogen 

atmosphere. 

Oxygen-to-metal ratios of the 

densified specimens were adjusted by 

reduction at temperatures from 1150 

to 1600 OC in ultra-pure, liquid- 

nitrogen cold-trapped hydrogen. An 

oxygen-to-metal ratio of 1.93 was ob- 

tained by a 2 hr reduction at 1600 OC; 

c ratio of 1.97 was obtained after 

1 hr at 1200 OC. 

During the thermal-diffusivity mea- 

surements, the oxygen-to-metal ratio 

of the stoichiometric specimen was 

maintained in a flowing argon-8% 

hydrogen atmosphere passed over 0 OC 

water. The oxygen-to-metal ratios of 

the hypostoichiometric specimens were 

maintained by testing in a flowing 

atmosphere of dried argon-8% hydrogen. 

Results of this study can be ex- 

pressed by the empirical relationship 

2 
(cm /sec) . 

where the temperature, T, is in OC 

(100-1200 OC) and O/M is the oxygen- 

to-metal ratio (1.92-2.00). The cal- 

culated thermal diffusivities at tem- 

peratures of 200 and 1200 OC are com- 

pared with the experimental data in 

Figure 5.8. Small oxygen difficien- 

\ , > C L L , , , L I , L ~ , , L , I  l ! , , l I , - , >  

' 2 1 111,111 \ a  
\ I  i l l  \ I  

11 . 1 I' 
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I I 111 51, 

I P 1.1, 

h :It -n 

L: 

,111 

cies apparently result in an appreci- 

able reduction in thermal diffusivity 

at moderately low temperatures. At 

higher temperatures, Umklapp processes 

become more important, and, conse- 

quently, the effect of oxygen-to- 

metal ratio is not as important. 

The thermal diffusivity of the 

mechanically mixed (U0~75P~0~25)02~00 

(stoichiometric) specimen examined in 

this study was almost identical to 

that of a coprecipitated (U0~80P~0,20) 

02,00 (stoichiometric) specimen inves- 

tigated previously. (I6) since both 

materials were good solid solutions, 

the results indicate that plutonium 

content has no measurable effect on 

thermal diffusivity of mixed uranium- 

plutonium oxides. 

T H E R M A L  D I F F U S I V I T Y  OF P u O e  

R .  L .  G ibby  

The thermal diffusivity of pneu- 

matically impacted Pu02 (93.3% TD) 

was determined from 100 to 1650 OC 
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by u s e  o f  a  l a s e r  h e a t - p u l s e  a p p a r a -  

t u s .  ( I 5 )  The r e s u l t s  from t h i s  

s t u d y  were u sed  w i t h  r e p o r t e d  h e a t -  

c a p a c i t y  d a t a  f o r  Pu02 (17,181 t o  

c a l c u l a t e  t he rma l  c o n d u c t i v i t y  i n  t h e  

c o r r e s p o n d i n g  t e m p e r a t u r e  r a n g e .  

Measurements were made on two 

s m a l l  spec imens  ( a0 .63  cm d i a m e t e r  x  

0.06 cm) which were c u t  from a  l a r -  

g e r  p i e c e  o f  p n e u m a t i c a l l y  impac t ed ,  

h i g h - p u r i t y  Pu02.  One specimen was 

c o a t e d  on b o t h  s u r f a c e s  w i t h  a  t h i n  

l a y e r  o f  c o l l o i d a l  g r a p h i t e  t o  p r e -  

v e n t  t r a n s m i s s i o n  o f  t h e  ruby l a s e r  

beam (A = 0.6943 l~); t h e  o t h e r  s p e c i -  

men was l e f t  uncoa t ed .  The l a t t e r  

specimen was u sed  f o r  measurements  

above 1400 "C where i t  a p p e a r s  t h a t  

PuO becomes opaque t o  t h e  l a s e r  2 
beam. T h i s  a l s o  a l l owed  t h e r m a l -  

d i f f u s i v i t y  measurements  on Pu02 i n  

an o x i d i z i n g  a tmosphere  a t  h igh  tem- 

p e r a t u r e s .  The c o a t e d  sample was 

h e a t e d  i n  a  r educ ing  a tmosphere  

( a rgon -8% hydrogen)  t o  p r e v e n t  o x i d a -  

t i o n  of  t h e  g r a p h i t e  c o a t i n g .  Be- 

tween 100 " C  and %900 " C ,  t h e  t he rma l  

d i f f u s i v i t y  o f  t h e  c o a t e d  sample f o l -  

lowed a  r e c i p r o c a l  t e m p e r a t u r e  r e l a -  

t i o n s h i p  ( F i g u r e  5 . 9 ) ;  however, above 

900 "C, t h e  d a t a  f e l l  below t h i s  r e -  

l a t i o n s h i p ,  p r o b a b l y  due t o  t h e  f o r -  

mat ion  of  a n i o n  d e f e c t s  from oxygen 

l o s s e s  from t h e  sample .  The d a t a  

t a k e n  d u r i n g  c o o l i n g  remained low t o  

about  400 O C ,  where i t  r e t u r n e d  t o  

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

a t t r i b u t e d  t o  t h e  p r e c i p i t a t i o n  of  a  

second  phase  o f  lower  oxygen composi-  

t i o n  (a-Pu 0  ) w i t h  t h e  c o r r e s p o n d -  2 3  
i n g  r e t u r n  o f  t h e  major  Pu02 phase  

t o  n e a r  s t o i c h i o m e t r i c  oxygen com- 

t e n t  w i t h  t h e  r e p o r t e d  Pu-0 phase  

sy s t em.  (19)  

The uncoa t ed  sample was h e a t e d  i n  

a i r ;  below 1400 "C ( a s  e x p e c t e d ) ,  

t h e  d a t a  were h i g h e r  t h a n  t h e  d a t a  

t a k e n  on t h e  c o a t e d  samples  because  

of some t r a n s m i s s i o n  of t h e  l a s e r  

beam th rough  t h e  sample .  However, 

above 1400 " C ,  t h e  r e s u l t s  c o r r e s -  

ponded w i t h  t h e  e x t r a p o l a t e d  r e c i p r o -  

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

mined a t  t h e  lower t e m p e r a t u r e s .  

From t h e s e  r e s u l t s ,  t h e r e f o r e ,  t h e  

t h e r m a l  d i f f u s i v i t y  of  Pu02 can  be 

e x p r e s s e d  between 100 t o  1650 "C a s  

a  f u n c t i o n  of  a b s o l u t e  t e m p e r a t u r e  by 

t h e  e m p i r i c a l  r e l a t i o n s h i p  

w h i l e  t h e  c a l c u l a t e d  t h e r m a l  conduc-  

t i v i t y  can  be e x p r e s s e d  by t h e  r e -  

l a t i o n s h i p  

This  e x p r e s s i o n  i s  p l o t t e d  i n  F i g u r e  

5 .10  a long  w i t h  t h e  Pu02 d a t a  o f  

Lagedros t  e t  a l . ,  ( 2 0 )  de t e rmined  i n  

an i d e n t i c a l  manner ,  and t h e  U02 

d a t a  of Godfrey e t  a l . ,  (") measured 

d i r e c t l y  w i t h  a  r a d i a l  h e a t - f l o w  

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

of  Pu02 i s  n e a r l y  i d e n t i c a l  w i t h  t h a t  

o f  U02. The h i g h e r  t he rma l  conduc-  

t i v i t y  c a l c u l a t e d  f o r  Pu02 n e a r  100 

O C  may be caused  by t h e  h i g h e r  h e a t  

c a p a c i t y  of  Pu02 i n  t h i s  t e m p e r a t u r e  

r a n g e .  

p o s i t i o n .  Such b e h a v i o r  i s  c o n s i s -  
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Pnuematically Impacted Pu02 
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FIGURE 5 . 1 0 .  T h e  C a Z c u l a t e d  T h e r m a l  C o n d u c t i v i t y  o f  
P n e u m a t i c a l l y  I m p a c t e d  PuO2 ( C u r v e  B ) .  Shown f o r  Com- 
p a r i s o n  A r e  t h e  PuO2 Da ta  o f  L a g e d r o s t  e t  a l .  ( C u r v e  C )  
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COOLING-RATE EFFECTS I N  MOLTEN- 

CENTER O X I D E  FUELS 

J .  A .  C h r i s t e n s e n  a n d  R .  R.  L e w i s  

The s i x t h  i n  a  s e r i e s  o f  i n - r e a c -  

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

t e r i z e  mo l t en -zone  s o l i d i f i c a t i o n -  

r a t e  e f f e c t s  on o x i d e  f u e l  s t r u c t u r e  

and i m p u r i t y  d i s t r i b u t i o n ,  f a i l e d  i n  

t h e  100-KE Snout  f a c i l i t y .  The f a i l -  

u r e  c o n s i s t e d  of l o s s  of b o t h  bottom 

end p l u g s  from t h e  c a p s u l e  which ,  

t o g e t h e r  w i t h  app rox ima te ly  400 g  o f  

U02, remained i n  t h e  p r imary  c o o l a n t  

sys tem f o l l o w i n g  c a p s u l e  d i s c h a r g e .  

The i n c i d e n t  had no a d v e r s e  e f f e c t  on 

r e a c t o r  o p e r a t i o n .  

P o s t i r r a d i a t i o n  examina t i on  showed 

a  s imp le  s h e a r  f a i l u r e  of  t h e  welds  

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

s u r e .  S u f f i c i e n t l y  h igh  p r e s s u r e s  

would cause  f a i l u r e  i n  t h e  a x i a l  d i -  

r e c t i o n  because  of t h e  h i g h  c i rcum-  

f e r e n t i a l  r e s t r a i n t  imposed by a  

mass ive  aluminum s l e e v e  s h r i n k -  

f i t t e d  o n t o  each  c a p s u l e .  The f u e l  

appeared  t o  have o p e r a t e d  a t  n e a r  t h e  

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

a n a l y s i s  conf i rmed t h e  d e s i g n  f i s s i l e -  

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

two s e p a r a t e  f u e l e d  compartments ,  

on ly  one of which f a i l e d .  The sound 

compartment ,  which had bu lged  
3  s l i g h t l y ,  c o n t a i n e d  500 cm (STP) of  

g a s .  T h i s  was n e a r  t h e  q u a n t i t y  r e -  

q u i r e d  t o  exceed  t h e  l o n g i t u d i n a l  

y i e l d  s t r e n g t h  o f  t h e  304 SS c l a d .  

A. g a s  a n a l y s i s  showed 9 6 %  C O  and 

n e a r l y  4% C02 i n  t h e  sample .  O r i g i n  

of t h e  carbonaceous  c o n t a m i n a t i o n  

r e s p o n s i b l e  f o r  t h e  r e l e a s e d  gas  was 

n o t  u n e q u i v o c a l l y  i d e n t i f i e d .  How- 

e v e r ,  assembly r e c o r d s  i n d i c a t e d  a  

s t r o n g  p o s s i b i l i t y  of i n a d e q u a t e  o u t -  

g a s s i n g  of  t h e  f u e l  a f t e r  i t  was e x -  

posed  t o  an o r g a n i c  s o l v e n t .  The 

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

from t h i s  s o u r c e  i n  subsequen t  i r r a -  

d i a t i o n s  w i l l  be  avoided  by o u t -  

g a s s i n g  t h e  f u e l  a t  1000 O C  immedi- 

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

PROPERTIES OF MOLTEN O X I D E  FUELS 

J .  A .  C h r i s t e n s e n ,  D .  I. B o g e t ,  

a n d  W .  J .  Woods 

F a c i l i t i e s  f o r  measur ing  p r o p e r -  

t i e s  o f  l i q u i d  U02-Pu02 a r e  n e a r i n g  

comple t i on .  An 80 kW, programmed 

power supp ly  w i t h  f u l l  r ange  c o n t r o l  

from 0  t o  2000 A was i n s t a l l e d  a d j a -  

c e n t  t o  t h e  S h i e l d e d  M a t e r i a l s  F a c i -  

l i t y  i n  324 B u i l d i n g .  Power i s  

c a r r i e d  t h rough  coppe r  bus b a r s  and 

s p l i t  copper  bu lk -head  p e n e t r a t i o n s  

t o  t h e  c e l l  i n t e r i o r .  The sys tem 

p r o v i d e s  adequa t e  power f o r  a l l  h i g h -  

t e m p e r a t u r e ,  remote e x p e r i m e n t a t i o n  

con t empla t ed .  Techniques  f o r  mea- 

s u r i n g  change i n  volume on m e l t i n g  

and l i q u i d  d e n s i t y  f o r  U02-Pu02 were 

deve loped .  The method,  which c o n s i s t s  

of measur ing  t h e  l i q u i d  column h e i g h t  

i n  a  s e a l e d ,  s e l f - r e s i s t a n c e - h e a t e d  

t u n g s t e n  t u b e ,  was r e f i n e d  u s i n g  

s a p p h i r e  (A1203) spec imens .  Repro - 

d u c i b l e  r e s u l t s  o f  s a t i s f a c t o r y  accu -  

r a c y  were o b t a i n e d ,  and e x t e n s i o n  o f  

t h e  t e c h n i q u e  t o  U02-PuOZ i s  i n  p r o -  

g r e s s .  V i s c o s i t y  of  r e f r a c t o r y  o x i d e s  

i s  a l s o  under  s t u d y .  Appa ra tu s  f o r  

measur ing  v i s c o s i t y  by t h e  o s c i l l a t -  

i n g  c r u c i b l e  t e c h n i q u e  a t  t empera-  

t u r e s  t o  app rox ima te ly  3000 O C  was 

d e s i g n e d  and b u i l t .  A commerc ia l ly  

a v a i l a b l e  v i s c o s i m e t e r  was p r o c u r e d  



and w i l l  be m o d i f i e d  f o r  h igh - t empera -  An a p p a r a t u s  f o r  measur ing  e l a s -  

t u r e  a p p l i c a t i o n s .  Both i n s t r u m e n t s  t i c  moduli  o f  p o l y c r y s t a l l i n e  ce r amics  

a r e  be ing  checked o u t  by u s i n g  v i s c o -  by a  low-f requency  r e sonance  t e c h -  

s i t y  s t a n d a r d s .  n ique  h a s  a l s o  been  assembled .  Mea- 

I n - c e l l  l a b o r a t o r y  l a y o u t  and surements  on a  p o l y c r y s t a l l i n e  sample 

space  a l l o c a t i o n  a r e  i n  p r o g r e s s ,  and o f  U02 a r e  i n  agreement  w i t h  p r e v i o u s  

a  s u p p o r t i n g  o u t - o f - c e l l  h i g h - t e m p e r a -  work. I n i t i a l  a t t e m p t s  t o  make mea- 

t u r e  l a b o r a t o r y  i s  n e a r l y  comple t e .  su r emen t s  a t  t e m p e r a t u r e s  t o  1500 O C  

Procurement  of  a l p h a - t i g h t  e n c l o s u r e s  have n o t  been s u c c e s s f u l .  

f o r  b o t h  a r e a s  was i n i t i a t e d .  The 

combined f a c i l i t y  w i l l  have un ique  THERMAL DIFFUSIVITY O F  ( U , P U ) N  

c a p a b i l i t i e s  f o r  h i g h - t e m p e r a t u r e  p r o -  R. L .  G i b b y  and  E .  T .  W e b e r  

p e r t i e s  measurements on haza rdous  ma- 

t e r i a l s ,  i n c l u d i n g  i r r a d i a t e d  f u e l  

m a t e r i a l s .  

E L A S T I C  PROPERTY MEASUREMENT ON 

NUCLEAR CERAMICS 

0 .  D .  S l a g l e  

An a p p a r a t u s  f o r  measur ing  t h e  

sound v e l o c i t y  i n  s o l i d s  by t h e  p h a s e -  

comparison method h a s  been assembled .  

P r e l i m i n a r y  measurements  of  t h e  l o n g i -  

t u d i n a l  v e l o c i t y  o f  sound i n  f u s e d  

s i l i c a  gave a  v a l u e  w i t h i n  0 . 4 %  of  

p r e v i o u s  measurements .  

Two s i n g l e  c r y s t a l s  o f  U02 have 

been o r i e n t e d  by u s e  of  a  b a c k - r e f l e c -  

t i o n  Laue camera.  The c r y s t a l s  a r e  

i n  t h e  shape  of r e c t a n g u l a r  p r i s m s  

w i t h  s i d e s  (111) ; (112 ) ;  ( 170 ) ;  and 

( 1 0 0  ; ( 0 1 1  ; ( 0 1 )  The c r y s t a l s  

were s l i g h t l y  h y p e r s t o i c h i o m e t r i c ,  a s  

i n d i c a t e d  by a  Widmans ta t ten  p r e c i p i -  

t a t i o n  o f  U409 i n  t h e  U02 m a t r i x .  A 

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

t a t e s  i n d i c a t e d  t h a t  t h e y  a r e  rod  

shaped  and form a l o n g  (111) p l a n e s .  

The o r i e n t e d  c r y s t a l s  w i l l  b e  r educed  

to U02 -00  and u sed  f o r  s t u d y i n g  

s i n g l e - c r y s t a l  e l a s t i c  c o n s t a n t s  i n  

t h e  sy s t em U02+x. 

The t he rma l  d i f f u s i v i t y  o f  a  mixed 

uran ium-plu tonium n i t r i d e  sample was 

measured from 200 t o  1600 O C  by u s -  

i n g  a  l a s e r  h e a t - p u l s e  a p p a r a t u s .  (15)  

The sample (UPCN-2) was o b t a i n e d  

from a  s i n t e r e d  p e l l e t  f a b r i c a t e d  

from powder s y n t h e s i z e d  d i r e c t l y  

from mixed U02-20 w t %  Pu02 by t h e  

c a r b o t h e r m i c  r e d u c t i o n  p r o c e s s .  

Specimen c h a r a c t e r i s t i c s  a r e  g i v e n  

i n  T a b l e  5 .2 ,  and t h e  m i c r o s t r u c t u r e  

i s  shown i n  F igu re  5.11.  An o x i d e  

phase  a p p e a r s  a s  a  l i g h t  g r e y  i n -  

c l u s i o n  i n  t h e  une t ched  sample .  

A p p a r e n t l y ,  because  of  t h e  h i g h  c a r -  

bon c o n t e n t  o f  t h i s  sample ,  a  good 

e t c h e d  m i c r o s t r u c t u r e  was n o t  

o b t a i n e d .  

T A B L E  5 . 2 .  C h n ~ a c t e r ~ s t i c s  of S i n t e r c d  
Carbolhermic N i t r i d e  S a m p l e  U P C N - 2  

Lattice Parameter  4 . 8 9 8  A 

IJ/Pu R a t l o  4:l 

Density 1 2 . 5  grn/crn3 

N 2  4 . 2 4  wta 

O2 0 . 8 9  wt% 
C 0 . 6 0  wt% 

SPECTROCHEMICAL ANALYSIS 

Element Ag A1 B Ca Cr Cu Pe  Mg Mn Na N i  P Pb SI  

ppm 2  5 0  < 0 . 1  . 1 . 2 5  2 0  20 ' 5  5 2 c 1 0  .50 .1 5  



Neg 481B 6 0 O X  
a .  U n e t c h e d  

Neg 4820 6 0 O X  
b .  E t c h e d  

( H Z - H N O  - H F  E t c h a n t )  
3 

FIGURE 5 . 1 1 .  P h o t o m i c r o g r a p h s  o f  S i n t e r e d  C a r b o t h e r m i c  
N i t r i d e  S a m p l e  UPCN- 2  

The t h e r m a l - d i f  f u s i v i t y  d a t a  ob-  

t a i n e d  i n  t h i s  s t u d y  a r e  shown i n  

F igu re  5 .12 .  Shown f o r  comparison 

a r e  r e s u l t s  r e p o r t e d  p r e v i o u s l y  (16) 

f o r  m i x e d - n i t r i d e  sample (UPN13-2) 

p r e p a r e d  from t h e  m e t a l - h y d r i d i n g  

p r o c e s s .  The c a r b o t h e r m i c  mixed-  

n i t r i d e  specimen had a  h i g h e r  den -  

s i t y  ( 8 9 %  TD) t h a n  t h e  m e t a l - h y d r i d e -  

d e r i v e d  m a t e r i a l  (86% TD), b u t  i t  

a l s o  c o n t a i n e d  6000 ppm carbon  and 

9000 ppm oxygen compared t o  400 ppm 

carbon  and app rox ima te ly  3000 ppm 

oxygen f o r  t h e  m e t a l - h y d r i d e - d e r i v e d  

spec imen.  R e s u l t s  f o r  t h e  two sam- 

p l e s  a r e  i n  good agreement  when t h e  

amount of  s c a t t e r  p r e s e n t  i n  t h e  

d a t a  i s  c o n s i d e r e d .  The t h e r m a l -  

d i f f u s i v i t y  d a t a ,  t a k e n  on c o o l i n g  

o f  t h e  c a r b o t h e r m i c  m i x e d - n i t r i d e  

sample ,  i n d i c a t e d  t h a t  a  composi-  

t i o n a l  change (p robab ly  o x i d a t i o n )  

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

even  though t h e  sample was p u r -  

p o s e l y  h e a t e d  i n  a rgon -8% hydrogen .  

Thermal c o n d u c t i v i t y  was c a l c u -  

l a t e d  from r e s u l t s  o b t a i n e d  by u s i n g  

UN h e a t  c a p a c i t y  d a t a ;  (3 )  t h e  c a l c u -  

l a t e d  t he rma l  c o n d u c t i v i t i e s  a r e  

shown a s  a  f u n c t i o n  of  t e m p e r a t u r e  

i n  F i g u r e  5 .13 .  C a l c u l a t e d  t h e r m a l  

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

h y d r i d e - d e r i v e d  spec imen(2 )  a r e  

a g a i n  i n c l u d e d  f o r  compar i son .  The 

d i f f e r e n c e  between t h e  t he rma l  con -  

d u c t i v i t i e s  o f  t h e  two m a t e r i a l s  a t  

t h e  lower  t e m p e r a t u r e s  i s  a p p a r e n t l y  

r e l a t e d  t o  t h e  d e n s i t y  d i f f e r e n c e  
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Metal-Hydride IllPulN 

o LIPN13-2 020867 

a Cooling 

Carbothermic (UPuIN 

UPCN-2 012%8 

Cwling 

Temperature. 'C 

Neg 0680844-3 

FIGURE 5 . 1 2 .  The Thermal  D i f f u s i v i t y  o f  (U0.20Pu0.80)N Samples  
Prepared  from t h e  ( 1 )  t h e  M e t a l - H y d r i d e  P r o c e s s ,  ( 2 )  t h e  Carbo- 
t h e r m i c  R e d u c t i o n  o f  a Mixed Powder.  

Metal-Hydride (UPuIN 

LIPN13-2 OM867 86% 1. D. 

Corrected to lM)% T. D. 

Carbothermic IUPu)N 

0 UPCN-2 012%8 89%T. D. 

Corrected to 1009( T. D. 

Temperature. OC 

Neg 0680844-4 

FIGURE 5 .13 .  T h e  CaZcu l u t e d  ThermaZ C o n d u c t i v i t y  o f  f U O .  2 0 P ~ 0 .  80  I N  
S a m p l e s .  R e s u l t s  a r e  a l s o  shown c o r r e c t e d  t o  100% TD. 



s i n c e  c o r r e c t i o n  o f  t h e  d a t a  t o  100% 

T D ( ~ )  r e s u l t s  i n  good agreement .  A t  

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

c a r b o t h e r m i c  m a t e r i a l  i s  p robab ly  

r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e .  
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F A S T -  R E A C T O R  N I T R I D E S  R E S E A R C H  

R.  E .  N i g h t i n g a l e  

S Y N T H E S I S  O F  M I X E D  U R A N I U M - P L U T O N I U M  

N I T R I D E S  B Y  C A R B O T H E R M I C  R E D U C T I O N  

O F  O X I D E S  

E .  T .  W e b e r  a n d  W. 0 .  G r e e n h a l g h  

A n i t r i d e  f u e l  c y c l e  f o r  f a s t -  

b r e e d e r  r e a c t o r s  ba sed  on s y n t h e s i s  

o f  f u e l  m a t e r i a l  from t h e  o x i d e s ,  

r a t h e r  t h a n  from t h e  pu re  m e t a l ,  i s  

p o t e n t i a l l y  c o m p e t i t i v e  w i t h  c a r b i d e  

and ox ide  f u e l  c y c l e s .  A t e c h n i c a l  

b a s i s  f o r  such  a  scheme e x i s t s  w i t h  

t h e  a p p l i c a t i o n  o f  t h e  c a r b o t h e r m i c  

r e d u c t i o n  o f  o x i d e s  under  n i t r o g e n .  

T h i s  p r o c e s s  i s  be ing  adap t ed  and 

deve loped  f o r  a p p l i c a t i o n  t o  

p lu ton ium-bea r ing  n i t r i d e  f u e l  mate-  

r i a l s .  The pu rpose  of  t h e  p r e s e n t  

work i s  t o  demons t r a t e  on a  l a b o r a -  

t o r y  s c a l e  t h e  f e a s i b i l i t y  f o r  

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

o f  n i t r i d e s .  I n c l u d e d  i n  t h i s  

approach i s  t h e  e v a l u a t i o n  of  f u e l  

m a t e r i a l  c h a r a c t e r i s t i c s  and b e -  

h a v i o r  a s  a  f u n c t i o n  of  compos i t ion  

r e a l i z e d  from t h e  s y n t h e s i s  s t u d i e s .  

I n  o u r  p r e v i o u s  work on t h i s  syn -  

t h e s i s  method,  k i n e t i c  d a t a  were 

o b t a i n e d  on t h e  o v e r a l l  r e a c t i o n  

M02 ( s )  + C ( s )  + N 2 ( g )  
-f 

These d a t a  were u sed  t o  e s t a b l i s h  

t e m p e r a t u r e  r a n g e ,  t i m e ,  and n i t r o g e n  

gas  - f l ow  c o n d i t i o n s  f o r  o p t i m i z i n g  

t h e  conve r s ion .  A t u n g s t e n  p a r t i c l e -  

bed r e a c t o r  was deve loped  and i n -  

s t a l l e d  i n  a  g love -box  t o  p r o v i d e  

optimum c o n d i t i o n s  f o r  s y n t h e s i s  o f  

app rox ima te ly  50-g b a t c h e s  of  (U,Pu) 

n i t r i d e .  D e s c r i p t i o n s  o f  t h e  r e a c t o r  

v e s s e l ,  a s s o c i a t e d  equipment ,  and 

m a t e r i a l  p r e p a r a t i o n  methods have 

been g i v e n  i n  p r e v i o u s  r e p o r t s .  ( 1 , 2 )  

A l s o ,  i t  was t e n t a t i v e l y  e s t a b l i s h e d  

t h a t  t h e  u s e  o f  a l t e r n a t i n g  hydrogen 

and n i t r o g e n  purges  th rough t h e  r e a c -  

t a n t  bed a t  t e m p e r a t u r e s  of  1000 t o  

1200 " C  i s  e f f e c t i v e  i n  removing b o t h  

f r e e  and combined carbon  a f t e r  t h e  

p r imary  c o n v e r s i o n  i n  n i t r o g e n .  

During t h i s  q u a r t e r ,  e f f o r t s  were 

c o n c e n t r a t e d  on two o b j e c t i v e s :  

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

t h e s i s  o f  50-g b a t c h e s  of  mixed 

n i t r i d e s  w i t h  compos i t i ons  s u i t a b l e  

f o r  p r o p e r t y  and i r r a d i a t i o n  s t u d i e s ,  

and  b)  con f i rming  t h e  e f f e c t i v e n e s s  

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

c y c l e s  i n  removing combined carbon  

from (U,Pu) c a r b o n i t r i d e s .  

Expe r imen ta t i on  w i t h  t h e  run  

p rocedu re s  deve loped  d u r i n g  work on 

t h e  conve r s ion  o f  U02 t o  UN c o n t i n u e d  

f o r  t h e  f i r s t  t h r e e  runs  on U+Pu 

compos i t i ons .  M a t e r i a l  s y n t h e s i z e d  

i n  t h e s e  runs  had oxygen c o n t e n t s  

from 0 .04  t o  0.82 w t %  and carbon  

c o n t e n t s  between 0 . 5  t o  0.9 w t % .  

Problems w i t h  t h e  a p p a r a t u s  compro- 

mised  t h e  f i r s t  two r u n s ,  b u t  t h e  

t h i r d  run  was p r o p e r l y  conducted .  

The f o u r t h  run  i n  t h e  s e r i e s  (UPCN-4) 

i n v o l v e d  an a t t e m p t  t o  o p t i m i z e  t h e  

p rocedu re s  on t h e  b a s i s  o f  a l l  p r e -  

v i o u s  e x p e r i e n c e .  Changes from t h e  



p r e v i o u s  p a t t e r n ,  r e s u l t i n g  i n  lower 

ca rbon  l e v e l s  i n  t h e  run  UPCN-4, 

were :  a )  a  r e d u c t i o n  i n  t h e  amount 

o f  carbon  i n  e x c e s s  o f  s t o i c h i o m e t r i c  

r e q u i r e m e n t s  from ~ 0 . 9  t o  %0.5  w t %  

and b)  an i n c r e a s e  i n  H z  f l ow  r a t e s  

used  d u r i n g  t h e  c y c l e s  f o r  removal 

o f  e x c e s s  c a r b o n .  

A summary o f  t h e  run  c o n d i t i o n s  

u sed  i n  UPCN-4 i s  a s  f o l l o w s :  

1. The p r imary  c o n v e r s i o n  o f  approx-  

i m a t e l y  99 .6% o f  t h e  o x i d e  t o  

n i t r i d e  o r  c a r b o n i t r i d e  was ob- 

t a i n e d  a t  t e m p e r a t u r e s  o f  1600 t o  

1700 O C  w i t h  n i t r o g e n  f l ow  r a t e s  
3 of  app rox ima te ly  40 cm /min/g 

( r e a c t a n t )  and was completed a f t e r  

4  t o  6  h r ;  

2 .  A f t e r  r educ ing  t h e  t e m p e r a t u r e  t o  

app rox ima te ly  1200 O C  i n  e i t h e r  

n i t r o g e n  o r  h e l i u m ,  hydrogen was 

pa s sed  t h rough  t h e  bed a t  a  f low 
3 r a t e  o f  a p p r o x i m a t e l y  80 cm /min/g 

( r e a c t a n t )  f o r  abou t  3 h r  o r  u n t i l  

t h e  e v o l u t i o n  o f  methane from t h e  

r e a c t i o n  o f  hydrogen w i t h  e x c e s s  

f r e e  carbon  was comple ted ;  

3. A n i t r o g e n  f l ow  r a t e  s u f f i c i e n t  t o  

d i s p l a c e  t h e  hydrogen was e s t a b -  

l i s h e d  w i t h o u t  a  t e m p e r a t u r e  

change and c o n t i n u e d  f o r  1 t o  2 h r .  

T h i s  s t e p  a l lowed t h e  d i sp l acemen t  

of  combined ca rbon  from t h e  c a r b o -  

n i t r i d e  s o l i d  s o l u t i o n  p r i m a r i l y  

t h rough  f o r m a t i o n  o f  h i g h e r  

n i t r i d e s ;  

4.  A second  hydrogen purge  s i m i l a r  t o  

t h e  p r e v i o u s  one was used  t o  r e -  

move t h e  newly formed f r e e  ca rbon ;  

5 .  Tempera ture  was i n c r e a s e d  t o  

~ 1 6 0 0  O C  i n  a  he l ium o r  a rgon  

purge  t o  remove e x c e s s  n i t r o g e n  

and a s s u r e  a  un i form m o n o n i t r i d e  

p h a s e .  

The b a t c h  p r e p a r a t i o n  p r o c e d u r e s  

f o r  p r e p a r i n g  p a r t i c l e s  were found  

t o  be  of  c o n s i d e r a b l e  impor t ance  t o  

s u c c e s s f u l  s y n t h e s i s  o f  homogeneous 

compos i t i ons  w i t h  low carbon  and 

oxygen c o n t e n t .  An e x t r e m e l y  poo r  

r e s u l t  from run  UPCN-5 was t r a c e d  

t o  a n  e r r o r  i n  b i n d e r  a d d i t i o n  d u r i n g  

p a r t i c l e  p r e p a r a t i o n .  Too l i t t l e  

b i n d e r  r e s u l t e d  i n  weak p a r t i c l e s  

which were reduced  t o  powder and en-  

t r a i n e d  i n  t h e  ga s  s t r e a m  d u r i n g  t h e  

c o n v e r s i o n .  I t  i s  a l s o  p r o b a b l e  t h a t  

v a r i a t i o n s  i n  t h e  p a t t e r n  of  C O  e v o l u -  

t i o n  between runs  e x p e r i e n c i n g  t h e  

same c o n d i t i o n s  were due t o  d i f f e r -  

e n c e s  i n  p a r t i c l e  c h a r a c t e r i s t i c s .  

The p rocedu re  u sed  i n  run  UPCN-4 

was f i x e d  a s  t h e  s t a n d a r d  f o r  s u b s e -  

q u e n t  "p roduc t ion"  r u n s .  M a t e r i a l  

s y n t h e s i z e d  i n  t h e s e  r u n s  was t o  be 

s i n t e r e d  and u sed  i n  p r o p e r t y - a n d  

i r r a d i a t i o n  b e h a v i o r - s t u d i e s .  Charac-  

t e r i s t i c s  o f  t h e  m a t e r i a l  s y n t h e s i z e d  

i n  t h r e e  of  t h e  f o u r  "p roduc t ion"  

runs  and one " s p e c i a l "  r u n  a r e  g i v e n  

i n  t h e  f o l l o w i n g  t a b l e ,  a l ong  w i t h  

t h e  c h a r a c t e r i s t i c s  o f  uranium n i -  

t r i d e  made p r e v i o u s l y ,  by u s i n g  v e r y  

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

o f  carbon  and oxygen c o n t e n t s  i n  

t h e s e  m a t e r i a l s  con f i rms  t h e  r e p r o -  

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

t h e s i s  t e c h n i q u e  u s i n g  t h e  p r o c e d u r e s  

l e v e l o p e d  i n  t h i s  s t u d y .  A l l  t h e  

C o m p o s i t i o n  D a t n  f o r  S e v e r a l  M i r e d  N i t r i d e s  
S y n t h e s i z e d  b y  C a r b o t h e r n i c  R e d u c t i o n  

Run IICN~ 2  UPCN-4 UPCN-6 U P C K - 7  IIPCN-8(a)  - -- - - - - 

2  4 . 8 4  w t %  5 . 2 2  w t U . 3 0  w t %  5 . 3 8  w t %  5 . 3 2  k t %  

12 0 . 0 4  u t %  0 . 1 0  w t %  0 . 0 8  s t %  0 . 1 9  k t %  0 . 1 4  w t %  

0 . 2 5  w t %  0 . 1 7  w t %  0 . 1 8  w t %  0 . 2 2  w t %  0 . 2 8  w t %  

I /Pu  ( U  o n l y )  4 . 0  4 . 0  4 . 0  4 . 0  

a t t l c e  
' a r a m e t c r  4 . 8 9 0  A 4 . 8 9 3  A 4 . 8 9 3  A 4 . 8 9 3  4 4 . 8 9 4  A 

( a )  R u n  UPCN-8 Was o " s p e c i a l "  e z p e r i m e n t n l  r u n  a n d  c o n d i t i o n s  
w e r e  n o t  i d e n t i c a l  w i t h  t h o s e  of U P T N - 4 ,  6 ,  and  7 .  



m a t e r i a l  s y n t h e s i z e d  i n  t h e  

"p roduc t ion"  runs  was s i n g l e - p h a s e  

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

p a r a m e t e r s .  

A photograph  o f  t h e  a s - s y n t h e s i z e d  

n i t r i d e  p a r t i c l e s  i s  shown i n  F i g -  

u r e  6 .1 .  The m i c r o s t r u c t u r e s  o f  

t h e s e  p a r t i c l e s  were v i r t u a l l y  i d e n -  

t i c a l  w i t h  t h o s e  f o r  t h e  UN p a r t i c l e s  

r e p o r t e d  p r e v i o u s l y .  An a n a l y s i s  

o f  t h e  U/Pu r a t i o  o b t a i n e d  on t h e  

c a r b o t h e r m i c  n i t r i d e s  was i n  good 

agreement  w i t h  t h e  s t a r t i n g  U/Pu 

r a t i o ,  i n d i c a t i n g  l i t t l e  o r  no s e l e c -  

t i v e  l o s s e s  of  p lu ton ium d u r i n g  t h e  

c o n v e r s i o n .  A t  t h e  p r e s e n t  t i m e ,  

f o u r t e e n  s y n t h e s i s  r uns  on bo th  

uranium and uran ium-plu tonium b e a r i n g  

compos i t i ons  have been completed i n  

t h e  t u n g s t e n  r e a c t o r  sys tem.  There  

i s  no ev idence  o f  p h y s i c a l  o r  chemi- 

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

a s  a  r e s u l t  o f  t h e  t empera tu re  c y c l -  

i n g  t o  1700 O C  o r  carbonaceous  

a tmospheres  o f  H z ,  N 2 ,  and He t o  

which i t  has  been s u b j e c t e d .  

Bes ides  t h e  "product ion"  r u n s ,  a  

s e p a r a t e  exper iment  was conducted  t o  

Neg 0680796-4  

FIGURE 6 . 1 .  P a r t i c l e s  o f  fU,Pul  N i t r i d e  f rom a  P o r t i o n  o f  
One B a t c h  S y n t h e s i z e d  b y  C a r b o t h e r m i c  R e d u c t i o n .  ( N o t e :  
P e l l e t s  made f rom a  p r e v i o u s  r u n  a r e  0 . 2 0  i n .  i n  d i a m e t e r ) .  



e v a l u a t e  more c l o s e l y  t h e  e f f e c t i v e -  

n e s s  o f  t h e  h y d r o g e n - n i t r o g e n -  

hydrogen scheme f o r  removal o f  b o t h  

f r e e  and combined ca rbon .  For t h i s  

expe r imen t  (UPCN-8) t h e  s t a n d a r d  

c a r b o t h e r m i c  c y c l e  was r u n ,  b u t  was 

d i v i d e d  i n t o  s e v e r a l  s e c t i o n s .  Cool -  

down of  t h e  f u r n a c e  t o  ambient  tem- 

p e r a t u r e  and sampl ing  of  t h e  bed 

m a t e r i a l  was imposed between S t e p s  (1) 

and (2)  [Sample A] between S t e p s  ( 3 )  

and (4 )  [Sample B] of  t h e  p r e v i o u s l y  

s t a t e d  o p e r a t i n g  scheme. Sampling 

t h u s l y ,  i t  was p o s s i b l e  t o  de t e rmine  

t h e  change i n  ca rbon  c o n t e n t  o f  t h e  

m a t e r i a l  a s  a  r e s u l t  o f  t h e  f i r s t  

hydrogen t r e a t m e n t  and t h e  s u b s e -  

quen t  n i t r o g e n - h y d r o g e n  t r e a t m e n t .  

C h a r a c t e r i z a t i o n  o f  t h e  end p r o d u c t  

[Sample C] and t h e  i n t e r i m  samples  

c o n s i s t e d  of  chemica l  and X-ray  

a n a l y s e s .  A l so ,  t h e  carbon  monoxide 

and methane c o n t e n t s  o f  t h e  g a s e s  

evolved  d u r i n g  t h e  v a r i o u s  p o r t i o n s  

o f  t h e  r e a c t i o n  were mon i to r ed  and 

r e c o r d e d .  

The r e s u l t s  o f  t h e  a n a l y s e s  on t h e  

samples  t a k e n  d u r i n g  t h e  exper iment  

a r e  shown i n  t h e  f o l l o w i n g  t a b l e .  I t  

i s  immedia te ly  a p p a r e n t  t h a t  t h e  

hydrogen and n i t r o g e n - h y d r o g e n  s t e p s  

i n  t h e  s y n t h e s i s  p r o c e d u r e  a r e  b o t h  

e f f e c t i v e  i n  removing ca rbon .  During 

t h e  f i r s t  hydrogen c y c l e ,  methane 

e v o l u t i o n  was r e c o r d e d  immedia te ly  

upon i n t r o d u c t i o n  of  hydrogen.  The 

A n a l y t i c a l  Data From Exper imen t  U P C N - 8  

Sample A Sample B Sample C 

2 4.76 w t %  4.92 w t %  5.32 w t %  

O2 0.10 w t %  0.09 w t %  0.14 w t %  

C 1 .35 w t %  0.68 w t %  0.28 w t %  

L a t t i c e  O o o 

Parameter 4 . 9 0 4  A 4.900 A 4.894 A 

r a t e  of  e l u t i o n  d i d  n o t  change f o r  

s e v e r a l  h o u r s ,  and t h e n  f e l l  o f f  i n  

s t e p s  t o  z e r o .  The t o t a l  t ime  t o  

comple te  t h e  r e a c t i o n  was a p p r o x i -  

m a t e l y  7  h r .  

The d i f f e r e n c e  i n  ca rbon  c o n t e n t  

between Samples B and C con f i rms  t h e  

e f f e c t i v e n e s s  o f  t h e  n i t r o g e n -  

hydrogen  sequence  i n  t h e  removal o f  

d i s s o l v e d  carbon  from a  c a r b o n i t r i d e  

s o l i d  s o l u t i o n .  A f t e r  t h e  n i t r o g e n  

c y c l e  a t  1200 "C, e v o l u t i o n  of  meth-  

ane  was a g a i n  r e c o r d e d  upon i n t r o -  

d u c t i o n  of  hydrogen.  The marked 

r e d u c t i o n  i n  l a t t i c e  pa rame te r  

between Samples B and C i s  i n d i c a t i v e  

of  t h e  removal o f  c a rbon  from t h e  

n i t r i d e  l a t t i c e .  I t  i s  a l s o  s i g n i f i -  

c a n t  t h a t  t h e  amount of carbon  r e -  

moved d u r i n g  t h i s  s t e p  ( 0 . 4  w t % )  

matches  t h e  g a i n  i n  n i t r o g e n  c o n t e n t .  

The change i n  l a t t i c e  p a r a m e t e r  

between Sample A and B was unexpec t ed .  

T h i s ,  o f  c o u r s e ,  i m p l i e s  t h a t  a  r e a c -  

t i o n  o c c u r s  i n  hydrogen a t  1200 O C ,  

which r e s u l t s  i n  t h e  removal o f  com- 

b i n e d  carbon  from t h e  c a r b o n i t r i d e  

l a t t i c e .  No e x p l a n a t i o n  f o r  t h i s  

r e s u l t  has  been f o r m u l a t e d .  

The most s i g n i f i c a n t  r e s u l t s  o f  

t h i s  work on ca rbo the rmic  s y n t h e s i s  

o f  n i t r i d e s  a r e  summarized a s  

f o l l o w s  : 

Procedu re s  have been deve loped  

t h a t  a l l ow  t h e  r e p r o d u c i b l e  syn -  

t h e s i s  o f  n i t r i d e  compos i t i ons  

c o n t a i n i n g  ~ 1 0 0 0  ppm oxygen and 

~ 2 0 0 0  ppm carbon  w i t h  v a r i a t i o n s  

o f  l e s s  t h a n  ~ 0 . 0 6  w t %  of  any 

a n i o n .  

Approximate ly  150 g  o f  c a r b o -  

t h e r m i c  (U,Pu) n i t r i d e s  have  been  

s y n t h e s i z e d  w i t h  compos i t i ons  

s u i t a b l e  f o r  u s e  i n  e v a l u a t i o n  of  



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

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

a p p l i c a t i o n s .  p r i o r  t o  p r e s s i n g .  The t e c h n i q u e s  

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

sys tem deve loped  f o r  t h i s  work 

appea r s  t o  be c a p a b l e  of  c o n t i n u -  

o u s ,  l ong - t e rm  s e r v i c e  under  

p r e s e n t  o p e r a t i n g  c o n d i t i o n s .  

The e f f e c t i v e n e s s  of  t h e  n i t r o g e n -  

hydrogen t e c h n i q u e s  ( fo rmu la t ed  

on t h e o r e t i c a l  g rounds)  f o r  r e -  

moval o f  combined ca rbon  from a  

c a r b o n i t r i d e  s o l i d  s o l u t i o n  has  

been  conf i rmed.  

S I N T E R I N G  O F  M I X E D  N I T R I D E S  O B T A I N E D  

B Y  C A R B O T H E R M I C  R E D U C T I O N  

E .  T .  Weber  

S i n t e r i n g  has  been used  t o  o b t a i n  

dense  samples  f o r  p r o p e r t y  and i r r a d i -  

a t i o n  s t u d i e s  t h roughou t  our  work on 

used  were  c o n v e n t i o n a l  d ry  b a l l  m i l l -  

i n g  f o r  92 t o  96 h r  and d r y  v i b r a t o r y  

m i l l i n g *  f o r  3  h r ,  w i t h  t u n g s t e n  

c a r b i d e  j a r s  and b a l l s  u sed  i n  b o t h  

c a s e s .  Another  d e p a r t u r e  from p r e -  

v i o u s  p rocedu re  was i n  t h e  s i n t e r i n g  

c y c l e ,  where a  vacuum o u t g a s s i n g  

p e r i o d  of  app rox ima te ly  30 min a t  

e i t h e r  1250 o r  1400 " C  was e s t a b -  

l i s h e d ,  depending on whether  t h e  

s i n t e r i n g  atmosphere was he l ium o r  

n i t r o g e n .  Green d e n s i t i e s  o b t a i n e d  

i n  p r e s s i n g  n e a r  60,000 p s i  were 

app rox ima te ly  64 t o  66% TD. 

M a t e r i a l s  o b t a i n e d  by c a r b o t h e r m i c  

s y n t h e s i s ,  i n c l u d i n g  b o t h  U N  and 

(U,Pu)N, were s i n t e r e d  t o  d e n s i t i e s  

between 12 .4  and 1 3 . 5  gm/cm3 (approx-  

i m a t e l y  8 7  t o  95% TD). D e n s i t i e s  

mixed n i t r i d e s .  The p rocedu re s  measured  on t h e  b a s i s  o f  g e o m e t r i c a l  

deve loped  f o r  d e n s i f i c a t i o n  of  m e t a l -  and f l u i d  d i sp l acemen t  volume mea- 
7 

d e r i v e d  n i t r i d e s  were a p p l i e d  t o  

c a r b o t h e r m i c  n i t r i d e s  d u r i n g  t h i s  

q u a r t e r .  T h i s  work had two major  

o b j e c t i v e s :  1 )  t o  d e n s i f y  samples  

o f  c a r b o t h e r m i c  n i t r i d e s  f o r  u s e  i n  

p r o p e r t y  measurements and a s  f u e l  f o r  

an i r r a d i a t i o n  exper iment  and 2) t o  

d e t e r m i n e  whether  t h e  carbon  and 

oxygen l e v e l s  r e s u l t i n g  from ca rbo -  

t h e r m i c  s y n t h e s i s  would have a  s i g n i f -  

i c a n t  e f f e c t  on s i n t e r i n g  b e h a v i o r  

r e l a t i v e  t o  more p u r e  n i t r i d e s .  Ap- 

p r o x i m a t e l y  150 g  of  u s a b l e  mixed 

n i t r i d e  p e l l e t s  were o b t a i n e d  f o r  u se  

su remen t s  ag reed  w i t h i n  0.2 gm/cm3 

i n  most c a s e s .  S i n t e r i n g  c o n d i t i o n s  

and r e s u l t i n g  d e n s i t i e s  f o r  f i v e  

b a t c h e s  o f  c a r b o t h e r m i c  n i t r i d e s  a r e  

l i s t e d  i n  Tab l e  6 . 1 .  

