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INTRODUCTION 

The work reported in this and subsequent reports is a contin- 
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ations (prior to October 1962) and by Ceramics Research and Devel- 

opment Operation, General Electric Company, Richland, Washington. 
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s o l u t i o n  of  oxygen I n  A m O Z m f  A t  room 
t e m p e r a t u r e  t h e  sys t em i s  d l p h a s i c ,  c o n s i s t i n g  
of AmOa and c u b i c  Am203. 
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Diffusion T e s t  Element I r r a d i a t i o n s  - M .  K .  M i l l h o l l e n  
and L .  A .  Pember . - - . 4 .23  

Two d i f f u s i o n  t e s t  e l emen t s  (GEH-4-115 and GEH-4-117) 
were s u c c e s s f u l l y  i r r a d i a t e d  l n  t h e  MTR B-3 loop t o  
o b t a i n  i n f o r m a t i o n  on PuOZ m i g r a t i o n  d u r i n g  i r r a d i a t i o n ,  

Molten U02-Water R e a c t l o n  S t u d i e s  - R .  L. Gibby . . 4  .26 

I n  anticipation o f  an o v e r a l l  a n a l y s l s  of  s a f e g u a r d s  
f o r  t h e  Molten Core Experiment i n  PRTR, a  s t u d y  i s  
b e l n g  made of  mol t en  u r a n i a - w a t e r  r e a c t i o n s  t o  
d e t e r m i n e  t h e  following: 

Volume of  hydrogen r e l e a s e  

Degree of  u r a n i a  f r a g m e n t a t l o n  d u r i n g  r a p i d  
quench 

* Rate  o f  w a t e r  t e m p e r a t u r e  and p r e s s u r e  i n c r e a s e .  

React-or Bas ln  Underwater  Work - C ,  H .  A l l e n  . . . 4 .3& 

Three experimental f u e l  e l emen t s  were i r r a d i a t e d  i n  
t h e  PRTR. Rods were removed from one of  t h e  f u e l  
e l emen t s  i n  t h e  r e a c t o r  b a s i n ,  r e p l a c e d  w i t h  new f u e l  
rods  and t h e n  r e t u r n e d  t o  t h e  r e a c t o r  f o r  f u r t h e r  
i r r a d r a t l o n .  

S a l t  Cycle  - C .  H .  A l l e n ,  R e  F a  K l e i n ,  R .  C .  Smith 
a n d R , R , S h a r p .  . . . . . 4 - 3 6  

F o u r t e e n  s a l t  c y c l e  r e c y c l e  f u e l  rod  segments  were 
f a b r i c a t e d  r emote ly  i n  a  s h i e l d e d  h o t  c e l l .  

S a l t  Cycle  Fue l  Recycle  - R .  C .  Smith . . . . . . L j  4 ,3$  

I r r a d i a t i o n  t e s t i n g  o f  t h e  S a l t  Cycle  f u e l  e lement  1% con-  
t l n u l n g  i n  t h e  PRTR where t h e  e l emen t  had  a c q u i r e d  a  
burnup o f  abou t  0 .38  f i s s i o n s / c m 3  (-1540 MWd/MTf) a t  
t h e  end o f  September .  



Recycle  Fue l  F a b r i c a t i o n  - R .  C .  Smith and 
D ,  C ,  L e h f e l d t  . . . .  . 4 . 3 ?  

Three  preliminary p r o c e s s  f low c h a r t s  were p r e p a r e d  
r e l a t i v e  t o  t h e  f a b r i c a t i o n  o f  f u e l  e l e m e n t s  f o r  
PRTR.  Des igna ted  " S a l t  Cycle  "PEPPER," and 
"Re j u v e n a t l o n  ," t h e  t h r e e  p r o c e s s  c y c l e s  a r e  
a p p l i c a b l e  t o  o t h e r  t y p e s  of  U02 o r  U02-Pu02 f u e l  
e l e m e n t s .  