From t h e s e  d a t a ,  i t  i s  a p p a r e n t  t h e  

ca rbo the rmic  n i t r i d e s  can  be  s i n t e r e d  

t o  d e n s i t i e s  s i m i l a r  t o  t h o s e  which 

have been r e p o r t e d  f o r  p u r e  n i t r i d e s  

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

t i o n s .  ( l y 4 )  A l so ,  t h e  3  h r  v i b r a t o r y -  

m i l l i n g  o p e r a t i o n  i s  v i r t u a l l y  e q u i v -  

a l e n t  t o  a  94 t o  96 h r  b a l l - m i l l i n g  

o p e r a t i o n .  A comparison of  t h e  

as  s amp le s .  s i n t e r e d  d e n s i t i e s  i n d i c a t e s  t h a t  t h e  

The g e n e r a l  p r o c e d u r e s  used  i n  

s i n t e r i n e  t h e  c a r b o t h e r m i c  n i t r i d e s  * V i b r a t o r v  m i l l  was a  " V i b r a t o m M  - 
t a b o r a t o E y  v i b r a t o r  manufac tured  were  s i m i l a r  t o  t h o s e  r e p o r t e d  p r e -  b y  S h u l t z - O r N e i l Z  Company, 

v i o u s l y .  However, two d i f f e r e n t  M i n n e a p o l i s .  



T A B L E  6 . 1 .  S i n t e r i n g  C o n d i t i o n s  f o r  Carbotherrnic  N i t r i d e s  

Uranium N i t r i d e  Uranium-Plutonium N i t r i d e  

Run UCN-1 UCN-2/4 UPCN-2 UPCN-4 UPCN-6/7 

M i l l i n g  Cond i t i ons  

B a l l  M i l l  ( i n  a r g o n ) ,  h r  9  6  9  4  

V i b r a t o r y  M i  11 ( i n  a r g o n ) ,  h r  2 .5 3.0 3.0 

S i n t e r i n g  Cycle 

Of fgas  Temp, O C  

S i n t e r i n g  Temp, "C 

S i n t e r i n g  Time, h r  

S i n t e r i n g  Atmosphere 

S i n t e r e d  Dens i ty  

Average 
gm/ cm 3  
% TD 

Maximum 
gm/  cm3 
% TD 

1250 1250 1250 1400 14 0  0  

1800 18 0  0  1800 1900 1800 

4  4  4  4  4  

Helium Helium Helium N i t r o g e n  N i t r o g e n  

u ran ium-on ly  compos i t i ons  s i n t e r  t o  

s l i g h t l y  h i g h e r  d e n s i t i e s  t h a n  t h e  

compos i t i ons  c o n t a i n i n g  p lu ton ium 

unde r  t h e  same s i n t e r i n g  c o n d i t i o n s .  

I t  i s  a l s o  a p p a r e n t  t h a t  a  1900 O C  

s i n t e r i n g  t e m p e r a t u r e  y i e l d s  h i g h e r  

d e n s i t i e s  t h a n  s i n t e r i n g  a t  1800 O C .  

However, such  o b s e r v a t i o n s  b a s e d  on 

r e l a t i v e  d e n s i t i e s  must b e  q u a l i f i e d  

on t h e  p o s s i b l e  i n f l u e n c e  o f  l e s s  

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

m i l l i n g  e f f e c t i v e n e s s ,  d e g r e e  o f  

o x i d a t i o n ,  and c o n d i t i o n  o f  powder 

s u r f  a c e .  

Composi t ion d a t a  f o r  t h e  v a r i o u s  

m a t e r i a l s  b e f o r e  and a f t e r  s i n t e r i n g  

a r e  compared i n  Tab l e  6 .2 .  Both a  

uranium and a  uran ium-plu tonium b e a r -  

i n g  compos i t i on  w i t h  ca rbon  c o n t e n t s  

i n  e x c e s s  of  5000 ppm were i n c l u d e d  

(Samples U C N - 1  and UPCN-2). R e s u l t s  

from a  comparison o f  d e n s i t i e s  ob-  

t a i n e d  w i t h  t h e s e  compos i t i ons  t o  

t h o s e  o b t a i n e d  f o r - c o m p o s i t i o n s  w i t h  

app rox ima te ly  2000 ppm ca rbon  i n d i -  

c a t e  a  p o s s i b l e  b u t  r e l a t i v e l y  i n s i g -  

n i f i c a n t  e f f e c t  o f  carbon  c o n t e n t  on 

s i n t e r a b i l i t y .  Under t h e  p r e s e n t l y  

employed p r o c e s s i n g  c o n d i t i o n s ,  some 

o x i d a t i o n  o f  t h e  powder o c c u r s  d u r i n g  

t h e  m i l l i n g  and p r e s s i n g  o p e r a t i o n .  

The i n c r e a s e  i n  oxygen c o n t e n t  shown 

i n  T a b l e  6.2 f o r  Samples UCN-2/4 and 

UPCN-2 r e p r e s e n t  t h e  oxygen u p t a k e  

between a s - s y n t h e s i z e d  and s i n t e r e d  

m a t e r i a l .  Oxygen c o n t e n t s  l i s t e d  f o r  

Samples UPCN-4 and UPCN-6/7 i n d i c a t e  

t h a t  oxygen c o n t e n t  i n  t h e s e  composi- 

t i o n s  a c t u a l l y  d e c r e a s e d  a s  a  r e s u l t  

o f  t h e  s i n t e r i n g  c y c l e .  The ca rbon  

c o n t e n t  o f  t h e s e  two samples  and o f  

UPCN-2 a l s o  shows a  s i m i l a r  d e c r e a s e .  



? A B L E  6 . 2 .  U o m p o i i t " : o n s  of C e r b o t h e r m i c  N i t r i d e s  -~ - 
Pa[or.e and / " f t e r  Z i n t c r l n g  

-- R u n  - _  -- C o m p o n e n t  A s - S y n t h e s i z e ?  h l l l l e d  S i n t e r G  

I I C U - 1  N2, wt :  4 . 7 0  

0 2 ,  lvtS 0 . 3 6  

C,  !it", 0 . 5 5  

L a t t i c e  
P x r a m e t c r ,  A 4 . 8 9 6  4 . 8 9 7  

U / P u  I l a t i o  I1 o n l y  

U C h - 2 / 4  i2 ,  w t :  4 . 7 7  

0 2 ,  wt :  0 . 5 5  

C ,  a t :  0 . 3 5  

L a t t i c e  , 
P a r a m e t e r ,  .\ 4 . 8 8 9  

U/Pu  l < a t l a  il o n l y  

L a t t i c e  
P a r a m e t e r ,  .A 4 . 8 9 9  4 . 8 9 8  

U/Pu  R a t i o  4 : l  

l lP l ' h -4  N 2 ,  u t :  5 . 2 2  5 . 3 4  5 . 2 7  

0 , ,  u t %  0 . 1 0  0 . 4 0  0 . 3 0  

C ,  w t :  0 . 1 7  0 . 1 8  0 . 1 1  

L a t t i c e  
P a r a m e t e r ,  i 4 . 8 9 3  

U / P u  R a t i o  4 : l  

4 . 8 9 1  

4 . 0 5 : l  
( m e a s u r e d )  

i I P C h - 6 / 7  N 2 ,  w t %  5 . 2 0  5 . 3 4  5  

0 2 ,  wt". 0 . 1 4  0 . 4 0  0  

c ,  w t %  0 . 2 0  0 . 2 0  0 

L a t t i c e  a 

P a r a m e t e l ,  4 4 . 8 9 3  4  

i i / P u  R a t i o  4 : l  

S i n c e  t h e  r e d u c t i o n  i n  b o t h  c a r b o n  

and oxygen c o n t e n t  i s  a p p r o x i m a t e l y  

t h e  same, a  p r o b a b l e  mechanism f o r  

t h i s  e f f e c t  i s  a  f u r t h e r  r e a c t i o n  

( e s s e n t i a l l y  c a r b o t h e r m i c  r e d u c t i o n )  

o f  c a r b o n  and oxygen y i e l d i n g  CO 

which i s  r e l e a s e d  d u r i n g  t h e  h i g h -  

vacuum o f f g a s  p e r i o d  a t  1400 O C  

d u r i n g  s i n t e r i n g .  The d e c r e a s e  i n  

l a t t i c e  p a r a m e t e r  r e s u l t i n g  from 

s i n t e r i n g  t h e s e  c o m p o s i t i o n s  may 

i n d i c a t e  removal  o f  t h e s e  i m p u r i t i e s  

from t h e  n i t r i d e  c r y s t a l  l a t t i c e .  

Al though  u n a n t i c i p a t e d ,  t h i s  phenom- 

enon s e r v e s  t o  f u r t h e r  r e d u c e  t h e  

d i f f e r e n c e  i n  c o m p o s i t i o n  between 

m e t a l - d e r i v e d  and c a r b o t h e r m i c  

n i t r i d e s .  The s i n t e r e d  c o m p o s i t i o n  

f o r  s a m p l e s  from b a t c h  UPCN-6/7 

r e p r e s e n t s  oxygen and c a r b o n  l e v e l s  

which h a v e  been e x c e e d e d  i n  m e t a l -  

d e r i v e d  n i t r i d e s  u n d e r  some p r o -  

c e s s i n g  c o n d i t i o n s .  

M i c r o s t r u c t u r e s  o f  t h e  s i n t e r e d  

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

i d e n t i c a l  w i t h  t h o s e  o f  m e t a l - d e r i v e d  

n i t r i d e s  s i n t e r e d  t o  s i m i l a r  d e n s i -  

t i e s .  F i g u r e  6 . 2  shows e t c h e d  m i c r o -  

s t r u c t u r e s  from two t h e  samples  

c o v e r e d  i n  t h e  t a b l e s .  The e t c h i n g  

c o n d i t i o n s  were s i m i l a r  f o r  b o t h  

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

a p p r o x i m a t e l y  6000 ppm c a r b o n  h a s  

responded  d i f f e r e n t l y  t o  t h e  c h e m i c a l  

e t c h a n t .  Unetched m i c r o s t r u c t u r e s  

f o r  t h e  two c o m p o s i t i o n s  a r e  i d e n t i -  

c a l  e x c e p t  f o r  t h e  d i f f e r e n c e  i n  

volume of  p o r o s i t y  and o x i d e  p h a s e .  

P o s s i b l e  c o n c l u s i o n s  drawn from 

t h i s  v e r y  g e n e r a l  work on s i n t e r i n g  

o f  n i t r i d e s  o b t a i n e d  by c a r b o t h e r m i c  

r e d u c t i o n  a r e  a s  f o l l o w s :  

S i n t e r e d  d e n s i t i e s  between 87 and 

9 4 %  may b e  o b t a i n e d  on c a r b o t h e r -  

mic n i t r i d e s  w i t h  t h e  methods 

d e v e l o p e d  f o r  s i n t e r i n g  m e t a l -  

d e r i v e d  n i t r i d e s .  

Carbon c o n t e n t s  t o  0 . 8  w t %  have a 

n e g l i g i b l e  i n f l u e n c e  on s i n t e r i n g  

b e h a v i o r  o f  U o r  (U, Pu) n i t r i d e s .  

A r e d u c t i o n  i n  b o t h  c a r b o n  and 

oxygen l e v e l s  o c c u r s  f o r  c a r b o -  

t h e r m i c  n i t r i d e s  e x p o s e d  t o  a  

h i g h  vacuum a t  t e m p e r a t u r e s  b e -  

tween 1250 and 1400 "C d u r i n g  t h e  

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



BNWL- 768  

Unetched  E tched  

( a )  Sample  UPCN-2 - Carbon C o n t e n t  - 0 . 6  w t %  ( S 8 7 %  TD) 

Une tched  E tched  

( b )  Sample UPCN-4 - Carbon C o n t e n t  = 0 . 1  w t %  ( ~ 9 4 %  TD) 

FIGURE 6 . 2 .  M i c r o s t r u c t u r e s  o f  S i n t e r e d  C a r b o t h e r m i c  N i t r i d e s .  
[ N o t e  e f f e c t  o f  e t c h a n t  on  h i g h  c a r b o n  Sample  ( a )  (H20-HNO - H F  
e t c h a n t ) ] .  3 



A D V A N C E D  N I T R I D E  S Y N T H E S I S  S T U D I E S *  

E .  A. C o p p i n g e r  

A s t u d y  i s  underway t o  de t e rmine  

t h e  f e a s i b i l i t y  of  s t a r t i n g  w i t h  a  

u r a n y l  n i t r a t e  hexahydra t e  (UNH) and 

s u g a r  m i x t u r e  t o  form UN by t h e  

c a r b o t h e r m i c  r e a c t i o n .  The s t u d y  i s  

a l s o  aimed a t  p r o v i d i n g  i n f o r m a t i o n  

s o  t h a t  a  con t inuous  p r o c e s s  can  be  

d e v i s e d  t o  produce  UN-PUN m i x t u r e s  

by t h e  same approach .  I n i t i a l  work 

on l i m i t i n g  c o n d i t i o n s ,  m o d i f i c a t i o n  

o f  a s p r a y  r e a c t o r ,  and s u g a r  s o l u -  

b i l i t y  i n  aqueous UNH-FINO3 s o l u t i o n s  

was r e p o r t e d  e a r l i e r .  ( 5 )  

The p r imary  o b j e c t i v e  o f  t h e  ex -  

p e r i m e n t a l  program has  been t o  

de t e rmine  i f  an i n t i m a t e  m i x t u r e  of  

U02 and carbon  can  be o b t a i n e d  by 

c a l c i n i n g  UNH w i t h  s u g a r  i n  a  n i t r o -  

gen atmosphere i n  a  s p r a y  r e a c t o r .  

An i n t i m a t e  m i x t u r e  o f  U02 and carbon  

can be u sed  as  an i n t e r m e d i a t e  i n  t h e  

p r o d u c t i o n  o f  U N  by t h e  ca rbo the rmic  

r o u t e .  A l s o ,  once f o r m a t i o n  o f  an 

i n t i m a t e  m i x t u r e  o f  U02 and carbon  

has  been demons t r a t ed ,  o p e r a t i o n  o f  

a  s p r a y  c a l c i n e r  a t  h i g h e r  tempera-  

t u r e s  i n  n i t r o g e n  a tmospheres  cou ld  

l e a d  t o  a  o n e - s t e p  p r o c e s s  t h a t  p r o -  

duces mixed n i t r i d e .  

E igh t  e x p e r i m e n t a l  runs  were made 

d u r i n g  t h e  q u a r t e r .  An 8  i n .  diam 

* A l t h o u g h  r e l a t e d  t o  t h e  F a s t -  
R e a c t o r  N i t r i d e s  Program, t h i s  
s t u d y  i s  s u p p o r t e d  b y  t h e  2 %  
d i s c r e t i o n a r y  A E C  Funds.  

by 10 f t  long  s p r a y  r e a c t o r  was u sed  

a t  t e m p e r a t u r e s  of  600 t o  800 O C .  

I n  t h e s e  r u n s ,  powder c h a r a c t e r i s t i c s  

and carbon  c o n t e n t  were i n v e s t i g a t e d  

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

uranium weight  r a t i o  i n  t h e  f e e d ,  a n d ,  

t h e  g a s / l i q u i d  mass r a t i o  a t  t h e  f e e d  

n o z z l e .  I n  a l l  e i g h t  r u n s ,  a  lump- 

f r e e  powder w i t h  a  f a i r l y  un i form 

p a r t i c l e  s i z e  was produced .  When t h e  

suga r /u r an ium weight  r a t i o  was 1 . 2 7 ,  

1 . 5 0 ,  and 1 . 9 2 ,  t h e  ave rage  carbon  

c o n t e n t  i n  t h e  powder was 5 . 4 ,  9 . 0 ,  

and 12 .6  w t % ,  r e s p e c t i v e l y .  For t h i s  

s e r i e s  o f  r u n s ,  t h e  g a s / l i q u i d  mass 

r a t i o  was m a i n t a i n e d  between 1 . 0  and 

1 . 4 .  Th i s  s e r i e s  o f  runs  marks t h e  

f i r s t  t ime  t h e  carbon  c o n t e n t  ha s  

approached  o r  exceeded t h e  s t o i c h i o -  

m e t r i c  amount r e q u i r e d  f o r  subsequen t  

U N  p r o d u c t i o n  ( 8 . 1 6 % )  w i t h o u t  t h e  

f o r m a t i o n  o f  l a r g e  brownish lumps i n  

t h e  p r o d u c t .  

E a r l i e r  r u n s ,  d u r i n g  t h e  p r e v i o u s  

two q u a r t e r s ,  r e s u l t e d  i n  t h e  forma- 

t i o n  of  he t e rogeneous  m i x t u r e s  o f  

f i n e  b l a c k  powder and brownish ag-  

g l o m e r a t e s  when g a s / l i q u i d  mass 

r a t i o s  o f  abou t  0 . 3  t o  0 .6  were used  

i n  c o n j u n c t i o n  w i th  suga r /u r an ium 

r a t i o s  above 0.86.  Thus, t h e  d a t a  

o b t a i n e d  t h i s  q u a r t e r  i l l u s t r a t e  t h e  

impor t ance  of  u s i n g  h i g h  g a s - f l o w  

r a t e s  t o  p r o v i d e  adequa t e  a t o m i z a t i o n  

o f  t h e  ve ry  v i s c o u s  f e e d  s o l u t i o n .  

F u r t h e r  a n a l y t i c a l  work, i n c l u d i n g  

X-ray  d i f f r a c t i o n  and t he rmograv i -  

m e t r i c  t e s t s ,  i s  underway f o r  t h e  

powders .  The powders a r e  a l s o  be ing  

t e s t e d  a s  i n t e r m e d i a t e s  i n  U N  

p r o d u c t i o n .  
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N O N D E S T R U C T I V E  T E S T I N G  

J .  C .  S p a n n e r  

EDDY C U R R E N T  M E T H O D S  v a l u e s  f o r  a  wide range  of m a t e r i a l s  

was c o n t i n u e d  t h i s  q u a r t e r .  The 

M U L T I P A R A M E T E R  S T U D I E S  r ad iome te r  d r i f t  problem mentioned 

H .  L .  L i b b y  l a s t  q u a r t e r  has  been l a r g e l y  o v e r -  

come by use  o f  an e l e c t r o n i c  sys tem 

The p r i n c i p a l  o b j e c t i v e  o f  t h e  t h a t  s u b s t i t u t e s  an a r t i f i c i a l l y -  

e d d y - c u r r e n t  m u l t i p a r a m e t e r  nondes-  g e n e r a t e d  l i n e a r  run-down f o r  t h e  

t r u c t i v e  t e s t  s t u d i e s  now i n  p rog -  t r a i l i n g  edge of t h e  t empera tu re  t r a n -  

r e s s  i s  t o  deve lop  t echn iques  f o r  s i e n t  f u n c t i o n .  C o n s t r u c t i o n  of  t h i s  

g a t h e r i n g  needed i n f o r m a t i o n  about  sys tem was completed t h i s  q u a r t e r ,  

t e s t  specimens n o t  o b t a i n a b l e  by u s e  and p r e l i m i n a r y  d a t a  o b t a i n e d  f o r  a  

of conven t iona l  s i n g l e - f r e q u e n c y  eddy- v a r i e t y  of  m a t e r i a l s  i n d i c a t e  t h a t  t h e  

c u r r e n t  t e s t  equipment .  The need f o r  sys tem i s  ex t r eme ly  s e n s i t i v e  t o  

such  t e c h n i q u e s  i n  t h e  n u c l e a r  f i e l d  s m a l l  d i f f e r e n c e s  i n  t h e  thermal  prop-  

i n c r e a s e s  a s  t h e  s e r v i c e a b i l i t y  r e -  e r t i e s  of  t h e  m a t e r i a l s .  

qu i r emen t s  o f  m a t e r i a l s  and p a r t s  be -  The s i m u l a t i o n  sys tem supp ly ing  

come more s t r i n g e n t ,  and a s  more s p e -  t h e  l i n e a r  rundown i s  composed o f  

c i a l i z e d  i n s p e c t i o n  problems a r i s e  t ime d e l a y  c i r c u i t s ,  a  sample-and-  

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

E l e c t r o n i c  c i r c u i t s  were developed  t e g r a t i n g  a m p l i f i e r .  The i n i t i a l  

f o r  s i m p l i f y i n g  and s t a n d a r d i z i n g  t h e  

i n s t r u m e n t  d e s i g n  f o r  m u l t i p l e -  

f requency  m u l t i p a r a m e t e r  eddy c u r -  

r e n t  t e s t e r s .  Techniques were a l s o  

developed  f o r  app ly ing  t h e  mul t iparam-  

e t e r  t e s t  p r i n c i p l e s  t o  p u l s e d  eddy- 

c u r r e n t  t e s t  sys tems.  Advances made 

i n  bo th  o f  t h e s e  a r e a s  have i n v e n t i o n s  

p o t e n t i a l  s o  d e t a i l s  w i l l  be r e p o r t e d  

a f t e r  p a t e n t  c l e a r a n c e .  

T H E R M A L  M E T H O D S  

REMOTE T R A N S I E N T  METHOD F O R  S U R F A C E  

T H E R M A L  I M P E D A N C E  D E T E R M I N A T I O N  

J .  D .  J e n s e n  

The program t o  develop  a  remote i n -  

p o r t i o n  of t h e  t empera tu re  t r a n s i e n t  

i s  p r o c e s s e d  by t h e  Laplace  t r a n s -  

fo rma t ion  c i r c u i t s  i n  t h e  u s u a l  man- 

n e r .  A f t e r  an i n i t i a l  t ime d e l a y  

(which i s  a d j u s t a b l e  t o  accommodate 

a  v a r i e t y  o f  t e s t  s amples ) ,  a  sample 

o f  t h e  v a l u e  o f  t h e  t r a n s i e n t  f u n c -  

t i o n  a t  t h e  i n s t a n t  i s  o b t a i n e d  and 

s t o r e d  by t h e  sample-and-hold  c i r -  

c u i t .  The sample v a l u e  i s  conve r t ed  

t o  a  dc l e v e l  which i s  i n t e g r a t e d  by 

t h e  o p e r a t i o n a l  i n t e g r a t i n g  ampl i -  

f i e r .  The r e s u l t i n g  l i n e a r  ramp i s  

t h e n  s u b s t i t u t e d  f o r  t h e  t r a i l i n g  

edge of t h e  t e m p e r a t u r e  t r a n s i e n t  

f u n c t i o n  and i s  f e d  d i r e c t l y  t o  t h e  

Laplace t r a n s f o r m a t i o n  c i r c u i t s .  

The s u r f  ace  t he rma l  impedance p l o t s  

f r a r e d  t r a n s i e n t  method f o r  de t e rmin -  t h e n  o b t a i n e d  demons t r a t e  t h e  r e -  

i n g  t h e  s u r f a c e  t he rma l  impedance q u i r e d  convergence p r o p e r t i e s .  
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F igu re  7 .1  shows t h e  measured,  s u r -  p l o t t e d  o v e r  any r ange  of  wave i n c i -  

f a c e  t h e r m a l  impedance v a l u e s  f o r  a  d e n t  a n g l e s .  Some e r r o r s  i n  t h e  p l o t -  

l a r g e  number of m a t e r i a l s ,  r ang ing  t i n g  r o u t i n e  e x i s t e d  i n  t h e  p a s t ,  b u t  

from m a t e r i a l s  w i t h  h i g h  t h e r m a l  con -  t h e s e  have now been c o r r e c t e d .  

d u c t i v i t i e s  t o  m a t e r i a l s  w i t h  ve ry  To e x p l o r e  t h e  e f f e c t s  o f  l o s s e s  

low t h e r m a l  c o n d u c t i v i t i e s .  The d a t a  on t h e  r e f l e c t i o n -  and t r a n s m i s s i o n -  

p o i n t s  shown on t h e  p l o t  a r e  normal-  f a c t o r s ,  a t t e n u a t i o n  c o e f f i c i e n t s  f o r  

i z e d  t o  t h e  t e f l o n  sample .  A l i n e  b o t h  l o n g i t u d i n a l  and s h e a r  waves 

from t h e  o r i g i n  t o  a  p a r t i c u l a r  p o i n t  must be known o v e r  a  range  of  f r e q u e n -  

r e p r e s e n t s  t h e  no rma l i zed  magnitude c i e s .  Expe r imen ta l  d a t a  f o r  b o t h  

of  t h e  impedance,  w h i l e  t h e  a n g l e  b e -  t y p e s  of  waves a r e  a v a i l a b l e  f o r  o n l y  

tween t h e  l i n e  and t h e  r e a l  a x i s  r e p -  a  few m a t e r i a l s .  Of t h e s e  l i m i t e d  

r e s e n t s  t h e  impedance phase  a n g l e .  d a t a ,  none have a p p a r e n t l y ' b e e n  c o r -  

D i f f e r e n t i a t i o n  of  t h e  v a r i o u s  ma- r e c t e d  f o r  s h e a r  wave d i f f r a c t i o n  e f -  

t e r i a l s  i s  q u i t e  e v i d e n t ,  which i n d i -  f e c t s  . The c o r r e c t i o n  f o r  l o n g i t u d i -  

c a t e s  t h a t  t h e  t e s t  t e c h n i q u e  i s  v e r y  n a l  wave d i f f r a c t i o n  e f f e c t s  h a s  been 

s e n s i t i v e  t o  m a t e r i a l  v a r i a t i o n .  t h e  s u b j e c t  o f  many s t u d i e s  i n  t h e  

A n a l y t i c a l  work per formed t h i s  l i t e r a t u r e ,  and c a l c u l a t i n g  t e c h n i q u e s  

q u a r t e r  i n d i c a t e d  t h a t  t h e  obse rved  a r e  a v a i l a b l e .  S i m i l a r  methods a r e  

e r r o r  i n  impedance phase  a n g l e ,  due n o t  a v a i l a b l e  f o r  s h e a r  wave c o r r e c -  

t o  s i m u l a t i o n  of t h e  t r a i l i n g  edge of  t i o n s ,  a l t h o u g h  an  e x p e r i m e n t a l  

t h e  t e m p e r a t u r e  t r a n s i e n t  f u n c t i o n ,  method h a s  been d e v i s e d .  ~ u l l  u t i -  

was app rox ima te ly  f i v e  d e g r e e s .  l i z a t i o n  of  t h i s  new method h a s  n o t  

y e t  been  u n d e r t a k e n .  

U L T R A S O N I C  M E T H O D S  I t  i s  i n s t r u c t i v e  t o  examine t h e  

e f f e c t s  o f  a t t e n u a t i o n  on t h e  r e f l e c -  

B A S I C  S T U D I E S  O F  U L T R A S O N I C  W A V E S  t i o n  and t r a n s m i s s i o n  f a c t o r s  by mak- 

C .  E .  F i t c h ,  J r . ,  and  F .  L .  B e c k e r  i n g  some u n v e r i f i e d  a s sumpt ions  abou t  

t h e  way i n  which waves a t t e n u a t e  due 

P r o p a g a t i o n  o f  u l t r a s o n i c  p u l s e s  t o  g r a i n  s c a t t e r i n g  s i n c e  t h i s  i s  t h e  

i n  a t t e n u a t i n g  media i s  b e i n g  s t u d i e d  major  s o u r c e  of  l o s s e s  i n  g r a n u l a r  ma- 

t o  f u r t h e r  t h e  u n d e r s t a n d i n g  of b a s i c  t e r i a l s .  Gra in  s c a t t e r i n g  fo rmu la s  

b e h a v i o r .  Ways t o  m a t h e m a t i c a l l y  r e p -  and t a b l e s  have been  p r o v i d e d  i n  t h e  

r e s e n t  b road  f r equency  band s i g n a l s  l i t e r a t u r e .  ( 2 )  These s c a t t e r i n g  v a l -  

a r e  s t i l l  be ing  s o u g h t ;  however, no  ues  a p p a r e n t l y  can  be u sed  f o r  com- 

c o n c l u s i v e  r e s u l t s  have  y e t  been p r o -  m e r c i a l  m a t e r i a l s  i f  a v e r a g e  g r a i n  

duced .  Meanwhile,  o t h e r  a s p e c t s  o f  volumes and d i a m e t e r s  a r e  known. The 

t h e  wave s t u d i e s ,  which were h e r e t o -  a v e r a g e s  a r e  o b t a i n e d  by a n a l y s i s  o f  

f o r e  t e m p o r a r i l y  d i s c o n t i n u e d ,  a r e  photomicrographs  o f  a c t u a l  g r a i n  

be ing  r e a c t i v a t e d .  s t r u c t u r e s .  Here a g a i n ,  e x p e r i m e n t a l  

The wave a n a l y s i s  computer  program d a t a  a r e  l i m i t e d .  

o u t p u t  i n c l u d e s  r e f l e c t i o n -  and I f  i t  h a s  been assumed t h a t  a l l  

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

i n  Re fe r ence  ( 2 )  a r e  u s e d ,  s c a t t e r i n g  shear -wave  s c a t t e r i n g  f a c t o r s  f o r  

f a c t o r s  can  be o b t a i n e d  and a t t e n u a -  t h r e e  g r a i n  s i z e s  were c a l c u l a t e d  f o r  

t i o n  c u r v e s  p l o t t e d  f o r  a  number of  n i c k e l  (Table  7 .1)  . 
m a t e r i a l s  and g r a i n  s i z e s .  To i l l u s -  

A l u m i n u m  b 6 1  5 
6 0 6 1 - T G  I 

\ I 
- c o p p e r  I 

\ Z = l f o r T e f l o n  I 
\\' I .L/ead a - ~ l u m i n u m  \ I 

- a\ G r a p h i t e  \ I 
a 

\ I 
\ g u a r t z  1 

S t a i n l e s s  • 
S t e e l  ( 3 0 4 )  

I 
\ P l a t e  1 - Yass I 

I 

788 \ \  
I 

2 - - - - - - - - - - - - - T e f l o n  

- 

- 

- 

- 

P i n e  

- 
I I I I I I 

Oak  

F i r  
a 

F I G U R E  7 . 1 .  Thermal  S u r f a c e  Impedance V a l u e s  f o r  M a t e r i a l s  
Ranging from Good Conduc tors  t o  Good I n s u l a t o r s  
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T A B L E  7 . 1 .  S c a t t e r i n g  F a c t o r s  f o r  N i c k e l  

a R k ( d B / f t )  a R s ( d B / f t )  a s L ( d B / f t )  f  (MHz) Gra in  Diameter ,  i n .  

0 .010 

0.010 

0 .010  

0.010 

0 .005  

0.005 

0.005 

0.005 

0 .001  

0 .001  

0.001 

0 .001  

The f i r s t  and second columns g i v e  

t h e  a t t e n u a t i o n  f a c t o r  f o r  l o n g i t u d i -  

n a l  and s h e a r  waves hav ing  a  wave 

l e n g t h  such  t h a t  c o n v e n t i o n a l  

Ray le igh  s c a t t e r i n g  ( p r o p o r t i o n a l  t o  

t h e  f o u r t h  power o f  f r e q u e n c y )  t a k e s  

p l a c e .  The t h i r d  and f o u r t h  columns 

a r e  l o n g i t u d i n a l  and s h e a r  a t t e n u a -  

t i o n  f a c t o r s  f o r  s t o c h a s t i c ( ' )  s c a t -  

t e r i n g  ( p r o p o r t i o n a l  t o  t h e  second  

power o f  f r e q u e n c y ) .  The f i f t h  

column g i v e s  t h e  f r e q u e n c i e s  f o r  t h e  

above f a c t o r s  by u s i n g  t h e  assumed 

g r a i n  d i a m e t e r s  shown i n  column s i x  

and t h e  s t a t e d  v e l o c i t i e s  and 

d e n s i t y .  

The method u sed  t o  p l o t  t h e  

a t t e n u a t i o n  a t  any f r equency  i s  

g i v e n  i n  Re fe r ence  2 .  B r i e f l y ,  t h e  

Ray le igh  p o i n t s  a r e  e s t a b l i s h e d  on 

l o g - l o g  p a p e r ,  and t h e n  v e r t i c a l  

l i n e s  a r e  e r e c t e d  from t h e  s t o c h a s -  

t i c  f r e q u e n c i e s .  The c e n t e r  o f  a  

c i r c l e  i s  found such  t h a t  t h e  c i r c l e  

p a s s e s  t h rough  t h e  Ray le igh  p o i n t  and 

i t s  co r r e spond ing  s t o c h a s t i c  f r e -  

quency l i n e  a t  a s l o p e  o f  two.  T h i s  

t h e n  e s t a b l i s h e s  a r c s  of  c i r c l e s  

which have t h e  s l o p e  of f o u r  ( f o u r t h  

power s c a t t e r i n g )  a t  t h e  Ray le igh  

p o i n t s  and t h e  s l o p e  o f  two ( s econd  

power s c a t t e r i n g )  a t  t h e  s t o c h a s t i c  

f r e q u e n c i e s .  These a r c s  t o g e t h e r  

w i t h  t h e  Ray le igh  and s t o c h a s t i c  

p o i n t s  a r e  p l o t t e d  i n  F i g u r e  7 .2 .  U s  

i n g  t h e s e  p l o t s ,  a t t e n u a t i o n  a t  any 

f r equency  can  be o b t a i n e d  and u sed  t o  

examine i t s  e f f e c t  on t h e  r e f l e c t i o n  

and t r a n s m i s s i o n  f a c t o r s .  

As a n  example,  t h e  r e f l e c t i o n  and 

t r a n s m i s s i o n  f a c t o r s  were p l o t t e d  i n  

F i g u r e s  7 .3 ,  7 . 4 ,  and 7 .5  f o r  a  wa- 

t e r - n i c k e l  i n t e r f a c e  i t  a  f r e q u e n c y  

of  20 MHz f o r  t h e  t h r e e  g r a i n  s i z e s  



G r a i n  D i a m e t e r  = 0 . 0 0 1  i n .  

S h e a r  Wave R a y l e i g h  
S c a t t e r i n g  P o i n t s  

A L o n g  Wave S t o c h a s t i c  
P o i n t s  f o r  D  = 0 . 0 0 1  i n .  

A S h e a r  Wave S t o c h a s t i c  
P o i n t s  f o r  D  = 0 . 0 0 1  i n .  
L o n g  Wave S t o c h a s t i c  
P o i n t s  f o r  0 = 0 . 0 0 5  i n .  
S h e a r  Wave S t o c h a s t i c  
P o i n t s  f o r  D  = 0 . 0 0 5  i n .  

X L o n g  Wave S t o c h a s t i c  
P o i n t s  f o r  D  = 0 . 0 1 0  i n .  

v S h e a r  Wave S t o c h a s t i c  
P o i n t s  f o r  D  = 0 . 0 1 0  i n .  

F r e q u e n c y ,  f ( M H z )  

FIGURE 7 . 2 .  N i c k e l  A t t e n u a t i o n  f o r  T h r e e  G r a i n  S i z e s  
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shown i n  Tab l e  7 .1 .  These g r aphs  a r e  d i n a l  wave T R .  Only minor  d i f f e r e n c e s  

f o r  l o n g i t u d i n a l  waves i n c i d e n t  from a r e  o b s e r v a b l e  i n  t h e  c u r v e s  e x c e p t  

t h e  w a t e r  t o  t h e  n i c k e l  a t  i n c i d e n t  n e a r  t h e  s u r f a c e  wave c r i t i c a l  a n g l e  

a n g l e s  r a n g i n g  from 0 t o  45 ' .  The ( 3 2 . 2 " )  where t h e  r e f l e c t e d  wave d e -  

r e f l e c t e d  l o n g i t u d i n a l  wave i s  c r e a s e s  i n  amp l i t ude  p r o g r e s s i v e l y  

l a b e l e d  R R  , t h e  t r a n s m i t t e d  s h e a r  w i t h  i n c r e a s i n g  g r a i n  s i z e .  

wave T  and t h e  t r a n s m i t t e d  l o n g i t u -  s ' 

0 1 0  2 0 3 0 

I n c i d e n t  A n g l e  

FIGURE 7 . 3 .  R e f l e c t i o n  and  T r a n s m i s s i o n  F a c t o r s  f r o m  W a t e r  
t o  n i c k e l ,  D = 0 . 0 1 0  and f  = 20 MHz 
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I n  F i g u r e s  7.6 and 7 .7 ,  t h e  r e -  

f l e c t i o n  and t r a n s m i s s i o n  f a c t o r s  a r e  

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

waves i n c i d e n t  from w i t h i n  t h e  n i c k e l  

t o  t h e  w a t e r  i n t e r f a c e  a g a i n  a t  a  

f r equency  of  20 MHz. R e f l e c t i o n  and 

t r a n s m i s s i o n  f a c t o r s  a g a i n  a r e  

l a b e l e d  R and T  w i t h  s u b s c r i p t s  app ro -  

p r i a t e  t o  t h e  t y p e  o f  wave. The 

g raphs  i n  F i g u r e s  7.6 and 7.7 a r e  f o r  

a  g r a i n  d i a m e t e r  o f  0.010 i n .  and 

on ly  minor  d i f f e r e n c e s  a r e  o b s e r v a b l e  

f o r  t h e  o t h e r  g r a i n  s i z e s .  I t  i s  

n o t e d  t h a t  t h e  wave amp l i t udes  n e a r  

t h e  s u r f a c e  wave c r i t i c a l  a n g l e  i n  

F i g u r e s  7.6 and 7.7 i n c r e a s e  beyond 

t h e  range  of  t h e  o r d i n a t e s  chosen .  

To show t h e  e n t i r e  g r a p h s ,  F i g u r e s  

7 . 8 ,  7 . 9 ,  and 7.10 p r e s e n t  t h e  same 

i n f o r m a t i o n  a s  F i g u r e s  7 .3 ,  7 .6 ,  and 

7 .7 ,  b u t  t h e  o r d i n a t e  ha s  now been 

i n c r e a s e d  t o  e n a b l e  amp l i t udes  t o  be 

comple t e ly  examined and t h e  a b s i s s a  

i n c r e a s e d  t o  i n c l u d e  a l l  i n c i d e n t  

a n g l e s  from 0  t o  90'. 

The above g r a p h s  can  t h e n  be u sed  

t o  o b t a i n  i n f o r m a t i o n  abou t  t h e  e x -  

p e c t e d  wave amp l i t udes  f o r  most  t e s t -  

i n g  a p p l i c a t i o n s  i n v o l v i n g  n i c k e l .  

Of c o u r s e ,  a s sumpt ions  have been made 

abou t  g r a i n  s i z e s  and s h a p e s  and t h e  

way i n  which a t t e n u a t i o n  c u r v e s  a r e  

e s t a b l i s h e d .  A l so ,  low f r e q u e n c y  a b -  

s o r p t i o n  caused  by e f f e c t s  o t h e r  t h a n  

s c a t t e r i n g  has  been d i s r e g a r d e d .  How- 

e v e r ,  t h e  g r aphs  do i l l u s t r a t e  t h a t  

e x c e p t  f o r  p o i n t s  n e a r  t h e  c r i t i c a l  

a n g l e s  and f o r  h i g h l y  a t t e n u a t i n g  

media,  r e f l e c t i o n  and t r a n s m i s s i o n  

f a c t o r s  a r e  n o t  s e r i o u s l y  i n f l u e n c e d  

by a t t e n u a t i o n .  M a t e r i a l s  o t h e r  t h a n  

n i c k e l  c an  a l s o  be examined by u s e  of  

t h e  i n f o r m a t i o n  i n  Re fe r ence  2.  

The c r i t i c a l  a n g l e  r e f l e c t i o n  f a c -  

t o r s ,  a s  s t a t e d  above,  a r e  t h e  most 

s i g n i f i c a n t  changes obse rved  f o r  t h e  

v a r i o u s  g r a i n  s i z e s .  C o n s i d e r a b l e  

e f f o r t  ha s  been expended t o  b e t t e r  

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

u a t e  i t s  u s e f u l n e s s  a s  a  NDT t o o l .  

I t  ha s  been shown(3) t h a t  t h e  d e p t h  

of  t h e  r e f l e c t i o n  f a c t o r  d i p  (F igu re s  

7 . 3 ,  7 .4 ,  and 7 . 5 )  depend predomi-  

n a n t l y  on t h e  a t t e n u a t i o n  of  s h e a r  

waves.  C o r r e l a t i o n  between measured 

and c a l c u l a t e d  f a c t o r s  ha s  a l s o  been 

demons t r a t ed .  (3 1 
To b e t t e r  u n d e r s t a n d  t h e  r e l a t i o n -  

s h i p  between a t t e n u a t i o n  and t h e  r e -  

f l e c t i o n  f a c t o r s ,  s e v e r a l  m a t e r i a l s  

have been s t u d i e d  by c a l c u l a t i n g  t h e  

r e f l e c t i o n  f a c t o r s  i n  t h e  a r e a  a round 

t h e  c r i t i c a l  a n g l e  a t  s e v e r a l  f r e -  

q u e n c i e s .  A t t e n u a t i o n  d a t a  f o r  n i c k e l  

were o b t a i n e d  from F i g u r e  7 .2 ;  d a t a  

f o r  i r o n ,  b r a s s  (30% z i n c )  and i r o n -  

30 n i c k e l  were c a l c u l a t e d  by t h e  same 

method. D i f f r a c t i o n  c o r r e c t e d  a t t e n -  

u a t i o n  f a c t o r s  a r e  a v a i l a b l e  f o r  304 

SS and were u sed  i n  t h e s e  c a l c u l a -  

t i o n s .  F i g u r e  7 . 1 1  shows t h e  r e f l e c -  

t i o n  f a c t o r s  f o r  0 . 0 1 ,  0 .005 ,  and 

0 .001  i n .  g r a i n - s i z e  n i c k e l  v e r s u s  

s h e a r  wave a t t e n u a t i o n .  The min ip-~ms 

o c c u r  a t  2 . 3 ,  6 . 0 ,  and approximately 
3  30 x  10 d b / f t  o f  s h e a r  wave a t t e n u a -  

t i o n .  F i g u r e s  7.12 and 7.13 l i k e -  

w i s e  p r e s e n t  t h i s  i n f o r m a t i o n  f o r  

Fe-3ONi, 304 SS, b r a s s  and i r o n .  

A  summary o f  p e r t i n e n t  d e t a i l s  

from F i g u r e s  7 .11 ,  7 .12,  and 7 .13  

and o t h e r  s o u r c e s  i s  c o n t a i n e d  i n  

Tab l e  7 .2 .  

I n  a n a l y z i n g  T a b l e  7 .2 ,  s e v e r a l  

f a c t o r s  appea r  t o  form a  p a t t e r n  t h a t  
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I n c i d e n t  A n g l e  

F I G U R E  7 . 6 .  S h e a r  Wave R e f l e c t i o n  and T r a n s m i s s i o n  F a c t o r s  
f rom N i c k e l  t o  W a t e r ,  D = 0 . 0 1 0  i n .  and f = 20 MHz 
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0 1 0  2 0 3 0 4 0 5 0 

I n c i d e n t  A n g l  e  

F I G U R E  7 . 7 .  L o n g i t u d i n a l  Wave R e f l e c t i o n  and  T r a n s m i s s i o n  
F a c t o r s  f r o m  N i c k e l  t o  W a t e r ,  D = 0 . 0 1 0  i n .  and  f  = 20 MHz 
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2 0 4 0 6 0 8 0 

I n c i d e n t  A n g l e  

FIGURE 7 . 8 .  Same a s  F i g u r e  7 . 2  E x c e p t  for S c a Z e  Changes  

may h e l p  t o  p r e d i c t  t h e  f r equency  o f  

minimum r e f l e c t i o n ,  f m .  They a r e  a s  

f o l l o w s  : 

The minimum does  n o t  occu r  a t  t h e  

same a t t e n u a t i o n  o r  f r equency  

even f o r  t h e  same m a t e r i a l  o f  d i f -  

f e r e n t  g r a i n  s i z e s .  

a a t  t h e  minimum v a r i e s  i n v e r s e l y  
S 

w i t h  a t t e n u a t i o n .  Except  f o r  

b r a s s ,  Columns 2 and 5 appea r  t o  

obey t h i s  p a t t e r n .  

The a t t e n u a t i o n  p e r  wavelength  a t  

t h e  minimum a min/k i s  a p p r o x i -  
S 

ma te ly  e q u a l  f o r  d i f f e r e n t  g r a i n  

s i z e s  of t h e  same m a t e r i a l .  

a min/k f a l l s  w i t h i n  a  nar row 
S 

r a n g e ,  0.572 + 0.044 db f o r  a l l  of 

t h e  m a t e r i a l s  e x c e p t  b r a s s  which 

was 1 . 3 6 .  

The above a r e  o n l y  e m p i r i c a l  r e l a -  

t i o n s h i p s .  A t ho rough  a n a l y t i c a l  

s t u d y  i s  needed t o  f u l l y  e x p l a i n  t h e  

phenomenon. 
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I n c i d e n t  A n g l e  

FIGURE 7 . 9 .  Same a s  F i g u r e  7 . 5  E x c e p t  for S c a l e  Changes 
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4 0 6 0 

I n c i d e n t  Angle  

FIGURE 7 . 1 0 .  Same a s  F i g u r e  7 . 6  E x c e p t  f o r  S c a l e  Changes  



FIGURE 7 . 1 1 .  R e f  l e e t i o n  F a c t o r  V e r s u s  S h e a r  Wave A t t e n u a t i o n  
a t  a  W a t e r  N i c k e l  I n t e r f a c e .  N i c k e l  w i t h  A v e r a g e  G r a i n  S i z e s  
o f  0 . 0 1 ,  0 . 0 0 5 ,  and  0 . 0 0 1  i n .  i s  Shown. 

- 

- 0 . 0 0 5  i n .  

- 

- 

I I 

FIGURE 7 . 1 2 .  R e f  Z e c t i o n  F a c t o r  V e r s u s  S h e a r  Wave A t t e n u a t i o n  
a t  a  W a t e r  Fe3ONi I n t e r f a c e .  Fe3ONi w i t h  A v e r a g e  G r a i n  S i z e s  
o f  0 . 0 1  and 0 . 0 0 5  i s  Shown 



FIGURE 7 . 1 3 .  R e f l e c t i o n  F a c t o r  V e r s u s  S h e a r  Wave A t t e n u a t i o n  
f o r  a  W a t e r  M e t a l  I n t e r f a c e .  3 0 4  S S ,  B r a s s  and I r o n  a r e  
Shown. 

TABLE 7 . 2 .  P e r t i n e n t  D e t a i l s  f r o m  F i g u r e s  7 . 1 1 ,  
7 . 1 2 ,  7 . 1 3 ,  and  O t h e r  S o u r c e s  

a ( b )  
b l a t e r i a l  and G r a i n  S '  f m ,  ('1 .3Am abe!t m i n i m u m ,  
S i z e  i n  I n c h e s  o ( a )  d b / f t  Mtlz 1 0  i n .  d b / f t  - - -- -- 
F e 3 0 N i :  0 . 0 1  

0 . 0 5  

3 0 4  S S :  0 . 0 0 3  

Fe : 0 . 0 1  

N i  : 0 . 0 1  

0 . 0 5  

0 . 0 0 1  

B r a s s :  0 . 0 0 2  

( a )  o :  P o i s s o n s  r a t i o  f o u n d  f rom t h e  r a t i o  o f  s h e a r  and l o n g i t u d i n a l  
v e  l o c i t i e s .  

( b )  a s ,  a t  20 MHz: t h e  s h e a r  wave  a t t e n u a t i o n  a t  20 MHz. T h i s  f r e q u e n c y  
was c h o s e n  t o  c o m p a r e  t h e  r e l a t i v e  a t t e n u a t i o n  of 
e a c h  m a t e r i a  Z .  

( c )  f m :  t h e  f r e q u e n c y  a t  w h i c h  t h e  c r i t i c a l  a n g l e  r e f l e c t i o n  f a c t o r  i s  a  
minimum.  

( d )  Am: t h e  w a v e l e n g t h  o f  s h e a r  w a v e s  a t  f m .  

( e )  as a t  m i n . :  t h e  a t t e n u a t i o n  o f  s h e a r  w a v e s  a t  f  i n  d b  p e r  f o o t .  

( f )  as m i n . / A :  a t t e n u a t i o n  p e r  w a v e l e n g t h  f o u n d  f r o m  Columns  4 and  5 
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I n  F i g u r e  7 .14 ,  t h e  r e f l e c t i o n  

f a c t o r  v e r s u s  f r equency  i s  p l o t t e d  

f o r  t h e  t h r e e  g r a i n  s i z e s  of n i c k e l .  

I f  f o r  i n s t a n c e ,  i t  i s  d e s i r e d  t o  de -  

t e c t  d i f f e r e n t  g r a i n  s i z e s ,  s i g n a l  

r a t i o s  of 1 ,  3 . 9 ,  and 9 cou ld  be ob-  

t a i n e d  f o r  g r a i n  s i z e s  of  0 .01 ,  0 .05 ,  

and 0 .001  i n . ,  r e s p e c t i v e l y  a t  40 MHz. 

O the r  m a t e r i a l s  may g i v e  b e t t e r  s i g -  

n a l  r a t i o s  because  t h e  minimums a p -  

p roach  c l o s e r  t o  0 a s  shown i n  

F i g u r e s  7.12 and 7 .13 .  I t  would be 

p o s s i b l e  t o  make t h e  method i n s e n s i -  

t i v e  t o  v e l o c i t y  g r a d i e n t s  by sweep- 

i n g  t h rough  t h e  c r i t i c a l  a n g l e .  The 

i n d i c a t i o n  would p e r t a i n  on ly  t o  t h e  

s u r f a c e  l a y e r  app rox ima te ly  3 wave- 

l e n g t h s  t h i c k ;  i n  t h i s  c a s e ,  abou t  

0 . 1 2  i n .  

O the r  p o s s i b l e  a p p l i c a t i o n s  and 

a n a l y t i c a l  i n v e s t i g a t i o n s  w i l l  b e  con 

s i d e r e d  d u r i n g  t h e  coming q u a r t e r .  

5 0  1 0 0  

F r e q u e n c y ,  MHz 

- 

- 0 . 0 0 5  i n .  

\ 
- \, 

I I I I I l l  I I 

FIGURE 7 . 1 4 .  R e f l e c t i o n  Fac tor  V e r s u s  Frequency a t  a  Water  
N i c k e l  I n t e r f a c e .  N i c k e l  w i t h  Average Grain  S i z e s  o f  0 . 0 2 ,  
0 . 0 0 5 ,  and 0.001 i n .  i s  Shown. 



D E T E C T I O N  OF I R R A D I A T I O N  I N D U C E D  S H I F T  

I N  N i l - D U C T I L I T Y - T R A N S I T I O N  

T E M P E R A T U R E  

D .  0 .  H u n t e r  

Irradiated steel specimens are be- 

ing studied by using ultrasonic tech- 

niques to determine if a correlation 

exists between the nondestructive mea- 

surements and irradiation damage-- 

particularly as manifested by a shift 

in the brittle-ductile transition 

temperature. 

As a follow-up to the previously 

reported successful critical angle mea- 

surements, measurements were made of 

changes in shear velocity on forty 

available irradiated specimens. A 

number of technique improvements were 

made, and repetitive measurements 

were averaged to enhance accuracy; 

but despite this, the possible error 

of as much as +0.2% remains rather 

high relative to the measured changes 

shown in the attached curves. The 

percentage change in velocity measured 

for a given specimen is shown as " X u %  

but it may actually be "X" +0.2%. A 

few measurements had 0% change, but 

due to the indicated error factor, 

the validity of these measurements is 

open to question. Two main sources 

of measurement error are: (1) diffi- 

culty in making exact dimensional mea- 

surements of the highly radioactive 

specimens, some of which were slightly 

damaged during de-encapsulation and 

subsequent handling, and (2) measure- 

ments made on 36 nonirradiated con- 

trol specimens that strongly indicate 

velocity variations of up to about 

0.13% existed in the specimens before 

irradiation. 

Despite the possible error, the 

trend of shear velocity change with 

radiation exposure shows clearly. Ve- 

locity change as a function of neu- 

tron fluence >1 MeV for the four ma- 

terials families are shown in Figures 

7.15-7.18. Specimens exposed at low 

temperatures ( ~ 3 5 0  OF) generally show, 

a greater decrease in velocity as ex- 

posure increases. Specimens irradi- 

ated at high temperatures (>610 OF) 

exhibit a reduced velocity increase 

as exposure increases, but in most 

cases--even at the highest exposure 

measured--the net effect is still a 

velocity increase relative to non- 

irradiated material. 

The rate of velocity change for 

the stainless steel family irradiated 

at low temperature is seen to exceed 

that of the carbon steel families. 

Note also that the high temperature 

irradiated stainless steel specimens 

have a greater net increase in veloc- 

ity than do the carbon steel 

specimens. 

Inflections in the curves for low- 

temperature irradiated carbon steel 

specimens occur at about 1.3 x 10 19 

nvt > 1 MeV. These specimens are 

unique in that they received two cy- 

cles of exposure instead of one; they 

were exposed in a region of the reac- 

tor where thermal to fast neutron 

ratio was about 15 to 1 versus 3 to 1 

for the groups irradiated to 1.0 x 

10" nvt > 1 MeV; and they are also 

the most recently exposed specimens 

by about six months. 

Although conclusions from these 

data would be premature; some possibil- 

ities are as follows: 
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FIGURE 7 . 1 7 .  Change  i n  S h e a r  
V e l o c i t y  f o r  I r r a d i a t e d  A 5 4 2 - I I  
C a r b o n  S t e e l  c u t  f r o m  T o p  o f  6  
i n .  P l a t e  

0 S i n c e  s h e a r  v e l o c i t y  changes  gen-  

e r a l l y  i n d i c a t e  changes  i n  t h e  

modulus of  r i g i d i t y ,  i t  would 

appea r  t h a t  a t  l e a s t  two p h y s i -  

c a l  damage mechanisms a r e  o c c u r -  

r i n g - - o n e  c a u s i n g  a n  a p p a r e n t  

s o f t e n i n g  and t h e  o t h e r  an  a p p a r -  

e n t  s t i f f e n i n g .  I r r a d i a t i o n  ex -  

p o s u r e  and t e m p e r a t u r e  h e l p  d e t e r -  

mine which i s  t h e  dominant  

mechanism. 

Lower-energy n e u t r o n s  appea r  t o  

p l a y  a  r o l e  i n  t h e  damage mecha- 

n i s m ( ~ )  e x p e r i e n c e d  d u r i n g  low 

t e m p e r a t u r e  e x p o s u r e .  

The measured changes  i n  s h e a r  

v e l o c i t y  do n o t  c o r r e l a t e  d i -  

~ ~ p o s u n  Ternprature ~ 6 1 8 ~  

- az 1 
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FIGURE 7 . 2 6 .  Change  i n  S h e a r  
V e l o c i t y  f o r  I r r a d i a t e d  A 3 0 2 B  
C a r b o n  S t e e l  c u t  f r o m  M i d d l e  
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FIGURE 7 . 1 8 .  Change  i n  S h e a r  
V e l o c i t y  f o r  I r r a d i a t e d  3 0 4  SS  

r e c t l y  w i t h  a  s h i f t  i n  t h e  b r i t t l e -  

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

c a u s e  t h e  304  SS specimens 

e x h i b i t e d  a  g r e a t e r  change t h a n  

d i d  t h e  ca rbon  s t e e l  spec imens .  

However, i t  i s  known t h a t  i r r a d i a -  

t i o n  does  n o t  deg rade  t h e  impact  

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

s t e e l  a s  i t  does  ca rbon  s t e e l s .  

E l e c t r o s t a t i c  T ransduce r  Development 

R .  W .  Smith 

Work i s  i n  p r o g r e s s  t o  deve lop  an  

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

need f o r  a  h i g h  t e m p e r a t u r e ,  b road -  

band t r a n s d u c e r .  A t e c h n i q u e  t h a t  

u s e s  a  l i q u i d  m e t a l  a s  t h e  c o u p l a n t  



and front electrode of the trans- 

ducer is being investigated. High- 

vacuum deposition equipment, capable 

of producing high quality dielectric 

layers, is also being readied for use 

in fabricating an electrostatic trans- 

ducer of a different design. 

The electrostatic or capacitive 

transducer used as a receiver is 

essentially a biased capacitor. A 

sound wave modulates the distance be- 

tween the capacitor plates and thus 

varies the capacitance. The capaci- 

tance change AC is 

where C is the quiescent transducer 

capacitance, and $ is the strain in 
the dielectric. 

Figure 7.19 shows a biasing ar- 

rangement. If the transducer capaci- 

tance C "Ci, and if 
R~ Ri c >>F 1 
RB + Ri 

(f is the frequency), then the sig- 

nal voltage developed, AV, is given 

by 

where V is the bias voltage. 

To the extent that the assump- 

tions above are valid: 

The signal voltage is proportional 

to the bias voltage, and the bias 

voltage is limited by the dielec- 

tric strength of the spacer be- 

tween the capacitor plates. 

For maximum signal the dielectric 

should have a low Youngs Modulus. 

An example of a good dielectric is 

a gas. 

I ,--- -- - , , , -; 
A m p l i f i e r  

FIGURE 7 . 1 9 .  B i a s i n g  A r r a n g e -  
men t  f o r  t h e  E Z e c t r o s t a t i c  
T r a n s d u c e r  

Providing that C >>C. is valid, 
1 

the amplitude of the signal vol- 

tage is independent of the quies 

cent capacitance. 

The low frequency limit for the 

electrostatic transducer is a func- 

tion of the amplifier input resis- 

tance R in. The input resistance can 

fall off as f-l, and the signal vol- 

tage will not be degraded. For a 

transducer capacitance of lOOpf and 

a low frequency cutoff of 1 kHz an 

input impedance of the order of 100 

M Q  would be required. 

No bias is used when the electro- 

static transducer is used as a trans- 

mitter. The capacitor plates attract 

each other with a force per unit area, 

p, given by: 

where E is the applied voltage. 

The sound transmitted should have a 

fundamental frequency that is twice 

the driving frequency if the driving 

voltage is sinusoidal. 



7 . 2 1  BNWL- 768 

A problem i n  f a b r i c a t i n g  t h e  r e c e i v e r ,  t h e  e l e c t r o s t a t i c  t r a n s -  

e l e c t r o s t a t i c  t r a n s d u c e r  i s  t h a t  t h e  duce r  ha s  good s e n s i t i v i t y  i n  t h e  1  

d i s t a n c e  between t h e  p l a t e s  must be t o  5  MHz r a n g e ;  no t e s t i n g  h a s  been 

v e r y  s m a l l  and c l o s e l y  c o n t r o l l e d .  done o u t s i d e  t h i s  r ange  a s  y e t .  The 

One f a b r i c a t i o n  t e c h n i q u e  u sed  t o  e l e c t r o s t a t i c  t r a n s d u c e r  a p p e a r s  t o  

minimize t h i s  problem i s  a  t h i n  d i -  be a  poor  t r a n s m i t t e r  because  w i t h  

e l e c t r i c  l a y e r  vacuum d e p o s i t e d  on a  b o t h  t r a n s d u c e r s  b e i n g  d r i v e n  by t h e  

me ta l  s p h e r e .  Thus,  t h e  backing  mem- same p u l s e r ,  t h e  s i g n a l  r e c e i v e d  from 

b e r  ( t h e  m e t a l  s p h e r e )  i s  a lways an e l e c t r o s t a t i c  t r a n s m i t t e r  ha s  been 

a l i g n e d  w i t h  t h e  f r o n t  e l e c t r o d e .  To more t h a n  4 0  db below t h e  s i g n a l  r e -  

make a  s e n s i t i v e  t r a n s d u c e r  i n  t h i s  c e i v e d  from a  PZT-5 t r a n s m i t t e r .  

manner,  t h e  d i e l e c t r i c  must be q u i t e  Thus f a r ,  t e s t s  t o  measure t r a n s -  

t h i n .  The p r e s s u r e  a t  t h e  p o i n t  o f  duce r  f r equency  r e sponse  have been 

c o n t a c t  i s  q u i t e  h i g h ;  c o n s e q u e n t l y ,  i n c o n c l u s i v e ,  p r i m a r i l y  because  o f  

t h e  d e l i c a t e  d i e l e c t r i c  l a y e r  b r e a k s  t h e  d i f f i c u l t y  i n  g e n e r a t i n g  e i t h e r  

down e a s i l y .  High-vacuum equipment a  c o n s t a n t  o r  a  known ampl i t ude  p r e s -  

c a p a b l e  o f  p roduc ing  h i g h  p u r i t y  s u r e  wave o v e r  s e v e r a l  decades  o f  

d i e l e c t r i c  l a y e r s  i s  now b e i n g  f r e q u e n c y .  I n  a d d i t i o n ,  t e s t  f i x -  

r e a d i e d  and may s o l v e  t h e  problem o f  t u r e s  a t  a u d i o  f r e q u e n c i e s  a r e  

t h e  d i e l e c t r i c  breakdown. n e c e s s a r i l y  l a r g e  t o  avo id  s t a n d i n g  

Another  approach  t o  t h e  a l i gnmen t  wave problems.  Three  t e s t  f i x t u r e s  

problem i s  t h e  u s e  of a  l i q u i d  m e t a l  were f a b r i c a t e d  t h a t  a i d  i n  t h e  

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

and t h e  t e s t  p i e c e .  S i n c e  t h e  l i q u i d  t h e  e l e c t r o s t a t i c  t r a n s d u c e r .  One 

me ta l  makes i n t i m a t e  c o n t a c t  w i t h  t h e  f i x t u r e  i s  a  s o l i d  b r a s s  c y l i n d e r ,  

d i e l e c t r i c  l a y e r ,  a  t h i c k e r ,  more 4 i n .  l o n g ,  by 1 i n .  diam, and t h e  

s t a b l e  d i e l e c t r i c  l a y e r  can  t h u s  be o t h e r s  a r e  ho l l ow  ny lon  c y l i n d e r s  

u s e d ,  and t h e  t r a n s d u c e r  can  be 

b i a s e d  a t  a  h i g h e r  v o l t a g e .  T h i s  con-  

c e p t  i s  now be ing  i n v e s t i g a t e d .  Two 

e l e c t r o s t a t i c  t r a n s d u c e r s  w i t h  mer- 

cu ry  t o  coup le  t o  t h e  t e s t  p i e c e  were 

f a b r i c a t e d  and t e s t e d ,  w i t h  t h e  mer- 

cu ry  column a l s o  s e r v i n g  a s  t h e  f r o n t  

e l e c t r o d e .  These t r a n s d u c e r s  were 

q u i t e  s e n s i t i v e  and c o u l d  e a s i l y  p i c k  

up s m a l l  sounds i n  t h e  room. When 

t h e y  were used  on an  a c o u s t i c  emis-  

s i o n  t e s t ,  however, t h e y  appea red  t o  

be p r i m a r i l y  s e n s i t i v e  t o  lower f r e -  

q u e n c i e s  i n  t h e  a u d i o  r ange .  The 

t e s t s  conducted  t h u s  f a r  have used  

ho ld ing  a  mercury column. The t r a n s -  

m i t t i n g  t r a n s d u c e r  i s  p l a c e d  a t  one 

end of  t h e  column and t h e  r e c e i v i n g  

t r a n s d u c e r  a t  t h e  o t h e r  end. The 

f i x t u r e s  f a c i l i t a t e  t h e  e v a l u a t i o n  

of d i e l e c t r i c  l a y e r s  f o r  f r e q u e n c i e s  

above s e v e r a l  hundred kHz. 
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METALLIC FUELS 

R .  D .  Legge t t  

The i n h e r e n t  h i g h  d e n s i t y ,  mechan- f i s s i o n  g a s  s w e l l i n g  would be expec -  

i c a l  s t r e n g t h ,  h igh  t he rma l  conduc-  t e d  t o  be  minimal  below abou t  800 O C  

t i v i t y ,  and low f a b r i c a t i o n  c o s t s  ( 0 . 5 3  o f  t h e  a b s o l u t e  m e l t i n g  tem- 

a s s o c i a t e d  w i t h  m e t a l l i c  f u e l s  corn- p e r a t u r e )  . Fur the rmore ,  t ho r ium 

b i n e  t o  make t h e  g o a l  o f  improving p o s s e s s e s  e x c e l l e n t  t he rma l  conduc-  

s w e l l i n g  r e s i s t a n c e  and c o r r o s i o n  r e -  t i v i t y  ( abou t  t w i c e  t h a t  o f  s t a i n -  

s i s t a n c e  of  f u e l  e l emen t s  wor thwh i l e .  l e s s  s t e e l ) .  Thus,  h igh  s p e c i f i c  

The M e t a l l i c  Fue l s  Program i s  corn- powers and s u r f a c e  h e a t  f l u x e s  can  

b i n i n g  t h e  fundamenta l  c o n c e p t s  ob-  be ach i eved  w i t h o u t  undue r e g a r d  

t a i n e d  from v a r i o u s  m e t a l l i c  f u e l  t h a t  t h e  f u e l  t e m p e r a t u r e s  w i l l  b e -  

r e s e a r c h  e f f o r t s  w i t h  t h e  knowledge come e x c e s s i v e .  The p r e s e n t  program 

g a i n e d  from t h e  a c t u a l  o p e r a t i n g  be -  i s  engaged i n  e v a l u a t i n g  t h e  s u i t -  

h a v i o r  of m e t a l l i c  f u e l s  t o  deve lop  a b i l i t y  of p r o t o t y p e  thor ium-uranium 

f u e l  e l emen t s  e x h i b i t i n g  s u p e r i o r  e l emen t s  under  power r e a c t o r  o p e r -  

i n - r e a c t o r  pe r fo rmance .  T h i s  p r o -  a t i n g  c o n d i t i o n s .  

gram i n c l u d e s  s t u d i e s  of  t ho r ium and 

uranium b a s e  a l l o y s  i r r a d i a t e d  a s  p r o -  I r r a d i a t i o n  T e s t i n g  

t o t y p e  f u e l  e l e m e n t s  i n  p r e s s u r i z e d  

h o t  w a t e r  l o o p s  a s  w e l l  a s  s t u d i e s  Three thorium-2.5 w t %  U(93.2 % 

of  c l a d  rods  i r r a d i a t e d  i n  temper-  2 3 5 ~ ) - l . ~  w t %  Zr t u b u l a r  f u e l  e l e -  

a t u r e - m o n i t o r e d ,  N a K - f i l l e d  c a p s u l e s .  ments  c l a d  i n  Z i r c a l o y - 2  a r e  unde r  

Both m a t e r i a l  p a r a m e t e r s  and f u e l  i r r a d i a t i o n  i n  t h e  P-7 loop  i n  t h e  

e lement  d e s i g n  pa rame te r s  a r e  b e i n g  ETR under  s i m u l a t e d  power r e a c t o r  

e v a l u a t e d .  c o n d i t i o n s .  The P-7  loop  i s  n o r -  

m a l l y  o p e r a t e d  a t  260 O C  and main-  

T H O R I U M  BASE ALLOYS t a i n e d  a t  pH 9-10 w i t h  L i O H .  Th ree  

R .  K .  M a r s h a l l ,  J .  W .  Goffard  o t h e r  f u e l  e l emen t s  i r r a d i a t e d  i n  

t h e  M-3 loop  a r e  b e i n g  s t o r e d  i n  t h e  

The u s e  of m e t a l l i c  t ho r ium a s  a  v iewing  b a s i n  a t  t h e  ETR s i t e .  

f e r t i l e  m a t e r i a l  i n  t h e  f u e l  of a  The c u r r e n t  s t a t u s  o f  t h e  s i x  

n u c l e a r  r e a c t o r  o f f e r s  t h e  advan-  

t a g e s  o f  long  l i f e  and h i g h  s p e c i f i c  

power o p e r a t i o n .  The i s o t r o p i c  c r y s -  

t a l  s t r u c t u r e  of  thor ium o b v i a t e s  

conce rn  ove r  i r r a d i a t i o n  "growth" o r  

"growth induced" s w e l l i n g  which a r e  

i m p o r t a n t  c o n s i d e r a t i o n s  f o r  a n i s o -  

t r o p i c  f u e l s  such  a s  uranium. The 

h i g h  m e l t i n g  p o i n t  (1750 OC) o f  

thor ium i s  a l s o  an  advan t age  because  

t e s t  e l emen t s  i s  summarized i n  Table  

8 . 1 .  The r e p o r t e d  f u e l  s w e l l i n g  

v a l u e s  v a r y  from - 0 . 5 %  t o  3 . 8 %  w i t h  

accumula ted  exposu re s  v a r y i n g  from 

2500 t o  20,300 MWd/T. The f u e l  v o l -  

ume i n c r e a s e s  a r e  o b t a i n e d  by weigh-  

i n g  t h e  f u e l  e l emen t s  i n  w a t e r  d u r -  

i n g  r e a c t o r  shutdowns.  The r a t e  of 

s w e l l i n g  i s  r ough ly  2 %  p e r  10 ,000  

MWd/T, which i s  s l i g h t l y  g r e a t e r  than  



TABLE 8 . 1 .  I r r a d i a t i o n  L a t a  o n  T h - 2 . 5  w t %  U- l  u t %  Zr F u e l  F l e m e n t s  

Burnup  
Max. 

P e r c e n t  S u r f a c e  C o r e  
F u e l  F i s s i o n s / c m 3  Temp, Temp, 

GLH-10 S w e l l i n g  
-- 

(blWd/T) - a t . %  "C " C  - 
65  ( a )  3 . 8  6 . 9  x l o z 0  2 . 3  295 445 

( 2 0 , 3 0 0 )  
64 ("1 2 . 2  4 . 8  x  l o z 0  1 . 6  285 405  

( 1 4 , 2 0 0 )  

71 ( a )  1 . 7  3 . 8  x l o z 0  1 . 3  295 465 
111 .2001  

S p e c i f i c  
P o w e r ,  
w/ g  

S u r f a c e  
H e a t  F l u x  Tllerma 
L I t u / h r / f t 2  C y c l e s t a )  

( a )  A t h e r m a l  c g c l e  i s  d e f i n e d  a s  a c h a n g e  f r o m  90 t o  1 0 0 :  o f  maxlrnim p o w e r  t o  0  t o  1 0 %  o f  r e a c t o r  p o w e r  
a n d  r e t i r n  t o  90 t o  1 0 0 ;  o f  r e a c t o r  p o v e r .  

( b )  T e m p e r a t u r e s ,  c o r r e c t e d  f o r  o x i d e  b u i l d u p ,  a n d  h e a t  g e n e r a t i o n  c o n d i t i o n s  d u r i n g  ETX C y c l e  9 3 .  

( c )  T e m p e r a t u r e s ,  n o t  c o r r e c t e d  f o r  o r i d e  b u i l d u p ,  a n d  h e a t  g e n e r a t i o n  c o n d i t i o n s  d u r i n g  ETX C y c l e  8 4  

t h e  v a l u e  c a l c u l a t e d  by c o n s i d e r i n g  and by a p p r o p r i a t e  a l l o y i n g  a d d i -  

t h e  c o n v e r s i o n  o f  t ho r ium-233  atoms t i o n s  t o  uranium t o  p roduce  i n -  

t o  more dense  uranium-233 atoms and c r e a s e d  s o l i d  s o l u t i o n  and  s econd  

t h e  c o n v e r s i o n  o f  uranium atoms t o  

l e s s  dense  f i s s i o n  p r o d u c t  a toms.  

The maximum exposu re  e l e m e n t ,  

GEH- 10 -65 ,  ha s  e x p e r i e n c e d  more t h a n  

814 e f f e c t i v e  days  of  i r r a d i a t i o n  a t  

maximum f u e l  t e m p e r a t u r e s  between 

350 and 600 " C  and h a s  undergone 

more t h a n  400 f u l l  power t h e r m a l  

c y c l e s .  There  i s  no ev idence  of 

warpage ,  bowing, o r  d i s t o r t i o n .  The 

t e m p e r a t u r e  h i s t o r y  and cumula t i ve  

s w e l l i n g  o f  t h e  maximum exposu re  

e lement  i s  shown i n  F igu re  8 . 1  a s  a  

f u n c t i o n  o f  e x p o s u r e .  

H I G H  E X P O S U R E  U R A N I U M  I R R A D I A T I O N  

T E S T  

R .  K .  M a r s h a l l  a n d  J .  W .  Weber 

I r r a d i a t i o n  s t u d i e s  have shown 

t h a t  uranium s w e l l i n g  can be reduced  

s i g n i f i c a n t l y  by e x t e r n a l  p r e s s u r e  

phase  i n t e r m e t a l l i c  p r e c i p i t a t e s .  

I t  h a s  a l s o  been obse rved  t h a t  unde r  

i r r a d i a t i o n ,  uranium t a k e s  on p l a s -  

t i c  c h a r a c t e r i s t i c s .  

A f u e l  e lement  i r r a d i a t i o n  t e s t  

h a s  been des igned  which c a p i t a l i z e s  

on t h e s e  known c h a r a c t e r i s t i c s .  The 

f u e l  spec imens ,  i n c o r p o r a t i n g  a  v o i d  

i n  t h e  c e n t e r  o f  t h e  uran ium,  a r e  

c o e x t r u s i o n  c l a d  w i t h  Z i r c a l o y - 2  

( Z r y - 2 ) .  The combined e f f e c t  o f  t h e  

uranium p l a s t i c i t y  and t h e  r e s t r a i n t s  

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

l o o p  w i l l  d i r e c t  t h e  uranium s w e l l i n g  

inward where i t  w i l l  be  accommodated 

by t h e  c e n t r a l  h o l e .  

The f u e l  specimens a r e  0.45 i n .  

OD by 6.25 i n .  long  i n c l u d i n g  end 

c a p s .  Two t h i c k n e s s e s  of  Zry-2 

c l a d d i n g ,  0.025 and 0.050 i n .  and 

t h r e e  uranium v o i d  volumes,  nomi- 

n a l l y  5 ,  10 and 2 0 % ,  a r e  combined 

i n  t h i s  t e s t .  Two uranium a l l o y s ,  
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0  5 , 0 0 0  1 0 , 0 0 0  1 5 , 0 0 0  2 0 , 0 0 0  2 5 , 0 0 0  
E x p o s u r e ,  M W d / t o n  

I I I I 

1 0 1 9  l o z 0  2 . 0  3 . 0  4 . 0  5 . 0  6 . 0  7 . 0  8 . 0  
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FIGURE 8.1. Swelling Behavior of Th-U-Zircazoy Fuel Element 
GEH-10-65 LiOH Demineralizer 
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M a x  C o r e  Temp C o r r e c t e d  
f o r  O x i d e  B u i l d u p  

I I I  ! I l l  
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U + 150 ppm Fe-100 ppm Si and U + Fabricat ion 

350 ppm Fe-800 ppm Al, are utilized 

in the study to establish the in- Fabrication of the Zry-2 fuel ele 

fluence of alloying additions on ments through coextrusion, drilling 

the performance of this type fuel of the central hole, and brazing and 

element. welding of the end caps has been 



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

p o r t s .  ( 1 9 2 )  P r e i r r a d i a t i o n  c h a r a c -  

t e r i z a t i o n  of t h e  e l emen t s  c o n s i s t s  

o f  d imens iona l  measurements of 

l e n g t h ,  d i a m e t e r  and warp,  and d e -  

t e r m i n a t i o n  of b u l k  f u e l - e l e m e n t  

d e n s i t y  by d ry  and submerged w e i g h t .  

Volume of  t h e  c e n t r a l  h o l e  i s  d e t e r -  

mined,  p r i o r  t o  b r a z i n g  i n  t h e  end 

c a p s ,  by measur ing  t h e  we igh t  o f  C C 1 4  

r e q u i r e d  t o  f i l l  t h e  h o l e .  E leven  

a d d i t i o n a l  f u e l  e l emen t s  have been 

f a b r i c a t e d  and s h i p p e d  t o  t h e  ETR t o  

r e p l a c e  some of  t h o s e  now unde r  

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

I r r a d i a t i o n  T e s t i n g  

The t e s t  was d e s i g n e d  f o r  i r r a d i a -  

t i o n  i n  t h e  ETR M-3 w a t e r  l o o p .  

T h i s  f a c i l i t y  o p e r a t e s  w i t h  a  w a t e r  

t e m p e r a t u r e  of 260 "C a t  2 ,000 p s i .  

The pH i s  c o n t r o l l e d  a t  9-10 by 

NH40H. The 6 .25  i n .  l ong  rods  a r e  

s u p p o r t e d  i n  an assembly c o n s i s t i n g  

o f  f o u r  c l u s t e r s  o f  6  rods  i n  hexa -  

g o n a l  a r r a y s .  

A t o t a l  o f  35 e l emen t s  have been 

i r r a d i a t e d  o v e r  a  p e r i o d  of 9  c y c l e s .  

The exposu re s  r ange  from a  maximum 

o f  5 .2  x  10" f i s s i o n s / c m 3  (8740 

MWd/T) t o  a  minimum of 0.45 x  10 2 0  

f i s s i o n s / c m 3  (743 MWd/T) . The maxi-  

mum f u e l  t e m p e r a t u r e s  range  from 

545 t o  360 "C. A t  t h e  end of  each  

i r r a d i a t i o n  c y c l e ,  t h e  e l emen t s  a r e  

removed from t h e  b a s k e t  and h o l d e r  

assembly  f o r  we igh t  measurements ,  

warp measurements ,  and v i s u a l  exami-  

n a t i o n  i n  t h e  ETR b a s i n .  

The we igh t  measurements  a r e  u sed  

t o  c a l c u l a t e  a  volume change i n  t h e  

rods  f o r  e ach  c y c l e  of i r r a d i a t i o n .  

During t h e  examina t i on  a t  t h e  end of  

Cycle  93 ,  t h e  24 e l emen t s  i r r a d i a t e d  

were measured f o r  d i ame te r  and 

l e n g t h  changes u s i n g  C- type  m i c r o -  

m e t e r s  l o c a t e d  i n  t h e  ETR c a n a l .  A 

check  o f  t h e  measur ing  sys tem u s i n g  

a  s t a i n l e s s  s t a n d a r d  showed t h a t  t h e  

e r r o r  of measurement s h o u l d  be l e s s  

t h a n  - 0 . 0 0 1  and +0.002 i n .  

P r e s e n t e d  i n  Tab l e  8.2 a r e  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 ,  t h e  accumu- 

l a t e d  exposu re ,  t h e  accumula ted  v o l -  

ume change ,  and t h e  s i n g l e  throw warp 

f o r  t h e  35 i r r a d i a t e d  rods  a s  of  t h e  

end of ETR c y c l e  93.  I n c l u d e d ,  a l s o ,  

i s  t h e  a l l o y  c o m p o s i t i o n ,  t h e  c l a d -  

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

t i o n  c e n t r a l  v o i d  volume o f  each  rod .  

F i g u r e s  8 .2  t h rough  8 . 6  show t h e  v o l -  

ume change a s  a  f u n c t i o n  o f  exposu re .  

Each f i g u r e  r e p r e s e n t s  a  s i n g l e  s e t  

o f  nominal v o i d  volume and c l a d d i n g  

t h i c k n e s s ,  w h i l e  each  c u r v e  r e p r e -  

s e n t s  t h e  volume change w i t h  p r o -  

g r e s s i v e  exposu re  on a  s i n g l e  f u e l  

e l e m e n t .  From t h e  f i r s t  i n t e r i m  v o l -  

ume change d a t a  p o i n t  o b t a i n e d ,  e ach  

e l emen t  has  shown and c o n t i n u e d  t o  

show a  volume d e c r e a s e .  The accumu- 

l a t e d  volume changes r ange  now from 

- 0 . 0 7  t o  - 3 . 6 4 % .  There were no s i g -  

n i f i c a n t  changes i n  t h e  t r e n d s  of 

t h e  c u r v e s  of  volume changes o v e r  

t h e  l a s t  c y c l e  of i r r a d i a t i o n .  E l e -  

ments  o f  bo th  c l a d d i n g  t h i c k n e s s e s  

i n  a l l  t h r e e  v o i d  volumes show t h a t  

t h e  volume d e c r e a s e  t e n d s  t o  s t o p  

and r e v e r s e  a f t e r  some amount of  e x -  

p o s u r e .  The c u r v e s  f o r  t h e  h i g h  

exposu re  e l emen t s  o f  0 .050 and 0.025 

i n .  Z i r c a l o y - 2  c l a d d i n g  w i t h  10 and 

20% i n i t i a l  v o i d  ( F i g u r e s  8 . 3 ,  8 . 4 ,  

8 .6  and 8 .7 )  e x t r a p o l a t e  t o  exposu re s  



T A B L E  8 . 2 .  i r r a d i a t i o n  Da ta  o n  H o l l o w  Core ,  M e t a l l i c  U r a n i u m  F u e l  L l e m e n t e  

Preirrad. 
Uranium Zry-2 Pemperatures Accumulated Single 
Void Claddin= Max. Volume T h r a v  Acrumulated 

Volume, 'lhicknes;, Core, Fuel Change, Warp, Exposure, 
8 in. 2 S u r f a c e ,  OC % ~ n .  MWd/ 1 .- 

( a )  A l l o y  C o m o o s i t i o n s :  

1 .  U  t 3 5 0  c p m  F e  + 800  ppm A1 
2 .  U + 1 5 0 ~ p m F e + 1 0 O p p m S i  
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FIGURE 8.2. 0.025 in. Zry-2 Nominal 5%  Preirradiation Void 
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- 0.050 In. Zr-2 
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FIGURE 8.6. 0.050 in. Zry-2 Nominal 10%  rei irradiation Void 



0.050 l n. Zr-2 
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FIGURE 8 . 7 .  0 . 0 5 0  i n .  Z r y - 2  N o m i n a l  2 0 %  P r e i r r a d i a t i o n  V o i d  



g r e a t e r  t h a n  10 ,000  MWd/T b e f o r e  t h e  R E F E R E N C E S  

e x t e r n a l  volumes a g a i n  r e a c h  t h e i r  

p r e i r r a d i a t i o n  volume. As r e p o r t e d  I .  F .  W .  A l b a u g h , S .  H .  Bush,  
J .  J .  C a d w e l l ,  D .  R.  d e  H a l a s ,  

i n  a  p r e v i o u s  q u a r t e r l y ,  ( 3 )  t h e  r e -  and D .  C .  W o r l t o n .  ~ u a r t e r l y  
v e r s a 1  of volume change i s  n o t  b e -  P r o q r e s s  R e p o r t .  J u l v .  A u q u s t ,  

S e p t e m b e r ,  1 9 6 6 ,  R e a c t o r  F u e l s  
l i e v e d  t o  be caused  by t h e  c o l l a p s e  and M a t e r i a l s  Branch o f  USAEC 

and f i l l i n g  of t h e  i n t e r n a l  v o i d s  a s  D i v i s i o n  o f  R e a c t o r  Deve lopment  
and T e c h n o l o g y ,  BNWL-CC-821. 

shown b y  p i c t u r e s  from n e u t r o n  P a c i f i c  N o r t h w e s t  L a b o r a t o r y ,  
r ad iog raphy .  R i c h l a n d ,  W a s h i n g t o n ,  December 

1 9 6 6 .  
I n  t h e  l a s t  q u a r t e r l y ( 4 )  i t  was 

r e p o r t e d  t h a t  t h e  maximum d i a m e t r i -  2 .  F .  W .  A lbaugh ,  S .  H .  Bush,  
J .  J .  C a d w e l l ,  D .  R.  de  H a l a s ,  

c a l  change was +0 .006  i n .  on Element and D .  C .  W o r l t o n .  ~ u a r t e r l y  
119.  Measurements on t h i s  e lement  P r o g r e s s  R e p o r t ,  O c t o b e r ,  

November,  December, 1966 ,  Reac-  
a f t e r  t h e  l a s t  c y c l e  f a i l e d  t o  show t o r  F u e l s  and M a t e r i a l s  Branch 
t h e  0.006 i n .  A D .  A t  t h e  end of  t h e  o f  U S A E C  D i v i s i o n  o f  R e a c t o r  

DeveZopment and T e c h n o l o g y ,  
c y c l e ,  t h e  A D  was abou t  0 .003  i n .  BNWL-CC-957. P a c i f i c  N o r t h w e s t  
Element 115 now has  t h e  maximum OD L a b o r a t o r y ,  ~ i c k l a n d ,  W a s h i n g t o n  

March 1 9 6 7 .  
i n c r e a s e  which i s  +0 .0035 i n .  I n  

g e n e r a l ,  t h e  measured d i a m e t e r s  3 .  F .  W .  A lbaugh ,  S .  H .  Bush,  
J .  J .  C a d w e l l ,  D .  R. de  Halas ,  showed l i t t l e  s i g n i f i c a n t  change i n  and D .  C .  W o r l t o n .  Q u a r t e r l y  

t h e i r  ave rage  compared t o  p r e i r r a d i -  P r o g r e s s  R e p o r t ,  JuZg,  A u g u s t ,  
S e p t e m b e r ,  1967 ,  R e a c t o r  F u e l s  

a t i o n  d i a m e t e r s .  and M a t e r i a l s  Branch o f  USAEC 
A micrometer  was p l a c e d  i n  t h e  D i v i s i o n  o f  R e a c t o r  Development  

and T e c h n o l o g y ,  BNWL-658. 
ETR c a n a l  t o  measure f u e l  r od  l e n g t h s .  P a c i f i c  N o r t h w e s t  L a b o r a t o r y ,  
The l e n g t h s  measured on a l l  r ods  R i c h l a n d ,  W a s h i n g t o n ,  February  

1 9 6 8 .  
i r r a d i a t e d  d u r i n g  Cycle 93 showed 

accumula ted  l e n g t h  changes from 4 .  F .  W .  A lbaugh ,  S .  H .  Bush,  
J .  J .  C a d w e l l ,  D .  R.  de  Halas ,  

- 0 . 0 3  t o  - 0 . 9 7 % .  S u f f i c i e n t  l e n g t h  and D .  C .  W o r l t o n .  Q u a r t e r l y  
d a t a  have n o t  been accumula ted  t o  e s -  P r o g r e s s  R e p o r t ,  O c t o b e r ,  

November,  December,  1 9 6 7 ,  
t a b l i s h  a  d i r e c t  c o r r e l a t i o n  of R e a c t o r  F u e l s  and M a t e r i a l s  
l e n g t h  change w i t h  volume change .  Branch o f  USAEC D i v i s i o n  o f  

R e a c t o r  Development  and T e c h -  
The e l emen t s  c o n t i n u e  t o  demon- n o l o g y ,  BNWL-668. P a c i f i c  

s t r a t e  e x c e l l e n t  b e h a v i o r ,  w i t h  no N o r t h w e s t  L a b o r a t o r y ,  R i c h l a n d ,  
W a s h i n g t o n ,  March 1968 .  

end i n  s i g h t ,  and t h e r e  a r e  no i n d i -  

c a t i o n s  t h a t  t h e s e  e l emen t s  w i l l  n o t  

c o n t i n u e  t h i s  per formance .  





B A S I C  S W E L L I N G  S T U D I E S  

R .  D .  L e g g e t t  

When f i s s i o n a b l e  m e t a l s  a r e  i r r a -  

d i a t e d ,  t h e  o r d e r e d  m e t a l l i c  s t r u c -  

t u r e  i s  p e r t u r b e d  i n  a  number o f  

ways. High energy  n e u t r o n s  and f i s -  

s i o n  f r agmen t s  c o l l i d e  w i t h  m e t a l  

a toms,  knocking them o u t  o f  t h e i r  

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

d e f e c t s ,  v a c a n c i e s ,  i n t e r s t i t i a l s ,  

d i s l o c a t i o n  l o o p s ,  e t c . ,  can  ad-  

v e r s e l y  a f f e c t  m e t a l l i c  p r o p e r t i e s .  

S i m i l a r l y ,  t h e  f i s s i o n  p r o d u c t s  gen -  

e r a t e d ,  some of which a r e  n o b l e  

g a s e s ,  may be i n c o m p a t i b l e  w i t h  t h e  

s t r u c t u r e  and s o  p r e c i p i t a t e  o r  

c o a l e s c e  a s  second  phase  i n c l u s i o n s  

o r  ga s  p o r e s .  Fu r the rmore ,  t h e  h i g h  

l o c a l i z e d  t e m p e r a t u r e s  a s s o c i a t e d  

w i t h  t h e  f i s s i o n  e v e n t  can cause  

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

a s  uranium t o  d r a s t i c a l l y  change 

shape  i n  acco rdance  w i t h  t h e  c r y s -  

t a l l o g r a p h y  of  t h e  spec imens .  

These e f f e c t s  and t h e i r  i n t e r a c -  

t i o n s  a r e  be ing  s t u d i e d  w i t h  r e g a r d  

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

v a r i a b l e s  such  a s  t h e  specimen tem- 

p e r a t u r e ,  burnup ,  burnup r a t e ,  and 

e x t e r n a l  p r e s s u r e ,  and w i t h  r e g a r d  

t o  t h e  i n f l u e n c e  of  m e t a l l u r g i c a l  

v a r i a b l e s  such  a s  compos i t i on ,  s t r u c -  

t u r e ,  and geomet ry .  The d a t a  t h u s  

f a r  o b t a i n e d  on t h i s  program have 

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

v ious  b e l i e f s ,  s w e l l i n g  a t  low 

burnup i n  a l p h a  uranium i s  due t o  

mechanica l  p r o c e s s e s  a s s o c i a t e d  w i t h  

t h e  i r r a d i a t i o n  "growth" phenomena 

and w i t h  f i s s i o n  e v e n t  induced  de -  

f e c t s  r a t h e r  t h a n  w i t h  t h e  agglomera-  

t i o n  and growth of f i s s i o n  g a s  

p o r e s .  T h i s  i s  m a n i f e s t e d  a s  a  maxi-  

mum i n  t h e  s w e l l i n g - t e m p e r a t u r e  

cu rve  i n  t h e  400 t o  600 O C  r ange .  

S w e l l i n g  c o n t i n u e s  t o  d e c r e a s e  above 

600 O C  up t o  about  700 O C .  Above 

700 "C, f i s s i o n  gas  s w e l l i n g  b e g i n s  

t o  o c c u r .  A few t e n t h s  of a  p e r -  

c e n t  a l l o y i n g  a d d i t i o n  o r  an a p p l i e d  

e x t e r n a l  p r e s s u r e  have been found  t o  

be e f f e c t i v e  i n  overcoming t h i s  

"mechanical"  t y p e  of  s w e l l i n g .  E f -  

f o r t s  a r e  c o n t i n u i n g  t o  b e t t e r  de-  

f i n e  t h e  b a s i c  mechanisms i n v o l v e d  

and t h e  i n t e r r e l a t i o n s h i p  between 

burnup ,  t e m p e r a t u r e ,  p r e s s u r e  and 

m e t a l l u r g i c a l  s t a t e .  Fundamental 

i n f o r m a t i o n  deve loped  by t h i s  p r o -  

gram w i l l  p r o v i d e  a  b a s i s  f o r  e n g i -  

n e e r i n g  e x p l o i t a t i o n  of t h e  many 

b e n e f i c i a l  a t t r i b u t e s  of  m e t a l  f u e l s  

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

I R R A D I A T I O N  P R O G R A M  

C .  R.  H a n n ,  R .  K .  M a r s h a l l  

Capsules  P-18 (825 O C ,  50 p s i ,  

01.-0.7 a t . %  BU) and P-11 (550 O C ,  

5000 p s i ,  0.2-0.8 a t . %  BU) were d i s -  

cha rged  a f t e r  s u c c e s s f u l l y  r e a c h i n g  

t h e i r  g o a l  e x p o s u r e s .  A tandem 

assembly  of t h r e e ,  c o n t r o l l e d  tem- 

p e r a t u r e - p r e s s u r e  c a p s u l e s  (P-12 ,  

P-13 ,  and P-17) w i l l  be  cha rged  d u r -  

i n g  t h e  n e x t  r e a c t o r  o u t a g e .  The 

s t a t u s  of c u r r e n t l y  a c t i v e  c a p s u l e s  

i s  i n d i c a t e d  i n  Tab l e  9 . 1  w i t h  s p e c i -  

men a r r angemen t s  d e s c r i b e d  i n  Tab l e s  

9 . 2 ,  9 . 3 ,  9 . 4 ,  9 . 5 ,  and 9 .6 .  



Capsule 
Numb er 

P-10 

Control 
Temp, "C  

TABLE 9 . 1 .  C a p s u l e  S t a t u s  

Control ~ o a l  (a) 
Pressure, psi BU, at. % Status 

5000 0.2 - 0.8 Under examination in 
Radiometallurgy 

5000 0.2 - 0.8 Discharged 

5000 0.2 - 0.8 Ready to charge 

5000 0.2 - 0.8 Ready to charge 

500 0.2 - 0.8 Discharged 

1000 0.2 - 0.8 Under examination in 
Radiometallurgy 

1000 0.35 - 0.7 Discharged 
5 0 0 0 0.2 - 1.5 Ready to charge 

5 0 0.1 - 0.7 Discharged 

5 0 0.2 - 1.5 Under construction 

5 0 0.2 - 1.5 Under construction 

(a) D i f f e r e n t  b u r n u p s  a r e  a c h i e v e d  i n  a  s i n g l e  c a p s u l e  by 
i n c l u d i n g  s p e c i m e n s  o f  v a r i o u s  e n r i c h m e n t s .  