PART V - J O I N T  FUEL DEVELOPMENT PROGRAMS 

C o l l a p s e  T e s t i n g :  EBWR Tubing - J .  P. Keenan and 
G .  T e s t a  . . . . . . . . . . .  . 5 . 1  

S i x  EBWR p r e s s u r e  c a p s u l e s  were f a b r i c a t e d  from 
s t a n d a r d  EBWR t u b i n g .  During a u t o c l a v i n g  a t  
290 " C  and 4500 p s i ,  one empty c a p s u l e  and one 
s p r i n g -  l o a d e d  c a p s u l e  c o l l a p s e d .  

I r r a d i a t i o n  T e s t i n g  o f  EBWR P r o t o t y p e  Fue l  Rods - 
~ , J . ~ a i l e y .  . . . . . . . . . . . .  - 5 . 1  

T h i r t e e n  o f  f , o r t y -  f o u r  EBWR f u e l  rods  
(U02-1.5 w t %  PuO ) under  i r r a d i a t i o n  were 
d i s c h a r g e d .  Of 5he r e m a i n d e r ,  2 0  have a  maximum 
burnup o f  0 . 7  x  1020 f i s s l o n s / c m 3 .  Twenty-nine 
d i s c h a r g e d  and t h r e e  i n - r e a c t o r  c a p s u l  s have 

2 8  a c h i e v e d  a  maximum burnup o f  5,2 x  10 f i s s i o n s / c m  3 

(20,900 MWd/MT o f  f u e l )  . 
H T L T R  Fue l  Element Design - L. C .  Lemon, R .  J. L o b s i n g e r ,  

. . . . . . . . . . .  a n d R . E . S h a r p .  . 5 . 3  

Fue l  e l emen t  d e s i g n  was begun f o r  t h e  High Tempera ture  
L a t t i c e  T e s t  R e a c t o r  CHTLTR) . 

PART V I  - CUSTOMER WORK 

. .  . PRCF S e p a r a b l e  Rods R .  J .  Shogren and R .  E .  Lyon. 6 . 1  

Twen ty -e igh t  PRCF s e p a r a b l e  mixed o x i d e  f u e l  r o d s  
w i t h  0.005 i n ,  e n d c a p s  were s u c c e s s f u l l y  
v i b r a t i o n a l l y  compacted.  

Phoenix  F u e l s  - J .  P .  Keenan . . . . . . . . .  . 6 . 2  

A b a t c h  o f  a p p r o x i m a t e l y  7300 Phoenix Pu-A1 
w a f e r s  was comple ted .  
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Pu 240 and Pu 241 Irradiation Samples for Phillips 
Petroleum Company - C. H. Bloomster . . . . . . 6.3 
Work was completed on the fabrication of 13 puZ4'-~1 
and 10 P U ~ ~ O - A ~  alloy samples for fission product 
transient measurements in the MTR. 

Metal Sources Using p3' Isotope - D. C. Lehfeldt, 
R, C. Smith, D. E. DeWitt and R, R .  Sharp . . . . 6.4 
Metal sources using p3' isotope in a matrix of 
aluminum or lead were successfully fabricated 
by cold pressing powders without use of a 
binder. 

XAP End Closure Parameters - R. F. Boolen. . . . . . 6.9 
Under a contract with Atomics International, work 
was begun to provide magnetic force welding 
parameters for XAP-001 (an Alcoa experimental 
aluminum powder alloy) cladding. 





PART I  - CERAMIC FUEL RESEARCH STUDIES 

D i f f e r e n t i a l  Thermal A n a l y s i s  o f  P U O ~ - ~  - C .  E .  McNeil ly  

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

a n a l y s i s  (DTA) o f  P U O ~ - ~  c o m p o s i t i o n s .  A b r o a d  exo the rmic  peak 
0 was obse rved  a t  250 C on c o o l i n g  o f  a l l  spec imens  w i t h  an 0:Pu 

between 1.92 and 1 .60 .  T h i s  may r e p r e s e n t  t h e  e u t e c t o i d  r e a c t i o n  

which h a s  g e n e r a l l y  been  p l a c e d  a t  abou t  300 " C  on Pu-0 phase  

d iagrams.  The c o r r e s p o n d i n g  endo the rmic  r e a c t i o n  on h e a t i n g  h a s  

n o t  been  o b s e r v e d .  However, t h i s  i s  t h o u g h t  t o  be  p r o b a b l y  due 

t o  low t e m p e r a t u r e  i n s t a b i l i t y  of  t h e  a p p a r a t u s .  