TABLE 9 . 2 .  S p e c i m e n  Arrangement  i n  S w e l l i n g  C a p s u l e s  P - 1 0  t h r o u g h  P - 1 5  

Specimen Alloy Composition Heat 
Number Designation (Additions in ppm) Treatment (a) 23SU, % 

A- 1 E-2 U + 109 Fe-30 A1-36 Si-53 C AE 2.88 
A- 2 E-2 U + 109 Fe-30 A1-36 Si-53 C B  Q 2.88 

D-1 U+Fe-A1-Si U + 407 Fe-645 A1-95 Si-500 C AE 0.72 
D- 2 U+Fe-A1-Si U + 407 Fe-645 A1-95 Si-500 C B  Q 0.72 

E-1 W E B  U + 393 Fe-807 A1-32 Si-402 C AE 1.47 
E - 2 WEB U + 393 Fe-807Al-32 Si-402 C B  Q 1.47 
E - 1 E - 1 U + 98 Fe-11 A1-34 Si-56 C AE 1.44 
F-2 E -1 U + 98 Fe-11 A1-34 Si-56 C B Q 1.44 

(a) AE: A s - e x t r u d e d  
BQ: 7 3 0  OC-15 m i n - O i l  Q u e n c h  



TABLE 9 .  3 .  S p e c i m e n  A r r a n g e m e n t  i n  S w e l l i n g  C a p s u l e  P-16 

Specimen Alloy Composition Heat 
Number Designation (Additions in ppm) ~reatment (a) 2 3 5 ~ ,  % 

A- 1 E- 1 U + 98 Fe-11 A1-34 Si-56 C AE 1.44 

A- 2 E-1 U + 98 Fe-11 A1-34 Si-56 C BQ 1.44 

C- 1 U + Fe-Al-Si U + 407 Fe-645 A1-95 Si-500 C AE 0.72 

C- 2 U + Fe-Al-Si U + 407 Fe-645 A1-95 Si-500 C B Q 0.72 

D- 1 WEB U + 393 Fe-807 A1-32 Si-402 C AE 1.47 

D- 2 WEB U + 393 Fe-807 A1-32 Si-402 C B Q 1.47 

E- 1 U + Fe-Al-Si U + 407 Fe-645 A1-95 Si-400 C AE 0.72 

E-2 U + Fe-Al-Si U + 407 Fe-645 A1-95 Si-400 C B Q 0.72 

F-l WEB U + 393 Fe-807 A1-32 Si-402 C AE 1.47 

F- 2 WEB U + 393 Fe-807 A1-32 Si-402 C BQ 1.47 

(a) AE: A s - e x t r u d e d  
BQ: 730  OC-15 m i n - O i l  Q u e n c h  

TABLE 9 . 4 .  S p e c i m e n  A r r a n g e m e n t  i n  S w e l l i n g  C a p s u Z e s  P-17 a n d  P-18 

Specimen Alloy Compositions Metallurgical (a) 
Number Designation (Additions in ppm) Condition 235u, % 

A- 1 Th-5.4 wt% U Analysis incomplete A 9 3 
A- 2 E- 2 U + 109 Fe-30 A1-36 Si-53 C AE 2.88 

B-1 Th-1 wt% U Analysis incomplete 
B - 2 Th-1 wt% U Analysis incomplete 

D- 1 U + Fe-Si U +I40 Fe-25 A1-95 Si-400 C AE 
D-2 U + Fe-Al-Si U +407 Fe-645 A1-95 Si-500 C AE 

E - 1 E-1 
E-2 WEB 

F-1 Th-3.85 wt% U Analysis incomplete 
F-2 Th-3.85 wt% U Analysis incomplete 

( a )  A: E x t r u d e d  a n d  c o l d  swaged 
B :  Hot r o l l e d ,  c o l d  r o l l e d  and  c o l d  swaged  
C: 850  OC-2 hr-FC 
D: Hot r o l l e d  a n d  c o l d  swaged  

AE: A s - e x t r u d e d  
BQ-: 730  OC-15 m i n - O i l  Q u e n c h  

(b) RQ: In c a p s u l e  P - 1 8  



9.4 BNWL- 768 

TABLE 9 . 5 .  S p e c i m e n  A r r a n g e m e n t  i n  S w e l l i n g  C a p s u l e  P - 1 9  
Specimen A1 loy Compositions Metallurgical 
Number Designation (Additions in ppm) ~ o n d i  tion(a) 235u, % 

A- 1 Th-5.4 wt% U Analysis incomplete A 9 3 

A- 2 Th-5.4 wt% U Analysis incomplete C 9 3 

Th-1 wt% U Analysis incomplete 

Th-1 wt% U Analysis incomplete 

U + Fe-Al-Si U + 407 Fe-645 A1-95 Si-500 C 

U + Fe-Si U + 140 Fe-25 A1-95 Si-400 C 

Th-3.85 wt% U Analysis incomplete 

Th-3.85 wt% U Analysis incomplete 

Th-1 wt% U Analysis incomplete 

Th-1 wt% U Analysis incomplete 

U3Si (3.6 wt% Si) 

U3Si (4.0 wt% Si) 

(a) A: E x t r u d e d  a n d  c o l d  swaged 
B: Hot r o l l e d ,  c o l d  r o l l e d ,  and  c o l d  swaged  
C: 850  OC - 2 h r  - FC 
D: Hot r o l l e d  and  c o l d  swaged 
E: 800  OC f o r  s e v e r a l  d a y s  - FC 

AE: A s - e x t r u d e d  

TABLE 9 .  6 .  S p e c i m e n  A r r a n g e m e n t  i n  Swe l l i n g  C a p s u l e  P-20 

Specimen Alloy Compositions Metallurgical 
Number Designation (Additions in ppm) condition (a) 235u % 

A-1 Th-5.4 wt% U Analysis incomplete A 9 3 

A- 2 Th-5.4 wt% U Analysis incomplete C 9 3 
B- 1 E- 2 U + 109 Fe-30 A1-36 Si-53 C AE 2.88 

B- 2 E-2 U + 109 Fe-30 A1-36 Si-53 C B Q 2.88 

C-1 E- 1 U + 98 Fe-11 A1-34 Si-56 C AE 1.44 

C- 2 WEB U + 393 Fe-807 A1-32 Si402 C AE 1.47 

D- 1 Th-3.85 wt% U Analysis incomplete D 9 3 

D- 2 Th-3.85 wt% U Analysis incomplete C 9 3 

E-1 Th-lwt%U Analysis incomplete B 9 3 

E-2 Th-1 wt% U Analysis incomplete C 9 3 

F-1 U 3  Si (3.6 wt% Si) E 0.72 

F-2 U3 Si (4.0 wt% Si) E 0.72 

(a) A: ~ x t r u d e d  a n d  c o l d  swaged 
B: Hot r o l l e d ,  c o l d  r o l l e d ,  and  c o l d  swaged  
C: 850  O C  - 2  h r  - FC 
D: Hot r o l l e d  and  c o l d  swaged  
E: 8 0 0  OC f o r  s e v e r a l  d a y s  - F C  

AE: A s - e x t r u d e d  
BQ: 7 3 0  OC - 1 5  m i n - 0 i Z  Q u e n c h  



S e v e r a l  c a p s u l e s  l i s t e d  i n  Tab l e  

9 . 1  c o n t a i n  n i c k e l ,  i r o n ,  molybdenum 

and rhenium f o i l s ;  molybdenum and 

rhenium l e n g t h  change r o d s ;  and molyb- 

deunum and i r o n  t e n s i l e  rods  f o r  t h e  

pu rposes  of a n o t h e r  program. 

The above i r r a d i a t i o n  c a p s u l e s  

w i l l  p r o v i d e  d a t a  needed  t o  e v a l u a t e  

t h e  e f f e c t s  of t e m p e r a t u r e  ( a l p h a ,  

b e t a ,  and gamma phase  i n  uranium 

b a s e  a l l o y s ) ,  p r e s s u r e ,  burnup ,  bu rn -  

up r a t e ,  and minor  a l l o y i n g  a d d i t i v e s  

on t h e  i r r a d i a t i o n  b e h a v i o r  of  u r a n -  

ium and thor ium-uranium a l l o y s .  

POSTIRRADIATION EXAMINATION - 

C .  R .  Hann, B .  Mastel 

The i r r a d i a t i o n  h i s t o r y  and mea- 

s u r e d  s w e l l i n g  were p r e v i o u s l y  r e -  

po r t ed (1 )  f o r  spec imens  r ecove red  

from c a p s u l e  P-10 (450 "C, 5000 p s i ,  

0.2-0.8 a t .  % BU) . The m e t a l l u r g i c a l  

h i s t o r i e s  and compos i t i ons  o f  t h e  

spec imens  a r e  summarized i n  Tab l e  9 . 2 .  

I r r a d i a t i o n  t e m p e r a t u r e s  ranged  from 

405 t o  460 "C w h i l e  e s t i m a t e d  burnups  

r anged  from 0.22 t o  0 .82  a t . % .  The 

burnup range  was a c h i e v e d  w i t h  sam- 

p l e s  o f  d i f f e r e n t  en r i chmen t .  A l l  

specimens were i d e n t i c a l  i n  geomet ry ,  

i . e . ,  a  s p l i t  t u b e  1 /2  i n .  OD x 0.030 

i n .  w a l l  w i t h  l e n g t h s  v a r y i n g  from 

3 /8  t o  5 /8  i n .  

O p t i c a l  m ic rog raphs  of  specimen 

P-10-C1 a r e  shown i n  F igu re  9 . 1 .  

The s m a l l  equ i axed  g r a i n s  o f  t h e  p r e -  

i r r a d i a t i o n  m i c r o s t r u c t u r e  have been 

d i s t o r t e d  by i r r a d i a t i o n  growth  p r o -  

c e s s e s ,  b u t  t h e  l a r g e  g r a i n  boundary 

t e a r s ,  o c c u r r i n g  i n  uranium i r r a d i -  

a t e d  a t  lower p r e s s u r e s  t o  comparable  

burnups  i n  t h e  400 t o  525 "C tempera-  

t u r e  r a n g e ,  a r e  n o t  p r e s e n t .  

E l e c t r o n  micrographs  o b t a i n e d  

from n e g a t i v e  r e p l i c a s  a r e  d e p i c t e d  

i n  F i g u r e s  9 . 2 ,  9 . 3 ,  and 9 . 4 .  I n d i -  

v i d u a l  g r a i n s  a r e  d i s c e r n i b l e  and 

h e t e r o g e n e o u s l y  d i s t r i b u t e d  p o r o s i t y  

i s  a p p a r e n t .  A few t e a r s  o c c u r ,  b u t  

most o f  t h e  p o r o s i t y  a p p e a r s  a s  

s p h e r i c a l - s h a p e d  v o i d s .  I t  i s  n o t  

known a t  t h i s  t ime  whether  t h e  s p h e r -  

i c a l  v o i d s  a r e  f i l l e d  w i t h  g a s  o r  

a r e  mere ly  s m a l l  t e a r s .  

R e p r e s e n t a t i v e  o p t i c a l  micrographs  

o f  specimen P-10-A1 a r e  shown i n  

F i g u r e  9 .5 .  Comparison of  F i g u r e  

9 . 5  w i t h  F igu re  9 . 1  r e v e a l s  t h e  p r o -  

nounced e f f e c t  of a  f a c t o r - o f - f o u r  

d i f f e r e n c e  i n  burnup.  No g r a i n  

s t r u c t u r e  i s  a p p a r e n t  i n  F igu re  9 . 5 ,  

and t h e  b l a c k  a r e a s  a r e  m i c r o t e a r s  

which a r e  r e s o l v e d  i n  t h e  e l e c t r o n  

mic rog raphs  of  F i g u r e s  9 .6 ,  9 . 7 ,  and 

9 .8 .  I n  c o n t r a s t  t o  P-10-C1, most 

o f  t h e  p o r o s i t y  i n  P-10-A1 appea r s  

a s  s m a l l  t e a r s ,  w i t h  ve ry  few g r a i n  

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

i n  p o r o s i t y  c o u l d  be caused  by s u b t l e  

t e m p e r a t u r e  e f f e c t s  e i t h e r  d u r i n g  

i r r a d i a t i o n  o r  d u r i n g  r e a c t o r  down- 

t i m e s .  P-10-C1 o p e r a t e d  a t  450 "C 

( r e a c t o r  up) and 300 "C ( r e a c t o r  

down) w h i l e  P-10-A1 o p e r a t e d  a t  425 

t o  430 "C ( r e a c t o r  up) and 205 t o  

210 " C  ( r e a c t o r  down). A d d i t i o n a l  

me ta l l og raphy  on a  specimen a t  an i n -  

t e r m e d i a t e  burnup (0 .43  a t .  % )  might  

r e s o l v e  t h i s  p o i n t .  High p r e s s u r e  

a n n e a l i n g  a t  5000 p s i  might  a l s o  e s -  

t a b l i s h  whether  f i s s i o n  gas  s w e l l i n g  

o r  t e a r  s i n t e r i n g  i s  o c c u r r i n g .  

Q u a n t i t a t i v e  measurements w i l l  be 

made t o  de t e rmine  t h e  s i z e - f r e q u e n c y  

r e l a t i o n s h i p  o f  t h e  p o r o s i t y  and i t s  

c o n t r i b u t i o n  t o  t h e  t o t a l  volume i n -  

c r e a s e .  A p a p e r  e n t i t l e d  " F i s s i o n  



A paper entitled "Fission Gas 

Pores in Postirradiation Annealed 

Uranium" was presented on Feb- 

ruary 26-29, 1968 at the 97th 

Annual Meeting of the AIME in New 

York City. 

E t c h e d  ( I o n  B o m b a r d m e n t )  

200X E 4 8 4 9  

E t c h e d  ( I o n  B o m b a r d m e n t )  

FIGURE 9 . 1 .  H i g h  P u r i t y  U r a n i u m  S p e c i m e n  P-10-C1 I r r a d i a t e d  a t  4 5 0  OC 
a n d  5 0 0 0  p s i  t o  0 . 2 2  a t . %  BU ( A V / V  = 2 . 5 )  



F I G U R E  9 . 2 .  H i g h  P u r i t y  U r a n i u m  S p e c i m e n  P - 1 0 - C I  I r r a d i a t e d  a t  4 5 0  OC 
a n d  5 0 0 0  p s i  t o  0 . 2 2  a t .  % B U  ( % A V / V  = 2 . 5 )  



FIGURE 9 . 3 .  Same A r e a  a s  F i g u r e  9 . 2  



5 9 9 9 C  1 4 ,  O O O X  

FIGURE 9 . 4 .  Same Area a s  F igure s  9 . 2  
and 9 . 3  



E t c h e d  ( I o n  B o m b a r d m e n t )  

200X E 4 8 5 5  

E t c h e d  ( I o n  B o m b a r d m e n t )  

FIGURE 9 . 5 .  ~ i g k  P u r i t y  U r a n i u m  S p e c i m e n  P-10-A1 I r r a d i a t e d  a t  4 2 5 -  
4 3 0  O C  a n d  5 0 0 0  p s i  t o  0 . 8 2  a t .  % BU ( % A V / V  = 4 . 4 )  



FIGURE 9.6. High Purity Uranium Specimen P-10-A1 ~rradiated 
at 425-430 OC and 5000 psi to 0.82 at.% BU (%AV/V = 4.4) 



FIGURE 9 .  7 .  Same Area a s  F i g u r e  9 .  6 



FIGURE 9 . 8 .  Same  A r e a  a s  F i g u r e s  9 . 6  
a n d  9 . 7  



HIGH PRESSURE, POSTIRRADIATION 

ANNEAL1 N G  

G .  L .  K u l c i n s k i  

The pu rposes  o f  t h i s  s t u d y  a r e  t o  

de t e rmine  t h e  e f f e c t  o f  h y d r o s t a t i c  

p r e s s u r e  on: 1 )  t h e  f i s s i o n  g a s  i n -  

duced s w e l l i n g  i n  uran ium,  2) t h e  

h e a l i n g  of i r r a d i a t i o n  produced  

m i c r o t e a r s  i n  i r r a d i a t e d  uran ium,  

and 3)  t h e  d i f f u s i o n  o f  f i s s i o n  

g a s e s  i n  uran ium and  Z i r c a l o y - 2  

c l a d d i n g .  

F i s s i o n  Gas S w e l l i n g  i n  Gamma 

Uranium 

A p a p e r  e n t i t l e d  " F i s s i o n  Gas 

Induced  S w e l l i n g  i n  Uranium a t  High 

Tempera tures  and P r e s s u r e s "  was p r e -  

s e n t e d  a t  t h e  9 7 t h  Annual Meet ing o f  

t h e  AIME h e l d  on Feb rua ry  26-29 ,  

1968 i n  New York C i t y .  

As i n d i c a t e d  i n  t h e  p r e v i o u s  

q u a r t e r l y ,  d e n s i t y  measurements 

have been r e p e a t e d  on s e v e r a l  sam- 

p l e s  t h a t  were con t amina t ed  by an 

ox ide  s u r f a c e  l a y e r  a f t e r  t h e  cap -  

s u l e  u n l o a d i n g  (Tab l e  9 . 7 ) .  I n  a l l  

t h e  c a s e s  of  t h e  low-carbon  h i g h -  

p u r i t y  m a t e r i a l ,  t h e  s w e l l i n g  was 

d r a s t i c a l l y  r educed  a f t e r  900 "C 

h i g h  p r e s s u r e  a n n e a l s .  T h i s  r e s u l t  

i s  s i m i l a r  t o  t h a t  r e p o r t e d  e a r -  

l i e r ( 2 )  f o r  samples  t h a t  had  

s w e l l e d  because  o f  p u l s e  a n n e a l s  t o  

600 "C a f t e r  i r r a d i a t i o n .  T h e r e f o r e ,  

t h e  r e v e r s i b i l i t y  o f  s w e l l i n g  i n  

uranium does  n o t  seem t o  depend on 

t h e  a s - i r r a d i a t e d  s t a t e ,  a s  w e l l  a s  

t h o s e  which had been a n n e a l e d  unde r  

p r e s s u r e  (Table  9.8)  . 
The sample PlA16-3, h e a t e d  t o  

600 " C  f o r  1 / 2  h r  a f t e r  a  900 "C-100 

h r -340  b a r  a n n e a l ,  showed e s s e n t i a l l y  

no f u r t h e r  i n c r e a s e  i n  s w e l l i n g  

a f t e r  t h e  h i g h  p r e s s u r e  a n n e a l ,  

which i s  s i g n i f i c a n t  because  t h i s  

v e r y  same sample had  undergone 11% 

s w e l l i n g  when o r i g i n a l l y  h e a t e d  t o  

600 "C f o r  5  h r .  M e t a l l o g r a p h i c  e x -  

a m i n a t i o n  a f t e r  t h e  f i r s t  vacuum 

a n n e a l  showed t h a t  most o f  t h e  bub-  

b l e s  were found  on t h e  b o u n d a r i e s  of  

t h e  newly r e c r y s t a l l i z e d  g r a i n s .  

S i n c e  h i g h  t e m p e r a t u r e  a n n e a l s  i n  

t h e  gamma phase  s h o u l d  remove t h e  

s t r a i n  i n  t h e  l a t t i c e  caused  by i r r a -  

d i a t i o n  a t  a  low t e m p e r a t u r e ,  one 

would n o t  e x p e c t  subsequen t  a n n e a l -  

i n g  i n  t h e  h i g h  a l p h a  r e g i o n  t o  p r o -  

mote r e c r y s t a l l i z a t i o n .  T h e r e f o r e ,  

i t  a p p e a r s  t h a t  600 " C  i s  n o t  a  h i g h  

enough t e m p e r a t u r e  t o  cause  f i s s i o n  

gas  s w e l l i n g  i n  t h e  absence  of  a  

d r i v i n g  f o r c e  f o r  bubble  c o a l e s c e n c e ,  

such  a s  r e c r y s t a l l i z a t i o n .  

The r e s u l t s  o f  vacuum a n n e a l i n g  

a s - i r r a d i a t e d  specimens (1A4, 1A5) 

a t  900 " C  f o r  100 h r  show t h a t  v o l -  

ume i n c r e a s e s  on t h e  o r d e r  of  31 t o  

32% o c c u r .  This  a g r e e s  f a i r l y  w e l l  

w i t h  p r e v i o u s l y  r e p o r t e d  d a t a  f o r  

0 .41% burnup m a t e r i a l  a n n e a l e d  a t  

880 " C  f o r  100 h r .  ( 3 )  The s w e l l i n g  

i n  t h e  l a t t e r  c a s e  was 2 9 % .  A sam- 

p l e  hav ing  undergone a  p r e v i o u s  h i g h  

whether  t h e  sample h a s  s w e l l e d  d u r -  t e m p e r a t u r e - p r e s s u r e  a n n e a l  (PB3) 

i n g  i r r a d i a t i o n  o r  a s  a  r e s u l t  of a  s w e l l e d  app rox ima te ly  t h e  same a s  t h e  

p o s t i r r a d i a t i o n  a n n e a l .  a s - i r r a d i a t e d  samples  d u r i n g  900 " C  

S e v e r a l  vacuum a n n e a l s  were p e r -  vacuum a n n e a l i n g .  T h i s  i n d i c a t e d  

formed t h i s  q u a r t e r  on samples  i n  



TABLE 9 . 7 .  D e n s i t y  M e a s u r e m e n t s  and  R V a l u e s  o f  S a m p l e s  S u b j e c t e d  t o  P o s t i r r a d i a t i o n  P r e s s u r e  AnneaZing  a t  900 O C  

A f t e r  I r r a d i a t i o n  a t  E Z e v a t e d  T e m p e r a t u r e s  and P r e s s u r e s  

D e n s i t y  g/cm3 ,(a) 
A f t e r  A f t e r  

A n n e a l i n g  Burnup ,  A f t e r  P r e s s .  A f t e r  P r e s s .  
Sample  No. I r r a d i a t i o n  C o n d i t i o n  P r e s s .  B a r s  I r r a d .  T e s t  - I r r a d .  T e s t  

T I 2  575  o c  - 1 0 0 0  p s i ( b )  1000  0 . 1 5  1 8 . 1 5  ( d l  32 . . 
T 2 2  575 O C  - 1000 p s l ( ~ )  1000  0 . 1 5  1 6 . 8 7  1 8 . 9 0  8  5  4 

a  i% A V / V  ) / %  B u r n u p .  
[ b l  High c a g b o n ,  h i g h  p u r i t y  u r a n i u m .  
( c )  Low c a r b o n ,  h i g h  p u r i t y  u r a n i u m .  
( d )  D e s t r o y e d  d u r i n g  m e a s u r e m e n t .  

Sample  No. 

TABLE 9 . 8 .  S w e l l i n g  I n d u c e d  i n  0 . 3 7 %  Burnup Uran ium a s  a  
R e s u l t  o f  P o s t i r r a d i a t i o n  Vacuum A n n e a l i n g  

T i m e ,  
h r 

Dens i t y ,  
g/cm3 

a  i% AV/V I % Burnup .  
i b i  A f t e r  s e c 6 e s s i v e  a n n e a l s  a t  600 O C ,  5 h r  i n  a  vacuum and  900 ' C  f o r  1 0 0  h r  u n d e r  

340 b a r s  p r e s s u r e .  
(c)  A f t e r  900 O C ,  100 h r ,  340 b a r  a n n e a l .  
(d) A f t e r  s u c c e s s i v e  a n n e a l s  a t  600 O C  f o r  1 / 2  h r  i n  vacuum,  and 900 O C  f o r  100 h r  

u n d e r  1000  S a r s  p r e s s u r e .  

t h a t  f i s s i o n  g a s  s w e l l i n g  i s  e s s e n -  

t i a l l y  a  r e v e r s i b l e  phenomena a t  

s u f f i c i e n t l y  h i g h  t e m p e r a t u r e s .  

The r e s u l t s  o f  a  1082 O C  a n n e a l  

f o r  3  h r  showed t h a t  b o t h  samples  i n  

t h e  a s - i r r a d i a t e d  c a s e ,  a s  w e l l  a s  

samples  t h a t  had  undergone a  p r e -  

v i o u s  340 b a r  a n n e a l ,  s w e l l  about  t h e  

same amount (a45 t o  4 6 % ) .  A  sample 

t h a t  had shown r e v e r s i b l e  s w e l l i n g  

p r e v i o u s l y  (PlA14-2) d i s p l a y e d  a  53% 

volume i n c r e a s e  a t  1082 O C  f o r  1 / 2  

h r .  S ince  t h e  sample i s  s o  porous  

a t  t h i s  p o i n t ,  t h e  accu racy  of  t h e  

d e n s i t y  measurements i s  q u e s t i o n a b l e ,  

and i t  i s  n o t  c e r t a i n  t h a t  t h i s  sam- 

p l e  showed any i n c r e a s e d  s w e l l i n g ,  

a s  compared t o  t h e  o t h e r  samples  

(1A6, 1A7, and PC3) a n n e a l e d  a t  

1082 " C  f o r  3  h r .  

A  c o m p i l a t i o n  of  d a t a  o b t a i n e d  

t h u s  f a r  i s  shown g r a p h i c a l l y  i n  

F i g u r e  9 . 9 ,  where t h e  p e r c e n t a g e  

volume i n c r e a s e  found a s  a  r e s u l t  o f  

100 h r  900 O C  a n n e a l s  i s  p l o t t e d  

v e r s u s  t h e  a n n e a l i n g  p r e s s u r e .  Of 
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FIGURE 9.9. Effect of Hydrostatic 
Pressure on Fission Gas Induced 
Swe l Zing in Irradiated Uranium 



p a r t i c u l a r  impor tance  i s  t h e  e x -  Re fe r ences  

t reme s e n s i t i v i t y  o f  t h e  s w e l l i n g  t o  

p r e s s u r e s  below ~ 1 0 0  b a r s  and t h e  2 .  J .  J .  Cadwel l ,  D .  R. de ~ a l a s ,  

g e n e r a l  l e v e l i n g  o u t  o f  t h e  curve  by R. E .  f l i g h t i n g a l e  and D .  C .  
W o r l t o n .  Q u a r t e r l y  P r o g r e s s  

~ 3 0 0  b a r s .  The d o t t e d  l i n e  r e p r e -  R e p o r t ,  J u l y ,  A u g u s t ,  ~ e p t e m b e r ,  

s e n t s  t h e  c o n t r i b u t i o n  t o  be ex -  1967,  R e a c t o r  F u e l s  and M a t e r i a l s  
Branch o f  USAEC D i v i s i o n  o f  

p e c t e d  from t h e  s o l i d  f i s s i o n  p r o -  R e a c t o r  Development  and Techno-  

d u c t s .  The i n s e r t s  show t h e  m i c r o -  Zogy, BNWL-658. p a c i f i c  N o r t h -  
w e s t  L a b o r a t o r y ,  ~ i c h l a n d ,  

s t r u c t u r e s  o f  t h e  samples  a f t e r  W a s h i n g t o n ,  February 1968 .  

vacuum and 340 -ba r  a n n e a l s .  Whereas 

c o n s i d e r a b l e  c o a l e s c e n c e  and r a t h e r  

l a r g e  bubb le  s i z e  (5 t o  1 0  p i n  

d i a m e t e r )  i s  n o t e d  i n  t h e  vacuum 

annea l ed  sample ,  t h e  s t r u c t u r e  a f t e r  

a  340 b a r  a n n e a l  shows no o b s e r v a b l e  

bubb le s  a t  a  m a g n i f i c a t i o n  o f  250X. 

The f i n e  background o f  b l a c k  s p o t s  

J .  J .  Cadwel l ,  D .  R. de  Halas ,  
R. E .  N i g h t i n g a l e  and D .  C .  
W o r l t o n .  Q u a r t e r l y  P r o g r e s s  
R e p o r t ,  O c t o b e r ,  November, 
December, 1967,  R e a c t o r  Fue 2s 
and M a t e r i a l s  Branch o f  USAEC 
D i v i s i o n  o f  R e a c t o r  Development  
and T e c h n o l o g y ,  BNWL-668. 
P a c i f i c  Nor thwes t  L a b o r a t o r y ,  
R i c h l a n d ,  W a s h i n g t o n ,  March 2 968.  

i s  caused  by an i n c r e a s e d  amount of  3 .  T .  K. B i e r l e i n .  B .  M a s t e l .  and 

second phase  p r e c i p i t a t i o n .  R. O b s e r v a t i o n s  D .  ~ e ~ ~ e t t . -  o f  ~ e t a l l o g r i p h i c  S w e l l i n g  i n  

Meta l l og raphy  o f  t h e  p r e s s u r e  Uranium, HW-63848, USAEC, 

annea l ed  samples  i s  c o n t i n u i n g .  R i c h l a n d ,  Wash ing ton ,  1960 .  





BNWL- 768 

ATR GAS AND WATER LOOP OPERATION AND MAINTENANCE 

J. E. M i n o r  

ATR GAS LOOP SUPPORT 

J.  E .  M i n o r  

Gas-Cooled-LOOD D e s i ~ n  Review 

The d e s i g n  of  t h e  lower  specimen 

t r a i n  p o r t i o n  of  t h e  Gas Cooled Loop 

(GCL) i n p i l e  t u b e  h a s  been unde r  r e -  

view.  The d e s i g n  of  t h e  specimen 

c o n t a i n e r s  r e q u i r e d  t h a t  t h e  o r i g i n a l  

hange r - rod  d e s i g n  be changed t o  a  

p l a t e - t y p e  hange r .  Vendor r e sponse  

t o  t h e  i n c o r p o r a t i o n  o f  t h e s e  changes 

i n t o  t h e  e x i s t i n g  i n p i l e  t u b e  o r d e r  

i n d i c a t e d  t h a t  a d d i t i o n a l  d e s i g n  

e f f o r t  s h o u l d  b e  made. Such an  e f -  

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

and t h u s  o b t a i n  a  workable  assembly 

a t  a  more r e a s o n a b l e  c o s t .  The de-  

s i g n  change was m o d i f i e d  a s  n e c e s s a r y  

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

lower specimen t r a i n  p r e s e n t  i n  t h e  

o r i g i n a l  o r d e r .  The p o r t i o n s  r e q u i r -  

i n g  r e d e s i g n  w i l l  be p rocu red  s e p a -  

r a t e l y  by BNW on a  procurement  

d i r e c t i v e  t o  AEC-RLO.  An e s t i m a t e  t o  

per form t h i s  work i s  c u r r e n t l y  b e i n g  

p r e p a r e d  f o r  s u b m i t t a l  t o  AEC-ID. 

A l l  c o g n i z a n t  a g e n c i e s  have ag reed  

t o  t h e  f i n a l  d r a f t  o f  t h e  HSW Clean  

Room and Q u a l i t y  C o n t r o l  P rocedu re s .  

Because of  t h e  change i n  GCL f und ing ,  

t h e  c l e a n  rooms t h a t  have been con-  

s t r u c t e d  w i l l  p robab ly  be u sed  f o r  

component s t o r a g e .  

Analyses  o f  t h e  GCL Loop pr imary  

and r e g e n e r a t i o n  h e a t  exchangers  

were per formed and r e p o r t e d  by Idaho 

Nuc lea r  C o r p o r a t i o n .  T h e i r  r e s u l t s  

i n d i c a t e  t h a t  f l ow- induced  v i b r a t i o n s  

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

a m p l i t u d e  and f r equency  t h a t  no v i b r a -  

t i o n  d i f f i c u l t y  i s  expec t ed .  

Vendor Data Review 

Vendor d a t a  reviewed i n c l u d e  sub -  

m i t t a l s  from m a n u f a c t u r e r s  of  t h e  

p r imary  c i r c u l a t o r s ,  p u r i f i c a t i o n  

t r a i n ,  h e a t  exchanger  and m i s c e l l a -  

neous s m a l l e r  equipment .  The d a t a  

have  been g e n e r a l l y  a c c e p t a b l e .  The 

h e a t  exchanger  manufac tu re r  ha s  sub -  

m i t t e d  r e v i s i o n s  t o  h i s  weld ing  p r o -  

c e d u r e s  t o  pe rmi t  u s e  of r e c e n t l y  

p r o c u r e d  a u t o m a t i c  weld ing  equipment .  

P r e s e n t l y ,  t h e  on ly  a r e a  i n  q u e s t i o n  

i s  h i s  p r o p o s a l  t o  make a l l  t h e  t u b e -  

t o - t u b e  s h e e t  welds  w i t h o u t  f i l l e r  

m e t a l .  He was r e q u e s t e d  t o  submi t  

chemica l  a n a l y s e s  f o r  t h e  a c t u a l  com- 

ponen t s  t o  be welded f o r  e v a l u a t i o n  

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

a c c e p t a b l e  welds by t h i s  means c o u l d  

be  de t e rmined .  The r e s u l t s  o f  t h i s  

e v a l u a t i o n  s h o u l d  be a v a i l a b l e  w i t h i n  

a  few weeks. One i t e m ,  conce rn ing  

weld ing  i n  t h e  a n a l y t i c a l  p a n e l ,  r e -  

q u i r e s  some RGD e f f o r t  p r i o r  t o  p r e p -  

a r a t i o n  of  a  recommendation. Sample 

components a r e  e n r o u t e  t o  PNL f o r  

development  o f  an  a c c e p t a b l e  method 

f o r  j o i n i n g  303 SS t o  3 0 4 .  

Meet ings  

On J a n u a r y  1 0 ,  A . M . ,  a  mee t ing  was 

h e l d  w i t h  INC, AEC-ID, and BNW a t  t h e  



Oxygen h e a t e d  t o  540 O F ,  and c i r c u l a t e d  a t  

Time pH 0 60 gpm. Before  t h e  l o o p  was h e a t e d ,  

19:54 10 .16  8 - 7 5  t h e  oxygen was r educed  from 8 ppm t o  

22:08 - - Yellow Water - -  4.25 ppm by d e g a s s i n g  f o r  a  few 

h o u r s .  A s i d e  f l ow  of 1 . 5  gpm was 

The l o o p  was c o o l e d  down and t h e  t e s t  f l owing  t h r o u g h  t h e  p u r i f i c a t i o n  i o n  

was t e r m i n a t e d .  The y e l l o w  w a t e r  exchange r s .  The f o l l o w i n g  r e s u l t s  

sample ,  i n d i c a t i n g  ch roma te ,  was 

q u a l i t a t i v e l y  a n a l y z e d ,  and chromium 

was v e r i f i e d  and e s t i m a t e d  a t  abou t  

10 ppm. A t r a c e  of  i r o n  was found 

and e s t i m a t e d  a t  1 ppm. N icke l  was 

n o t  found and sodium showed abou t  

0 . 1  ppm. At f i r s t  i t  was b e l i e v e d  

t h a t  sodium d i ch roma te  i n h i b i t e d  HDW 

( h i g h - p r e s s u r e  d e m i n e r a l i z e d  w a t e r ,  

240 p s i g )  l e a k e d  i n t o  t h e  l o o p  

because  HDW i s  used  t o  c o o l  t h e  s h e l l  

s i d e  o f  t h e  t h r e e  h e a t  exchangers  and 

t h e  t h r e e  p r imary  c i r c u l a t i o n  pumps. 

However, because  t h e  l o o p  was a t  

2000 p s i g ,  no makeup w a t e r  had been 

added ,  and t h e  l e a k  r a t e  was s m a l l ,  

t h e  p o s s i b i l i t y  o f  HDW l e a k a g e  was 

d i s c o u n t e d .  I n v e s t i g a t i o n  r e v e a l e d  

were  r e c o r d e d :  

Oxygen 
Time pH (pprn) Date  

The sys tem was degas sed  a f t e r  09:OO 

and  t h e  oxygen c o n t e n t  was reduced  

a s  shown. P r i o r  t o  t h a t  t i m e ,  

l i t t l e  change i n  pH o r  oxygen con-  

c e n t r a t i o n  was n o t e d .  

Another  s i m i l a r  t e s t  i s  p l anned  

w i t h  t h e  r e a c t o r  a t  abou t  100 MW t o  

s e e  what e f f e c t  n e u t r o n s  have  on t h e  

oxygen l e v e l .  

t h a t  s i m i l a r  y e l l o w  w a t e r  i n c i d e n t s  A t i l t  t a b l e  and work t r a y  were 

have  been s e e n  i n  o t h e r  l o o p s  when s h i p p e d  from Rich l and  t o  t h e  ATR. 

e x c e s s  oxygen was i n  t h e  w a t e r .  I t  The 3  by 5 f t  t r a y  and 24 f t  l ong  

i s  now b e l i e v e d  t h a t  chromate  was t i l t  t a b l e  w i l l  soon be i n s t a l l e d  

formed from t h e  s t a i n l e s s  s t e e l  i n  t h e  ATR c a n a l  and w i l l  be  used  t o  

p i p i n g  i n  t h e  l o o p ,  t h e  chemica l  a s semble  and d i s a s s e m b l e  l o o p  sample 

r e a c t i o n s  b e i n g  i n  two s t e p s :  t r a i n s .  

Spa re  p a r t s  t h a t  have  been  o r d e r e d  

2Cr + 3H20 - -  Cr203 + 3H 
2  

(1 )  a r e  b e i n g  d e l i v e r e d  t o  t h e  NRTS s i t e .  

Such p a r t s ,  which w i l l  h e l p  i n s u r e  
2Cr203 + 3 0 2  + 4 H 2 0  - -  4H2Cr04 ( 2 )  c o n t i n u o u s  o p e r a t i o n  o f  t h e  ATR p r e s -  

s u r i z e d  w a t e r  l o o p ,  i n c l u d e  s p a r e  

Chromic a c i d  was formed which i o n i z e d  t he rmocoup le s ,  g a s k e t s ,  v a l v e s ,  pack-  

t o  g i v e  f r e e  chromate  i o n  and t h e  i n g ,  diaphragms and r e l a t e d  i t e m s .  

y e l l o w  c o l o r e d  w a t e r .  

L a t e r ,  a  f o u r t h  w a t e r  c h e m i s t r y  

t e s t  was run  w i t h  t h e  l o o p  f i l l e d  

w i t h  LDW, p r e s s u r i z e d  t o  2000 p s i g ,  



REACTOR FUELS AND M A T E R I A L S  

FAST REACTOR DOSIMETRY AND DAMAGE A N A L Y S I S  

R. E .  N i g h t i n g a l e  

FAST-REACTOR NEUTRON SPECTRA AND F O I L -  

A C T I V A T I O N  CROSS SECTION EVALUATION*  

W .  N.  M c E l r o y ,  J .  L .  J a c k s o n ,  a n d  

J .  A.  U l s e t h  

The SAND-I1 code( ' )  ha s  been u sed  

t o  c a l c u l a t e  n e u t r o n  s p e c t r a  from 

m u l t i p l e - f o i l  a c t i v a t i o n  d a t a  f o r  an 

EBR-I1 low-power ( ~ 2 0  kW) r e a c t o r  r u n .  

The r e a c t i o n s  u t i l i z e d  were 6 3 ~ u ( n , y ) .  

L / A 1  (n ,  a ) .  D i f f e r e n t  combina t ions  o f  

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

s p e c t r a l  app rox ima t ions  were used  t o  

de t e rmine  s i x  s o l u t i o n s  t o  t e s t  t h e  

un iquenes s  of  t h e  i t e r a t i v e  s o l u t i o n .  

The r e s u l t s  f o r  t h e  n e u t r o n  i n t e g r a l  

f l u x  above seven  s p e c i f i e d  energy  

v a l u e s  a r e  p r e s e n t e d  i n  Tab l e  11.1. 

The v a r i a t i o n  i n  i n t e g r a l  f l u x  

v a l u e s  f o r  t h e  s i x  s o l u t i o n s  g i v e n  i n  

Tab l e  11.1 i s  r a t h e r  s m a l l ,  which 

shows t h a t  t h e  m u l t i p l e - f o i l  t e c h n i -  

que i s  w e l l  s u i t e d  f o r  f a s t - r e a c t o r  

f l u x  and f  l u e n c e  measurements .  The 

u n c e r t a i n t i e s  i n  f o i l  r e a c t i o n  c r o s s  

s e c t i o n s  and t h e  dependence of t h e  

i t e r a t i v e  s o l u t i o n  on t h e  i n p u t  s p e c -  

t r a l  app rox ima t ion  do n o t  appea r  t o  

i n t r o d u c e  u n c e r t a i n t i e s  o f  more t h a n  

abou t  + l o %  (one s t a n d a r d  d e v i a t i o n )  

i n  i n t e g r a l  f l u x  v a l u e s .  

* The c r o s s  s e c t i o n  e v a l u a t i o n  s t u d i e s  
a r e  funded i n  p a r t  u n d e r  t h e  A E C  
S p e c i a l  S t u d i e s  A c c o u n t .  

I n  a  p r e v i o u s  r e p o r t ,  t h e  a p p l i -  

c a t i o n  of  t h e  m u l t i p l e - f o i l  a c t i v a -  

t i o n  method t o  e v a l u a t i o n  of t h e  

d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  t h e  
5 4  ~ e  ( n , p )  5 4 ~ n  r e a c t i o n  was d i s c u s s e d .  

The method i n v o l v e s  i r r a d i a t i n g  i d e n -  

t i c a l  f o i l s  i n  each  of  "m" d i f f e r e n t  

n e u t r o n  env i ronmen t s ,  de t e rmin ing  

t h e  co r r e spond ing  v a l u e s  o f  s a t u r a t e d  

a c t i v i t i e s ,  and t h e n  s o l v i n g  a  s e t  o f  

a c t i v a t i o n  i n t e g r a l  e q u a t i o n s  f o r  t h e  

magnitude and shape  o f  t h e  d i f f e r e n -  

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

P r e l i m i n a r y  r e s u l t s  have a l s o  been 

o b t a i n e d  f o r  t h e  d i f f e r e n t i a l  c r o s s  

s e c t i o n  of  t h e  2 7 ~ 1  ( n , a )  2 4 ~ a  r e a c t i o n ,  

and t h e y  a r e  p r e s e n t e d  i n  F igu re  11.1 

and t a b u l a t e d  i n  Table  1 1 . 2 .  The 

shaded  a r e a  i n  t h e  f i g u r e  r e p r e s e n t s  

t h e  enve lope  of  s o l u t i o n s  f o r  t h e  

CAND-I1 (Cross  - S e c t i o n  A n a l y s i s  - by 

Neutron D e t e c t o r s  - I 1  code)  based  on - - 
a l l  t h e  i n i t i a l  app rox ima t ions  l i s t e d  

i n  t h e  f i g u r e  l egend .  The r e s u l t s  

a r e  d e r i v e d  from t h e  u s e  of  a  t o t a l  

of 11 r e f e r e n c e  s p e c t r a .  Because 

t h r e e  of  t h e  s p e c t r a  u sed  a r e  ve ry  

s i m i l a r ,  t h e  r e s u l t s  shown i n  F igu re  

11.1 a r e  i n  e f f e c t  ba sed  on n i n e  s p e c -  

t r a .  The most r e a s o n a b l e  s o l u t i o n  

s h o u l d  be from t h e  i n i t i a l  approxima- 

t i o n  r e p r e s e n t i n g  a  b e s t  f i t  t h rough  

a l l  a v a i l a b l e  d i f f e r e n t i a l  d a t a .  The 

CAND-I1 s o l u t i o n  based  on t h i s  b e s t -  

f i t  i n p u t  i s  i d e n t i f i e d  by t h e  s o l i d  

cu rve  i n  t h e  f i g u r e .  Most of t h e  

monoenerge t ic  d i f f e r e n t i a l  c r o s s  s e c -  



TABLE 11.1. SAND-11 I n t e g r a l  F l u x  C o m p a r i s o n  EBR-11  Low Power  ( 2 0  kWl RUN #I 
( C o r e  C e n t e r  - Row I, R e a c t o r  M i d p l a n e )  

No. o f  
SAKD- I  I I t e r a t i o n s  - A b s o l u t e  V a l u e  o f  I n t e g r a l  F l u x  ( n / c m 2 - s e c )  Above S p e c i f i e d  E n e r g i e s  (MeV) 

I n p u t  F o i l s  t o  A c h i e v e  
Run S p e c t r a l  Used  2 0 %  D i f f .  

# A p p r o x i m a t i o n  ( T o t a l  o f  8) S o l u t i o n  in - l o - z  0 . 1 8  0 . 5  1 - 3  __ 5  

1 C o n s t a n t  ? 10" A l l  1 5  1 . 2 2 8  x  1 0 1 2  1 . 2 1 3  x  1 0 1 2  1 . 0 3 7  x  1 0 1 2  7 . 4 9 4  x  1011 3 . 6 1 3  x  1011 6 . 3 9 2  x  1 0 1 °  1 . 8 9 8  x  1 0 ~ '  

E Form ~ 1 0 . '  

3  M o n t e ~ a r l o ( ~ )  A l l  

4 T r a n s p o r t  A1 1 

5  T r a n s p o r t  2 3 5 ~  O u t  11 1 . 3 0 4  x  lo1 '  1 . 2 9 7  x  10'' 1 . 0 6 8  x  1 0 1 2  6 . 6 7 7  x  1 0 1 1  3 . 1 5 9  x  1011 6 . 5 0 0  x  1 0 1 °  1 . 7 5 0  x  1 0 1 °  

6  T r a n s p o r t  (j3Cu, 4 5 ~ c  1 1 . 0 8 6  x  1 0 1 2  1 . 0 8 4  x  lo1' 0 . 8 5 4  x  1 0 1 2  5 . 3 4 7  x  1 0 1 1  3 . 0 3 0  x  1011 6 . 4 6 5  x  1 0 1 °  1 . 5 9 3  x  lo1 '  
O u t  

A v e r a g e  V a l u e  o f  RUNS 2  T h r o u g h  6") 1 . 1 6  x  l o 1 '  1 . 1 5  x  lo1' 0 . 9 1 1  x  1 0 1 2  5 .  77 x  1 0 1 1  3 . 0 1  x  1 0 1 1  6 . 3 7  x  1 0 1 °  1 . 7 6  x  1 0 1 °  

S t a n d a r d  D e v ~ a t i o n ' ~ )  + 0 . 0 9  x  1 0 1 2  i 0 . 0 9  x  1 0 1 2  t 0 . 1 0  x  1 0 1 2  1 0 . 5 3  x  1011 i 0 . 1 3  x  1 0 1 1  5 0 . 1 4  x  1 0 1 °  5 0 . 1 5  x  1 0 1 °  

- - 

( a )  P r i v a t e  c o m m u n i c a t i o n  f rom F. K i r n ,  A N L - I d a h o .  

( b )  P r i v a t e  c o m m u n i c a t i o n  f rom J .  M o t e f f ,  GE. 

(c) T h e  S A N D - 1 1  r u n  w i t h  t h e  c o n s t a n t  f l u x  u s e d  a s  i n p u t  w a s  n o t  e s p e c t e d  t o  b e  a s  r e l i a b l e  a s  t h e  o t h e r  r u n s  a n d  was  n o t  
i n c l u d e d  i n  t h e  a v e r a g e  - -  RUN #I was  u s e d  m a i n l y  t o  e s t a b l i s h  t h e  a d e q u a c ~  o f  t h e  f o i l  s e t  i n  p r c v i d i n g  a  u n i q u e  s o l u t i o n .  

( d l  T h i s  s tandar7d  d e v i a t i o n  i s  a  r e f l e c t i o n  o f  e r r o r s  r e s k l t i n g  f r o m  u s i n g  d i f f e r e n t  i n p u t  s p e c t r a l  a p p r o s i m a t i o n s ,  d i f f e r e n t  
f o i l  s e t s ,  a n d  o s c l u t i o n  c r i t e r i o n  o f  20% w h i c h  r e f l e c t s  t h e  e r r o r s  a s s o c i a t e a  w i t h  t h e  m e a s u r e m e n t  o f  t h e  f o i l  a c t i v i t i e s  



0 
E x p e r i m e n t a l  M e a s u r e m e n t s  T a k e n  
F r o m  R e f e r e n c e  3 I 

C A N D - I 1  2 n d  I t e r a t i o n  S o l u t i o n  

----- C u r r e n t  BNL 3 2 5  E v a l u a t i o n ,  
R e f e r e n c e  3 

E n v e l o p e  o f  S o l u t i o n s  B a s e d  o n  t h e  
F o l l o w i n g  I n p u t  F o r m s :  A C o n s t a n t ;  
A T r a p e z o i d ;  A  S t r a i g h t  L i n e ;  A  
S t r a i g h t  L i n e  p l u s  a  C o n s t a n t ;  One 
o f  M o r e  B e s t  F i t  ( T o  E x i s t i n g  
D i f f e r e n t i a l  D a t a )  C u r v e s  

N e u t r o n  E n e r g y ,  MeV 

FIGURE I I .  I .  C A N D - 1 1  S o l u t i o n  f o r  2 7 ~ ~  ( n ,  a )  24Na 
R e a c t i o n  Cross  S e c t i o n  



t i o n  measurements r e p o r t e d  i n  t h e  

l i t e r a t u r e ,  a s  w e l l  a s  t h e  c u r r e n t  

BNL-325 e v a l u a t e d  c r o s s  s e c t i o n  

c u r v e ,  a r e  a l s o  shown i n  F i g u r e  

l l . l . ( 3 , 4 )  

The s o l u t i o n  enve lope  broadens  

a t  h i g h e r  e n e r g i e s ,  ( F i g u r e  1 1 . 1 ) .  

T h i s  i n d i c a t e s  lower  r e l i a b i l i t y  

f o r  t h e  d i f f e r e n t i a l  s o l u t i o n  w i t h  

i n c r e a s i n g  ene rgy  and i s  a s s o c i a t e d  

w i t h  t h e  l a c k  o f  h i g h - e n e r g y  neu-  

t r o n s ,  and l a c k  of  adequa t e  d i f f e -  

r e n c e s  among t h e  11 r e f e r e n c e  s p e c -  

t r a .  Although t h e  CAND-I1 s o l u t i o n  

based  on t h e  b e s t - f i t  i n p u t  shou ld  

be t h e  b e s t  e v a l u a t i o n ,  i t  i s  on ly  

app rox ima te ly  c o r r e c t  i n  d i f f e r e n -  

t i a l  form. N e v e r t h e l e s s ,  t h e  i t e r a -  

t i v e  p r o c e s s  does  a d j u s t  t h e  i n p u t  

d i f f e r e n t i a l  form and magni tude  s o  

a s  t o  produce  c o n s i s t e n c y  w i t h  t h e  

i n t e g r a l  a c t i v i t y  measurements - -  a 

n e c e s s a r y  c o n d i t i o n  t h a t  i s  n o t  c u r -  

r e n t l y  s a t i s f i e d  f o r  most c r o s s -  

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

Re fe r ence  3 .  

C a l c u l a t e d  v a l u e s  o f  f i s s i o n -  
- f  ave raged  c r o s s  s e c t i o n  (a  ) based  on 

t h e  d a t a  i n  T a b l e  1 1 . 2  f o r  f o u r  

forms o f  t h e  f i s s i o n  spec t rum a r e  

p r e s e n t e d  i n  Tab l e  1 1 . 3 . "  Z i j p  ha s  

p r o v i d e d  a  summary of  p r e v i o u s l y  r e -  

p o r t e d  v a l u e s  o f  o f  f o r  2 7 ~ l ( n , a )  

2 4 ~ a .  The v a l u e s  range  from 0.44 

t o  0.85 mb and a r e  ba sed  on d i r e c t  

i n t e g r a l  measurements  i n  d i f f e r e n t  

t y p e s  o f  n e u t r o n  envi ronments  and /o r  

on c a l c u l a t i o n s  u s i n g  v a r i o u s  e v a l u -  

a t e d  d i f f e r e n t i a l  c r o s s  s e c t i o n  

c u r v e s  and one of t h e  f o u r  forms of  

t h e  f i s s i o n  spec t rum.  Fabry h a s  r e -  

* G r u n d l ' s  5 0 - g r o u p  t a b u l a t e d  d a t a  
w e r e  u s e d  f o r  t h e  f i f t h  s p e c i f i e d  
f o r m .  

c e n t l y  r e p o r t e d  measured a b s o l u t e  

v a l u e s  of  f i s s i o n - a v e r a g e d  c r o s s  

TABLE 1 1 . 2 .  2 7 ~ ~  ( n ,  a )  2 4 ~ a  E v a l u a t e d  
D i f f e r e n t i a l  C r o s s  S e c t i o n s  

Neutron 
Energy ,  MeV 

4 .6  
4 .8  
5.0 
5 .2  
5 . 4  
5.6 
5 . 8  
6 .0  
6 .2  
6 .4  
6 . 6  
6 .8  
7.0 
7 .1  
7.2 
7.3 
7.4 
7 .5  
7.6 
7 .7  
7.8 
7 .9  
8.0 
8 . 1  
8 . 2  
8 . 3  
8 . 4  
8 . 5  
9.0 
9 .5  

10 .0  
1 0 . 5  
11 .0  
1 2  . o  
13 .0  
14 .0  
15  . o  
1 6 . 0  
17 .0  
18 .0  

Cross  S e c t i o n ,  b 

( a )  A s s i g n e  

s e c t i o n s  f o r  2 7 ~ l ( n , a ) 2 4 ~ a  and o t h e r  

r e a c t i o n s .  (6)  

F a b r y ' s  v a l u e s  p r o v i d e  a  s e l f  

c o n s i s t e n t  s e t  which a r e ,  p e r h a p s ,  



s e c t i o n  and t h e  SAND-I1 form o f  t h e  

TABLE 1 1 . 3 .  Ca l e u  Zated F i s s i o n -  
Averaged Cross  S e c t i o n s  f o r  2 7 ~ l I n ,  a l  
2 4 ~ a  

F i s s i o n -  
Averaged 

Cross  

f  S e c t  i o n ,  
@ (E) - F i s s i o n  Form mb ( a )  

Watt 

Frye  

Cranberg 

SAND-11 ( b )  

Grundle Mul t i g roup  
F luxes  0.76") 

f i s s i o n  spec t rum a g r e e s  w e l l  w i t h  

F a b r y ' s  v a l u e  of  0.78 and G r u n d l ' s  

v a l u e  of 0 .76 mb. C u r r e n t  ASTM 

p r o c e d u r e s  f o r  measur ing  n e u t r o n  

f l u x  by a c t i v a t i o n   detector^'^) r e -  

commend a  v a l u e  of 0 .60 mb f o r  2 7 ~ 1  

( n , u )  and z i j p ( ' )  recommends a  

v a l u e  of  0 .61  mb. These v a l u e s  a r e  

i n  s e r i o u s  d i s ag reemen t  w i t h  t h e  

i n t e g r a l  r e s u l t s  de t e rmined  by 

Fabry ,  Grundl ,  and t h e  SAND-I1 - 

CAND-I1 codes .  

To e s t a b l i s h  c o n s i s t e n c y  between 

t h e  more r e c e n t  d i f f e r e n t i a l  and i n -  

t e g r a l  c r o s s - s e c t i o n  d a t a  f o r  t h e  

2 7 ~ l ( n , a ) 2 4 ~ a  r e a c t i o n ,  i t  i s  n e c e s -  

s a r y  t o  u s e  t h e  SAND-I1 ( o r  Grundl)  

form of  t h e  f i s s i o n  spec t rum.  T h i s  
(b )  T h i s  form was d e r i v e d  w i t h  S A N D -  

11 u s i n a  a  s e l e c t e d  c o m b i n a t i o n  immedia te ly  r a i s e s  t h e  p o s s i b i l i t y  
Fabr; ' S  and G r u n d z  I s  measured  t h a t  t h e  f i s s i o n  spec t rum r e p r e s e n t a -  

v a l u e s  o f  s a t u r a t e d  a c t i v i t i e s .  
t i o n s  by t h e  Wat t ,  F rye ,  and Cranberg 

( c )  Using GrundZ ' s  group f l u x e s  and 
group-averaged  c r o s s  s e c t i o n s  forms a r e  i n c o r r e c t .  A m u l t i p l e -  
based on a  Cranberg w e i g h t i n g ,  f o i l  a c t i v a t i o n  t e s t  i n  a  s l i g h t l y  
R e f e r e n c e  9 .  

degraded  f i s s i o n  spec t rum i s  b e i n g  

t h e  most a c c u r a t e  a v a i l a b l e .  H i s  

a b s o l u t e  r e s u l t s  a r e  p r e s e n t e d  i n  

Table  1 1 . 4 .  The r e l a t i v e  r e s u l t s  

r e p o r t e d  by B r e s e s t i ,  Grundl ,  and 

Boldeman a r e  a l s o  shown i n  Tab l e  

1 1 . 4 .  These l a t t e r  v a l u e s ,  e x c e p t  

f o r  G r u n d l ' s ,  have been  r e n o r m a l i z e d  

t o  a g r e e  w i t h  F a b r y ' s  a b s o l u t e  r e -  

s u l t s .  [Because o f  t h e  l a r g e  e r r o r  

b a r  on F a b r y ' s  2 3 5 ~ ( n , f )  r e s u l t ,  

Grund l ' s  r e s u l t s  were n o t  

r e n o r m a l i z e d . ]  

For t h e  7 ~ 1  (n ,  a )  r e a c t i o n ,  t h e  

c a l c u l a t e d  v a l u e  of  f i s s i o n -  

averaged  c r o s s  s e c t i o n  based  on t h e  

CAND-I1 e v a l u a t e d  d i f f e r e n t i a l  c r o s s  

p l anned  t o  i n v e s t i g a t e  t h i s  p o s s i b i -  

l i t y  f u r t h e r  and t o  o b t a i n  a d d i t i o n a l  

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

e v a l u a t i o n  of  t h e  c r o s s  s e c t i o n  f o r  

t h e  2 7 ~ l ( n , a )  and o t h e r  r e a c t i o n s  of 

i n t e r e s t  f o r  f a s t - r e a c t o r  d o s i m e t r y .  

P O I N T - D E F E C T  C A L C U L A T I O N S :  

E F F E C T  O F  I N T E R A T O M I C  P O T E N T I A L  

T Y P E  A N D  R A N G E  

A. D e P i n o ,  J r .  

These c a l c u l a t i o n s  have t h e  g o a l  

o f  i n c r e a s i n g  c o n f i d e n c e  i n  d e f e c t  

c o n f i g u r a t i o n  energy  c a l c u l a t i o n s  us  - 

i n g  computer s i m u l a t i o n  t e c h n i q u e s .  

The l i t e r a t u r e  c o n t a i n s  c a l c u l a t i o n s  

ba sed  on a  v a r i e t y  of  t y p e s  and 
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T A B L E  1 2 . 4 .  Summary o f  ~ e a s u r e d  V a l u e s  o f  F i s s i o n  Averaged  C r o s s  s e c t i o n s  l a )  

R e a c t i o n  Fabry B r e s e s t i  (8 Grundl  ('I Boldeman (10)  

( a )  Measured i n  2 3 5 ~  c o n v e r t e r  a s s e m b l i e s .  

(b)  V a l u e  assumed f o r  n o r m a l i z a t i o n  o f  o t h e r  r e s u l t s .  

( c )  P r i v a t e  c o m m u n i c a t i o n  t o  W .  N .  McEZroy, March 1968 .  

(d)  R e a c t i o n  c r o s s  s e c t i o n  f o r  t o t a l  p r o d u c t i o n  o f  5 8 ~ o .  

r anges  o f  t h e  assumed i n t e r a t o m i c  

p o t e n t i a l .  Determining  t h e  r e l a t i v e  

s e n s i t i v i t y  o f  v a r i o u s  d e f e c t  con -  

f i g u r a t i o n  e n e r g i e s  t o  a s sumpt ions  

abou t  t h e  p o t e n t i a l  s h o u l d  l e a d  t o  

more c o n f i d e n c e  i n  t h e  t e c h n i q u e .  

I n  t h i s  work,  Morse p o t e n t i a l s ,  

m o d i f i e d  t o  l i m i t  t h e  r ange  t o  e i t h e r  

t h i r d  o r  f o u r t h  n e a r e s t  n e i g h b o r  , 

a toms,  a r e  b e i n g  u s e d .  Sohm (11)  de -  

t e rmined  t h e s e  p o t e n t i a l s  f o r  a  num- 

b e r  o f  m e t a l s .  The p o t e n t i a l s  h e l p  

f i l l  t h e  gap between t h e  p u r e  r e p u l -  

s i v e  (Born-Mayer) and l ong - r ange  

(Morse) p o t e n t i a l s .  The Born-Mayer 

and Morse p o t e n t i a l s  ( F i g u r e  1 1 . 2 )  

have been t h e  most e x t e n s i v e l y  used  

i n  p u b l i s h e d  work. 

The t h i r d  n e i g h b o r  m o d i f i e d  Morse 

p o t e n t i a l  was u sed  i n  t h e  i n i t i a l  

c a l c u l a t i o n s  c a r r i e d  o u t  f o r  c o p p e r - -  

t h e  s u b j e c t  o f  much t h e o r e t i c a l  and 

e x p e r i m e n t a l  work. F ive  e q u i l i -  

br ium i n t e r s t i t i a l  c o n f i g u r a t i o n s  

have been examined t o  d a t e :  body- 

c e n t e r e d  i n t e r s t i t i a l  ( 0 ) ; < 1 0 0 > s p l i t  

i n t e r s t i t i a l  (Ho) ;  < l l O > s p l i t  i n t e r -  

s t i t i a l  (Hc) ; a c t i v a t e d  crowdion (C) ; 

and ,  t e t r a h e d r a l  i n t e r s t i t i a l  ( T ) .  

A l l  r e s u l t s  i n d i c a t e  t h a t  Ho  i s  

t h e  most s t a b l e  c o n f i g u r a t i o n .  

Tab l e  11 .5  l i s t s  t h e  f i v e  i n t e r s t i -  

t i a l  c o n f i g u r a t i o n  e n e r g i e s  r e l a t i v e  

t o  Ho; t h e  t a b l e  a l s o  i n c l u d e s  

e n e r g i e s  computed w i t h  an unmodi f ied  

Morse p o t e n t i a l ,  ( I 2 )  and a  Born-  

Mayer p o t e n t i a l .  ( 1  2 
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R e s u l t s  from t h e  u s e  of  t h e  modi-  

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

from an  i n f i n i t e - r a n g e  Morse p o t e n -  

t i a l  i n  t h e  o r d e r i n g  o f  t h e  c o n f i g u -  

r a t i o n  e n e r g i e s ,  b u t  t h e  energy  d i f -  

f e r e n c e s  a r e  g e n e r a l l y  l a r g e r  f o r  

t h e  fo rmer .  

S e v e r a l  c a l c u l a t i o n s  have been 

made w i t h  t h e  f o u r t h - n e i g h b o r  modi- 

f i e d  Morse p o t e n t i a l .  The d i f f e r e n c e  

between t h e  ene rgy  f o r  t h e  T  c o n f i -  

g u r a t i o n  (which produced  t h e  most  

s t r a i n  i n  t h e  l a t t i c e )  and t h e  

energy  f o r  t h e  Ho c o n f i g u r a t i o n  de -  

c r e a s e d  by a 0 . 1  eV r e l a t i v e  t o  t h e  

t h i r d - n e i g h b o r  c a l c u l a t i o n .  A de -  

c r e a s e  was a n t i c i p a t e d  s i n c e  t h e  i n -  

f i n i t e - r a n g e  Morse p o t e n t i a l  gave 

lower  e n e r g i e s  t h a n  t h e  t h i r d - n e i g h -  

b o r  p o t e n t i a l .  

These c a l c u l a t i o n s  were made by 

u s i n g  a n  FCC l a t t i c e  model c o n t a i n -  

i n g  1687 a toms.  An a s sumpt ion  i n  

t h e  c a l c u l a t i o n s  i s  t h a t  t h e  i n t r o -  

d u c t i o n  of a n  i n t e r s t i t i a l  c a u s e s  

o n l y  a  l i m i t e d  number of  atoms t o  

move from t h e i r  e q u i l i b r i u m  l a t t i c e  

p o s i t i o n s .  The moveable atoms com- 

p r i s e  what i s  termed t h e  c r y s t a l l i t e .  

Su r round ing  t h e  c r y s t a l l i t e  i s  a  

m a n t l e  of  immoveable atoms r e p r e s e n t -  

i n g  t h e  remainder  o f  t h e  c r y s t a l  

l a t t i c e .  Because t h e  t h i c k n e s s  of  

t h e  m a n t l e  must be  g r e a t e r  t h a n  o r  

e q u a l  t o  t h e  r ange  o f  t h e  i n t e r -  

a tomic  p o t e n t i a l ,  t h e  c r y s t a l l i t e  

c o n t a i n e d  365 atoms f o r  t h e  p o t e n -  

t i a l s  used  h e r e ,  

C l e a r l y ,  t h e  m a n t l e  c o u l d  i n -  

f l u e n c e  t h e  r e s u l t i n g  e n e r g i e s  f o r  

c o n f i g u r a t i o n s  whose s t r a i n  f i e l d s  

e x t e n d  t o  t h e  m a n t l e ,  b u t  t h i s  was 

checked  by r e d u c i n g  t h e  number o f  

moveable atoms t o  171  a toms.  The 

energy  d i f f e r e n c e s  i n  t h e  Ho and T  

c o n f i g u r a t i o n s  were i n c r e a s e d  by 

0.04 eV and 0 . 1  eV, r e s p e c t i v e l y ,  

o v e r  t h e  3 6 5  atom c r y s t a l l i t e .  The 

n e t  change of 0 .06  eV i s  c o n s i d e r e d  

s m a l l  enough t o  i n s u r e  t h e  v a l i d i t y  

of  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s ,  

s i n c e  a l l  o t h e r  c o n f i g u r a t i o n s  would 

e x p e r i e n c e  s m a l l e r  changes t h a n  t h e  

T  c o n f i g u r a t i o n .  

C O M P U T E R  SIMULATION O F  CRYSTALLINE 

DEFECTS 

D .  G .  Doran, A .  DePino, J r . ,  and 

L .  A .  Lawrence 

To s i m u l a t e  r a d i a t i o n  damage a t  

f i n i t e  t e m p e r a t u r e s ,  a n n e a l i n g  of  t h e  

p r imary  damage must be  i n c l u d e d .  

T h i s  i s  p r e s e n t l y  h a n d l e d  by t h e  

code ANNEAL, deve loped  a t  GE-NMPO 

by J .  R .  B e e l e r  and D .  G .  Besco;  i t  

i s  i ndependen t  of  t h e  codes  (CASCADE- 

CLUSTER) t h a t  s i m u l a t e  p r imary  

damage a t  0  O K .  The o r i g i n a l  v e r -  

s i o n  of  ANNEAL a l l o w e d  i n t e r s t i -  

t i a l  m i g r a t i o n  o n l y  and ,  h e n c e ,  

a p p l i e d  on ly  a t  low t e m p e r a t u r e s .  

I n c l u d i n g  vacancy  m i g r a t i o n  i n  t h e  

code w i l l  make t h e  s i m u l a t i o n  a p p l y  

a t  e l e v a t e d  t e m p e r a t u r e s .  

To do t h i s  r e q u i r e s  t h e  d e t e r -  

m i n a t i o n  of  a c t i v a t i o n  e n e r g i e s  f o r  

t h e  c o r r e l a t e d  ( i . e . ,  nonrandom) 

mot ion  of  a  vacancy i n  t h e  v i c i n i t y  

o f  o t h e r  v a c a n c i e s .  Some of t h e  

n e c e s s a r y  i n f o r m a t i o n  i s  e i t h e r  

d i r e c t l y  a v a i l a b l e  i n  t h e  l i t e r a -  

t u r e  o r  i s  s u g g e s t e d  by p u b l i s h e d  

r e s u l t s .  ( I 3 )  More d a t a  have been  

o b t a i n e d  by a p p l i c a t i o n  o f  t h e  code 

DEFECT. ( I 4 )  



The d e t e r m i n a t i o n  o f  t h e  mig ra -  

t i o n  ene rgy  of  an i s o l a t e d  vacancy 

w i t h  DEFECT i s  s t r a i g h t f o r w a r d  b e -  

c a u s e ,  by symmetry, t h e  s a d d l e  

p o i n t  l i e s  a l o n g  a  < I l l >  d i r e c -  

t i o n  j o i n i n g  two n e a r e s t  n e i g h b o r s .  

One t h e n  s imp ly  de t e rmines  t h e  con-  

f i g u r a t i o n  energy  a s  a  f u n c t i o n  of  

t h e  p o s i t i o n  of  t h e  vacancy ( a c t u -  

a l l y ,  an atom i s  moved) a long  t h i s  

l i n e .  To f a c i l i t a t e  t h i s  computa- 

t i o n ,  t h e  code was m o d i f i e d  ( r e d u c -  

i n g  computer  t ime  by 50%)  s o  t h a t  a  

s e r i e s  o f  c a s e s  c o u l d  be o b t a i n e d  i n  

one computer  run .  The r e l a x e d  co -  

o r d i n a t e s  of  t h e  atoms c o r r e s p o n d i n g  

t o  one p o s i t i o n  of  t h e  vacancy s e r v e  

a s  t h e  i n p u t  c o o r d i n a t e s  f o r  t h e  

computa t ion  a t  t h e  n e x t  p o s i t i o n .  

The d e t e r m i n a t i o n  of  t h e  mig ra -  

t i o n  energy  i s  more d i f f i c u l t  when 

a  m i g r a t i n g  vacancy i s  i n  t h e  v i c i -  

n i t y  o f  one o r  more v a c a n c i e s .  The 

symmetry o f  t h e  p r e v i o u s  c a s e  i s  

l o s t ,  and t h e  s a d d l e  p o i n t  no l o n g e r  

l i e s  a long  a  l i n e  j o i n i n g  t h e  n e a r -  

e s t  n e i g h b o r  s i t e s .  S e v e r a l  t e c h n i -  

ques  were t r i e d  t o  minimize t h e  com- 

p u t e r  t ime  needed  t o  l o c a t e  t h e  

s a d d l e  p o i n t .  The adopted  p rocedu re  

c o n s i s t s  o f  s t a r t i n g  t h e  m i g r a t i n g  

atom on t h e  l i n e  j o i n i n g  n e a r e s t  

n e i g h b o r  s i t e s  n e a r  where t h e  s a d d l e  

p o i n t  i s  e x p e c t e d  t o  be and o f  h o l d -  

i n g  one c o o r d i n a t e  of  t h i s  atom con-  

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

(and t h o s e  of  a l l  o t h e r  a toms) t o  

r e l a x  t o  e q u i l i b r i u m  v a l u e s .  Suc-  

ceed ing  s t e p s  c o n s i s t  of changing  

a l l  c o o r d i n a t e s  of  t h e  m i g r a t i n g  

atom by t h e  same inc remen t  ( i . e . ,  i t  

i s  moved s l i g h t l y  a l o n g  < I l l > )  and 

a g a i n  a l l o w i n g  r e l a x a t i o n  h o l d i n g  

t h e  same c o o r d i n a t e  f i x e d .  A m i n i -  

mum of  5  o r  6  s t e p s  i s  needed  t o  de -  

f i n e  a  s a d d l e  p o i n t .  

Th i s  t e c h n i q u e  has  been a p p l i e d  

t o  a - i r o n  ( u s i n g  J o h n s o n ' s  p o t e n -  

t i a l )  t o  supplement  p u b l i s h e d  r e -  

s u l t s .  I n  a d d i t i o n ,  s e v e r a l  key 

q u a n t i t i e s  were recomputed.  The pub-  

l i s h e d  v a l u e  o f  0.68 eV f o r  t h e  com- 

p u t e d  m i g r a t i o n  energy  of  an i s o -  

l a t e d  vacancy was c o r r o b o r a t e d ;  

however ,  s e v e r a l  p u b l i s h e d  v a l u e s  

i n d i c a t i n g  a  r e l a t i v e l y  l ong - r ange  

i n t e r a c t i o n  between two v a c a n c i e s  

c o u l d  n o t  b e .  I f  V2 (n)  r e p r e s e n t s  

a  p a i r  o f  v a c a n c i e s  t h a t  a r e  n  
t h  

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

t i o n  e n e r g i e s  f o r  V2 (9)  + V2(4) 

and V2 (4)  + V 2  ( 9 )  a r e  0 .65  and 0.76 

eV, r e s p e c t i v e l y ,  compared t o  pub-  

l i s h e d  v a l u e s  of  0 .53 and 0.66 eV. 

S i m i l a r l y ,  c a l c u l a t e d  a c t i v a t i o n  

e n e r g i e s  f o r  V2 (8)  + V 2  (4) and V2 (4)  

+ V 2  (8)  were 0.67 and 0 . 7 3  eV, r e s  - 
p e c t i v e l y ,  compared t o  p u b l i s h e d  

v a l u e s  o f  0 .63  and 0 .57  eV. 

Based on t h e s e  r e s u l t s  and pub-  

l i s h e d  r e s u l t s  f o r  t r i -  and t e t r a -  

v a c a n c i e s ,  t h e  f i r s t  a t t e m p t  t o  

t r e a t  c o r r e l a t e d  motion o f  v a c a n c i e s  

i n c l u d e d  on ly  a  few s h o r t - r a n g e  i n -  

t e r a c t i o n s .  Hence, a  number of  

DEFECT runs  were made t o  s t u d y  t h e  

m i g r a t i o n  of  a  vacancy from a  4th t o  

a 2 n d  n e i g h b o r  o f  t h e  c l o s e s t  member 

o f  a  nea rby  c l u s t e r  f o r  v a r i o u s  c l u s -  

t e r  s i z e s  and o r i e n t a t i o n s .  The 

a c t i v a t i o n  ene rgy  was found  t o  be 

~ 0 . 4 2  eV f o r  a l l  c o n f i g u r a t i o n s .  A 

s i m i l a r  s t u d y  o f  t h e  s t h  t o  lSt 

n e i g h b o r  t r a n s i t i o n  gave ~ 0 . 5 8  eV. 

T h i s  i n f o r m a t i o n  on c o r r e l a t e d  mo- 

t i o n  of  v a c a n c i e s  ha s  been programmed 
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c a u s e  i n t e r s t i t i a l s  a r e  s o  much more 

mob i l e  t h a n  v a c a n c i e s  i n  a - i r o n ,  

t h e y  were t r e a t e d  i n d e p e n d e n t l y .  

Tha t  i s ,  t h e  i n t e r s t i t i a l s  r eached  

a  q u a s i - e q u i l i b r i u m  c o n f i g u r a t i o n  

b e f o r e  any vacancy m i g r a t i o n  o c c u r -  

r e d ,  and t h i s  c o n f i g u r a t i o n  was f r o -  

zen i n  w h i l e  t h e  v a c a n c i e s  m i g r a t e d .  

The e f f e c t s  o f  t h i s  s i m p l i f i c a t i o n  

w i l l  be  c r i t i c a l l y  examined when t h e  

amended code becomes o p e r a t i o n a l .  

Each vacancy  i s  g i v e n  t h e  oppor-  

t u n i t y  t o  move d u r i n g  a  t ime  s t e p  

e q u a l  t o  o n e - t e n t h  t h e  ave rage  t ime  

between jumps of  an i s o l a t e d  vacancy .  

The mot ion  o f  a  s i n g l e  vacancy i s  

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

v a c a n c i e s  t h a t  a r e  s t h  ne ighbor s  o r  

c l o s e r .  The mot ion  of  a  vacancy i n  

a  c l u s t e r ,  i . e . ,  a  vacancy w i t h  a t  

l e a s t  one lSt  o r  z n d  n e i g h b o r ,  i s  

c o r r e l a t e d  on ly  w i t h  r e s p e c t  t o  

o t h e r  members of t h e  c l u s t e r .  

The amended code h a s  been com- 

p i l e d  and checkou t  r u n s  a r e  i n  

p r o g r e s s .  

C O M P U T E R  SIMULATION O F  DEFECTS IN 

SOLIDS 

L .  A .  L a w r e n c e  

The computer  code DEFECT h a s  been 

a p p l i e d  t o  t h e  problem o f  c a l c u l a t -  

i n g  t h e  b i n d i n g  ene rgy  i n  molybdenum 

o f  an  molybdenum i n t e r s t i t i a l  t r a p -  

ped  by an i r o n  i m p u r i t y  atom. An 

molybdenum i n t e r s t i t i a l  t r a p p e d  by 

an i r o n  i m p u r i t y  ha s  been s u g -  

g e s t e d  ( I 5 )  a s  t h e  s o u r c e  of  S t a g e  

111 (+ I50  O C )  a n n e a l i n g  of  n e u t r o n  

i r r a d i a t e d  molybdenum. The a c t i v a -  

t i o n  ene rgy  f o r  S t a g e  I11 a n n e a l i n g  

i s  1 . 2  - 1 . 3  eV. The c a l c u l a t i o n s  

w i l l  t e l l  whe the r  t h e  b i n d i n g  ene rgy  

i n v o l v e d  i n  t h e  proposed  mechanism 

i s  c o n s i s t e n t  w i t h  t h e  measurements .  

The b i n d i n g  ene rgy  was c a l c u l a t e d  

i n  t h e  f o l l o w i n g  way. Molybdenum 

p o t e n t i a l  was g e n e r a t e d  t h a t  was 

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

t i e s  o f  t h e  l a t t i c e ,  and t h i s  p o t e n -  

t i a l  was u sed  t o  d e t e r m i n e  t h e  

s t a b l e  c o n f i g u r a t i o n  of a  molybdenum 

i n t e r s t i t i a l  i n  a  molybdenum l a t t i c e .  

A molybdenum l a t t i c e  atom was r e -  

p l a c e d  by an i r o n  atom, and t h e  most 

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

i m p u r i t y  atom w i t h  t h e  molybdenum 

i n t e r s t i t i a l  was found .  The b i n d i n g  

ene rgy  f o r  t h i s  c o n f i g u r a t i o n  was 

t h e n  c a l c u l a t e d .  

The Mo-Mo p o t e n t i a l  was g e n e r a t e d  

from e l a s t i c  c o n s t a n t s  d a t a  u s i n g  

J o h n s o n ' s  method ( I 6 )  and h i g h - p r e s  - 
s u r e  c o m p r e s s i b i l i t y  d a t a .  7 ,  The 

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

was v a r i e d  u n t i l  DEFECT c a l c u l a t i o n s  

o f  t h e  f o r m a t i o n  and m i g r a t i o n  e n e r -  

g i e s  f o r  a  s i n g l e  vacancy a g r e e d  

w i t h  t h e  e x p e r i m e n t a l  v a l u e s .  (18)  

J o h n s o n ' s  ( I 6 )  Fe-Fe p o t e n t i a l  was 

u s e d  f o r  t h e  i m p u r i t y  atom. The Mo- 

Fe i n t e r a c t i o n  p o t e n t i a l  was con -  

s t r u c t e d  u s i n g  t h e  method o f  Rimmer 

and C o t t r e l l  ( 19 )  t o  combine t h e  Mo- 

Mo and Fe-Fe p o t e n t i a l s .  

Three  molybdenum i n t e r s t i t i a l  

c o n f i g u r a t i o n s  were i n v e s t i g a t e d  f o r  

a  l a t t i c e  c o n t a i n i n g  no i m p u r i t i e s .  

They were t h e  <110> s p l i t ,  < I l l >  

s p l i t ,  and t h e  a c t i v a t e d  c rowdion .  

The <110> s p l i t  i n t e r s t i t i a l  was t h e  

most  s t a b l e ;  i t s  f o r m a t i o n  e n e r g y  o f  

8 .52  eV was 0.38 eV below t h a t  o f  t h e  
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< I l l >  s p l i t ,  a n d  0 . 3 3  eV be low t h a t  

o f  t h e  a c t i v a t e d  c r o w d i o n .  

S u b s t i t u t i n g  a n  i r o n  a tom f o r  a n  

molybdenum atom c h a n g e d  t h e  c o n f i g -  

u r a t i o n a l  e n e r g y  by 1.11 eV. 

S e v e r a l  o r i e n t a t i o n s  o f  t h e  i r o n  

s u b s t i t u t i o n a l  i m p u r i t y  r e l a t i v e  t o  

t h e  molybdenum i n t e r s t i t i a l  w e r e  i n -  

v e s t i g a t e d .  The [ I 1 0 1  s p l i t  molyb-  

denum i n t e r s t i t i a l  w i t h  t h e  i r o n  

a l o n g  t h e  [ I l l ]  d i r e c t i o n  a t  a  n e a r -  

e s t  n e i g h b o r  l a t t i c e  s i t e  was m e t a s t -  

a b l e  w i t h  a  b i n d i n g  e n e r g y  o f  0 . 7 8  

eV. The a c t i v a t e d  c r o w d i o n  w i t h  t h e  

i r o n  a l o n g  t h e  [111]  d i r e c t i o n  a t  a  

n e a r e s t  n e i g h b o r  l a t t i c e  s i t e  was a  

more e n e r g e t i c a l l y  f a v o r a b l e  c o n f i g -  

u r a t i o n  w i t h  a  b i n d i n g  e n e r g y  o f  

1 . 3 4  eV. The [ I l l ]  s p l i t  molybdenum 

i n t e r s t i t i a l  w i t h  t h e  i r o n  a l o n g  t h e  

[ I l l ]  d i r e c t i o n  a t  a  n e a r e s t  n e i g h -  

b o r  l a t t i c e  s i t e  was n o t  s t a b l e ;  i t  

m i g r a t e d  t o  t h e  more f a v o r a b l e  c o n -  

f i g u r a t i o n  o f  an  a c t i v a t e d  c r o w d i o n .  

The v a l u e  o f  1 . 3 4  eV o b t a i n e d  f o r  

t h e  b i n d i n g  e n e r g y  i s  c l o s e  t o  t h e  

a c t i v a t i o n  e n e r g y  o f  1 . 2  - 1 . 3  eV 

f o u n d  i n  S t a g e  I 1 1  a n n e a l i n g  o f  n e u -  

t r o n  i r r a d i a t e d  molybdenum. ( 2  The 

r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  s u g -  

g e s t i o n  t h a t  S t a g e  I 1 1  a n n e a l i n g  i n -  

v o l v e s  t h e  r e l e a s e  o f  molybdenum i n -  

t e r s t i t i a l  a toms  t r a p p e d  t o  i r o n  

i m p u r i t y  a t o m s .  

C O M P U T E R  S I M U L A T I O N  O F  R A D I A T I O N  

D A M A G E  B E H A V I O R  

G .  E .  R u s s c h e r  

Work d u r i n g  t h i s  q u a r t e r  p r i m a r i l y  

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

t i o n  t e c h n i q u e s  f o r  t h e  a s s e s s m e n t  

o f  t h e  r e l a t i v e  damaging power o f  

i r r a d i a t i o n s  i n  t h e  DFR, FTR, EBR-11, 

a n d  ETR f o r  v o i d  g e n e r a t i o n  i n  f u e l  

c l a d .  T h i s  e f f o r t ,  s p o n s o r e d  by t h e  

FFTF p r o j e c t ,  was p o s s i b l e  b e c a u s e  

work u n d e r  t h i s  p r o g r a m  h a d  p u t  i n  

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

c o m p u t e r  s t u d i e s  o f  damage p r o c e s s e s .  

The a d a p t a t i o n  o f  t h e  c o d e s  t o  

damage c o r r e l a t i o n  c o n t i n u e d  w i t h  t h e  

a d d i t i o n  o f  t h e  SATURATION l i n k  t o  

t h e  CASCADE CLUSTER s e r i e s .  With  t h e  

SATURATION l i n k ,  t h e  i n p u t  t o  t h e  

CASCADE CLUSTER s e r i e s  n e e d  n o t  b e  

t h e  p e r f e c t  l a t t i c e  b u t ,  i n s t e a d  

t h e  s t a t e  g e n e r a t e d  when t h e  damage 

p a t t e r n s  f rom i n d i v i d u a l  knock-on  

a toms  o v e r l a p .  The damaged l a t t i c e  

s h o u l d  be  more t y p i c a l  o f  t h e  s i t u a -  

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

t i o n  e x p e r i m e n t s ,  t h u s ,  t h e  a d d i -  

t i o n  o f  t h e  SATURATION l i n k  s h o u l d  

make t h e  s i m u l a t i o n  more r e a l i s t i c .  

The CASCADE CLUSTER programs  were  

a d a p t e d  t o  t h e  b c c  l a t t i c e .  S i n c e  

t h e  o r i g i n a l  f o r m u l a t i o n  was s o l e l y  

f o r  t h e  f c c  l a t t i c e ,  r e s u l t s  f rom 

a - i r o n  g e n e r a t e d  w i t h  SPECTRA c o u l d  

n o t  b e  u s e d  i n  f u r t h e r  i n v e s t i g a -  

t i o n s ;  however ,  t h i s  a d a p t a t i o n  w i l l  

p e r m i t  t h a t  s t u d y .  I n  a d d i t i o n ,  im-  

p r o v e d  p o t e n t i a l  d a t a  f o r  i r o n  were  

i n c o r p o r a t e d  i n t o  t h e  p r o g r a m .  The 

p o t e n t i a l  i s  a  c o m b i n a t i o n  o f  t h e  

Bohr s c a t t e r i n g  p o t e n t i a l  w i t h  Born-  

Mayer p o t e n t i a l s  i n  t h e  manner  o f  

Erg i n s o y  and V i n e y a r d .  (21) T h e s e  

improvements  a n d  a d a p t a t i o n s  w i d e n  

t h e  s c o p e  o f  t h e  CASCADE CLUSTER 

p r o g r a m s .  
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IRRADIATION D A M A G E  T O  R E A C T O R  METALS 

R E A C T O R  METALS RESEARCH 

A L L O Y  EVALUATION 

K .  R .  Wheeler a n d  J .  H .  Hoage 

The pu rpose  o f  t h i s  program i s  t o  

s t u d y ,  on a  l i m i t e d  b a s i s ,  m a t e r i a l s  

p o t e n t i a l l y  u s e f u l  f o r  r e a c t o r  a p p l i -  

c a t i o n .  From such  c u r s o r y  examina- 

t i o n ,  t h e  more p romis ing  a l l o y s  can  

be  s t u d i e d  i n  d e p t h .  

A B r i t i s h  s t a i n l e s s  s t e e l  FV-548, 

which has  a  compos i t i on  s i m i l a r  t o  

316 SS b u t  i n c l u d e s  a  nominal  1% NB 

i n  i t s  c h e m i s t r y ,  ha s  shown s m a l l e r  

d u c t i l i t y  changes t h a n  316 when i r -  

r a d i a t e d  t o  h igh  f a s t  f l u e n c e  

l e v e l s .  F ive  hundred  pounds of  

1 / 2  i n .  diam r o d  o f  FV-548 (Heat  

#49625) have been  p rocu red  from 

F i r t h  V icke r s  S t a i n l e s s  S t e e l s ,  L t d . ,  

f o r  i n c l u s i o n  i n  t h e  R a d i a t i o n  Ef-  

f e c t s  program. N e g o t i a t i o n s  a r e  a l s o  

underway t o  o b t a i n  300 f t  o f  FV-548 

t u b i n g  (0.250 i n .  O D  x  0 .016  i n .  w a l l )  

t o  be  f a b r i c a t e d  from t h e  same h e a t  

(#49625) a s  t h e  rod  m a t e r i a l .  Addi- 

t i o n a l l y ,  a  500 l b  h e a t  o f  s t a i n l e s s  

s t e e l  3/8 i n .  diam rod  w i t h  t h e  nomi- 

n a l  FV-548 c h e m i s t r y  was o b t a i n e d  

on an e x p e r i m e n t a l  b a s i s  from t h e  

Al legheny  Ludlum Research C e n t e r .  

Randomly s e l e c t e d  rods  from b o t h  

p roduce r s  a r e  now b e i n g  c h a r a c t e r -  

i z e d  f o r  s t r u c t u r e ,  c h e m i s t r y ,  and 

mechanica l  p r o p e r t i e s .  

As r e p o r t e d  i n  p r e v i o u s  q u a r t e r l y  

r e p o r t s ,  specimens of  t e n  a l l o y s  

r e s i d u a l  from t h e  GE-APED s u p e r h e a t  

f u e l - c l a d  m a t e r i a l s  i n v e s t i g a t i o n s  

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

e v a l u a t i o n  a t  PNL. A l loys  i n v o l v e d  

i n  t h a t  phase  of  t h e  t e s t i n g  p r o -  

gram i r r a d i a t e d  i n  t h e  GETR a r e  

I n c o l o y  825 and 801, I n  102 ,  I nco -  

n e l  718, I nco loy  804,  H a s t e l l o y  F ,  

and Rene 62.  

The t e n s i l e  p r o p e r t i e s  a t  1300 OF 

(704 "C) of  t h e  t h e r m a l l y  aged con- 

t r o l  m a t e r i a l s  a r e  r e p o r t e d  i n  

Table  1 2 . 1 ,  a s  a  con t inuance  of  t h e  

program. For  compar i son ,  t h e  1300 " F  

(704 OC) t e n s i l e  p r o p e r t i e s  of  t h e  

same a l l o y s  i n  t h e  i r r a d i a t e d  c o n d i -  

t i o n  a r e  shown i n  Tab l e  1 2 . 2 .  As 

can  be s e e n ,  b o t h  i r r a d i a t e d  and con- 

t r o l  m a t e r i a l s  have t h e  same t ime-  

t e m p e r a t u r e  h i s t o r y .  The r e sponse  of 

t h e s e  a l l o y s  t o  e l e v a t e d  t e m p e r a t u r e  

exposu re  h a s  been w e l l  documented. (2)  

I n  g e n e r a l ,  e ach  of  t h e s e  a l l o y s  

shows a  d e g r e e  o f  m e t a s t a b i l i t y  w i t h  

i n c r e a s e d  h a r d n e s s  and lower  duc-  

t i l i t y  a f t e r  p ro longed  exposu re  t o  

t e m p e r a t u r e s  above 1000 OF (538 OC). 

Each a l l o y  ( a s  d i s c u s s e d  below) 

v a r i e s  i n  i t s  chemis t ry  and t h e  t y p e  

of  p r e c i p i t a t e  s t r u c t u r e  c r e a t e d  i n  

t h e  dynamics of  t h e  ag ing  p r o c e s s .  

I nco loy  801 

Th i s  a l l o y  i s  b a s i c a l l y  In -  

co loy  800 w i t h  a  p e r c e n t  a d d i t i o n  

o f  t i t a n i u m  t o  i n c r e a s e  s t r e n g t h .  

The a l l o y  appea r s  t o  have r e a c h e d  

i t s  t he rma l  ag ing  peak i n  t h e  s h o r t e r  

a g i n g  a t  1000 OF (538 OC), w i t h  i n d i -  

c a t i o n s  o f  ove rag ing  a t  l o n g e r  t imes  

and h i g h e r  t e m p e r a t u r e s .  The duc-  

t i l i t y  i s  r educed  d r a s t i c a l l y  a f t e r  

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



TABLE 1 2 . 1 .  Effect of Pretest Thermal Aging o n  the 1 3 0 0  OF 

( 7 0 4  OC) Tensile Properties of Selected Nickel-Base Alloys 

S p e c .  E x p o s u r e  Aging 0 . 2 %  YS, UTS, 
Number M a t e r i a l  Time,  h r  Temp, OF k s i  k s  i % UE % TE % RA ---- 

I n c o l o y  8 0 1  
I n c o l o y  8 0 1  
I n c o l o y  8 0 1  
I n c o l o y  80 1 
I n c o l o y  8 0 1  
I n c o l o y  8 0 1  
I n c o l o y  8 0 1  
I n c o l o y  8 0 1  

E  60 I n c o l o y  804 620 1000 45.90 58 .20  1 0 . 0 2  24 .35  28 .69  
E 6 1  I n c o l o y  804 620 1000 50.00 62 .29  8 . 3 2  20.36 2 7 . 1 2  
E  70 I n c o l o y  804 620 1300 4 2 . 2 8  56 .10  8 . 1 4  24 .43  32 .52  
E  7 1  I n c o l o y  804 620 1300 42 .98  57 .44  8 . 3 3  25 .58  35 .54  

B 62 I n c o l o y  825 620 1000 3 7 . 9 8  5 5 . 4 3  1 2 . 2 5  47.79 6 3 . 5 7  
B 63  I n c o l o y  825  620 1000 36 .82  53 .88  1 3 . 5 6  50 .77  6 0 . 4 7  
B 70 I n c o l o y  825  620 1300 3 5 . 3 8  53 .46  1 5 . 2 4  4 8 . 5 5  6 4 . 6 2  
B 71 I n c o l o y  825 620 1300 3 7 . 1 1  54.69 1 5 . 7 4  4 9 . 8 5  6 4 . 0 6  
B 40 I n c o l o y  825 5200 1300 3 8 . 4 6  56 .15  1 0 . 9 4  36 .46  48 .46  
B 42 I n c o l o y  825 5200 1300 40.00 56.92 9 . 8 1  36 .70  45 .38  

H 60 H a s t e l l o y  F  620 1000 47 .64  6 5 . 7 5  1 8 . 1 2  45 .64  4 7 . 2 4  
H 6 1  H a s t e l l o y  F 620 1000 48 .85  64 .00  1 0 . 5 1  46 .58  45 .38  
H  70 H a s t e l l o y  F 620 1300 51 .18  70.87 8 . 7 2  31 .64  44 .09  
H 71 H a s t e l l o y  F 620 1 3  0  0  49.2  2  6 8 . 4 5  9 . 4 5  29 .38  41 .09  

A  60 I n c o n e l  718 620 1000 1 2 7 . 1 2  138 .98  4 . 8 1  1 9 . 1 3  2 3 . 7 3  
A 71 I n c o n e l  718 620 1300 114 .50  1 2 5 . 2 0  2.49 1 8 . 8 8  31 .30  

I n c o l o y  804 

A d d i t i o n s  o f  chromium and  n i c k e l  

w i t h  d e c r e a s e  i n  i r o n  c o n t e n t  p r o -  

v i d e  t h e  d i f f e r e n c e  i n  c h e m i s t r y  

b e t w e e n  t h i s  m a t e r i a l  a n d  I n c o l o y  800 .  

I t s  t h e r m a l  r e s p o n s e  i s  e s s e n t i a l l y  

t h e  same a s  I n c o l o y  8 0 1 ,  w i t h  p o s t -  

i r r a d i a t i o n  d u c t i l i t y  a g a i n  s e v e r e l y  

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

a r e  more e x t e n s i v e  t h a n  t h e  8 0 1  m o d i -  

f i c a t i o n ,  a  c o n d i t i o n  no  d o u b t  c o n -  

t r i b u t i n g  t o  i t s  low i r r a d i a t e d  

d u c t i l i t y .  

-- 

I n c o l o y  825 

T h i s  a l l o y  w i t h  i t s  molybdenum and 

i n c r e a s e d  n i c k e l  c o n t e n t  t e n d s  t o  

fo rm a  s i g m a  p h a s e  t y p e  s t r u c t u r e  

w i t h  a  t r a c e  o f  m a t r i x  c a r b i d e  a f t e r  

e x p o s u r e  t o  1400 OF (760 OC). The 

e v i d e n c e  f o r  t h i s  c a n  b e  s e e n  by t h e  

downward t r e n d  i n  d u c t i l i t y  a f t e r  

t h e r m a l  a g i n g  f o r  5200 h r  a t  1300  OF 

(704  OC). 

The d u c t i l i t y  o f  I n c o n e l  825,how- 

e v e r ,  a f t e r  e l e v a t e d  t e m p e r a t u r e  i r -  

r a d i a t i o n  i s  s t i l l  s e v e r a l  p e r c e n t  



TABLE 1 2 . 2 .  E f f e c t  o f  a  Mixed S p e c t r u m  N e u t r o n  irradiationia) o n  t h e  
1 7 0 4  " C )  T e n s i l e  P r o p e r t i e s  o f  S e l e c t e d  N i c k e l - B a s e  A l l o y s  

E x p o s u r e  F a s t  T h e r m a l  I r r a d .  
T i m e ,  F l u e n c e ,  F l u e n  e ,  Temp, 0 . 2 %  YS, UTS , 

M a t e r i a l  h r n/cm2 n/cm5 "F p s i  x  1 0 0 0  p s i  x 1000  

I n c o n e l  718 630  3 . 6  x  10'' 2 . 6  x l o z 0  1300  9 5 . 8  9 5 . 8  

S p e c i m e n  
Number 

A- 2  

I n c o l o y  825  630 4 .0  x  l o z 0  2 . 8  x l o z 0  1 3 0 0  3 6 . 9  5 0 . 6  
I n c o l o y  825  630 4 . 0  x l o z 0  2 . 8  x l o Z 0  1300  3 6 . 2  5 0 . 3  
I n c o l o y  825  5200  1 . 3  x 1 0 ~ 1  3 . 4  x  l o z 1  1300  4 3 . 1  5 2 . 8  
I n c o l o y  825  5200 1 . 6  x  l o z 1  4 . 2  x  l o z 1  1300  3 9 . 5  5 3 . 1  

I n c o l o y  8 0 1  630 2 . 6  x 1 0 2 0  1 . 7  x 1020  1300  4 5 . 8  4 9 . 3  
I n c o l o y  8 0 1  630 2 . 9  x  l o z 0  2 . 1  x  l o z 0  1300  4 2 . 2  4 2 . 8  
I n c o l o y  8 0 1  5200 0 . 4  x 1 0 ~ 1  0 . 6  x l o Z 1  1000  3 9 . 9  4 4 . 6  
I n c o l o y  8 0 1  5200 0 . 4  x l o z 1  0 . 6  x l o z 1  1000  3 9 . 3  4 3 . 3  

I n c o l o y  804 630 3 . 6  x 1 0 2 0  2 .6  x  l o z 0  1300  3 8 . 7  4 1 . 7  
I n c o l o y  8 0 4  630 3 . 6  x l o z 0  2 .6  x  l o z 0  1300  3 8 . 1  3 9 . 9  

H a s t e l l o y  F  630  3 . 6  x  l o z 0  2 . 6  x  l o z 0  1300  5 3 . 8  6 5 . 6  
H a s t e l l o y  F  630 3 . 6  x 1 0 2 0  2 . 6  x 1 0 2 0  1300  5 2 . 8  6 5 . 1  

Rene 62 630  2 .9  x  1020  2 . 1  x 1020  1300  1 0 6 . 9  1 3 3 . 6  
Rene 62 630 2.3 x  l o z 0  2 . 1  x  l o z 0  1 3 0 0  1 3 1 . 3  1 3 2 . 0  

( a )  I r r a d i a t e d  i n  GETR 

( b )  U n i f o r m  E l o n g a t i o n  

( c )  T o t a l  E l o n g a t i o n  

( d )  R e d u c t i o n  i n  Area  

g r e a t e r  t h a n  t h a t  observed  i n  I n -  

co loy  801 and 804 w i t h  t h e  same i r -  

r a d i a t i o n  h i s t o r y .  