A second ,  s m a l l  e x o t h e r m i c  r e a c t i o n  on h e a t i n g  was d e t e c t e d  

( a t  a b o u t  875 OC) i n  a spec imen hav ing  an 0:Pu of  abou t  1 . 6 .  The 

c o r r e s p o n d i n g  c o o l i n g  endotherm was a l s o  o b s e r v e d .  I t  i s  proposed  

t h a t  t h i s  i s  i n d i c a t i v e  o f  t h e  ~ - P U ~ O ~ ~ ~ ' P U ~ O ~  r e a c t i o n  which had  
0 been p o s t u l a t e d  t o  o c c u r  below 900 C f o r  0:Pu r a t i o s  between 1 . 5  

and 1 . 6 2 .  By comparing t h e  peak h e i g h t  w i t h  t h a t  f o r  t h e  a z ~  
q u a r t z  r e a c t i o n  (86 c a l / m o l e )  a  c r u d e  e s t i m a t e  o f  abou t  1 0  t o  2 0  

c a l / m o l e  i s  o b t a i n e d  f o r  t h e  h e a t  o f  r e a c t i o n .  

I R e f l e c t i o n  E l e c t r o n  Microscope  S t u d i e s  o f  t h e  Pu-0 System - 
T .  E .  Bauer ,  T .  D .  C h i k a l l a ,  and J .  L .  D a n i e l  

A High t e m p e r a t u r e  r e f l e c t i o n  e l e c t r o n  mic rographs  ( F i g u r e s  1.1 

t h r o u g h  1 . 3 )  were t a k e n  d u r i n g  t h e  h e a t i n g  of  P U O ~ . ~  ( p r e p a r e d  by 

hydrogen r e d u c t i o n  o f  97% TD Pu02) .  

The s u r f a c e  o f  t h e  p o l i s h e d  specimen became rough a t  a b o u t  

700 O C ,  c o n s i s t e n t  w i t h  t h e  phase  t r a n s f o r m a t i o n  shown i n  t h e  phase  

diagram. On r e h e a t i n g ,  s u r f a c e  s t r u c t u r e  changes were a g a i n  

obse rved  a t  a round 700 " C .  However, X - r a y  e x a m i n a t i o n  a f t e r  removal 

from t h e  microscope  i n d i c a t e d  t h e  sample had  been  o x i d i z e d ,  which 



may have c o n t r i b u t e d  t o  t h e  obse rved  b e h a v i o r .  More specimens 

w i l l  be  examined,  w i t h  a  p r o v i s i o n  t o  e l i m i n a t e  t h e  o x i d a t i o n .  

Subsequent  c l e a n u p  of  t h e  microscope  was unexpec ted ly  e a s y .  

P lu tonium d i d  n o t  s p r e a d  w i t h i n  t h e  mic roscope ,  and t h e  s p e c i -  

men was r e a d i l y  r e c o v e r e d  f o r  f u r t h e r  e x a m i n a t i o n .  No problems 

were e n c o u n t e r e d  w i t h  t h e  t r a n s f e r  box used  t o  s e r v i c e  t h e  mic ro -  

scope  column w i t h  p lu ton ium spec imens .  

F I G U R E  1.1 

puoZ -x Sample 
Before  Hea t ing  (1300X) 
No. 3413 (18 t i l t )  



(TIT-2 .ST)  
O E P E  ' O N  ( ~ 0 0 9 ~ )  

8ur1oo3 ~ 3 2 3 ~  

a 1 d u ~ ~  X-Zond 
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UN-PUN S o l i d  S o l u t i o n  S t u d i e s  - E .  T .  Weber 

Mixed n i t r i d e  c o m p o s i t i o n s  o f  UN and PUN a r e  b e i n g  s t u d i e d .  