I ncone l  718 and Rene 62 

Both a l l o y s  a r e  p r e c i p i t a t i o n  

h a r d e n a b l e  by a  gamma prime t y p e  

m i c r o - c o n s t i t u e n t ,  w i t h  t h e  d e v e l o p -  

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

companied by lower d u c t i l i t y  v a l u e s .  

As can  be s e e n ,  t h e s e  a l l o y s ,  a l -  

though m a i n t a i n i n g  4  o r  5 %  un i fo rm 

e l o n g a t i o n  i n  t h e  aged c o n d i t i o n ,  

d rop  t o  app rox ima te ly  1% a f t e r  i r -  

r a d i a t i o n .  

H a s t e l l o y  F  

The h i g h  ( 7 % )  molybdenum c o n t e n t  

o f  H a s t e l l o y  F produces  an e x t e n s i v e  

p r e c i p i t a t i o n  of  a  Laves phase  

(Fe2Mo). The s t r u c t u r e  a p p e a r s  n o t  

t o  be a f f e c t e d  by r a d i a t i o n ,  s i n c e  

s t r e n g t h  and un i fo rm e l o n g a t i o n  

v a l u e s  a r e  comparable  f o r  b o t h  i r -  

r a d i a t e d  m a t e r i a l  and c o n t r o l s  w i t h  

t h e  same t i m e - a t -  t e m p e r a t u r e  h i s t o r y .  

There  i s ,  however, a  s h a r p  r e d u c -  

t i o n  i n  t o t a l  e l o n g a t i o n  due t o  

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

Th i s  n i c k e l - b a s e  m a t e r i a l ,  a l -  

l oyed  g e n e r o u s l y  w i t h  r e f r a c t o r y  (Nb, 

Mo, W) a d d i t i o n s ,  was deve loped  f o r  
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long  t ime  s e r v i c e  t o  1200 OF (649 OC) 

w i t h  a  h i g h  d e g r e e  of s t r u c t u r a l  

s t a b i l i t y .  (3) The a l l o y ,  however, 

does  ev idence  an ag ing  r e a c t i o n  a f t e r  

exposu re  t o  e l e v a t e d  t e m p e r a t u r e  f o r  

ex t ended  p e r i o d s  o f  t i m e .  A t  1300 OF 

(704 "C) t e s t  t e m p e r a t u r e ,  t h e  t e n -  

s i l e  d u c t i l i t y  o f  I n  102 i s  nomi- 

n a l l y  6 0 % ,  a s  compared t o  50% f o r  

aged m a t e r i a l .  Almost no i r r a d i a t e d  

d a t a  a r e  a v a i l a b l e  f o r  I n  102 .  Ex- 

p e r i e n c e  and r e s u l t s  have shown t h e  

i r r a d i a t e d  m a t e r i a l  t o  be ex t r eme ly  

n o t c h  s e n s i t i v e .  A l l  t h r e e  t e n s i l e  

samples  o f  I n  102 i r r a d i a t e d  a t  

1000 OF (538 OC) t o  an  approximate  

f a s t  f l u e n c e  l e v e l  o f  1 x  n/cm 2 

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

a t t a i n i n g  t h e  0 . 2 %  y i e l d  p o i n t  o f  t h e  

m a t e r i a l .  At tempts  w i l l  b e  made t o  

v e r i f y  t h e s e  r e s u l t s  w i t h  a d d i t i o n a l  

t e s t s .  

I n  g e n e r a l ,  a l l  a l l o y s  r e p o r t e d  

h e r e  have shown a  d u c t i l i t y  l o s s  

caused  by p ro longed  t h e r m a l  exposu re .  

When i r r a d i a t i o n  and t e m p e r a t u r e  e f -  

f e c t s  a r e  combined, t h e  r e s u l t i n g  

d u c t i l i t y  l o s s ,  w i t h  few e x c e p t i o n s ,  

i s  ex t r eme ly  l a r g e .  

I R R A D I A T I O N  F A C I L I T I E S  O P E R A T I O N  

R.  W .  B a r k e r  

The pu rpose  of t h i s  phase  of  t h e  

program i s  t o  p r o v i d e  f o r  t h e  t i m e l y  

accomplishment  o f  i r r a d i a t i o n ,  t e s t -  

i n g ,  and subsequen t  p r o c e s s i n g  o f  

t h e  d a t a  o b t a i n e d  from a  v a r i e t y  of  

r e a c t o r  s t r u c t u r a l  m a t e r i a l s .  I r -  

r a d i a t i o n s  w i l l  b e  per formed i n  

aqueous ,  g a s e o u s ,  and mo l t en  m e t a l  

env i ronmen t s .  E l e v a t e d  t e m p e r a t u r e  

i r r a d i a t i o n s  and t e s t s  w i l l  be em- 

p h a s i z e d .  S p e c i a l  t e s t i n g  t e c h -  

n i q u e s ,  a p p l i c a b l e  t o  e i t h e r  i r -  

r a d i a t e d  o r  u n i r r a d i a t e d  spec imens ,  

w i l l  b e  deve loped .  

F a c i l i t i e s  O p e r a t i o n  

The expe r imen t s  d i s c h a r g e d  from 

t h e  v a r i o u s  Eng inee r ing  T e s t  R e a c t o r  

(ETR) c o r e  p o s i t i o n s  f o r  Cycles  93 

and 94 a r e  g i v e n  i n  Tab l e s  1 2 . 3  and 

1 2 . 4 ,  a long  w i t h  t h e  e s t i m a t e d  neu-  

t r o n  f l u x e s  and e x p o s u r e s .  

The o p e r a t i n g  h i s t o r y  of  t h e  ETR 

and t h e  G-7 h o t  w a t e r  l oop  f o r  

Cycle  92 i s  g i v e n  i n  Tab l e  1 2 . 5 .  

Loop o p e r a t i o n  was normal  f o r  t h i s  

c y c l e .  The h i s t o r y  f o r  t h e  o u t - o f -  

r e a c t o r  l oop  i s  g i v e n  i n  Tab l e  12 .6 .  

Data P r o c e s s i n g  

One hundred and t h i r t y - f o u r  t e n -  

s i l e  d a t a  r e p o r t s  have  been added t o  

t h e  R a d i a t i o n  E f f e c t s  on Me ta l s  (REM) 

computer program d u r i n g  t h e  q u a r t e r ,  

which r a i s e s  t h e  accumula t i ve  t o t a l  t o  

5506. 

I R R A D I A T I O N  DAMAGE TO S T A I N L E S S  S T E E L S  

A .  J .  L o v e 1 1  

The pu rpose  of  t h i s  program i s  t o  

de t e rmine  t h e  combined e f f e c t s  o f  

n e u t r o n  i r r a d i a t i o n  and envi ronment  

on s t a i n l e s s  s t e e l s .  I r r a d i a t i o n -  

induced  mechanica l  p r o p e r t y  changes 

a r e  de t e rmined  a s  a  f u n c t i o n  o f  

f a s t -  and t h e r m a l - n e u t r o n  f l u e n c e ,  

t e m p e r a t u r e  and envi ronment  of  i r -  

r a d i a t i o n ,  and p o s t i r r a d i a t i o n  t e s t  

t e m p e r a t u r e s  and  env i ronmen t s .  Em-  

phase s  a r e  p l a c e d  on t e n s i l e  and 
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TABLE 1 2 . 3 .  Summary o f  E x p e r i m e n t s  D i s c h a r g e d  a t  t h e  
C o n c l u s i o n  o f  ETR C y c l e  93  

E s t i m a t e d  E s t i m a t e d  
Exper iment  No. o f  Type o f  F l u x ,  E x p o s u r e ,  
D e s i g n a t i o n  Spec imens  Spec imens  n /c rnz / sec (a )  n/cm2 ( a )  

GEH-20-33 1 8  348 SS T e n s i l e s  1 0 . 3 ~ 1 0 ~ ~  8 . 1  x 1 0  2  1 

GEH 

Zr -2  C o r r o s i o n  Tabs  

304 SS Creep  

304 SS S t r e s s - R u p t u r e  

304 SS S t r e s s  - R u p t u r e  

Carbon S t e e l  Charpy 

Carbon S t e e l  Charpy 

Fe F o i l s  

Fe F o i l s  

Fe F o i l s  

Fe F o i l s  

( a )  N e u t r o n s  w i t h  e n e r g i e s  g r e a t e r  t h a n  1 MeV. 

NOTE: T o t a l  s p e c i m e n s  d i s c h a r g e d ,  C y c l e  9 3  = 84 .  
T o t a l  s p e c i m e n s  d i s c h a r g e d ,  ETR G-7 Loop ,  C y c l e  9 3  = 7 2 .  

TABLE 1 2 . 4 .  Summary o f  E x p e r i m e n t s  D i s c h a r g e d  a t  t h e  
C o n c l u s i o n  o f  ETR C y c l e  94 

E s t i m a t e d  
Exper iment  No. o f  Type o f  F l u x ,  
D e s i g n a t i o n  Spec imens  Spec imens  n / c m z / s e c  ( a )  

AM 350 T e n s i l e  1 0 . 3  x  l 0 l 5  

304 SS S t r e s s - R u p t u r e  1 0 . 6  x  1013 

1 9 - 9  DL T e n s i l e  1 0 . 9  x  l 0 l 3  

1 9 - 9  DL T e n s i l e  6 . 0  x  10  1 3  

304 SS Creep  11.1 x  10 1 3  

J S  700 T e n s i l e s  1 0 . 0  1013 

"A" N i  F o i l s  2 . 5  x  10 1 3  

"A" N i  F o i l s  3 . 7  1 0 1 3  

GEH- 14-696  5  M i l d  S t e e l  Impac t  S p e c .  0 . 3 5  x  1015  

69 7  4  A-302 B  DCB 0 . 3  x 10  1 3  

762 6  "A" N i  F o i l s  2 2 . 1  x  10 1 3  

76 6  6  "A" N i  F o i l s  $ 3 . 1  x 10 1 3  

E s t i m a t e d  
E x p o s u r e ,  
n/cm2 ( a )  

8 . 1  x 1 0  2  1 

1.1 x  1 0 2 1  

1 . 0  x  10  2 1 

5 . 5  x  1 0  2  0  

1 . 0  x  10 2  1 

2 . 5  x  1 0  2 0  

6 . 0  x  1019 

9 . 0  x  10  19  

1 . 9  x 10  19  

1 . 6  x  1 0  19  

6 . 2  x  10  19  

9 . 1  x  1019 

( a )  N e u t r o n s  w i t h  e n e r g i e s  g r e a t e r  t h a n  1  MeV. 

NOTE: T o t a l  s p e c i m e n s  d i s c h a r g e d ,  C y c l e  9 4  = 9 8 .  
T o t a l  s p e c i m e n s  d i s c h a r g e d ,  ETR G-7 l o o p ,  C y c l e  94  = 7 6 .  
T o t a l  s p e c i m e n s  d i s c h a r g e d ,  ETR G-7 l o o p ,  t o  d a t e  = 3 3 8 6 .  



TABLE 1 2 . 5 .  Summary o f  O p e r a t i n g  H i s t o r y  f o r  ETR 
and G-7 Hot Water  Loop, ETR C y c l e s  92 and 93 

O p e r a t i n g  H i s t o r y  ETR Cyc le  Number 

1. R e a c t o r  H i s t o r y  - 9  2 - 9  3  

s t a r t u p  (a )  1 0 - 1 2 - 6 7  1 2 - 7 - 6 7  

End o f  Cyc le  11-26-67  1 - 3 0 - 6 8  

Megawatt  Days 5949 5966 

E f f e c t i v e  Days a t  1 7 5  MW 34.0  3 4 . 1  

Number o f  Scrams (b  11 19  

Number of  Shutdowns 3  5  

2 .  G - 7  Hot  Wate r  Loop H i s t o r y  

Maximum T e m p e r a t u r e  525 "F 532 OF 

E f f e c t i v e  Days Above 200 OF 3 5 . 5  35 .6  

E f f e c t i v e  Days a t  O p e r .  Temp. 33.0 31.2  

O p e r a t i n g  E f f i c i e n c y  ( c )  1 0 4 . 4 %  1 0 4 . 4 %  

T e m p e r a t u r e  E f f i c i e n c y  ( d l  9 3 . 0 %  8 7 . 7 %  

( a )  I n c l u d e s  f l u x  r u n s  a t  low power. 

(b )  Power drops  be low h a l f  o f  f u l l  power (175 M W I  w i t h  
i m m e d i a t e  r e c o v e r y .  

( c )  E f f e c t i v e  days  o f  Zoop o p e r a t i o n  above 200 O F  ( 9 5  O C )  

r e l a t i v e  t o  e f f e c t i v e  days  o f  r e a c t o r  o p e r a t i o n  a t  175 M W .  

( d )  E f f e c t i v e  days  o f  Zoop o p e r a t i o n  b e t w e e n  500 and 550 O F  

(260  and 290 O C l  r e l a t i v e  t o  days  o f  o p e r a t i o n  above 
200 O F  ( 9 5  O C I .  

TABLE 1 2 . 6 .  Summary o f  O p e r a t i n g  H i s t o r y  and Discharge  
S c h e d u l e  f o r  O u t - o f - R e a c t o r  Loop, ETR C y c l e s  92 and 93 

1. TIME-TEMPERATURE SUMMARY 

T e m p e r a t u r e  

200 O C  (392 OF) 

218 O C  (424 OF) 

246 O C  (475  OF) 

282 "C (540 OF) 

TOTAL TIME 

Time,  h r  

Cyc le  92 C y c l e  9 3  

2 0 . 4  50 .6  

1 2 . 1  1 5 . 8  

2 6 . 5  4 2 . 1  

79 2 .0  746.6  

851.0  8 5 5 . 1  

2 .  SPECIMEN DISCHARGES : M a t e r i a l ,  Specimen Type ,  and Number. 

C y c l e  92 Type 304 SS Creep  6  

C y c l e  9 3  Type 348 SS T e n s i l e  - 1 8  

TOTAL ( a )  2 4  

(a )  T o t a l  s p e c i m e n s  d i s c h a r g e d  t o  d a t e  = 1461. 



: reep i n v e s t i g a t i o n s  and on s t u d i e s  

)f t h e  mechanisms o f  i r r a d i a t i o n -  

induced p r o p e r t y  changes .  

Annealed r o l l i n g  and t r a n s v e r s e ,  

and 25% cold-worked t r a n s v e r s e  AISI 

348 specimens have been i r r a d i a t e d  

a t  290 O C ,  i n  t h e  G - 7  l o o p ,  t o  a  

f a s t  n e u t r o n  f l u e n c e  o f  8 . 1  x 10 2 1 

(E  > 1 MeV). T h i s  f l u e n c e  r e p r e -  
s e n t s  1080 f u l l  power days  i n  t h e  

Eng inee r ing  T e s t  Reac to r  (ETR) G - 7  

h o t  w a t e r  l oop .  A f t e r  b e i n g  exposed  

t o  t h e  i r r a d i a t i o n  i n  t h e  pH 10 w a t e r  

a t  2000 p s i a ,  t h e  specimens were 

c o a t e d  w i t h  a  r a t h e r  a d h e r e n t  c o r r o -  

s i o n  l a y e r .  No ev idence  o f  l o c a l i z e d  

p i t t i n g  o r  a t t a c k  was a p p a r e n t .  

The t e n s i l e  t e s t i n g  i s  p a r t i a l l y  

comple ted .  The e f f e c t s  o f  t e s t  tem- 

p e r a t u r e s  on t h e  s t r e n g t h  of  t h e  an-  

n e a l e d  specimens a f t e r  i r r a d i a t i o n  
a r e  shown i n  F i g u r e  1 2 . 1 .  The 

-- A S  F A B  C O N T R O L S  

O U L T I M A T E  S T R E N G T H  } T. D. I R R A D I A T E D  A T  2 9 0 ' ~  

A 0 . 2 %  O F F S E T  Y I E L D  
TO A  F A S T  N E U T R O N  

F L U E N C E  O F  8 . 1 ~ 1 0 ~ ~  

~ 0 . 2 %  O F F S E T  Y I E L D  
( E  > 1 M e V )  

- 

- 

- 

\ 

--- -- - 

0 . 2 %  Y S  

----I, - -- ---- 
- 

I I I I p\ 

T E S T  T E M P E R A T U R E  ( O C )  

FIGURE 1 2 . 1 .  T h e  E f f e c t  o f  T e s t  T e m p e r a t u r e  o n  t h e  S t r e n g t h  
o f  I r r a d i a t e d  A I S I  3 4 8  F l a t  SS  S p e c i m e n s  i n  t h e  A n n e a l e d  
C o n d i t i o n  
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i n c r e a s e  o f  t h e  y i e l d  s t r e n g t h  ove r  

t h e  a s - f a b r i c a t e d  v a l u e s  was obse rved  

a t  a l l  t e s t  t e m p e r a t u r e s  up t o  and 

i n c l u d i n g  t h e  750 O C  t e s t .  The duc-  

t i l i t y  was v e r y  low f o r  a l l  i r r a d i -  

a t e d  spec imens  ( F i g u r e  1 2 . 2 ) .  

The e f f e c t  o f  t e s t  t e m p e r a t u r e s  on 

t h e  s t r e n g t h  o f  AM-350 i n  t h e  doub le -  

aged c o n d i t i o n  a f t e r  an o u t - o f -  

r e a c t o r  age  and a f t e r  i r r a d i a t i o n  t o  

6.4 x 1021  ( E  > 1 MeV) i s  shown i n  

F i g u r e  12 .3 .  There  was a  s t r e n g t h -  

e n i n g  o f  t h e  y i e l d  s t r e n g t h  a t  a l l  

t e s t  t e m p e r a t u r e s  i n  t h e  300 t o  600 

" C  r ange .  F i g u r e  12 .4  shows t h a t  t h e  

un i forms  and t o t a l s  f o r  a l l  i r r a d i -  

a t e d  spec imens  were lower a t  a l l  t e s t  

t e m p e r a t u r e s .  

The d a t a  g e n e r a t e d  on m a r t e n s i t i c  

AISI 410 SS a r e  c o n s o l i d a t e d  i n  

Tab l e  12 .7 .  I r r a d i a t i o n  a t  60 O C  

were i n  t h e  ETR c o r e  where t h e  w a t e r  

C ---- A S  F A B  C O N T R O L S  

1 0 0  
I R R A D I A T E D  A T  2 9 0 ' ~  TO A  F A S T  N E U T R O N  
F L U E N C E  OF 8 . 1 ~ 1 0 ~ ~  ( E  > 1  M e V )  

T' D ' }  T O T A L  E L O N G A T I O N  
0 R. D. 

A T' ' ' 1  U N I F O R M  E L O N G A T I O N  

T E S T  T E M P E R A T U R E  ( O C )  

Neg 0680963-1 

FIGURE 12.2. The Effect of Test 
Temperature on the Ductility of 
Irradiated AISI 348 Flat SS Speci- 
mens in the Annealed Condition 
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T E S T  T E M P E R A T U R E  (OC) 

Neg 0 6 8 0 7 6 3  

FIGURE 1 2 . 3 .  E f f e c t  o f  T e s t  
T e m p e r a t u r e  on t h e  S t r e n g t h  o f  
I r r a d i a t e d  AM-350 i n  t h e  D o u b l e  A g e d  
C o n d i t i o n  

pH and p r e s s u r e  r anges  a r e  5.5 t o  

6.5 and 165 t o  200 p s i a .  The 290 O C  

i r r a d i a t i o n s  were i n  t h e  G-7 h o t  

w a t e r  l oop .  

The l i m i t e d  d a t a  a f t e r  i r r a d i a t i o n  

a t  60 O C  showed i n c r e a s e d  y i e l d  

s t r e n g t h  w i t h  n e u t r o n  f l u e n c e ,  and 

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

f l u e n c e  f o r  room t e m p e r a t u r e  t e s t s .  

The change i n  s t r e n g t h  w i t h  neu-  

t r o n  f l u e n c e  f o r  room t e m p e r a t u r e  

and 600 O C  t e s t  t e m p e r a t u r e s  a f t e r  

a  290 O C  i r r a d i a t i o n  i s  shown i n  

F i g u r e  1 2 . 5 .  The s t r e n g t h  i n c r e a s e d  

w i t h  f l u e n c e  f o r  room t e m p e r a t u r e  

t e s t s .  The 600 O C  t e s t  f i r s t  i n d i -  

c a t e d  a  s m a l l  d e c r e a s e  w i t h  f l u e n c e  

t o  1 x l o 2 '  b u t  an i n c r e a s e  t h e r e -  

a f t e r .  The e f f e c t  o f  f l u e n c e  on duc-  

t i l i t y  i s  shown i n  F i g u r e  12 .6 .  The 

room-tempera ture  t e s t  shows d e c r e a s e d  

uni form and t o t a l  e l o n g a t i o n  w i t h  i n -  

c r e a s i n g  f l u e n c e .  The a t t e m p t  t o  

t e s t  a t  room t e m p e r a t u r e  a f t e r  a  

rU\ 
I \ d T O  36.7% 

/ \ 1- 

/ ! 
r A T  6 0 0 ' ~  

I 
I 

I 

A A U N I F O R M  E L O N G A T I O N  

0 T O T A L  E L O N G A T I O N  

--- X - R E A C T O R  C O N T R O L S  

- I R R A D I A T E D  

[ I R R A D I A T E D  A T  2 9 0  O c  iy 
A  F L U E N C E  OF 6 .44  X  1 0  

( E  > 1  M ~ v ) ]  

I I I I I I I I 

T E S T  T E M P E R A T U R E  (OCI 

Neg 0 6 8 0 3 6 8 - 4  

FIGURE 1 2 . 4 .  T h e  E f f e c t  o f  T e s t  T e m p e r a t u r e  o n  t h e  D u c t i l i t y  
o f  I r r a d i a t e d  AM-350 S S  i n  t h e  D o u b l e  A g e d  C o n d i t i o n  



TABLE 12.7. T e n s i l e  P r o p e r t i e s  of M a r t e n s i t i c  4 1 0  SS 

I  RRADI AT ION DATA TENSILE DATA 

Fluence I r r .  Temp, T e s t  Temp, S t r e n g t h  KPSI P e r c e n t  S t r a i n  Reduc t ion  P l a s t i c  Work, 
(E > 1 MeV) " C " C PEL 0 . 2 %  YS UTS Unlform 'Total  of  Area ,  % ----- f t - l b  



U L T I M A T E  S T R E N G T H  

0 . 2 %  O F F S E T  Y I E L D  S T R E N G T H  

R O O M  T E M P E R A T U R E  T E S T S  

6 0 0 ° C  T E S T S  

I I I , , I ,  I I 1  1 1 1 1 1  

A S  F A B .  l o 2 "  l o z 1  l o z 2  

F A S T  N E U T R O N  F L U E N C E  ( E  > 1  M e V )  

Neg 0680625-2 

FIGURE 12.5. The Effect of Neutron 
Exposure at 290 O C  on the Strength 
of Martensitic AISI 410 SS 

o U N I F O R M  E L O N G A T I O N  

A A T O T A L  E L O N G A T I O N  
---- R O O M  T E M P E R A T U R E  T E S T S  

- 6 0 0 ' ~  T E S T S  

A S  F A B .  

F A S T  N E U T R O N  F L U E N C E  ( E  > 1  M e V )  

Neg 0680625 

FIGURE 12.6. The Effect of Neutron 
Exposure at 290 O C  on the Ductility 
of Martensitic AISI 410 SS 



f l u e n c e  of  6 . 4  x  10" was n o t  s u c c e s s -  

f u l .  The specimen became p r e m a t u r e l y  

b r i t t l e  a t  t h e  ex t ensome te r  p o i n t s .  

I n  t h e  600 O C  t e s t ,  t h e  d u c t i l i t y  i n -  

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  b u t  

t h e n  d e c r e a s e d .  I t  a p p e a r s  t h a t  t h e  

s o f t e n i n g  e f f e c t  o f  t h e  290 O C  age on 

t h e  600 " C  t e n s i l e  p r o p e r t i e s  o u t -  

weighed t h e  ha rden ing  e f f e c t  o f  t h e  

i r r a d i a t i o n  up t o  modera te  f l u e n c e .  

S o ,  a s  t h e  f l u e n c e  went t o  a  h i g h e r  

v a l u e ,  t h e  i r r a d i a t i o n  ha rden ing  o u t -  

weighed t h e  ag ing  e f f e c t s  on t h e  t e n -  

s i l e  p r o p e r t i e s .  

The e f f e c t  o f  t e s t  t e m p e r a t u r e s  on 

t h e  s t r e n g t h  of  t h e  m a r t e n s i t i c  410 

i r r a d i a t e d  a t  290 O C  t o  a  f a s t  

f l u e n c e  of 6.4 x  l o z 1  i s  shown i n  

F i g u r e  12 .7 ,  w h i l e  t h e  d u c t i l i t y -  

v e r s u s - t e s t  t e m p e r a t u r e  i s  p r e s e n t e d  

i n  F i g u r e  12 .8 .  A t  a l l  t e s t  t empe ra -  

t u r e s ,  t h e  y i e l d  s t r e n g t h s  a r e  

g r e a t e r  and t h e  d u c t i l i t i e s  l e s s  f o r  

i r r a d i a t e d  spec imens .  

- 

- 

- 

- 

- 

- 

0 U L T I M A T E  S T R E N G T H  \ 
- --- X - R E A C T O R  C O N T R O L S  \ 
- I R R A D I A T E D  

- 
1 

I R R A D I A T E D  A T  290 OC T O  \ 

- A  F L U E N C E  O F  6 . 4 4  X 1021  'Is 
( E  > 1 M e V )  1 A 

I I I I 

T E S T  T E M P E R A T U R E  ( O C )  

Neg 0 6 8 0 3 6 8 - 2  

FIGURE 1 2 . 7 .  T h e  E f f e c t  o f  T e s t  T e m p e r a t u r e  o n  t h e  S t r e n g t h  
o f  I r r a d i a t e d  4 1 0  S S  i n  t h e  M a r t e n s i t i c  C o n d i t i o n  
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yo\ 
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/ \ 
4 , T O  21 .7% 
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A T  6 0 0 ' ~  
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- 
A A U N I F O R M  E L O N G A T I O N  

0 T O T A L  E L O N G A T I O N  
- --- X - R E A C T O R  C O N T R O L S  

- I R R A D I A T E D  
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[ I R R A D I A T E D  A T  2 9 0  O C  T O  - 
A  F L U E N C E  OF 6 . 4 4  X  1 0 2 1  

( E  > 1  M ~ V I ]  

I I I I I I I 

T E S T  T E M P E R A T U R E  ( O C )  

Neg 0 6 8 0 3 6 8 - 3  

FIGURE 1 2 . 8 .  T h e  E f f e c t  o f  T e s t  T e m p e r a t u r e  o n  t h e  D u c t i l i t y  
o f  I r r a d i a t e d  4 1 0  SS i n  t h e  M a r t e n s i t i c  C o n d i t i o n  

E L E C T R O N  MICROSCOPY O F  ETR - 
IRRADIATED STAINLESS STEEL 

H .  R .  B r a g e r  

The e l e c t r o n  microscopy examina- 

t i o n  was c o n t i n u e d  on AISI t y p e  304 

SS i r r a d i a t e d  i n  t h e  ETR t o  6 x 10 2 1 

n/cm2 ( E  > 1 MeV) a t  290 O C .  Th i s  

m a t e r i a l  was examined t o  d e t e r m i n e  

t h e  m i c r o s t r u c t u r e  r e s p o n s i b l e  f o r  

t h e  h igh  t e m p e r a t u r e  i r r a d i a t i o n  

ha rden ing  which p e r s i s t e d  t o  t h e  

h i g h e s t  t e s t  t e m p e r a t u r e ,  750 O C .  

Photomicrographs  p r e s e n t e d  i n  t h e  

l a s t  q u a r t e r l y  r e p o r t ( 4 )  were ana-  

l y z e d .  These p i c t u r e  t h e  gage s e c -  

t i o n  of  t h e  m a t e r i a l  a s  t e s t e d  a t  

750 O C  and t h e  same m a t e r i a l  hav ing  

an a d d i t i o n a l  1 h r  vacuum annea l  a t  

870 O C  (Tab l e  1 2 . 8 ) .  I n  a d d i t i o n ,  

s e c t i o n s  o f  t h e  m a t e r i a l  t e s t e d  a t  

750 O C  were  vacuum annea l ed  1 h r  a t  

980 O C  o r  1090 "C, (Table  1 2 . 8 )  and 

examined by e l e c t r o n  microscopy 

F i g u r e s  12 .9  and 12 .10 ,  r e s p e c -  

t i v e l y ) .  The s i g n i f i c a n t  obse rva -  

t i o n s  were :  



1 2 . 1 4  BNWL - 7 68 

T A B L E  12.8. EZectron Microscopy Observations of Type 304 SS 
Irradiated in the E T R  to 6 x 1021 n/cm2 (>l.O MeV) at 290 OC 

Material tensile tested at 750 OC, plus a Anneal Temperature, OC 
vacuum anneal 1 hr at the indicated temperature As Tested 8 7 0 980 1090 

3 -1 
Cavity density (cm ) 1.5 l0l4 

A V / V  ( % )  0.17 0.25 0.50 1.2 

Helium in equilibrium with surface tension 
of cavities (ppm) 300 275 400 600 

0 

Average cavity diameter (A) 
(First moment/third moment) 

110/115 210/250 270/350 4601 57 5 

Total cavity surface area (lo1' i2/cm3) 
(Calculated using first moment average cavity) 2.5/3.0 1.5/2.0 2.2/2.7 
diameter/third moment average cavity diameter) 

3.0/4.0 

Total cavity volume (loz1 i3/cm3) 
(Calculated using first moment average cavity 3.0/3,5 2.5/4.5 4.5/9.2 13.5/21 
diameter/third moment average cavity diameter) 

Neg 5 2 5 5 - A  96,OOOX 

FIGURE 1 2 . 9 .  M i c r o s t r u c t u r e  o f  A I S I  
3 0 4  S S  I r r a d i a t e d  i n  t h e  ETR a t  
2 9 0  OC t o  a  F Z u e n c e  o f  6 x n / c m 2 ,  
T e s t e d  a t  7 5 0  OC, a n d  t h e n  A n n e a l e d  
a t  9 8 0  OC f o r  1  h r  
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Neg 5301-B 9 8 ,  O O O X  

FIGURE 1 2 . 1 0 .  M i c r o s t r u c t u r e  o f  A I S i  
304  SS  i r r a d i a t e d  i n  t h e  ETR a t  
290 OC t o  a FZuence  o f  6 x 1  o 2 l  n / c m 2 ,  
T e s t e d  a t  7 5 0  OC, and  t h e n  A n n e a l e d  
a t  1 0 9 0  OC f o r  1  h r  

The c a v i t i e s  were p r e s e n t  a f t e r  

vacuum a n n e a l i n g  a t  t e m p e r a t u r e s  

up t o  1090 O C .  

The c a v i t i e s  were u n i f o r m l y  l o -  

c a t e d  t h roughou t  t h e  m a t r i x  and 

on g r a i n  b o u n d a r i e s .  The g r a i n  

bounda r i e s  d i d  n o t  have a  denuded 

zone,  and t h e  s i z e  d i s t r i b u t i o n  

o f  t h e  c a v i t i e s  a t  t h e  g r a i n  

bounda r i e s  was n o t  s i g n i f i c a n t l y  

d i f f e r e n t  t h a n  f o r  c a v i t i e s  i n  

t h e  m a t r i x .  

No s t r a i n  f i e l d s  were obse rved  

around t h e  c a v i t i e s  f o r  m a t e r i a l  

vacuum annea l ed  w i t h i n  t h e  tem- 

p e r a t u r e  r a n g e  o f  750 t o  1090 O C  

and f u r n a c e  coo l ed .  

The t o t a l  s u r f a c e  a r e a  of  t h e  

c a v i t i e s  was c o n s t a n t  o v e r  t h e  

i n v e s t i g a t e d  t e m p e r a t u r e  r ange  o f  

750 t o  1090 O C  w h i l e  t h e  t o t a l  

volume o f  t h e  c a v i t i e s  i n c r e a s e d  

w i t h  i n c r e a s e d  a n n e a l i n g  tem- 

p e r a t u r e .  The c o n s i s t e n c y  o f  



macroscop ic  c a v i t y  s u r f a c e  a r e a  

i n d i c a t e s  t h a t  t h e  c a v i t i e s  s u r -  

f a c e  t e n s i o n s  a r e  ba l anced  by an 

i n t e r n a l  ga s  p r e s s u r e .  

The amount o f  he l ium gas  produced  

by t r a n s m u t a t i o n  (about  1 2  ppm) 

was l e s s  t h a n  o n e - t e n t h  t h e  amount 

r e q u i r e d  t o  b a l a n c e  t h e  c a v i t i e s  

s u r f a c e  t e n s i o n  (assuming 
2  

y = 1500 ergs /cm ). 

The f i r s t  f o u r  o b s e r v a t i o n s  sup -  

p o r t  t h e  c o n c l u s i o n  t h a t  t h e  ETR i r -  

r a d i a t i o n  produced  c a v i t i e s  t h a t  be -  

have l i k e  g a s  f i l l e d  b u b b l e s .  How- 

e v e r ,  t h e  l a s t  o b s e r v a t i o n  s u g g e s t s  

t h a t  t h e  c a v i t i e s  a r e  he l ium s t a b i -  

l i z e d  vacancy  c l u s t e r s .  To p r o v i d e  ad-  

d i t i o n a l  i n f o r m a t i o n  abou t  t h e  n a t u r e  

of  t h e  c a v i t i e s ,  a  sample o f  t h e  ETR 

i r r a d i a t e d  s t a i n l e s s  s t e e l  was v a c -  

uum a n n e a l e d  1 h r  a t  980 O C ,  a nnea l ed  

1 h r  a t  820 "C i n  NaK a t  a  p r e s s u r e  

o f  10 ,000  atm,  and examined by t r a n s -  

m i s s i o n  e l e c t r o n  mic roscopy ,  F ig -  

u r e  1 2 . 1 1 .  The 980 O C  vacuum a n n e a l  

shou ld  have  p r o v i d e d  a  h i g h  concen-  
3 t r a t i o n  ( 2  x 10 '~ /c rn  ) o f  l a r g e  c a v i -  

0 

t i e s  (300 A).  The 1 - h r ,  820 O C  h i g h -  

p r e s s u r e  (10,000 atm) a n n e a l  s h o u l d  

have promoted t h e  removal o f  s o l u a b l e  

and c h e m i c a l l y  r e a c t a n t  g a s e s  which 

c o u l d  h e l p  s t a b i l i z e  t h e  c a v i t i e s .  

The p r e l i m i n a r y  examina t i on  o f  t h e  

e l e c t r o n  mic rog raphs  o f  t h e  h igh  p r e s -  

s u r e  annea l ed  s t e e l  p rov ided  t h e  f o l -  

lowing o b s e r v a t i o n s  : 

Approximate ly  2 x  1013 c a v i t i e s / c m  
3  

w i t h  an ave rage  d i a m e t e r  o f  abou t  

700 a were s t i l l  p r e s e n t  a f t e r  an-  

n e a l i n g  t h e  m a t e r i a l  1 h r  a t  820 O C  

and 10 ,000  atm. 

There  were no o b s e r v a b l e  s t r a i n  

f i e l d s  a round t h e  c a v i t i e s .  

About 1013 p r e c i p i t a t e s / c m 3  w i t h  a n  

an  a v e r a g e  d i a m e t e r  o f  abou t  400 6: 
were obse rved .  The m a j o r i t y  o f  

t h e  p o l y h e d r a l  p r e c i p i t a t e s  were  

a t t a c h e d  t o  c a v i t i e s .  

Approximately 1014 s m a l l  p a r t i c l e s /  

cm3 w i t h  an  a v e r a g e  d i a m e t e r  o f  

100 6: were obse rved .  These s m a l l  

un i fo rmly  d i s p e r s e d  p a r t i c l e s  a r e  

n o t  vacancy-  o r  i n t e r s t i t i a l -  

c l u s t e r s .  

The p r e l i m i n a r y  e s t i m a t e  o f  t h e  

amount of  he l ium g a s  r e q u i r e d  t o  b a l -  

ance  t h e  10,000 atm a p p l i e d  p r e s s u r e  

p l u s  t h e  c a v i t y  s u r f a c e  t e n s i o n  ( a s -  
2  suming y = 150 ergs /cm ) i s  abou t  

800 ppm. The c o n c e n t r a t i o n  o f  t h e  

he l i um r e q u i r e d  t o  b a l a n c e  t h e  s u r -  

f a c e  t e n s i o n  o f  t h e  c a v i t i e s  i n  t h e  

s t e e l  b e f o r e  t h e  h i g h  p r e s s u r e  a n n e a l  

was 400 ppm (Table  1 2 . 8 ) .  The 

f a c t o r  o f  two d i s c r e p a n c i e s  p r o b a b l y  

a r i s e s  from t h e  p r e l i m i n a r y  r e s u l t s  

s o  f a r  o b t a i n e d  from a n a l y s e s  o f  t h e  

e l e c t r o n  mic rog raphs  o f  samples  a f t e r  

t h e  h igh  p r e s s u r e  a n n e a l .  Neve r the -  

l e s s ,  t h e  r e c e n t  r e s u l t s  d e f i n i t e l y  

con f i rm  e a r l i e r  r e s u l t s  t h a t  t h e  

c a v i t i e s  do n o t  r e spond  l i k e  v o i d s ,  

b u t  do behave l i k e  g a s - f i l l e d  b u b b l e s .  

I R R A D I A T I O N  D A M A G E  T O  N I C K E L - B A S E  

A L L O Y S  

I. S .  L e v y  

The r e q u i r e m e n t s  f o r  c o r r o s i o n  r e -  

s i s t a n c e  and h i g h  t e m p e r a t u r e  s t r e n g t h  

p l a c e  n i c k e l - b a s e  a l l o y s  among t h e  

more p romis ing  m a t e r i a l s  f o r  advanced  

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

t h e s e  a l l o y s  a r e  i r r a d i a t e d  a t  s e r -  

v i c e  t e m p e r a t u r e s ,  however ,  t h e y  

g e n e r a l l y  s u f f e r  e m b r i t t l e m e n t  and r e -  



Neg 5452 -0  96,OOOX 

FIGURE 1 2 . 1 1 .  M i c r o s t r u c t u r e  o f  
S p e c i m e n  D e p i c t e d  i n  F i g u r e  1 2 . 9 ,  b u t  
A f t e r  a  1  h r  A n n e a l  a t  8 2 0  O C  U n d e r  
1 0 , 0 0 0  a t m  H y d r o s t a t i c  P r e s s u r e  

d u c t i o n  i n  r u p t u r e  l i f e .  The pu rpose  

of  t h i s  program i s  t o  de t e rmine  t h e  

e f f e c t s  o f  mod i f i ed  m i c r o s t r u c t u r e s  

upon t h e  i r r a d i a t i o n  s t a b i l i t y  of  

n i c k e l - b a s e  a l l o y s .  These s t r u c t u r a l  

m o d i f i c a t i o n s  a r e  made by p r e i r r a d i a -  

t i o n  t he rma l  o r  thermomechanical  

t r e a t m e n t s  and a r e  e v a l u a t e d  by t e n -  

s i l e  and s t r e s s - r u p t u r e  t e s t s  and by 

m i c r o s t r u c t u r a l  examina t i ons .  

Recent s t u d i e s  on t h e  t h r e e  a l l o y s  

i n  t h i s  program, H a s t e l l o y  X-280, 

I n c o n e l  600, and I n c o n e l  X-750, have 

been concerned  w i t h  t h e  e f f e c  

p r e t r e a t m e n t s  and long- te rm ( 

i r r a d i a t i o n  a t  1250 O F  ( f a s t  

o f  app rox ima te ly  1 x  l o z 0  n /c  

h a s  been found t h a t  t h e  t h e m  

s u r e  a l o n e  produces  e x t e n s i v e  

p r e c i p i t a t i o n  i n  H a s t e l l o y  X -  

I n c o n e l  6 0 0 , ( 5 )  t h u s  c a u s i n g  

c r e a s e s  i n  y i e l d  s t r e n g t h  and 

t i o n s  i n  d u c t i l i t y  i n  bo th  a 1  

P r e l i m i n a r y  d a t a  from s t r e  

r u p t u r e  t e s t s  on t h e  c o n t r o l  

mens o f  t h e  t h r e e  a l l o y s  a t  1 

: t s  o f  

:>1500 h r )  

f  l u e n c e  

la1 expo- 

! m a t r i x  

280 and 

i n -  

I r e d u c -  

l o y s .  

: s s -  

speci . -  

350 O F  



show l i t t l e  change i n  r u p t u r e  l i f e  

a f t e r  t h i s  t he rma l  exposu re  compared 

w i t h  d a t a  a f t e r  exposu re  a t  540 OF. 

I n  f a c t ,  some t r e a t m e n t s  o f  I n c o n e l  

X-750 t h a t  r e s u l t e d  i n  poor  r u p t u r e  

p r o p e r t i e s  a f t e r  540 OF exposu re  

(because  t hey  produced  an unde r -  

aged s t r u c t u r e )  showed, a f t e r  t h e  

>I500  h r  exposu re  a t  1250 O F ,  b e t t e r  

p r o p e r t i e s  more c l o s e l y  r e l a t e d  t o  

t h o s e  of  t h e  s t a n d a r d  t r e a t m e n t .  

Presumably,  t h i s  i s  t h e  r e s u l t  o f  

ag ing  r e a c t i o n s  d u r i n g  exposu re .  

The l a c k  o f  r e d u c t i o n  i n  r u p t u r e  

l i f e  i n  H a s t e l l o y  X-280 and I n c o n e l  

600, a f t e r  t h i s  t h e r m a l  e x p o s u r e ,  

may be  caused  by t h e  oppos ing  e f f e c t s  

upon r u p t u r e  l i f e  o f  t h e  lowered  

d u c t i l i t y  and i n c r e a s e d  s t r e n g t h  i n -  

d i c a t e d  i n  t e n s i l e  t e s t s .  

However, a f t e r  i r r a d i a t i o n ,  p r e -  

l i m i n a r y  d a t a  show t h a t  compared t o  

c o n t r o l  spec imens ,  t h e  r u p t u r e  l i v e s  

o f  a l l  t h r e e  a l l o y s  were markedly r e -  

duced .  Reduc t ions  ranged  from about  

a  f a c t o r  o f  10 f o r  H a s t e l l o y  X-280 

(36 h r  vs  320 h r )  and I n c o n e l  600 

(43  h r  vs  515 h r )  t o  abou t  a  f a c t o r  

o f  300 f o r  I n c o n e l  X-750 (2 .5  h r  v s  

700 h r ) .  These r e d u c t i o n s  i n  rup -  

t u r e  l i f e  a r e  l a r g e r  t h a n  t h o s e  found 

a f t e r  exposu re  a t  540 OF; compared t o  

c o n t r o l  spec imens ,  t h e  l a t t e r  were  

o n l y  of  t h e  o r d e r  o f  a f a c t o r  o f  3  

f o r  a l l  t h r e e  a l l o y s .  Thus,  i r r a d i a -  

f e c t  o f  t he rma l  and i r r a d i a t i o n -  

i nduced  i n s t a b i l i t i e s .  The f a c t  t h a t  

I n c o n e l  X-750 s u f f e r e d  a  g r e a t e r  r e -  

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

two s o l u t i o n - h a r d e n e d  a l l o y s  might  be 

e x p e c t e d ,  s i n c e  a  p r e c i p i t a t i o n -  

ha rdened  a l l o y  would be more s u s c e p -  

t i b l e  t o  ag ing  r e a c t i o n s .  

IN-REACTOR MEASUREMENTS O F  MECHANICAL 

PROPERTIES 

E .  R .  G i l b e r t  a n d  N .  E .  H a r d i n g  

The i n - r e a c t o r  measurements  p r o -  

gram i s  i n t e n d e d  t o  d e t e r m i n e  t h e  e f -  

f e c t s  o f  i r r a d i a t i o n  on t h e  mechan ica l  

p r o p e r t i e s  of  r e a c t o r  s t r u c t u r a l  mate-  

r a i l s ,  t o  e s t a b l i s h  p r o p e r t y  d a t a  

s u i t a b l e  f o r  d e s i g n  p u r p o s e s ,  and t o  

c o n s i d e r  mechanisms t h rough  i r r a d i a -  

t i o n  e f f e c t s  on mac roscop ic  deforma-  

t i o n .  The program c u r r e n t l y  i n v o l v e s  

conduc t ing  i n - r e a c t o r  c r e e p  measure-  

ments  on a n n e a l e d  304 SS, H a s t e l l o y  X ,  

h e a t  t r e a t e d  Zr-2.5 w t  % Nb, and 

Z i r c a l o y - 2 .  Capsule  development  i s  

b e i n g  pu r sued  s o  t h a t  program capa -  

b i l i t i e s  may be e x t e n d e d .  

304 S t a i n l e s s  S t e e l  

Loading c u r v e s  f o r  c r e e p  t e s t s  con-  

d u c t e d  a t  450 O C  a r e  shown i n  F i g -  

u r e  12 .12 .  The c u r v e s  a r e  s i m i l a r  

f o r  b o t h  an i n - r e a c t o r  t e s t  and an  un-  

t i o n  a t  1250 OF i n c r e a s e d  t h e s e  r e -  i r r a d i a t e d  c o n t r o l  t e s t  and show d i s -  

d u c t i o n s  (compared t o  540 OF i r r a d i a -  con t inuous  y i e l d i n g  i ndependen t  o f  

t i o n )  by a  f a c t o r  o f  3  f o r  t h e  s o l u -  t i m e .  A t  450 O C ,  a  s e r r a t e d  s t r e s s -  

t i o n - h a r d e n e d  a l l o y s  ( H a s t e l l o y  X-280 s t r a i n  c u r v e ,  due t o  s t r a i n  a g i n g ,  i s  

and I n c o n e l  600) t o  25 f o r  t h e  p r e -  obse rved  i n  t e n s i l e  t e s t s .  The 

c i p i t a t i o n - h a r d e n e d  a l l o y  ( I n c o n e l  d i s c o n t i n u o u s  cu rve  obse rved  i n  t h e  

X-750).  The h i g h e r  r e d u c t i o n s  may l o a d i n g  o f  t h e  c r e e p  t e s t s  i s  p r o b -  

b e  a s s o c i a t e d  w i t h  t h e  combined e f -  a b l y  a  consequence of  t h e  same 
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FIGURE 1 2 . 1 2 .  Loading Curves  f o r  Annealed 304 SS  T e s t e d  
During Neutron  I r r a d i a t i o n  and W i t h o u t  I r r a d i a t i o n  a t  
450 O C  

phenomenon t h a t  c a u s e s  t h e  s e r r a t e d  under  t h e  c o n s t a n t  c r o s s  head speed  

s t r e s s  s t r a i n  cu rve  i n  t e n s i l e  t e s t s .  u sed  i n  t h e  t e n s i l e  t e s t .  Neutron 

However, i t  appea r s  a s  s t e p s  under  i r r a d i a t i o n  d i d  n o t  i n f l u e n c e  t h e  d i s -  

t h e  c o n s t a n t  l o a d  a p p l i e d  i n  t h e  con t inuous  y i e l d i n g  b u t  i t  d i d  cause  

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



An i n - r e a c t o r  c r e e p  t e s t  was con-  

d u c t e d  on 750 O C  annea l ed  Z i r c a l o y - 2  

i n  t h e  PRTR w i t h  a  n e u t r o n  f l u x  of  

app rox ima te ly  5 x  1012  nv ( E  > 1 MeV). 

The s t r a i n - v e r s u s - t i m e  c u r v e  and c o r -  

r e spond ing  u n i r r a d i a t e d  c o n t r o l  c r e e p  

d a t a  a r e  shown i n  F i g u r e  12 .13 .  The 

i n - r e a c t o r  c r e e p  a p p e a r s  t o  be i n -  

c r e a s e d  o v e r  t h e  u n i r r a d i a t e d  c o n t r o l  

t e s t .  The c r e e p  r a t e s  f o r  t h e  an -  

n e a l e d  Z i r c a l o y - 2  a r e  p l o t t e d  on a  

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

v e r s u s - s t r e s s  i n  F i g u r e  12 .14  a l o n g  

w i t h  d a t a  by F i d l e r i s  and Wi l l i ams  (6 )  

f o r  c o l d  worked Z i r c a l o y - 2 .  I t  ap-  

p e a r s  t h a t  b o t h  cold-worked and an-  

n e a l e d  Z i r ca loy -2  e x h i b i t  f a s t e r  

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

t i o n .  

0 Unirradiated Control 

500 1000 1500 

Time, h r  

Neg 0672975-2 

FIGURE 12 .13 .  S t r a i n  V e r s u s  Time f o r  Creep o f  Z i r c a l o y - 2  
T e s t e d  i n  t h e  PRTR i n  a  N e u t r o n  F l u x  o f  A p p r o x i m a t e l y  
5  x 1012  nu f E > I  MeV). Spec imens  Cut i n  L o n g i t u d i n a l  D i r e c -  
t i o n  from P l a t e ,  Annea led  f o r  20 hr  a t  750 O C ,  and Furnace 
C o o l e d .  
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FIGURE 12.14. Strain-Rate Versus Stress o n  SemiZogarithmic 
Coordinates for Zr-2.5 wt% Nb 

Zr-2.5 w t %  Nb c r e e p  r a t e s  f o r  Zr-2.5 w t %  Nb show 

l i t t l e  i f  any dependence on s t r e s s  

I n - r e a c t o r  c r e e p  r a t e s  f o r  Zr-2.5 between 14 and 32 kg/mm2 and a r e  

w t %  Nb a r e  p l o t t e d  (F igu re  12 .14)  s i m i l a r  i n  v a l u e  t o  t h o s e  f o r  c o l d -  

a g a i n s t  s t r e s s  on s e m i l o g a r i t h m i c  worked Z i r c a l o y - 2  between 10 and 

c o o r d i n a t e s  a long  w i t h  d a t a  f o r  2 1 5  kg/mm . Apprec i ab ly  s l ower  i n -  

cold-worked Z i r c a l o y - 2  by F i d l e r i s  r e a c t o r  c r e e p  r a t e s  a r e  obse rved  a t  

and Wi l l i ams .  ( 6 )  The i n - r e a c t o r  2  s t r e s s e s  below 10 kg/mm . 



G R A I N  B O U N D A R Y  S T A B I L I Z A T I O N  i n t o  a  m a t e r i a l ,  s t a b i l i z i n g  t h e  

E .  R .  B r a d l e y  g r a i n  s t r u c t u r e  shou ld  be p o s s i b l e  

w i t h o u t  d e t r i m e n t a l l y  a f f e c t i n g  t h e  

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

t o  i n v e s t i g a t e  t h e  r e c r y s t a l i z a t i o n  T h i s  would produce  a  m a t e r i a l  a c c e p t -  

and g r a i n  growth  c h a r a c t e r i s t i c s  o f  a b l e  f o r  p ro longed  s e r v i c e  a t  h i g h  

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

t i o n s  o f  i n e r t  g a s e s .  g r a i n  growth o c c u r r i n g .  

S i n c e  i m p u r i t i e s  g e n e r a l l y  i n h i b i t  I on  bombardment i s  one  method of  

t h e  mot ion  o f  g r a i n  b o u n d a r i e s  i n  i n t r o d u c i n g  s m a l l  q u a n t i t i e s  o f  i n -  

m e t a l s ,  a  l a r g e  amount o f  work h a s  e r t  g a s  i n t o  a  m e t a l .  An a p p a r a t u s ,  

been d i r e c t e d  toward  t h i s  p roblem.  shown s c h e m a t i c a l l y  i n  F i g u r e  1 2 . 1 5 ,  

However, v e r y  few i n v e s t i g a t i o n s  o f  has  been c o n s t r u c t e d  and  shown t o  be 

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

w i t h  b o u n d a r i e s  have  been conduc t ed .  t i t i e s  o f  he l ium i n t o  a  m e t a l .  

O b s e r v a t i o n s  on u r a n i u m ( 7 )  and N icke l  i s  a  c o n v e n i e n t  m e t a l  t o  dem- 

AL-0.7  w t %  L i  a l l o y ( 8 )  a f t e r  n e u t r o n  o n s t r a t e  t h e  p r a c t i c a l i t y  of  t h e  

i r r a d i a t i o n  i n d i c a t e  t h a t  g r a i n  

bounda r i e s  a r e  s t a b i l i z e d  d u r i n g  

g r a i n  s t a b i l i z a t i o n  t e c h n i q u e ;  t h e r e -  

f o r e ,  n i c k e l  powder i n  t h e  s i z e  r a n g e  

i r r a d i a t i o n .  One proposed  mechanism 3 t o  7 p was u sed .  The bombardment 

f o r  t h i s  s t a b i l i z a t i o n  i s  a  " l ock ing"  a p p a r a t u s  c o n s i s t s  o f  an  e v a c u a b l e  

o f  t h e  b o u n d a r i e s  by i n e r t  g a s e s  p r o -  chamber w i t h  a  v a r i a b l e  l e a k  vacuum 

duced d u r i n g  i r r a d i a t i o n .  v a l v e  t o  m a i n t a i n  a  dynamic he l ium 

Bubbles  have  been  obse rved  a l o n g  p r e s s u r e  o f  100 d u r i n g  bombardment. 

g r a i n  b o u n d a r i e s  and d i s l o c a t i o n  The anode i s  a  1 / 8  i n .  diam n i c k e l  

l i n e s  i n  i r r a d i a t e d  s t r u c t u r a l  mate-  r o d ;  t h e  powder sample i n  c o n t a c t  

r i a l s .  These bubb le s  a r e  proposed  w i t h  a  n i c k e l  r o d  i s  t h e  c a t h o d e .  

t o  c o n t a i n  he l ium which i s  produced  The p o t e n t i a l  s o u r c e  f o r  t h e  glow 

by n  + a f a s t  r e a c t i o n s ,  o r  t h e y  a r e  

caused  by boron  i m p u r i t i e s  i n  t h e  

m a t e r i a l s  by t h e  t h e r m a l  r e a c t i o n s  

' O B  + n1 + a. P o s t i r r a d i a t i o n  

a n n e a l i n g  o f  t h e s e  m a t e r i a l s  a l s o  

i n d i c a t e s  a  s t a b i l i z e d  g r a i n  

s t r u c t u r e .  

I n e r t  g a s e s  a r e  p r e s e n t l y  con -  

s i d e r e d  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  

p r o p e r t i e s  of  i r o n  and  n i c k e l  b a s e  

a l l o y s .  The ex t reme l o s s  o f  duc-  

t i l i t y  i n  t h e s e  a l l o y s  ha s  been a t -  

t r i b u t e d  t o  t h e  b u i l d u p  of  hel ium 

g a s  b u b b l e s .  I f  a  s m a l l  c o n c e n t r a -  

t i o n  o f  i n e r t  g a s  can  be i n t r o d u c e d  

d i s c h a r g e  i s  a  5 kV power s u p p l y  

whose v o l t a g e  and c u r r e n t  i s  moni-  

t o r e d  w i t h  an  x - y  r e c o r d e r .  

The amount of  hel ium i n j e c t e d  i n t o  

t h e  n i c k e l  powder i s  de t e rmined  by 

Anpde  

N i c k e l  Powde r  
( C a t h o d e )  

FIGURE 2 2 . 1 5 .  S c h e m a t i c  o f  G l o w  
D i s c h a r g e  S y s t e m  f o r  I n j e c t i n g  
Hel ium i n t o  M e t a l  Powders 



heating the powder in vacuum and mea- 

suring the helium liberated as a 

function of temperature with a mass 

spectrometer type leak detector. 

The heating rate used is 2 0  OC/min. 

A typical graph of helium liberated 

versus temperature is shown in 

Figure 12.16. 

Two distinct peaks occur as the 

temperature is increased from 50  to 

8 0 0  OC. The relative size and posi- 

tion of these two peaks depend on 

the time and potential used during 

bombardment. The low temperature 

peak occurs between 1 0 0  to 4 0 0  OC 

and the high temperature peak be- 

tween 5 0 0  to 8 0 0  OC. This tech- 

nique and the apparatus available 

provide information only to a tem- 

perature of 8 0 0  OC. For higher 

temperature data, tin is alloyed 

with the nickel powder to determine 

the amount of helium remaining after 

heating to 8 0 0  OC. Up to 5% of the 

T i n  f d d e d  
I 
I 

I 
I 

T e m p e r a t u r e  

FIGURE 1 2 . 1 6 .  A T y p i c a l  C h a r t  Show- 
i n g  Hel ium R e l e a s e  from N i c k e l  
Powder F o l l o w i n g  Hel ium I o n  Bombard- 
men t  a s  a  F u n c t i o n  o f  I n c r e a s i n g  
T e m p e r a t u r e  During H e a t i n g  a t  a  
C o n s t a n t  R a t e  

total helium released is found to 

be retained after heating in vacuum 

to 8 0 0  'C. The temperature at which 

this helium would be released from 

the metal powder cannot be deter- 

mined by this method, but processing 

and compaction of the powders at 

temperatures up to 8 0 0  OC without 

complete loss of helium are feasible. 

Nickel powder, with and without 

helium, is being hydrostatically 

compacted at various pressures and 

temperatures. Recrystallization and 

grain growth in these compacts will 

be studied by microscopy, hardness, 

and X-ray techniques. 

F R A C T U R E  S T U D I E S  

J .  A .  W i l l i a m s  

Size Effects of the DCB Specimen on 

the Fracture Toughness of ASTM A533-B 

Steel 

A major task of the HSST* irradia- 

tion damage program is to determine 

size effects of various types of frac- 

ture mechanics specimens. The objec- 

tives of this task are to determine 
as a function of neutron fluence: 

The smallest specimen size that 
will provide a valid measure of 

plane-strain fracture toughness at 

a given temperature 
The limiting temperature at which 

plane-strain fracture cannot be 

measured regardless of specimen 

size 

The influence on gross fracture 

toughness of microstructural and 

neutron fluence gradients in 

* Heavy S e c t i o n  S t e e l  T e c h n o l o g y  



h e a v y - s e c t i o n  p l a t e s .  F r a c t u r e  

mechanics  spec imens  o f  t h e  D C B ,  

W O L ,  and n o t c h  bend t y p e s  w i l l  be  

u sed  i n  t h i s  t a s k .  

An i n i t i a l  p l a t e ,  1 i n .  t h i c k  x 

1 i n .  wide x 2  i n .  long  (RD) of  

ASTM A533-B C l a s s  1 s t e e l  Lukens 

Heat  A1008-1, was s u p p l i e d  by Oak 

Ridge N a t i o n a l  Labo ra to ry  i n  t h e  h e a t  

t r e a t e d  c o n d i t i o n .  Heat  t r e a t m e n t  

c o n s i s t e d  o f  n o r m a l i z i n g  a t  1600 t o  

1750 OF, a u s t e n i t i z e  a t  1650 OF f o r  

4 h r ,  w a t e r  quench ing ,  t emper ing  a t  

1225 OF f o r  4 h r ,  and f u r n a c e  c o o l i n g .  

Double c a n t i l e v e r  beam specimens 

0 .5  and 1 . 0  i n .  t h i c k  were  machined 

from t h e  1 / 2  T  p l a t e  p o s i t i o n ,  w i t h  

t h e  f r a c t u r e  p l a n e  normal  t o  t h e  

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

r e c t i o n .  The r e s u l t s  o f  t h e  f r a c t u r e  

toughness  t e s t s  a r e  t a b u l a t e d  i n  

Tab l e  12 .9 .  F r a c t u r e  toughness  t e s t s  

a t  -160 and -140 O C  were made on t h e  

0 . 5  i n .  specimen.  The s econd  t e s t  a t  

-140 O C  r e s u l t e d  i n  f r a c t u r e  o f  b o t h  

specimens arms. The 1 . 0  i n .  specimen 

was t e s t e d  a t  -160 ,  -140 and -120 " C .  

Specimen arm b reakage  o c c u r r e d  a t  

-120 O C  d u r i n g  t h e  s econd  t e s t .  The 

remainder  o f  t h e  1 . 0  i n .  specimen was 

remachined ( F i g u r e  12 .17 )  and t e s t e d  

a t  -160 O C  t o  t h e  end o f  t h e  s p e c i -  

men. A r m  b r eakage  of  b o t h  t h e  0 . 5  

and t h e  1 . 0  i n .  specimens o c c u r r e d  

a t  v a l u e s  l e s s  t h a n  1 . 5  f o r  
2 

B /  ( K I ~ / ~ ~ S )  . 
The f r a c t u r e  toughness  (KI,) o f  

A533-B i s  p l o t t e d  a s  a  f u n c t i o n  o f  

B / ( K I ~ / ~ ~ ~ ) ~  i n  F i g u r e  12 .18d .  An 

i n c r e a s e  i n  K I  a s  a  f u n c t i o n  o f  
C 

t h e  c r a c k  l e n g t h  f o r  t h e  DCB s p e c i -  

men was obse rved  (Table  1 2 . 9  and 

Specimen 
Number 

TABLE 12.9. R e s u l t s  o f  DCB F r a c t u r e  Toughness  T e s t s  o f  A533-B 
C l a s s  1 S t e e l  S p e c i m e n s  from 1 / 2  T P o s i t i o n  i n  1 2  i n .  P l a t e  

y i e l d C a )  
T h i c k n e s s ,  Tempera tu re ,  S t r e n g t h ,  Crack Leng th ,  B K ~ c 9  

B ,  i n .  " C k s  i C ,  i n .  K k s i  6. LI k y s L  

K ~ a )  

k s i  6. 

(a) Y i e l d  s t r e n g t h  d a t a  t a k e n  from R e f e r e n c e  1 0  f o r  SA533-B 8 i n .  p l a t e  

(b) B o t h  arms f r a c t u r e d  

(c) 5  1 / 2  i n .  long  s p e c i m e n  machined  from end of O I K A 2 2  ( F i g u r e  1 2 . 1 7 )  

(d) F r a c t u r e  r u n  t o  end  o f  s p e c i m e n  

( e )  BN/B = 0. 33 



BNWL- 768 

Neg 0680889 

F I G U R E  1 2 . 1  7 .  DCB ( 1  i n .  t h i c k )  Spec imen  o f  A533-B. S h o r t  
Spec imen  Was Machined a f t e r  F r a c t u r e  o f  B o t h  Arms 

Figu re  12 .18d ) .  To d e t e r m i n e  i f  t h e  

observed  i n c r e a s e  was a  geometry 

e f f e c t  o r  a  m a t e r i a l  g r a d i e n t ,  t h e  

remachined specimen from t h e  end of  

01KA22 was t e s t e d  a t  -160 O C .  The 

f r a c t u r e  toughness  r e s u l t s  of a l l  
t e s t s  a t  -160 O C  a r e  p l o t t e d  a s  a  

f u n c t i o n  of  c r a c k  l e n g t h  i n  F ig -  

u r e  12 .18a  and a s  a  f u n c t i o n  of  t h e  

d i s t a n c e  from t h e  f lame c u t  end of  

t h e  p l a t e  i n  F i g u r e  12 .18b .  From 

t h e s e  d a t a ,  t h e  obse rved  change i n  

K I c  does n o t  appea r  t o  be  geometry 

dependen t ,  b u t  r a t h e r  a  r e s u l t  o f  

m a t e r i a l  g r a d i e n t .  Whether t h e  mate-  

r i a l  g r a d i e n t  i s  a  r e s u l t  o f  f lame 

c u t t i n g  o r  a  g r a d i e n t  o f  t h e  o r i g i -  

n a l  p l a t e  i s  i n c o n c l u s i v e .  M e t a l l o -  

g r a p h i c  examina t i ons  have been made 

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

changes occu r  o n l y  t o  a  d e p t h  o f  

abou t  1 / 4  i n .  from t h e  f lame c u t  

s u r f  a ce .  When t h e  DCB specimen 

i s  u sed  f o r  p l a n e - s t r a i n  f r a c t u r e  

toughness  t e s t i n g ,  t h e  r equ i r emen t  
2  

B /  (K1,/oys) b e i n g  e q u a l  t o  o r  

g r e a t e r  t h a n  2 .5  a p p e a r s  t o  be a 

v a l i d  c r i t e r i a  (F igu re  12 .18d ) .  

Whether t h i s  r equ i r emen t  can  be d e -  

c r e a s e d  by u s i n g  a  d i f f e r e n t  n e t  

t h i c k n e s s  [BN) i s  y e t  t o  be  de-  

t e rmined .  
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FIGURE 12 .18 .  F r a c t u r e  Toughness  ( K I ~ )  o f  Q & T  A533-B a s  
a  F u n c t i o n  o f  ( 2 a )  Crack L e n g t h ,  12b)  D i s t a n c e  from Flame 
Cut  S u r f a c e  12cl T e m p e r a t u r e ,  and ( 2 d )  B / ( K I ~ / U  s ) 2 .  A l l  
Measurements  Made a t  1 / 2  T  P o s i t i o n  o f  12 i n .  Pva te  w i t h  
t h e  Crack P lane  Normal t o  t h e  P l a t e  S u r f a c e s  and i n  t h e  
R o l l i n g  D i r e c t i o n  o f  t h e  P l a t e .  ( a  t h r o u g h  d p r o g r e s s e s  
from t o p  t o  b o t t o m )  



H E A V Y  S E C T I O N  S T E E L  

F.  A .  S m i d t  

T h i s  p o r t i o n  of  t h e  Heavy S e c t i o n  

S t e e l  Program (HSST) emphasized 

s t u d i e s  i n  s u p p o r t  o f  t h e  t e s t i n g  p r o -  

gram on heavy s e c t i o n s  of r e a c t o r  

p r e s s u r e  v e s s e l  s t e e l s .  The o b j e c -  

t i v e  was t o  g a i n  i n s i g h t  i n t o  t h e  con-  

d i t i o n s  t h a t  might  l e a d  t o  c a t a -  

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

MeV) h a s  a l s o  been i n i t i a t e d  and 

s h o u l d  be comple ted  w i t h i n  t h e  n e x t  

q u a r t e r .  These d a t a  s h o u l d  c o n t r i b -  

u t e  t o  o u r  u n d e r s t a n d i n g  o f  t h e  mod- 

i f  i c a t i o n  o f  de fo rma t ion  mechanisms 

by h i g h e r  n e u t r o n  exposu re s .  These 

d a t a  t o g e t h e r  w i t h  p r e v i o u s l y  ob-  

t a i n e d  d a t a  on i r o n  w i l l  be  i n c l u d e d  

i n  a  p a p e r *  d e s c r i b i n g  t h e  e f f e c t s  of 

n e u t r o n  i r r a d i a t i o n  on t h e  deforma- 

t i o n  mechanisms i n  i r o n .  

d u r i n g  n e u t r o n  i r r a d i a t i o n .  

During t h i s  r e p o r t  p e r i o d ,  some H I G H  P R E S S U R E  S T U D I E S  

t ime  was s p e n t  i n  a  l i t e r a t u r e  s u r v e y  G .  L .  K u l c i n s k i  

of  f r a c t u r e  mechanics  and p r o c e s s e s  

and mechanisms of  c r a c k  n u c l e a t i o n  High Tempera tu re -P re s su re  Annea l ing  

and p r o p a g a t i o n .  of I r r a d i a t e d  304 SS 

The r e l a t i o n s h i p  between deforma- 

t i o n  t e m p e r a t u r e  and t h e  development  I t  h a s  been found ( I 2 )  t h a t  when 

o f  d i s l o c a t i o n  ne tworks  i s  be ing  304 SS i s  i r r a d i a t e d  t o  a  h igh  

s t u d i e d  e x p e r i m e n t a l l y  a s  a  f u n c t i o n  f l u e n c e  i n  a  t he rma l  r e a c t o r  and 

of  p u r i t y  and n e u t r o n  exposu re  of  

i r o n  under  a n o t h e r  program (IDRM) . 
Having d i r e c t  b e a r i n g  on t h e  HSST 

program, t h i s  work s h o u l d  l e a d  t o  a  

b e t t e r  u n d e r s t a n d i n g  o f  t h e  l o s s  i n  

work h a r d e n a b i l i t y  i n  t h e  n e i g h b o r -  

hood o f  t h e  c r a c k  t i p ,  which i s  e s -  

s e n t i a l  i n  de t e rmin ing  t h e  f r a c t u r e  

toughness  of  a  m a t e r i a l .  A p a p e r  on 

t h i s  s u b j e c t ,  p r e s e n t e d  a t  t h e  AIME 

Annual Meeting i n  New York, Feb- 

r u a r y  26-29,  1968,  (11) d e s c r i b e s  some 

o f  t h e  changes i n  i n t e r n a l  s t r e s s  

f i e l d s  (which a r e  a s s o c i a t e d  w i t h  d i s -  

l o c a t i o n  ne tworks)  t h a t  accompany a  

change i n  t h e  t e m p e r a t u r e  a t  which 

i r o n  i s  deformed.  I t  a l s o  i n t e r p r e t s  

t h e s e  changes i n  t e rms  o f  work- 

ha rden ing  mechanisms. 

T e n s i l e  t e s t i n g  o f  i r o n  s p e c i -  

mens i r r a d i a t e d  t o  a  f a s t  f l u e n c e  of  

app rox ima te ly  2 x  n/cm2 (E > 1 

h e a t e d  t o  t e m p e r a t u r e s  above 750 O C ,  

numerous c a v i t i e s  form i n  t h e  m a t r i x .  

Fu r the rmore ,  t h e s e  c a v i t i e s  e n l a r g e  

a s  t h e  m e t a l  i s  h e a t e d  t o  h i g h e r  tem- 

p e r a t u r e s .  

The n a t u r e  o f  t h e s e  c a v i t i e s  h a s  

n o t  been c l e a r .  When t h e y  a r e  f i l l e d  

w i t h  g a s ,  r ough ly  30 t imes  more g a s  

atoms a r e  p r e s e n t  t h a n  p r e d i c t e d  by 

t r a n s m u t a t i o n  c a l c u l a t i o n s .  When 

t h e y  a r e  v o i d s ,  t h e y  shou ld  d i s a p p e a r  

upon h e a t i n g  b u t  do n o t .  ( I 2 )  To d e -  

t e rmine  more abou t  t h e  n a t u r e  of  t h e  

c a v i t i e s ,  samples  i n  which t h e y  had  

a l r e a d y  formed,  due t o  a  980 O C  

vacuum a n n e a l ,  were s u b j e c t e d  t o  a  

t e m p e r a t u r e  o f  820 O C  and a  p r e s s u r e  

of 150,000 p s i  (10 k b a r s )  f o r  1 h r  

* T h e  Japanese-American Information 
Exchange Meeting o n  Effects of 
Irradiation i n  I r o n  and Steel is 
t o  be held i n  S a n  Francisco, 
J u n e  23-26, 1968. 
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w h i l e  immersed i n  NaK. A p o s t t e s t  

e l e c t r o n  microscopy examina t i on  i n -  

d i c a t e d  t h a t  t h e  h i g h  p r e s s u r e  t r e a t -  

ment f a i l e d  t o  c o l l a p s e  t h e  c a v i t i e s  

b u t  d i d  cause  changes i n  t h e  s i z e  and 

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

t a i l e d  r e s u l t s  a r e  p u b l i s h e d  e l s e -  

where i n  t h i s  r e p o r t .  ( I 2 )  The con-  

c l u s i o n  o f  t h e  microscopy s t u d y  i s  

t h a t  t h e  c a v i t i e s  a r e  f i l l e d  w i t h  

ga s  and t h a t  t h e y  may be p r o p e r l y  

c a l l e d  bubb le s  i n  t h e  s o l i d .  

As ide  from t h e  impor t ance  of  t h e  

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

f a c t  i s  t h a t  t h e s e  samples  were s u c -  

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

medium a t  820 O C  unde r  such  a  l a r g e  

p r e s s u r e .  

To s t u d y  t h e  e f f e c t s  o f  p r e s s u r e  

a n n e a l i n g  on m i c r o s c o p i c  d e f e c t s  p r o -  

duced by i r r a d i a t i o n ,  i t  i s  ex t r eme ly  

impor t an t  t h a t  t h e  sample be sub -  

j e c t e d  t o  no s h e a r  s t r e s s e s  w h i l e  

under  p r e s s u r e .  D e f e c t s  such  a s  

v a c a n c i e s ,  i n t e r s t i t i a l s ,  o r  d i s l o c a -  

t i o n s  g e n e r a t e d  by such  s h e a r  com- 

ponen t s  would i n t e r f e r e  w i t h  (and com- 

p l i c a t e )  t h e  i n t e r p r e t a t i o n  of  t h o s e  

d e f e c t s  a l r e a d y  p r e s e n t  due t o  i r r a d i -  

a t i o n .  To i n s u r e  t h a t  an e x t e r n a l  

s t r e s s  i s  t r a n s m i t t e d  h y d r o s t a t i c a l l y  

t o  a  sample ,  t h e  sample i s  u s u a l l y  i m -  

mersed i n  a  s u b s t a n c e  t h a t  remains  a  

l i q u i d  d u r i n g  t h e  e n t i r e  t ime  of  t h e  

t e s t .  A t  room t e m p e r a t u r e ,  t h i s  can  

be accompl i shed  by u s i n g  v a r i o u s  o r -  

g a n i c  f l u i d s  up t o  -300,000 p s i  

(-20 k b a r s ) .  However, a s  t h e  tem- 

p e r a t u r e  i s  r a i s e d  above 300 t o  400 

O C ,  t h e  o r g a n i c s  decompose o r  p o l y -  

m e r i z e ,  t h u s  f o r c i n g  t h e  u s e  of  o t h e r  

l i q u i d s .  L iqu id  m e t a l s  such  a s  L i ,  

Na, K ,  NaK, Ga, o r  Hg have much b e t t e r  

t he rma l  s t a b i l i t y  t h a n  o r g a n i c s ,  b u t  

Ga and Hg a r e  ex t r eme ly  c o r r o s i v e  a t  

h i g h  t e m p e r a t u r e s  and a t t a c k  i r o n  o r  

i r o n  a l l o y s  q u i t e  r e a d i l y  above 600 

O C .  (13314)  NaK was p i cked  because  

i t  i s  l i q u i d  a t  room t e m p e r a t u r e  

(mp = - 1 1  "C) and i s  a l s o  r e l a t i v e l y  

u n r e a c t i v e  t o  s t a i n l e s s  s t e e l  a t  

t e m p e r a t u r e s  t o  900 O C .  (14)  

A s c h e m a t i c  of  t h e  p r e s s u r e  c e l l  

assembly used  i s  shown i n  F i g u r e  

12 .19 .  The s ample s ,  c o n t a i n e d  i n  a  

p e r f o r a t e d  t a n t a l u m  b a s k e t ,  were en -  

c a p s u l a t e d  i n  a  N a K - f i l l e d  c a n .  This  

can  was p l a c e d  i n t o  a  p r ea s sembled  

p r e s s u r e  c e l l  ( F i g u r e  1 2 . 1 9 ) ,  which 

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

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

p r e s s u r e  d e v i c e ,  d e s c r i b e d  p r e v i -  

ous l y  . ( 1 5 )  As t h e  p r e s s u r e  c e l l  was 

c ru shed  under  an advanc ing  t u n g s t e n -  

c a r b i d e  p i s t o n ,  t h e  can c o l l a p s e d  and 

i n c r e a s e d  t h e  p r e s s u r e  i n  t h e  NaK. 

T h i s  p r e s s u r e  was t h e n  t r a n s m i t t e d  

h y d r o s t a t i c a l l y  t o  t h e  sample .  

The p r e s s u r e  was f i r s t  r a i s e d  t o  

150,000 p s i  (10 k b a r s )  , and t h e  tem- 

p e r a t u r e  t h e n  r a i s e d  t o  820 O C .  

A f t e r  1 h r  a t  t h e s e  c o n d i t i o n s ,  t h e  

t e m p e r a t u r e  was lowered a t  a  r a t e  

of app rox ima te ly  300 OC/min, and t h e  

p r e s s u r e  was r e l e a s e d .  F i g u r e  12 .20  

shows t h e  can  assembly b e f o r e  and 

a f t e r  t h e  t e s t .  Although t h e r e  was 

some s h o r t e n i n g  of t h e  c a n ,  no NaK 

l eakage  was e v i d e n t .  

A measure of  t h e  h y d r o s t a t i c i t y  

of t h e  p r e s s u r e  t r a n s m i t t i n g  media 

i s  shown i n  F i g u r e  1 2 . 2 1 ,  where t h e  

m i c r o s t r u c t u r e  of  t h e  s t e e l  i s  shown 

b e f o r e  and a f t e r  t h e  t e s t .  The 

w h i t e  s p o t s  a r e  bubb le s  and t h e  

b l a c k  s p o t s  a r e  p r e c i p i t a t e s .  The 



G 

T h e  

' e  
i ng 
N a K  

B a s k e t  

Neg 0 6 8 0 8 6 1  

FIGURE 2 2 . 1 9 .  P r e s s u r e  CeZZ A s s e m b Z y  f o r  A n n e a l i n g  
I r r a d i a t e d  3 0 4  S S  a t  8 2 0  OC a n d  1 0  k b a r s  ( 1 5 0 , 0 0 0  p s i )  

r e l a t i v e l y  low c o n c e n t r a t i o n  o f  d i s l o -  

c a t i o n s  i n  t h e  compressed sample i s  

p roo f  t h a t  t h e r e  a r e  few,  i f  any ,  

s h e a r  s t r e s s e s  a c t i n g  on t h e  sample .  

An i n c r e a s e d  amount o f  p r e c i p i t a t e  

i s  a l s o  n o t e d  i n  t h e  p r e s s u r e  an-  

n e a l e d  sample (F igu re  12.21B) ; t h e  

a s s o c i a t i o n  o f  bubb le s  w i t h  p r e c i p i -  

t a t e s  i s  much more p r e v a l e n t  i n  t h i s  

sample t h a n  i n  t h e  vacuum annea l ed  

c a s e  (F igu re  12.21A).  

The s i g n i f i c a n c e  of  t h e  mic ro -  

s t r u c t u r e  i n  t h e  p r e s s u r e  annea l ed  

sample i s  c u r r e n t l y  unde r  i n v e s t i -  

I N - R E A C T O R  C O R R O S I O N  O F  Z I R C O N I U M  

A L L O Y S  

A .  B .  J o h n s o n  

The i n - f l u x  c o r r o s i o n  b e h a v i o r  of  

t h r e e  l o t s  o f  Z i r c a l o y - 2  was e x t e n -  

s i v e l y  c h a r a c t e r i z e d  i n  pH-10 L i O H ,  

' ~ 1  ppm 0 2 .  The spec imens ,  ex -  

posed  i n  t h e  G-7 l o o p  o f  t h e  Eng i -  

n e e r i n g  T e s t  R e a c t o r ,  co r roded  a t  

g r e a t l y  a c c e l e r a t e d  r a t e s .  A f t e r  

t h e  G-7 l o o p  c o o l a n t  was c o n v e r t e d  

t o  pH-10 NH40H 10 .05  ppm 0 2 ,  one s e t  

o f  specimens exposed i n  t h e  pH-10 

L i O H  envi ronment  was t r a n s f e r r e d  t o  



N e g  0 6 7 0 4 7 8  

FIGURE 1 2 . 2 0 .  A c o m p a r i s o n  o f  C o l l a p s i b l e  C a n  A s s e m b l i e s  
B e f o r e  ( L e f t )  a n d  A f t e r  ( R i g h t )  a H i g h  P r e s s u r e ,  H i g h  
T e m p e r a t u r e  T e s t  
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Neg 5254-C 

FIGURE 2 2 . 2 2 A .  M i c r o s t r u c t u r e  o f  3 0 4  S S  I r r a d i a t e d  t o  
6 x 1 0 8 1  n / c m 2  ( > I  MeV) a t  2 9 0  OC a n d  S u b j e c t e d  t o  a  
9 8 0  OC, 1  h r  Vacuum A n n e a l  

Neg 5 4 9 3 - 0  

FIGURE 1 2 .  22B.  M i c r o s t r u c t u r e  o f  S a m p l e  i n  1 2 . 2 1 A  A f t e r  
a  2  h r ,  1 0  k b a r  ( 2 5 0 , 0 0 0  p s i ) ,  8 2 0  OC A n n e a l  i n  NaK 



t h e  ammoniated c o o l a n t .  C o r r o s i o n  of 

t h e  t r a n s f e r r e d  specimens c o n t i n u e d  TABLE 12.11. MetaZZurgicaZ and Sur- 
a t  t h e  h igh  r a t e s  e s t a b l i s h e d  i n  t h e  face Conditions 

high-oxygen  l i t h i a t e d  envi ronment .  

R e c e n t l y ,  spec imens  of  t h e  t h r e e  

Z i r c a l o y - 2  l o t s  were exposed i n  t h e  

ammoniated G-7 l o o p  envi ronment  w i t h -  

o u t  p r i o r  exposu re  i n  t h e  l i t h i a t e d  

sys tem.  The samples  were f a b r i c a t e d  

i n  t h e  form o f  t e n s i l e  specimens from 

t h e  same s t o c k  u s e d  i n  t h e  p r e v i o u s  

G-7 l o o p  t e s t s .  ( I 6 )  However, a l l  

spec imens  i n  t h e  p r e v i o u s  t e s t s  were 

p r e f i l m e d  t h r e e  days  i n  w a t e r  a t  300 

As-Etched S u r f a c e  C o n d i t i o n s  

A s - F a b r i c a t e d  (16)  

Alpha Annealed (8  h r ,  760 "C) 

Be t a  Quenched (10 min,  1010 "C) 

P r e f i l m e d  S u r f a c e  C o n d i t i o n s  (As- 
F a b r i c a t e d )  

300 " C ,  3  days  - 1 3  mg/dm 2 

(Lo t s  AT 6 CT on ly )  

400 "C, 3  days  - 24 mg/dm 2 

400 O C ,  210 days  - 192 t o  
258 mg/dm2 

O C .  The c o n d i t i o n s  o f  t h e  6 - c y c l e  

G-7 l oop  exposu re  a r e  summarized i n  

T a b l e  12 .10 .  exposed  i n  an  o u t - o f - r e a c t o r  a u t o -  

c l a v e  o p e r a t e d  a t  t h e  G-7 l o o p  tem- 

p e r a t u r e  i n  pH-10 NH40H. Weight 
TABLE 12.20. G-7 Loop Exposure g a i n s  f o r  t h e  i n - f l u x  and o u t - o f -  
Conditions 

r e a c t o r  specimens a r e  summarized i n  

Tempera tu re ,  O C  270-280 F igu re  1 2 . 2 2 .  

Time a t  Tempera tu re ,  131  Weight g a i n s  on a s - e t c h e d  G - 7  l o o p  
days  

specimens were o n l y  s l i g h t l y  h i g h e r  
ETR Cyc le s  87 t h r u  92 

9 .4  
t h a n  we igh t  g a i n s  on t h e  c o n t r o l s .  

F l u x ,  n/cm2 s e c ,  
>1 MeV I n - f l u x  we igh t  g a i n s  were n o t  a f -  

F luence ,  n/cm2 s e c ,  
>1 MeV 

F luence ,  n/cm2 s e c ,  
t he rma l  

Coo lan t  

0 2 ,  PPm 
H z  (mean),  cm3/kg 

The 6 - c y c l e  Z i r c a l o y - 2  specimens 

were exposed  i n  a s - e t c h e d  and p r e -  

f i l m e d  s u r f a c e  c o n d i t i o n s .  The m e t a l  

l u r g i c a l  and s u r f a c e  c o n d i t i o n s  a r e  

summarized i n  Tab l e  1 2 . 1 1 .  

C o n t r o l  samples  f o r  c e r t a i n  m e t a l -  

l u r g i c a l  and s u r f a c e  c o n d i t i o n s  were 

f e c t e d  b y  h e a t  t r e a t m e n t ,  n o r  d i d  

i n - f l u x  c o r r o s i o n  r e s i s t a n c e  on a s -  

e t c h e d  specimens v a r y  s i g n i f i c a n t l y  

a s  a  f u n c t i o n  o f  Z i r c a l o y - 2  l o t .  

C o r r o s i o n  r a t e s  were a c c e l e r a t e d  

on a l l  p r e f i l m e d  G-7 l o o p  spec imens ,  

b u t  t h e  r e s p o n s e  v a r i e d  w i t h  t h e  p r e -  

f i l m  t r e a t m e n t .  We a r e  a t t e m p t i n g  t o  

r e s o l v e  u n c e r t a i n t i e s  i n  t h e  i n - f l u x  

we igh t  g a i n s  on 400 "C, 72 h r  s p e c i -  

mens by m e t a l l o g r a p h y .  The l e a s t  

a c c e l e r a t e d  o f  t h e  t h r e e  p r e f i l m  con-  

d i t i o n s  a p p e a r s  t o  have been  t h e  300 

"C, 73 h r  s u r f a c e  c o n d i t i o n .  Cor ro -  

s i o n  r a t e s  were markedly a c c e l e r a t e d  

on spec imens  w i t h  t h i c k  f i l m s  formed 

o u t - o f - r e a c t o r  (400 "C, 210 d a y s ) .  

The c o r r e s p o n d i n g  o u t - o f - r e a c t o r ,  
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O U T - O F - R E A C T O R  WE I GHT G A I N  

I N - F L U X  S P E C I M E N  D A M A G E D  I N  * R E M O V A L  F R O M  S P E C I M E N  H O L D E R  

A S - E T C H E D  A S - E T C H E D  P R E F I L M E D  
A S - F A B  B - O U E N C H  . 4 0 0 ° C - 7 2  h r  

P R E F I L M E D  2 4  m g l d m 2  
3 0 0 ° C - 7 3  h r 
13 m g l d m 2  4 0 0 ° C - 2 1 0 d  

m o l d m 2  

N e g  0 6 8 0 2 4 7 - 2  

FIGURE 1 2 . 2 2 .  Heat  T r e a t m e n t  a n d  P r e f i Z m  E f f e c t s  
E x p o s u r e :  G-7  L o o p ;  p H - 1 0  NH40H; 1 3 1  D a y s ;  
1  x 1 0 z l  n / c m 2  ( > I  M e V )  E s t .  

t h i c k  f i l m e d  specimens showed a  The a d v e r s e  e f f e c t  o f  p r e f i l m i n g  

"memory e f f e c t "  i n  t h e  t r a n s f e r  from on i n - r e a c t o r  c o r r o s i o n  i n  pH-10 

400 t o  280 " C .  A memory e f f e c t  d i d  NH40H a g r e e s  w i t h  p r e v i o u s  G-7 l oop  

occu r  f o r  400 " C  t h i n  f i l m  (72 h r )  r e s u l t s .  ( I 8 )  The e x p l a n a t i o n  f o r  t h e  

spec imens ;  t h i s  a g r e e s  w i t h  t h e  ob- a c c e l e r a t e d  c o r r o s i o n  on t r a n s f e r r e d  

s e r v a t i o n s  of  Kass ( I 7 )  t h a t  t h e  and p r e f i l m e d  specimens may i n v o l v e  

memory e f f e c t  o c c u r s  on ly  on s p e c i -  

mens w i t h  p o s t t r a n s i t i o n  o x i d e s .  

The h i g h  r a t e s  on t h e  400 " C  t h i c k -  

f i l m  specimens s u g g e s t  t h a t  t h e  h i g h  

r a t e s  on t h e  i n - r e a c t o r  specimens 

t r a n s f e r r e d  from pH-10 L i O H  t o  pH-10 

NH40H were p r o b a b l y  due t o  t h e  t h i c k  

f i l m s  on t h e  specimens a t  t h e  t ime  

of  t r a n s f e r .  

t h e  g e n e r a t i o n  o f  l o c a l  c h e m i s t r y  

e f f e c t s  i n  t h e  o x i d e s .  ( I 9 )  The t h i c k ,  

porous  ox ides  a p p e a r  t o  promote t h e  

g e n e r a t i o n  and /o r  en t rapment  of  o x i -  

d i z i n g  s p e c i e s .  

Weight g a i n s  a r e  compared i n  Table  

1 2 . 1 2  a s  a  f u n c t i o n  o f  G-7 l oop  en-  

v i ronment  f o r  specimens w i t h  t h e  same 

p r e f i l m  t r e a t m e n t  (300 " C )  and 
2 f l u e n c e  ( ~ 1  x  1 0 2 1  n/cm , >1 MeV). 



TABLE 12 .12 .  In-FZux W e i g h t  Gains  i n  
t h e  G-7 Loop 

Alloy pH-lOLiOH, pH-10 NH40H, 
Lot ~1 ppm O2 ~0.05 ppm O2 

AT 250 5 0 

CT 350 6 2 

HT 225 

The higher corrosion rates in the 

lithiated system are probably not 

caused by the lithium content of the 

coolant. There is evidence (18-22) 

that dissolved oxygen in the coolant 

increases the in- f lux corrosion rate. 

Comparative experiments at sl ppm and 

~ 0 . 0 5  ppm O2 are planned to test the 

oxygen hypothesis. The experiments 

will be conducted in the north loop 

of the Advanced Test Reactor. 

Hydrogen absorption is compared in 

Table 12.13 as a function of Zirca- 

loy-2 lot, surface pretreatment, heat 

treatment and G-7 loop environment. 

In the pH-10 NH40H environment, 

lot effects are not pronounced al- 

though they were significant in the 

pH-10 LiOH environment. Hydrogen 

pickups were higher for specimens 

prefilmed at 400 OC than for corre- 

sponding as-etched specimens and 

specimens prefilmed at 300 "C. How- 

ever, the thick out-of-reactor film 

promoted a remarkable increase in 

the in-reactor hydriding rate, cor- 

responding to a pickup of nearly 100% 

of the hydrogen generated by in- 

reactor corrosion of the specimen. 

Transfer of specimens from the lithi- 

ated to the ammoniated G-7 loop en- 

vironment also resulted in a sub- 

stantial increase in hydrogen 

absorption for the three lots of 

Zircaloy-2. (I6) Entrapment of hydro- 

gen from the hydrogen-rich ammoniated 

coolant in the thick, porous oxides 

offers the most likely explanation 

for the observed hydrogen absorption 

characteristics of the thick-film 

specimens. 

TABLE 1 2 . 1 3 .  Z i r c a Z o y - 2  Hydrogen A b s o r p t i o n  i n  t h e  ETR G-7 Loop 

In-Flux Hydrogen Absorption 
pH-10 NH40H pH-10 LiOH 

" 1 

Lot Specimen Condition ppm mg/dmL % mg/dmL % - 
HT As-Etched, As-Fabricated 2 4 1.5 5 1 

HT As-Etched, % Quenched 15 0.9 3 1 

HT Prefilmed, 400 "C, 72 hr 4 9 3.1 (a) 

HT Prefilmed, 400 "C, 210 days 501 30.1 9 7 

AT Prefilmed, 400 "C, 72 hr 2 8 1.7 (a) 

AT Prefilmed, 300 "C, 73 hr 14 0.9 14 46 2.8 10 

CT Prefilmed, 300 OC, 73 hr 12 0.8 10 23 1.4 4 

(a) W e i g h t  g a i n  n o t  a v a i Z a b Z e .  



F A S T  R E A C T O R  S U P P O R T I N G  S T U D I E S  

F A S T  N E U T R O N  M E C H A N I S M S  

R .  P .  A l l e n  

veloped for screening tests. These 

are discussed in the following 

sect ions. 

Isothermal Gas Evolution Techniaues 
The objective of this program is 

to determine the effects of fast neu- 

tron irradiation and in-core envi- 

ronmental and service conditions on 

fundamental aspects of hydrogen and 

helium behavior in fast reactor 

alloys. Special nonsteady-state gas 

permeation and evolution techniques 

are currently being developed and 

used to investigate the effects of 

irradiation, composition, deforma- 

tion, stress gradients, phase insta- 

bilities, surface condition, and 

desorption environment on the normal 

hydrogen diffusion, occlusion, and 

effusion characteristics of the 

austenitic stainless steels. 

In a previous quarterly progress 

report, a nonsteady-state gas 

permeation technique was described 

that is quite valuable for simulta- 

neously determining equilibrium hy- 

drogen solubilities and diffusivities 

at a constant temperature. From 

these data, inferences can be 

drawn regarding the trapping of hy- 

drogen atoms at defect sites in the 

metal lattice. The method is such 

that it is readily suited to use for 

in-pile measurements. However, be- 

cause of the special fabrication 

required, the thin, disc-shaped, 

membrane used for the measurements 

is not optimum for screening tests. 

Consequently, other techniques, 

which can use small pieces cut from 

irradiated tensile specimens or other 

irradiated hardware, are being de- 

Gas evolution or "hot vacuum ex- 

traction" techniques can be used to 

determine hydrogen solubilities, 

diffusivities, and departures from 

normal behavior occasioned by anoma- 

lous hydrogen interactions. ( 2 3 )  For 

diffusivity determinations, hydrogen- 

containing material is heated to a 

suitable temperature either in a 

vacuum or at a constant hydrogen pres- 

sure, with the resulting hydrogen 

effusion rate measured as a function 

of extraction time. Diffusion coef- 

ficients can be calculated directly 

from these isothermal rate data by 

use of the appropriate differential 

solution of Fick's second law of dif- 

fusion for the particular sample 

geometry employed. Exceptional care 

must be exercised, however, to ensure 

that the apparent diffusivities deter- 

mined actually reflect matrix diffu- 

sion and not a rate limiting surface 

process or other experimental 

artifact. ( 2 4 )  

Isothermal evolution techniques 

have also been specifically adapted 

to study the effects of surface con- 

dition and desorption environment on 

the kinetics and mechanisms of the 

hydrogen effusion process as it re- 

lates to the removal of neutronically- 

generated hydrogen from fast reactor 

core materials. 