L a t t i c e  p a r a m e t e r s  o f  s o l i d  s o l u t i o n s  i n  t h i s  sys tem were d e t e r -  

mined,  and p r e l i m i n a r y  e x p e r i m e n t s  were conduc ted  on c a r b o t h e r m i c  

r e d u c t i o n  of  U02-Pu02 m i x t u r e s  t o  y i e l d  n i t r i d e s .  

Mix tu res  of  -200 mesh PUN and UN powder were p r e p a r e d  a t  

10 mol% compos i t ion  i n t e r v a l s .  The m i x t u r e s  were b lended  and 

p r e s s e d  i n t o  p e l l e t s  a t  abou t  40 TSI.  Heat t r e a t m e n t  c o n s i s t e d  

o f  4 h r  a t  1800 O C  unde r  1 atm o f  n i t r o g e n .  Cool ing  below 1300 O C  

was per formed under  he l ium t o  p r e c l u d e  f o r m a t i o n  o f  t h e  

s e s q u i n i t r i d e .  

X-ray d i f f r a c t i o n  p a t t e r n s  o f  each  h e a t  t r e a t e d  m a t e r i a l  
* 

r e v e a l e d  a  s i n g l e  p h a s e .  L a t t i c e  p a r a m e t e r s  de te rmined  by Debye 

S h e r r e r  cameras and t h e  Ne l son-Ri l ey  e x t r a p o l a t i o n  f u n c t i o n  a r e  

p l o t t e d  a s  a  f u n c t i o n  o f  compos i t ion  i n  F i g u r e  1 . 4 .  Composi t ions 

between 30 and 60 mol% PuNprovided  s l i g h t l y  b e t t e r  d e f i n i t i o n  o f  

h i g h  a n g l e  r e f l e c t i o n s  t h a n  t h o s e  o f  h i g h e r  o r  lower  PUN c o n t e n t ,  

i n d i c a t i n g  b e t t e r  homogenei ty.  

D e n s i t y  changes o f  p e l l e t s  d u r i n g  h e a t  t r e a t m e n t  were 

anomalous.  A s i g n i f i c a n t  volume i n c r e a s e  was n o t e d  f o r  composi- w 

t i o n s  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  sys t em.  Changes i n  w e i g h t ,  I 
I 

volume, and d e n s i t y  a r e  shown i n  F i g u r e  1 . 5 .  D e n s i t i e s  d e t e r -  I - I 
mined from p e l l e t  d imens ions  ranged between 56 and 80% TD.  F u t u r e  , 

work i n v o l v i n g  c o n t i n u e d  h e a t  t r e a t m e n t  and ceramographic  examina t ion  I 

i 

i s  i n  p r o g r e s s  and s h o u l d  l e a d  t o  e x p l a n a t i o n  o f  t h e  obse rved  . I 

b e h a v i o r .  I 

A c a r b o t h e r m i c  o x i d e  r e d u c t i o n  scheme f o r  s y n t h e s i s  o f  mixed 

n i t r i d e s  was a t t e m p t e d ,  u s i n g  mixed U02, Pu02,and carbon powders.  

A f t e r  b l e n d i n g  and c o n s o l i d a t i n g ,  t h e  m i x t u r e s  were h e a t e d  t o  1500 O C  

under  500 t o  1000 microns  o f  N 2  w i t h  i n t e r m i t t e n t  r ep lacemen t  o f  N 2  



COMPOSITION !MOL % PUN) 

FIGURE 1 . 4  

4 880 

L a t t i c e  P a r a m e t e r s  of  UN-PUN S o l i d  S o l u t i o n s  

o Weigh t  Change 
n Vo lume  Change 

3 0  o B u l k  Densi ty Change 

UN 0 20  30 40 50 60  70 80 90  PUN 

I 
I 

- 30  I 

1 

I ~ I I 
UN 0 20  30 40 5 0 '  60  7 0  80  90  PUN 

COMPOSITION !MOL 4a PUN1 

FIGURE 1 . 5  

Changes i n  P h y s i c a l  C h a r a c t e r  o f  P e l l e t s  due t o  Heat  Trea tment  

1 
I I 

I I 



a s  t h e  p a r t i a l  p r e s s u r e  o f  C O  l n c r e a s e d .  The r e a c t i o n  

M02 -I- 2 C  -+M 
(1 )  * C o ( g )  

appea red  t o  p roceed  r a p i d l y  a t  1 2 0 0 ° c ,  

a s  l n d l c a t e d  by a  r a p i d  I n c r e a s e  i n  p r e s s u r e .  N i t r i d i n g  was 

comple ted  under  1 atm of  N 2  a t  1500 'c .  X-ray d l f f r a c t i o n  

p a t t e r n s  l n d l c a t e d  t h a t  t h e  p r o d u c t  was a  m i x t u r e  o f  a  some- 

what inhomogeneous UN-PuN phase  (possibly a  c a r b o n l t r i d e )  and 

a  U02 p h a s e ,  Carbon c o n t e n t  o f  t h e  p r o d u c t  was between 2000 and 

6000 ppm, F u r t h e r  a n a l y s e s  of  t h e  p r o d u c t  a r e  b e i n g  pe r fo rmed .  

A c t l n i d e  Oxide Phase S t u d l e s  - T .  D .  C h l k a l l a  

Measurement o f  oxygen d l s s o c i a t l o n  p r e s s u r e s  and s t u d y  of  

phase  r e l a t i o n s  I n  t h e  americium-oxygen sys t em was c o n t i n u e d .  

Seven isotherms a t  a b o u t  50" I n t e r v a l s  were i n v e s t i g a t e d  between 

1150 and 1450 " K ,  The compos l t lon  of  a  s u b s t o ~ c h i o m e t r i c  o x i d e  

I n  equilibrium w l t h  a  known oxygen p r e s s u r e  was de te rmined  by t h e  

we lgh t  l o s s  method.  P l o t s  o f  l o g  p  v e r s u s  c o m p o s i t i o n  show a  
O 2 

g r a d u a l  change i n  s l o p e  a t  abou t  A r n O l e g 6  f o r  t h e  lower  t e m p e r a t u r e s  

b u t  become p r o g r e s s i v e l y  more l l n e a r  a t  t h e  h i g h e r  t e m p e r a t u r e s .  

The sys t em i s  b i v a r i a n t  o v e r  t h e  compos l t ion  i n t e r v a l  cove red  

( 1.80 i O/Am < 2 .0 )  , whlch i m p l l e s  a  monophasic r e g l o n ,  p robab ly  

consisting o f  an a n i o n  d e f i c i e n t  f l u o r i t e  s t r u c t u r e .  However, 

Debye and G u i n l e r  Camera x - r a y  d l f f r a c t i o n  p a t t e r n s  made a t  room 

t e m p e r a t u r e  showed two p h a s e s ,  a  f l u o r l t e  t y p e  and a  C r a r e  e a r t h  

t y p e .  These were lndexed  a s  Am02 and Am203, r e s p e c t i v e l y .  E x i s -  

t e n c e  of  t h e s e  two p h a s e s  a t  room t e m p e r a t u r e  and t h e  i n f e r e n c e  

of  a  s i n g l e  phase  above 1150 O K  from t h e  s l o p e  o f  t h e  i s o t h e r m s  

s u g g e s t s  a  phase  t r a n s f o r m a t i o n  i n  t h e  s y s t e m .  T h i s  i s  s p e c u l a -  

t i v e ,  however ,  and t h i s  probability w i l l  be checked w i t h  quench 

t e s t s  and by h i g h  t e m p e r a t u r e  x - r a y  d i f f r a c t i o n .  

Hexagonal Am203 was r e t a i n e d  by quenching  t h e  s e s q u i o x i d e  

from 1000 'c, w h i l e  c u b i c  Am203 i s  r e t a i n e d  by quenching t h l s  

c o m p o s l t i o n  from 400 ' C .  