The sample geometry used for this 

technique must be one for which appro- 

priate boundary conditions to Fick's 



law c a n  be s p e c i f i e d .  S i n c e  a lmos t  

any r e g u l a r  shape  w i l l  meet t h e s e  

c o n d i t i o n s ,  i r r a d i a t e d  specimens c a n  

be r e c o v e r e d  from u n r e l a t e d  e x p e r i -  

ments  ( i . e .  d i s c s  c u t  from t h e  g r i p  

s e c t i o n  o f  i r r a d i a t e d  t e n s i l e  s p e c i -  

mens) w i t h o u t  need f o r  a  s p e c i a l  

i r r a d i a t i o n  expe r imen t .  

E q u i l i b r i u m  hydrogen s o l u b i l i t y  

v a l u e s  a r e  o b t a i n e d  by (1)  e q u i l i b r a t -  

i n g  specimens w i t h  hydrogen unde r  

c a r e f u l l y  c o n t r o l l e d  t e m p e r a t u r e  and 

p r e s s u r e  c o n d i t i o n s ,  f o l l o w e d  by 

r a p i d  quenching  t o  p r e s e r v e  t h e  e q u i -  

l i b r i u m  g a s  c o n t e n t ,  and (2)  e x t r a c t -  

i n g  and measur ing  t h e  d i s s o l v e d  

hydrogen.  Phase  boundary o f  o t h e r  

r a t e - a f f e c t i n g  k i n e t i c  p r o c e s s e s  a r e  

impor t an t  o n l y  i n s o f a r  a s  t h e y  p r e -  

v e n t  t h e  a t t a i n m e n t  of  e q u i l i b r i u m  

d u r i n g  t h e  hydrogen s a t u r a t i o n  

p e r i o d .  The o n l y  r equ i r emen t  f o r  

t h e  e x t r a c t i o n  s t e p  i s  t h a t  t h e  t o t a l  

g a s  c o n t e n t  be  a c c u r a t e l y  d e t e r m i n e d .  

T h i s  method o f  o b t a i n i n g  hydrogen 

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

s i t i v i t y  and has  a  number o f  i n h e r e n t  

advan t ages  o v e r  t h e  more common 

S i e v e r t s  method, e s p e c i a l l y  where 

sma l l  samples  o r  low g a s  c o n t e n t s  

a r e  i n v o l v e d .  (") The sample geome- 

t r y  employed i s  un impor t an t  i n  t h i s  

method of  d e t e r m i n i n g  s o l u b i l i t y .  

Any shape  o f  specimen c a n  be u sed .  

Noniso thermal  Gas E v o l u t i o n  

Techniques  

The i n i t i a l  emphasis  ha s  been on 

t h e  development  and e v a l u a t i o n  of  non- 

i s o t h e r m a l  vacuum e f f u s i o n  t e c h n i q u e s  

where t h e  sample i s  h e a t e d  a t  a  con -  

s t a n t  r a t e  and t h e  e f f u s i o n  f l u x  i s  

c o n c u r r e n t l y  de t e rmined  a s  a  f u n c t i o n  

o f  b o t h  t e m p e r a t u r e  and e x t r a c t i o n  

t ime .  The p r imary  advan t age  o f  t h i s  

approach  i s  t h a t  i t  p r o v i d e s  a  s i m p l e ,  

r a p i d  means of  d e t e r m i n i n g  t h e  q u a l i -  

t a t i v e  e f f e c t s  o f  v a r i o u s  m a t e r i a l  

and env i ronmen ta l  c o n d i t i o n s  and v a r i -  

a b l e s  on t h e  combined hydrogen d i f f u -  

s i o n ,  o c c l u s i o n ,  and e f f u s i o n  c h a r -  

a c t e r i s t i c s  o f  m a t e r i a l s  o v e r  a n  

ex t ended  t e m p e r a t u r e  i n t e r v a l .  The re -  

f o r e ,  t h e  r e s u l t s  s e r v e  t o  i d e n t i f y  

t h o s e  p a r t i c u l a r  e f f e c t s  and temper-  

a t u r e  r anges  t h a t  m e r i t  f u r t h e r  i n -  

v e s t i g a t i o n  by u s e  o f  o t h e r  and more 

q u a n t i t a t i v e - p e r m e a t i o n  and i s o t h e r -  

m a l - e f f u s i o n  methods .  

The t y p e s  of  e f f u s i o n  r a t e  v e r s u s  

t e m p e r a t u r e  c u r v e s  g e n e r a t e d  d u r i n g  

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

ments  a r e  i l l u s t r a t e d  i n  F i g u r e s  1 2 . 2 3  

and 12 .24  f o r  a  s e t  o f  p o l i s h e d  d i s -  

c o i d  spec imens ,  t h e r m a l l y - c h a r g e d  

w i t h  deu t e r ium and degas sed  u n d e r  

i d e n t i c a l  c o n d i t i o n s .  The e f f u s i o n  

f l u x  was measured d i r e c t l y  w i t h  a  

mass s p e c t r o m e t e r  t y p e  l e a k  d e t e c t o r  

(CEC 27-120B) m o d i f i e d  f o r  hydrogen 

and deu t e r ium s e r v i c e .  The u s e  of  

deu t e r ium r a t h e r  t h a n  hydrogen  e l i m -  

i n a t e d  background problems a t  t h e  

h i g h e r  e x t r a c t i o n  t e m p e r a t u r e s .  

F i g u r e  1 2 . 2 3  compares t h e  non-  

i s o t h e r m a l  deu t e r ium e f f u s i o n  c h a r -  

a c t e r i s t i c s  o f  a n n e a l e d  AISI t y p e s  

316 and 348 SS. N e i t h e r  c u r v e  i s  

r e p r e s e n t a t i v e  of  a  s i m p l e ,  m a t r i x -  

d i f f u s i o n  c o n t r o l l e d  g a s  e v o l u t i o n  

p r o c e s s ,  and b o t h  show d i s t i n c t ,  

t e m p e r a t u r e - s e n s i t i v e  e f f u s i o n  

s t a g e s .  Al though t h e  p a r t i c u l a r  

mechanisms i nvo lved  have n o t  y e t  
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been identified, the data illus- 

trate both the significant effect 

that small differences in alloy 

composition can have on hydrogen be- 

havior and the extreme sensitivity 

of the nonisothermal effusion tech- 

nique to these differences. 

Figure 12.24 similarly shows the 

effect of room temperature defor- 

mation on the nonisothermal deu- 

terium effusion characteristics of 

AISI 348 SS. Hydrogen evolution 

appears to be enhanced rather than 

retarded by the deformation treat- 

ment, and the higher temperature 

maxima of the annealed state are 

eliminated or obscured. Here also, 

permeation and isothermal effusion 

studies are required to completely 

clarify the observed behavior, but 

the nonisothermal approach has 

C O L D  R E D U C E D  17% 
D l S C  T H I C K N E S S  = 1.1 m m  

r 
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FIGURE 12.24. Effect of Postcharging Cold Deformation on 
the Deuterium Effusion Characteristics of AISI Type 348 SS 
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s e r v e d  t o  b o t h  d i s c l o s e  t h e  e f f e c t  

and r e v e a l  i t s  e s s e n t i a l  

c h a r a c t e r i s t i c s .  

E B R - I  I IRRADIATIONS 

J .  J .  H o l m e s  and  R. E .  R o b b i n s  

The o b j e c t i v e  o f  t h i s  program i s  

t o  d e t e r m i n e  t h e  combined e f f e c t s  

o f  envi ronment  and  f a s t - r e a c t o r  i r -  

r a d i a t i o n  on t h e  mechan ica l  and 

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

f a s t - r e a c t o r  c l a d d i n g  and s t r u c -  

t u r a l  a l l o y s .  The c u r r e n t  program 

i s  s p e c i f i c a l l y  d i r e c t e d  a t  p r o v i d -  

i n g  a  b a s i s  f o r  s e l e c t i o n  of  optimum 

a l l o y s  f o r  FFTF a p p l i c a t i o n s  and a t  

p r o v i d i n g  a  d e s c r i p t i o n  o f  m a t e r i a l  

b e h a v i o r  i n  f a s t - r e a c t o r  s e r v i c e .  

Recent  s t u d i e s  ( 2 6 - 2 7 )  have shown 

t h a t  i r r a d i a t i o n  of  a u s t e n i t i c  s t a i n -  

l e s s  s t e e l  i n  a  f a s t  r e a c t o r  a t  tem- 

p e r a t u r e s  n e a r  o n e - h a l f  t h e  a b s o l u t e  

m e l t i n g  t e m p e r a t u r e s  c r e a t e s  l a r g e  

numbers o f  i n t e r n a l  v o i d s .  The den -  

s i t y  and s i z e  of  t h e s e  v o i d s  a r e  s u f -  

f i c i e n t  t o  c a u s e  a s  much a s  7 %  volume 

change .  S i n c e  t h e  measured volume 

changes  a p p e a r  t o  app roach  t h e  o r d e r  

o f  magni tude  o f  l o % ,  t h i s  s w e l l i n g  

e f f e c t  i s  o f  major  e n g i n e e r i n g  s i g -  

n i f i c a n c e  t o  FFTF d e s i g n .  Unfor -  

t u n a t e l y ,  t h e  c u r r e n t  s w e l l i n g  d a t a  

a r e  t o o  f r a g m e n t a r y  t o  a l l o w  t h e  r e -  

l a t i o n s h i p  between f l u e n c e ,  t empera-  

t u r e ,  and s w e l l i n g  t o  be deduced .  

Consequen t ly ,  PNL has  i n i t i a t e d  a  

s t u d y  t o  deve lop  t h e  s w e l l i n g  i n f o r -  

m a t i o n  r e q u i r e d  t o  p r o v i d e  a  comple te  

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

i n  t h e  r ange  o f  t e m p e r a t u r e s ,  t i m e s ,  

and f l u e n c e  a p p r o p r i a t e  t o  t h e  FFTF. 

Both ,  a c t u a l  d e n s i t y  measurements  

and  v o i d  c o u n t i n g  u t i l i z i n g  t h e  e l e c -  

t r o n  mic roscope ,  a r e  be ing  u sed  a t  

PNL t o  map o u t  t h e  s w e l l i n g  c h a r a c t e r -  

i s t i c s  of b o t h  304 and 316 SS. S i n c e  

t h e  s w e l l i n g  problem was n o t  a n t i c i -  

p a t e d  p r i o r  t o  t h e  i n s e r t i o n  of  c u r -  

r e n t  EBR-I1 i r r a d i a t i o n  e x p e r i ~ e n t s ,  

no w e l l - p l a n n e d  g roup  o f  c o n t r o l l e d  

d e n s i t y  specimens i s  a v a i l a b l e  f o r  

examina t i on .  Specimens f o r  d e n s i t y  

d e t e r m i n a t i o n  must come from mechani -  

c a l  t e s t  spec imens ,  c a p s u l e  p a r t s ,  

and v a r i o u s  EBR-I1 components a s  t h e y  

become a v a i l a b l e .  

Dens i t y  measurements  have  been 

made on t h e  f o l l o w i n g :  

A) O n e - f o u r t h  i n c h  s e c t i o n s  t a k e n  

from a n  i r r a d i a t i o n  c a p s u l e  i r r a -  

d i a t e d  t o  2 x  n/cm2 peak  f l u -  

ence .  The 1 / 4  i n .  s e c t i o n s  were 

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

c a p s u l e  t o  i n v e s t i g a t e  t empera -  

t u r e s  and f l u e n c e  v a r i a t i o n s  a l o n g  

t h e  c a p s u l e  (700 t o  800 OF). 

B) One i n c h  s e c t i o n s  t a k e n  from an  

i r r a d i a t i o n  c a p s u l e  u sed  f o r  a  c e r -  

met f u e l  i r r a d i a t i o n  ( P i n  5 - P - 9 ) ,  

(700 t o  840 O F ) .  

C) A t e n s i l e  specimen i r r a d i a t e d  a t  
2 1000  O F  * 1 0 0  O F  t o  2 x  l o z 2  n/cm . 

A l l  t h e  above i t e m s  a r e  i n  t h e  a n -  

n e a l e d  c o n d i t i o n .  I tems  A and B a r e  

304L w h i l e  I tem C i s  304.  

The mean d e n s i t y  on t h e  u n i r r a -  

d i a t e d  t e n s i l e  m a t e r i a l  was 7.927 * 
0.003 g/cm3, where t h e  l i m i t s  g i v e n  

r e f e r  t o  t h e  95% c o n f i d e n c e  l i m i t .  

A f t e r  i r r a d i a t i o n ,  t h e  d e n s i t y  o f  

I tem A was found  t o  be 7 .913  * 0.004 

* EBR-11 estimated 
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g/cm5. The d i f f e r e n c e  between t h e s e  

two mean v a l u e s  i s  0.014 * 0.007 
3  g/cm . I n  t h i s  c a s e ,  t h e  d e n s i t y  d e -  

c r e a s e  may be caused  by i r r a d i a t i o n  

damage o r  by s u r f a c e  e f f e c t s  i n  t h e  

i r r a d i a t e d  samples  t h a t  a r e  n o t  p r e s -  

e n t  i n  t h e  c o n t r o l .  The i r r a d i a t e d  

specimens were exposed i n  f l owing  

sodium f o r  156 days  w h i l e  t h e  c o n t r o l  

t u b e  was n o t .  T h i s  sodium exposu re  

may have changed t h e  s u r f a c e  chemis-  

t r y  s u f f i c i e n t l y  t o  c a u s e  t h e  ob-  

s e r v e d  d e n s i t y  change .  I n  a d d i t i o n ,  

t h e  c o n t r o l  t u b e  may have s l i g h t l y  

d i f f e r e n t  i n i t i a l  c h e m i s t r y  t h a n  t h e  

i r r a d i a t e d  m a t e r i a l .  

R e s u l t s  from t h e  2 .8  x  l o z 2  n/cm 2  

c a p s u l e  ( I tem B) i n d i c a t e  a  maximum 

d e c r e a s e  i n  d e n s i t y  of  0 . 3 4 % ,  t h e  

a c t u a l  measured d e n s i t y  be ing  7.898 
2 g/cm . I n  t h i s  l a t t e r  c a p s u l e ,  t h e  

change i n  d e n s i t y  c o r r e s p o n d s  t o  t h e  

f l u e n c e  and t e m p e r a t u r e  a l o n g  t h e  

c a p s u l e ;  f o r  t h i s  r e a s o n  i t  a p p e a r s  

t o  be unambiguously caused  by i r r a -  

d i a t i o n  damage. D e n s i t y  measure-  

ments  on I tem C r e v e a l  a  0 .24% d e -  

c r e a s e  i n  d e n s i t y .  

A summary of  c u r r e n t  s w e l l i n g  

d a t a  from PNL and o t h e r  l a b o r a t o r i e s  

i s  g i v e n  i n  T a b l e  1 2 . 1 4 .  An i n s p e c -  

t i o n  o f  t h i s  t a b l e  r e v e a l s  t h e  a b -  

s e n c e  of  d a t a  f o r  304 SS a t  h i g h  

exposu re s  a t  t e m p e r a t u r e  above 

1000 O F  and t h e  l a c k  o f  d a t a  f o r  316 

a t  t h e  lower exposu re s  and t empera -  

t u r e s  above 1040 O F .  E f f o r t s  a r e  i n  

p r o g r e s s  t o  o b t a i n  an  EBR-I1 c o n t r o l  

rod  t h i m b l e  (304L) t h a t  h a s  r e a c h e d  

abou t  4 . 5  x  t o t a l  f l u e n c e .  T h i s  

t h i m b l e  w i l l  a l l o w  s w e l l i n g  d e t e r m i n -  

a t i o n  on 304 SS i r r a d i a t e d  i n  t h e  

t e m p e r a t u r e  r ange  of  700 t o  800 O F .  

I n  a d d i t i o n ,  GE-APO has  a g r e e d  t o  

s u p p l y  PNL w i t h  304 SS specimens i r -  

r a d i a t e d  i n  t h e  EBR-I1 t o  f l u e n c e  

S o u r c e  

PNL, T e n s i l e  
S p e c .  

C a p s u l e  A  

C a p s u l e  B . 
( 5 - P - 9 )  

ORNL, EBR 
D r i v e r  

~ u e l ( ' ~ )  

TABLE 12.14. Summary of Staintess Steet Density Data 

I r r a d i a t e d  
M a t e r i a l  T e m p e r a t u r e  C o n d i t i o n  F l u e n c e  D e n s i t y  

304 1 0 0 0  + 1 0 0  O F  Ann 1 . 9 ~ 1 0 ~ ~  0 . 2 4  

304L 750  -' 50 O F  Ann 1 . 7  x  10'' 0 . 1 4  7 . 9 1 3  + 0 . 0 0 3  

304L 760  Ann 2 . 3  x  l o 2 '  0 . 1 3  7 . 9 1 6  + 0 . 0 0 2  

304L 786 Ann 2 . 7  x  l o z 2  0 . 2 7  7 . 9 0 4  + 0 . 0 0 2  

304L 8  1 9  Ann 2 . 7  x  10'' 0 . 3 3  7 . 9 0 0  * 0 . 0 0 1  

3  04 L  8 4 0  Ann 1 . 7  x  0 . 3 4  7 . 8 9 8  + 0 . 0 0 2  

304L 8 4 4  Ann 1 . 2  x l o z 2  0 . 1 3  7 . 9 1 7  * 0 . 0 0 2  

304L 698 Ann 0 . 8  x  l o L L  0 . 0 7  

7  5  2  Ann 1 . 2  x  l o z 2  0 . 1 5  

8  06 Ann 1 . 4 ~ 1 0 ~ ~  0 . 1 7  

8 5 2  Ann 1 . 3  x  0 . 1 6  

8  8  1 Ann 0 . 9  x  1 0  2 2  0 . 0 8  

A I S I  316  84 2  Ann 5 . 2  x l o L L  0 . 8  

950  Ann 4 . 5  x  l o 2 '  1 . 5  

1 0 4 0  Ann 3 . 2  x  l o z 2  0 . 2  

Method  

EM 

EM 

EM 

EM, D 932 Ann 7 . 8  x  l o L L  6 . 8  



l e v e l s  o f  from 1 x  t o  2 . 5  x  10 2 2  t e s t s  w i l l  be  per formed on s e l e c t e d  

a t  t e m p e r a t u r e s  from 700 OF t o  s e c t i o n s  from t h e  j a c k e t s .  T e s t i n g  

1200 OF. I t  i s  a n t i c i p a t e d  t h a t  w i l l  be per formed a t  1100 and 1200 OF 

s t u d i e s  on t h e  t h i m b l e  and GE-APO f o r  r u p t u r e  t i m e s  o f  1 0 ,  100 ,  and 

spec imens  w i l l  a l l o w  a  rud imen ta ry  1000 h r .  

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

t i o n  of  f l u e n c e  and t e m p e r a t u r e  t o  F U E L  C L A D D I N G  C H A R A C T E R I Z A T I O N  

be  g i v e n .  M .  M .  P a x t o n  a n d  J .  A .  Y o u n t  

Aging f u r n a c e s  have been i n s t a l l e d  

and a r e  o p e r a t i n g  t o  p r o v i d e  a  f a -  

c i l i t y  f o r  o b t a i n i n g  c o n t r o l  ( u n i r r a -  

d i a t e d )  spec imens  f o r  EBR-I1 i r r a -  

d i a t i o n s .  The f a c i l i t y  w i l l  a l s o  be 

used  t o  c a r r y  o u t  a  program f o r  

d e t e r m i n i n g  t h e  e f f e c t  o f  ag ing  t ime  

and t e m p e r a t u r e  on t h e  m i c r o s t r u c -  

t u r e  and t e n s i l e ,  u n i a x i a l  s t r e s s -  

r u p t u r e ,  and b i a x i a l  s t r e s s - r u p t u r e ,  

p r o p e r t i e s  o f  AISI Types 304 and 

316 SS. A l l  a g i n g  w i l l  be per formed 

i n  sodium a t  t e m p e r a t u r e s  of  800, 

900, 1000 ,  1100 ,  1200 ,  and 1400 OF 

f o r  t i m e s  of  20 ,  200, 2160, 6480, 

and 12960 h r .  The l a s t  t h r e e  ag ing  

t i m e s  a r e  n o t  f i r m  because  t h e y  w i l l  

depend on t h e  i n - r e a c t o r  t ime  of  t h e  

s u b a s s e m b l i e s  i n  t h e  EBR-I1 i r r a d i a -  

t i o n  program. 
Ten EBR-I1 f u e l  j a c k e t s ,  w i t h o u t  

t h e  f u e l  e l e m e n t s ,  have been r e c e i v e d  

from ANL f o r  e v a l u a t i o n .  The i r r a -  

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

j a c k e t s  r ange  from 740 t o  945 OF, 

and t h e  r ange  of  e s t i m a t e d  c l a d d i n g  

f l u e n c e s  i s  from abou t  0.92 t o  

1 . 3 2  x  10" n/cm2. D e n s i t y  measure-  

ments  and b i a x i a l  s t r e s s  r u p t u r e  

The pu rpose  o f  t h i s  program i s  t o  

d e t e r m i n e  t h e  l o t - t o - l o t  v a r i a t i o n  

i n  two l o t s  o f  AISI 304 SS, s eamles s  

t u b i n g  0.250 i n .  OD x  0.016 i n .  w a l l ,  

t h a t  w i l l  be u sed  i n  f u t u r e  f u e l  p i n  

expe r imen t s .  

The t e s t i n g  program a s  p r e s e n t e d  

p r e v i o u s l y ( 5 )  i s  p r o g r e s s i n g  

smooth ly .  The chemica l  a n a l y s e s  of  

t u b i n g  Lo t s  "E" and  "F" have been 

comple ted  by Lukens S t e e l  Company. 

The a n a l y s e s  (Table  12 .15 )  a g r e e  w i t h  

t h o s e  p rov ided  by t h e  m a n u f a c t u r e r .  

The m e t a l l o g r a p h i c  examina t i on  o f  

t h e  a s - r e c e i v e d  t u b i n g  h a s  been com- 

p l e t e d .  Tubing Lot "E" ha s  u n d e r -  

gone i n t e r g r a n u l a r  a t t a c k  on t h e  OD 

s u r f a c e .  The r e a s o n  f o r  t h i s  a t t a c k  

i s  unknown. Both "E" and "F" l o t s  

were pu rchased  under  t h e  same s p e c i f i -  

c a t i o n s ;  however ,  t u b i n g  Lot "E" ha s  

a  g r a i n  s i z e  app rox ima te ly  ASTM # 6 ;  

whereas ,  Lot "F" ha s  a  g r a i n  s i z e  

app rox ima te ly  ASTM # l o .  I n  a d d i t i o n ,  

Lot  "F" c o n t a i n s  5  t o  7  t i m e s  more 

n o n m e t a l l i c  i n c l u s i o n  a s  Lot  "E" .  

F a b r i c a t i o n  h i s t o r i e s  a r e  be ing  ob -  

t a i n e d  from t h e  m a n u f a c t u r e r s  t o  

TABLE 12.15. Chemica Composition 

C Mn P  S  S  i N i C r  - - - - - - - N -2- 
Lot  77E'T 0 .056  1 . 7 3  0.038 0 .011  0.47 9.90 18 .50  0 .10  

L o t W F "  0 .052  1 . 7 2  0.024 0 .013  0 .48  9 .21  1 8 . 7 5  0.057 



12.41 BNWL- 768 

help establish the cause for these tests on full size tubular sections 

differences. Typical photomicro- have been completed for Lots " E f t  and 

graphs are shown in Figure 12.25. "F", and the results are summarized 

Room temperature uniaxial tension in Table 12.16. 

Neg 4 6 7 - 1  7 2 4 A  8 O X  Neg 4 6 7 - 1  7 2 5 A  8 O X  

Neg 4 6 7 - 1  7 5 3 A  8 O X  Neg 4 6 7 - 2  7 5 5 A  8 O X  

FIGURE 1 2 . 2 5 .  A  C o m p a r i s o n  o f  M i c r o s t r u c t u r e  o f  T u b i n g  
L o t  " E "  ( T o p )  a n d  T u b i n g  L o t  " F "  ( B o t t o m )  T y p e  3 0 4  S S  F u e l  
C l a d d i n g  
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TABLE 12.2 6. Tensile Properties of Tubing 
and "F" a t  Room Temperature 

S p e c .  No. 0 . 2 %  YS, k s i  UTS, k s  i U E ,  % 

1 E 4 1 . 3 6  95.34 6 8 . 0 5  

2E 44 .49  102 .54  65 .00  

3  E 43 .64  99 .58  69 .99  

1 F  49 .32  1 0 4 . 6 6  65 .74  

2 F  4  6 . 6 1  1 0 2 . 8 0  68 .62  

3  F  48 .73  1 0 4 . 6 6  66 .27  

Lots " E "  

T o t a l  
E l o n g a t i o n ,  % 

8 7 . 6 9  

8 4 . 4 6  

91 .06  

82.80 

7 9 . 2 3  

8 1 . 0 3  

Room t e m p e r a t u r e  b u r s t  t e s t s  have  

been c o m p l e t e d  on "E" t u b i n g  o n l y  

( T a b l e  1 2 . 1 7 ) .  B u r s t  t e s t  a t  1800 OF 

have  been  c o m p l e t e d  on d e f e c t i v e  and 

nondef  e c t i v e  s p e c i m e n s  f rom L o t s  "El1 

and "F" . Specimens a r e  c l a s s i f i e d  

d e f e c t i v e  i f  t h e r e  i s  a  s u r f a c e  d e -  

f e c t  more t h a n  one  m i l  d e e p ,  a s  

d e t e r m i n e d  by NDT m e t h o d s .  The d a t a  

a r e  summarized i n  T a b l e  1 2 . 1 7 .  

The p r e s e n c e  o f  a  d e f e c t  a p p a r -  

e n t l y  h a s  no e f f e c t  on b u r s t  s t r e n g t h  

T A B L E  12.17. B u r s t  D a t o  for D e f e c t i v e  and 
N o n d e f e c t i u e  " E "  and "F" T u b i n g  

B u r s t  Hoop 
P r e s s u r e ,  S t r e s s ,  M e a s u r a b l e  

T u b e  L o t  T e s t  Temp p s i  p s i  P o s t  OD 

E ( D e f e c t i v e )  1 8 0 0  O F  1 , 3 7 5  9 , 3 6 5  0 . 3 2 7  
1 , 3 8 0  9 , 4 0 0  0 . 3 2 1  
1 , 3 8 5  9 , 4 3 5  0 . 3 2 5  
1 , 4 2 0  9 , 6 7 0  0 . 3 0 5  
1 . 4 2 5  9 . 7 0 5  0 . 3 1 5  

a t  1800 OF. Some d e f e c t i v e  s p e c i m e n s  

r u p t u r e d  i n  t h e  d e f e c t  zone and 

o t h e r s  d i d  n o t .  

To accommodate t h e  v a s t  c h a r a c t e r -  

i z a t i o n  program p r e v i o u s l y  o u t -  

l i n e d , ( ' )  i t  h a s  been  n e c e s s a r y  t o  

f u r t h e r  modi fy  t h e  CANEL t e s t  s t a n d s  

w i t h  a  r e s u l t a n t  i n c r e a s e  i n  t e s t i n g  

c a p a b i l i t y .  The p l a n  r e m a i n s  t o  

make f u l l  u t i l i z a t i o n  o f  t h e  CANEL 

b i a x i a i  t e s t  s t a n d s .  However, c l o s e  

i n s p e c t i o n  o f  t h o s e  f r a m e s  h a s  shown 

c e r t a i n  p a r t s  damaged and o t h e r s  m i s s -  

i n g  e n t i r e l y .  I n s t e a d ,  i t  was d e -  

c i d e d  t o  s u b s t i t u t e  s i x  $167 S k u t t  

c e r a m i c  k i l n s ,  e a c h  o p e r a t i n g  a t  one  

o f  s i x  t e s t  t e m p e r a t u r e s .  Each f u r -  

n a c e  i s  c o n t r o l l e d  by t h e  same i n s t r u -  

ment c o n f i g u r a t i o n  t h a t  was s u p p l i e d  

w i t h  t h e  CANEL t e s t  f r a m e s ,  b u t  d u e  

t o  t h e  i n c r e a s e  i n  f u r n a c e  s i z e ,  

e i g h t  spec imen  r e t o r t s  may b e  i n -  

s t a l l e d  p e r  S k u t t  f u r n a c e  i n s t e a d  of  

o n e  p e r  CANEL f r a m e .  The e s s e n t i a l  

f e a t u r e s  a r e  o u t l i n e d  a s  f o l l o w s :  
1 8 0 0  O F  1 , 1 7 0  7 , 9 6 8  0 . 3 0 5  

1 , 1 8 0  8 , 0 3 6  0 . 2 9 2  
1 , 1 8 5  8 , 0 7 0  0 . 3 1 5  
1 . 2 2 5  8 . 3 4 2  0 . 3 1 4  

R e t o r t s  

1 ; 1 8 0  8 ; 0 3 6  0 . 3 1 7  S p e c i m e n s  

CANEL S k u t t  

1 2  4 8  

4  8  384 (maximum) 

T e m p e r a t u r e  P r o f l l e  '5  ' F / 3 . 7 5  ~ n .  23 'F /6  + i n .  



The cost of purchasing all six 

Skutt kilns is roughly equivalent to 

replacing two of the original CANEL 

furnaces. 

S T R U C T U R A L  M A T E R I A L S  A N D  F U E L  

C L A D D I N G  S T U D I E S  

R .  W .  Barker  

The objective of this program 

is to determine the combined effects 

of environment and fast reactor irra- 

diations on the mechanical properties 

of candidate fast-reactor cladding 

and structural alloys. The current 

program is specifically directed at 

providing a basis for selection of 

optimum alloys for FFTF applications 

and at providing a description of 

material behavior in fast-reactor 

service. 

Pre- and postirradiation rupture 

properties will be determined on FFTF 

prototype fuel clad material (0.208 

in. OD x 0.008 in. wall tubing). 

Types 304 and 316 SS are to be 

studied. 

A limited quantity of unirradiated 
stress-to-rupture data for the 

type 304 SS has been developed for 

1400 OF (760 OC) test temperature 

in a helium atmosphere. The condi- 

tion of primary interest is the as- 

received condition, containing a 

slight degree of cold work from the 

final fabrication step. The as- 

received material has been tested at 

to 78 hr. Ten additional tests on 

annealed type 304 SS, report previ- 

ously, (29) were stressed at 10,000 

psi at 1400 OF (760 O C ) ,  with fail- 

ure occurring in all 10 tests in 88 

to 120 hr. These data, however, are 

not recorded on the accompanying 

plots. The data clearly establish 

the tendency of the as-received and 

annealed curves to merge at rupture 

times of about 100 hr. The annealed 

stress-to-rupture curve indicates 

that the material is representative 

of typical type 304 SS, with respect 

to rupture stress and rupture times. 

It can be observed in Figure 12.27 

that the rupture strain for the an- 

nealed material is significantly less 

than for the as-received material of 

those specimens exhibiting intergranu- 

lar failure. The same phenomena is 

observed in the room temperature ten- 

sile values (Table 12.18) where the 

as-received material (slightly cold 

worked) possesses 50% greater duc- 

tility than the annealed material. 

The decreased ductility of the 

annealed material has been attributed 

to the selective grain growth occur- 

ring during annealing of the only 

slightly cold-worked material. A 

comparison of the grain size of the 

two conditions is shown in Fig- 

ure 12.28. (Note, in the annealed 

material, bands of fine grains are 

adjacent to grains whose diameters 

are approximately equal to the wall 

stresses sufficient to cause rupture thickness.) 

in 0.1 to 139 hr (Figure 12.26). Posttest comparisons of grain size 

Identical material, annealed at and microstructural characteristics 

1950 OF (1066 O C )  for 30 min in with untested material can be made 

vacuum, has been tested at stresses in Figure 12.29 (as-received condi- 

sufficient to cause rupture in 0.2 tion) and in Figure 12.30 (annealed 
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T ime,  h r  
Neg 0 6 8 0 8 4 2 - 1  
FIGURE 1 2 . 2 6 .  S t r e s s  t o  R u p t u r e  P r o p e r t i e s  o f  A s - R e c e i v e d  
( s l i g h t l y  c o l d  w o r k e d )  a n d  A n n e a l e d  T y p e  3 0 4  S S  P r o t o t y p e  
FFTF F u e l  C l a d d i n g  
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FIGURE 1 2 . 2 7 .  R u p t u r e  S t r a i n  o f  A s - R e c e i v e d  ( s l i g h t l y  c o l d  
w o r k e d )  a n d  A n n e a l e d  T y p e  3 0 4  S S  P r o t o t y p e  FFTF F u e l  C l a d d i n g  

----- 0 --- --- 
- - - - - - 

0 A s - r e c e i  ved - 
Annealed - 
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TABLE 1 2 . 1 8 .  T e n s i l e  P r o p e r t i e s  o f  A s - R e c e i v e d  a n d  A n n e a l e d  T y p e  
3 0 4  S S  T u b u l a r  M a t e r i a l ,  0 . 2 0 8  i n .  O D  x 0 . 0 0 8  i n .  WaZZ 

Uniform Total 
0.2% Yield Ultimate Elongation, Elongation, 

Material Stress, psi Stress, psi % % 

304 As Received 40,000 100,000 6 5 7 6 

304 As Received 41,000 99,400 6 6 7 3 

304 Annealed 35,800 89,000 4 3 5 2 

304 Annealed 34,800 88,400 3 7 4 5 

Neg 0 6 8 0 8 4 2 - 5  

FIGURE 1 2 . 2 8 .  A  C o m p a r i s o n  o f  t h e  G r a i n  S i z e  o f  t h e  A s -  
R e c e i v e d  ( T o p )  a n d  A n n e a l e d  ( B o t t o m )  T y p e  3 0 4  S S  F u e l  C l a d d i n g  



Neg 0680842-4 

FIGURE 12.29. Grain Size and Microstructure of As-Received 
Type 304 S S  Prototype Fuel Cladding in Untested Condition 
and After Rupture a t  1400 OF (760 O C ) .  

c o n d i t i o n ) .  The f o l l o w i n g  g e n e r a l  a b l e  e f f e c t  on t h e  s i z e  o r  l o c a -  

o b s e r v a t i o n s  c a n  be made f o r  b o t h  t i o n  of  t h e  c a r b i d e  p r e c i p i t a t e .  

m a t e r i a l  c o n d i t i o n s .  For t h e  t e s t  t i m e s  a v a i l a b l e ,  t h e  

The growth  of  c a r b i d e s  i n c r e a s e s  nominal g r a i n  s i z e  r ema ins  un-  

w i t h  t i m e - a t -  t e m p e r a t u r e .  Cold changed t h roughou t  t h e  t e s t .  

work p r e s e n t  i n  t h e  a s - r e c e i v e d  F u r t h e r  examina t i on  w i l l  p roceed  

t e s t  m a t e r i a l  ha s  had no o b s e r v -  on t h e s e  m a t e r i a l s  and on a d d i t i o n a l  



Control 

Neg 0680842-3  

FIGURE 1 2 . 3 0 .  G r a i n  S i z e  and  M i c r o s t r u c t u r e  o f  A n n e a l e d  
T y p e  304 SS  P r o t o t y p e  F u e l  C l a d d i n g  i n  U n t e s t e d  C o n d i t i o n  
and A f t e r  R u p t u r e  a t  1400  OF ( 7 6 0  O C )  

specimens as ruptured specimens be- T E S T  F A C I L I T I E S  

come available. R .  H. Todd 
Ultimately, stress-to-rupture 

testing will be performed to estab- To comprehensively investigate the 

lish base curves for types 304 and effects of irradiation and environ- 

316 SS at temperatures of 1400, 1200, ment on candidate, structural and 

and 900 OF (760, 649, and 482 OC). cladding materials for the FFTF, a 



f a c i l i t y  was needed t h a t  c o u l d  p r o -  

v i d e  t h e  n e c e s s a r y  t e s t  env i ronmen t s .  

Such f a c i l i t y  f o r  t e s t i n g  i r r a d i a t e d  

spec imens  i n  sodium and c o n t r o l l e d  g a s  

a tmospheres  i s  now under  c o n s t r u c t i o n ,  

and a s  o f  March 1, 1968,  was 85% com- 

p l e t e .  With c o n s t r u c t i o n  3% ahead o f  

s c h e d u l e ,  most o f  t h e  remain ing  work 

i n v o l v e s  i n s t a l l a t i o n  of  t h e  h e a t i n g  

and a i r  c o n d i t i o n i n g  equipment  (due 

f o r  d e l i v e r y  i n  March) .  The p i p i n g  

t r e n c h e s  w i l l  be  cove red  w i t h  con -  

c r e t e  which ,  a f t e r  c u r i n g ,  w i l l  be  

cove red  w i t h  f l o o r  t i l e .  P r e s e n t  

p l a n s  c a l l  f o r  t h e  main t r a n s f o r m e r  

f o r  t h i s  f a c i l i t y  t o  be moved t o  a  

new l o c a t i o n  n e x t  t o  t h e  b u i l d i n g .  

F u l l  power c a n n o t  be  s u p p l i e d  t o  t h i s  

f a c i l i t y  u n t i l  t h i s  move i s  made, s o  

i t  i s  expec t ed  i n  t h e  v e r y  n e a r  f u t u r e .  

T e s t s  per formed by t h e  t e s t  s t a n d s ,  

t e m p o r a r i l y  l o c a t e d  i n  t h e  mezzanine 

work shop, have g i v e n  t h e  f o l l o w i n g  

r e s u l t s  i n  a i r  envi ronment  (Ta- 

b l e  1 2  ; 1 9 ) .  

The comple te  a n a l y s i s  o f  t h e s e  

t e s t s  w i l l  be  made by A .  J .  L o v e l l .  

The f i r s t  o f  two t e s t  s t a n d s  f o r  

s t a t i c  sodium envi ronment  h a s  been 

a l i g n e d  t o  p r o v i d e  u n i a x i a l  s t r e s s  on 

t h e  specimen w i t h  l e s s  t h a n  1 0 %  bend-  

i n g  moment. A l l  p a r t s  o f  t h e  machine 

had t o  be c l e a n e d  and r e a l i g n e d ;  a l s o  

some p a r t s  o f  t h e  sodium con ta inmen t  

v e s s e l  had t o  be r e d e s i g n e d  t o  meet 

t h e  above s p e c i f i c a t i o n .  A l though  

more s t r i n g e n t  t h a n  t h e  1 5 %  l i m i t  p r e -  

s c r i b e d  by t h e  ASTM s p e c i f i c a t i o n  f o r  

conduc t ing  c r e e p  and t i m e - f o r - r u p t u r e  

t e n s i o n  t e s t s  o f  m a t e r i a l s  (ASTM E 

139-66T) ,  t h e  1 0 %  l i m i t  e l i m i n a t e s  a  

g r e a t  d e a l  o f  s c a t t e r  i n  t h e  t e s t  

r e s u l t s .  A p a i r  o f  s h o r t  t e rm t e s t s  

w i l l  be  r u n  w i t h  t y p e  304 SS t o  d e t e r -  

mine t h e  p r o p e r  s t r e s s  l e v e l  f o r  a  

t e s t  o f  abou t  1000 h r  d u r a t i o n  a t  

650 OF (1202 OC). Emphasis w i l l  be  

p l a c e d  on t h e  l o n g  t e rm  t e s t s ,  s i n c e  

t h e  e f f e c t  o f  s o d i u m - v e r s u s - i n e r t  g a s  

envi ronment  i s  n e a r l y  n e g l i g i b l e  i n  

s h o r t  t e rm  t e s t s .  As soon  a s  t h e  

second  s t a t i c  sodium t e s t  s t a n d  c a n  

meet t e s t i n g  s t a n d a r d s ,  i t  a l s o  w i l l  

be  p l a c e d  i n  s e r v i c e  on t h i s  program. 

G e n e r a l l y ,  t h e  ASTM recommended 

p r a c t i c e  f o r  c r e e p  t e s t s  i s  a  s e t  o f  

T A B L E  1 2 . 1 9 .  C r e e p  T e s t s  o f  T y p e  3 0 4  SS  a t  2 2 0 0  O F  i n  A i r  

T e s t  T o t a l  
D iame te r ,  Temp, H r  t o  E l o n g a t i o n ,  

M a t e r i a l  P r i o r  H i s t o r y  i n .  S t r e s s  OF % -- Rupture  

304 SS 20% Cold WorkedSol 0.160 25,000 1202 1 1 3 . 9  54 

T r e a t e d  1 h r  
1950 OF p s i  

304 SS As-Rece ived;  S o l  0 .125 25,000 1202 60 .3  4  5  

T r e a t e d  1 h r  
1950 OF p s i  

304 SS As-Rece ived;  S o l  0 .125 22,000 1202 625 4  1 

T r e a t e d  1 h r  
1950 OF p s i  



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

tempt  t o  meet .  Much u s e f u l  d a t a  c a n  

be o b t a i n e d  w i t h o u t  meet ing  t h e  r e -  

qu i r emen t s  of  t h e  ASTM s p e c i f i c a t i o n ,  

bu t  such  d a t a  have an  i n h e r e n t  s c a t t e r  

d i f f i c u l t  t o  d e a l  w i t h .  Two of  t h e  

most  impor t an t  p a r a m e t e r s  a r e  t h e  

a x i a l i t y  o f  t h e  a p p l i e d  s t r e s s  and 

t e m p e r a t u r e  c o n t r o l .  The r equ i r emen t  

f o r  a x i a l i t y  o f  t h e  a p p l i e d  s t r e s s  

(bending moment) i s  be ing  exceeded i n  

t h i s  l a b o r a t o r y  a s  d e s c r i b e d  above.  

The problem of  t e m p e r a t u r e  c o n t r o l  

h a s  been s o l v e d  w i t h  t h e  i n v e n t i o n  o f  

a  f u r n a c e  l i n e r  f i l l e d  w i t h  sodium. 

The ASTM s p e c i f i c a t i o n  c a l l s  f o r  a  

t e m p e r a t u r e  u n i f o r m i t y  o f  ' 3  OF a l o n g  

t h e  l e n g t h  of  t h e  specimen.  The tem- 

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

make t h i s  c o n d i t i o n  v e r y  d i f f i c u l t  t o  

meet ,  and even more d i f f i c u l t  t o  main-  

t a i n  f o r  t h e  d u r a t i o n  of  a  t e s t .  The 

l i n e r ,  p l a c e d  i n  s e r v i c e  h e r e ,  i s  a  

t u b u l a r  c o n t a i n e r  made of  s t a i n l e s s  

s t e e l  and f i l l e d  w i t h  sodium. The 

l i n e r  f i t s  i n s i d e  t h e  s t a n d a r d  f u r n a c e  

and admi t s  t h e  spec imen,  g r i p s ,  and 

p u l l r o d s  t h rough  t h e  ID of  t h e  l i n e r .  

The l i n e r  and t h e  specimen t r a i n  do 

n o t  t ouch  one a n o t h e r .  With s u i t a b l e  

b a f f l i n g  and u s e  of l o o s e  pack ing  ma te -  

r i a l s  t o  r e s t r i c t  t h e  f l o w  of  a i r  

t h rough  t h e  c h a n n e l ,  t h i s  new l i n e r  

h a s  reduced  t h e  t e m p e r a t u r e  v a r i a t i o n  

a c r o s s  a  2 i n .  specimen t o  l e s s  t h a n  

1 OF t o t a l  v a r i a t i o n .  Ope ra to r  t i m e  

r e q u i r e d  t o  a c h i e v e  t e m p e r a t u r e  b a l -  

ance  ( i n  t h e  r e g i o n  o f  1200 OF) h a s  

been reduced  t o  e s s e n t i a l l y  z e r o .  To 

d a t e ,  t h e  d a t a  from t h e  two t e s t s  r u n  

w i t h  t h i s  l i n e r  show a  d e f i n i t e  r e -  

d u c t i o n  i n  t h e  amount o f  s c a t t e r  i n  

t h e  p l o t  o f  c r e e p  d a t a .  E f f o r t s  a r e  

be ing  made t o  p r o v i d e  each  t e s t  f u r -  

4 9 BNWL-768 
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nace  w i t h  a  l i n e r  o f  t h i s  t y p e  a s  

soon a s  p o s s i b l e .  

The s u p p o r t  s e c t i o n  o f  t h e  l i q u i d  

m e t a l  l o o p  has  been assembled  i n  work- 

i n g  p o s i t i o n  w i t h  c o n t r o l l e r s  and r e -  

c o r d e r s  a t t a c h e d .  T h i s  s e c t i o n  con-  

t a i n s  one u n s h i e l d e d  t e s t  l e g ,  a long  

w i t h  t h e  e l e c t r o m a g n e t i c  pumps and 

c o l d  t r a p  f o r  c i r c u l a t i n g  and p u r i f y -  

i n g  t h e  sodium. Work on t h e  s u p p o r t -  

i n g  u t i l i t i e s  p r o g r e s s e d  f a r  enough t o  

a l l o w  s t a r t - u p  o f  t h e  sodium l o o p  f o r  

o p e r a t i o n a l  a c c e p t a n c e  t e s t s  and 

o p e r a t o r  c h e c k - o u t .  Some d e f i c i e n -  

c i e s  were found ,  and t h e s e  a r e  now 

be ing  c o r r e c t e d .  Design work f o r  t h e  

s h i e l d e d  t e s t  l o o p s  was comple t ed ,  

w h i l e  d e s i g n  work on t h e  r a d i a t i o n  

s h i e l d  was begun i n  Feb rua ry .  A d a t e  

f o r  s t a r t  o f  c o n s t r u c t i o n  on t h i s  p o r -  

t i o n  of  t h e  sodium loop  has  n o t  y e t  

been s e t .  

An i n e r t  a tmosphere  g love -box  f o r  

h a n d l i n g  h i g h  p u r i t y  a l k a l i  m e t a l s  ha s  

been b u i l t  by Vacuum Atmospheres 

C o r p o r a t i o n  and w i l l  be  sh ipped  i n  

March. T h i s  g love -box  w i l l  p r o v i d e  a  

h i g h - p u r i t y  i n e r t  a tmosphere  w i t h  

evacuab l e  t r a n s f e r  p o r t  and a  vacuum 

oven l a r g e  enough t o  hand le  any of  

t h e  a l k a l i  m e t a l  c a p s u l e s  o r  con-  

t a i n e r s  now i n  u s e  on t e s t i n g  

programs.  

Recent  expe r imen t s  w i t h  t h e  sodium 

f i l l i n g  a p p a r a t u s  w i t h  r e c e i v i n g  

v e s s e l s  c l o s e d  t o  a i r  a tmosphere  have  

shown t h a t  he l ium does  d i s s o l v e  i n  

l i q u i d  sodium. The s o l u b i l i t y  o f  

he l ium i s  s u f f i c i e n t  t o  c a u s e  bubb le s  

t o  form when t h e  sodium i s  exposed t o  

vacuum. The p o s s i b i l i t y  of  t h e  bub- 

b l e s  be ing  formed by sodium v a p o r  was 

c o n s i d e r e d ,  b u t  sodium vapo r  p r e s s u r e  

a t  t h e  h i g h e s t  t e m p e r a t u r e s  i nvo lved  



( 6 0 0  O F )  would support a column of 

sodium less than 1 mm high; whereas, 

the observed effects require pressure 

to support a column of sodium several 

centimeters high. Special procedures 

for outgassing the helium from liquid 

sodium and for the removal of bubbles 

entrained in liquid sodium have been 

developed. Since the problem is of 

sufficient magnitude, if the special 

procedures are not followed, accurate 
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