The thermodynamic q u a n t i t i e s  d e r i v e d  from t h e  d a t a  a r e  

p l o t t e d  i n  F i g u r e s  1 . 6  th rough  1 . 8 .  F i g u r e  1 . 6  i s  a  p l o t  o f  

l o g  p v e r s u s  1 / T  and F i g u r e  1 . 7  i s  a  p l o t  o f  A F ( O ~ )  v e r s u s  
O 2  

t e m p e r a t u r e ,  b o t h  a t  c o n s t a n t  c o m p o s i t i o n .  The l i n e s  drawn a r e  

b a s e d  upon a  l e a s t  s q u a r e s  f i t  t o  t h e  e x p e r i m e n t a l  d a t a .  The 

s l o p e s  o f  t h e  c u r v e s  on t h e s e  two p l o t s  y i e l d ,  r e s p e c t i v e l y ,  t h e  

r e l a t i v e  p a r t i a l  molar  h e a t s  and e n t r o p i e s  o f  s o l u t i o n  o f  one 

mole of  oxygen i n  Am02-x. These q u a n t i t i e s ,  AA(o?) and A S ( O ~ )  a r e  

p l o t t e d  a s  a  f u n c t i o n  of  compos i t ion  i n  F i g u r e  1 . 8 .  The n o t a b l e  

f e a t u r e  on t h e s e  p l o t s  i s  t h e  a b r u p t  change i n  s l o p e  a t  about  

A r n O l e g 8 .  The r e a s o n  f o r  t h i s  s l o p e  change i s  unknown; however ,  

i t  may be  a s s o c i a t e d  w i t h  domains c e n t e r e d  about  Am I 1 1  i o n s .  The 

d a t a  a r e  b e i n g  f i t  t o  s e v e r a l  d e f e c t  models i n  an e f f o r t  t o  e x p l a i n  

t h e s e  r e s u l t s .  

1111,r 

FIGURE 1 . 6  

Log po Versus 1 / T  a t  Cons tan t  Oxygen/Americium R a t i o s  
2 



FIGURE 1 . 7  

R e l a t i v e  P a r t i a l  Molar  F r e e  Energy o f  S o l u t i o n  o f  Oxygen 
i n  Am02-x Versus  Tempera ture  

FIGURE 1 . 8  

R e l a t i v e  P a r t i a l  Molar  Heat  and En t ropy  o f  S o l u t i o n  o f  
Oxygen i n  
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S e l f - R a d i a t i o n  Damage of  P lu tonium Com~ounds - 
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T, D- C h i k a l l a  and R .  E .  Skavdahl  

Measurement o f  changes  I n  t h e  l a t t i c e  c o n s t a n t s  of  s e v e r a l  

plutonium b e a r i n g  compounds due t o  s e l f - i n d u c e d  r a d i a t i o n  damage 

have been  c o n t i n u e d  f o r  a s  long  as 4 y e a r s .  P l o t s  showing t h e  

e x t e n t  o f  l a t t i c e  damage v e r s u s  t ime  were g l v e n  i n  t h e  p r e v i o u s  

Q u a r t e r l y  Repor t .  The d a t a ,  f i t t e d  t o  c u r v e s  by t h e  method 

of  l e a s t  s q u a r e s ,  y i e l d  t h e  f o l l o w i n g  e q u a t i o n s  (where t i s  t h e  

t ime I n  days)  : 

( c a r b o n  r i c h )  

( s t o i c h i o m e t r i c )  

- - - 1 . 6 8  x l o m 3  [ l - e x p  ( - 1 . 9 9  x 1 0 - ~ t ) ]  
a  

0 

( c a r b o n  poor )  

PuC - 'a - - 4 .65  x [ l - e x p ( - 1 . 4 5  x 1 0 - ~ t ) ]  a 
0 

Aa - 3  PuOZ-10 mol% U02 a = 1 . 8 4  x 1 0  [ l - e x p ( - 2 . 0 0  x t ) ]  
0 

(1) Ceramics Research  and Development Q u a r t e r l y  R e p o r t ,  A p r i l -  
J u n e  1965,  BNWL-150. 



Thermal Expans ion  o f  P lu tonium F u e l s  - C .  A.  Hinman and 

R .  P .  Nelson 

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

impac ted  PuOZ i n d i c a t e  t h a t  i r r e v e r s i b l e  d imens iona l  changes 

o c c u r  i n  a d d i t i o n  t o  r e v e r s i b l e  expans ion .  I n  F i g u r e  1 . 9  i s  

shown t h e  f i r s t  c o n t i n u o u s  h e a t i n g  c y c l e  t o  1435 O C  (2.5O/min) 

f o r  a  Pu02 spec imen ( i n i t i a l  0:Pu = 1.998)  compacted t o  96 .9% 

TD. H e a t i n g  t o  abou t  950 O C  p roduced a  c o n t r a c t i o n  which i s  

t h o u g h t  t o  have r e s u l t e d  from s i n t e r i n g  of  t h e  f i n e  g r a i n e d  

spec imen.  Cont inued  h e a t i n g  r e s u l t s  i n  an e q u a l l y  s h a r p  expan-  
I 

s i o n  s t a r t i n g  a t  1200 O C  c aused  by t h e  r e l i e f  o f  i n t e r n a l  s t r e s s  : 

i m p a r t e d  by t h e  i m p a c t i o n  p r o c e s s .  The n e t  d i m e n s i o n a l  change 1 - 
a t  c y c l e  end was an 0 .742% i n c r e a s e  i n  l e n g t h .  i 

I 

A t y p e  304 SS-20 v o l %  Pu02 impac t ion - fo rmed  cermet  s p e c i -  

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

t o  1290 O C  ( F i g u r e  1 . 1 0 ) .  I n  t h e  f i r s t  c y c l e  a n n e a l i n g  of  t h e r m a l  

s t r e s s  caused  a  0 .53% n e t  i n c r e a s e  i n  l e n g t h ,  w h i l e  s u b s e q u e n t  

c y c l e s  produced no o b s e r v a b l e  n e t  d imens iona l  change .  

T e m p e r a t u r e ,  O C  

FIGURE 1 . 9  

F i r s t  Thermal Expansion Cycle H e a t i n g  Curve 
f o r  a  P n e u m a t i c a l l y  Impacted PuO Specimen,  
Showing an E f f e c t  o f  t h e  ~ a b r i c a e i o n  P r o c e s s  



I 
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T e m p e r a t u r e  O C  

FIGURE 1.10 (a) 

First Thermal Expansion Cycle for a Pneumatically Impacted 
304 SS-20 vol% Pu02 Cermet. 

0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  

T e m p e r a t u r e .  O C  

FIGURE 1.10 (b) 

Thermal Expansion Curve for an Annealed 304 SS-20 vol% PuO 
Cermet. (These Results Represent the Average of Two  herm ma? 
Cycles. ) 



These r e s u l t s  i n d i c a t e  t h a t  f u e l  m a t e r i a l s  formed by 

pneumat ic  impac t ion  must be  a n n e a l e d  t o  e l i m i n a t e  d i m e n s i o n a l  

i n s t a b i l i t y .  Time- tempera ture  r e l a t i o n s h i p s  f o r  comple te  

a n n e a l i n g  have n o t  y e t  been  e s t a b l i s h e d .  S i m i l a r  i n s t a b i l i t i e s  

were obse rved  f o r  a  tungsten-20 v o l %  U02 cermet  formed by impac- 

t i o n  a t  1200 O C .  

The second  t h e r m a l  expans ion  c y c l e  on t h e  impacted  Pu02 

specimen showed no d i s c o n t i n u i t i e s  on h e a t i n g  ( F i g u r e  1 . 1 1 ) .  

However, on c o o l i n g ,  two d i s c o n t i n u i t i e s  were obse rved  t h a t  a r e  

a s s o c i a t e d  w i t h  phase  changes o c c u r r i n g  i n  t h e  s o l i d  s t a t e  

( F i g u r e  1 . 1 2 ) .  The f i r s t  appea red  a s  an i n c r e a s e  o f  t h e  expan- 

s i o n  c o e f f i c i e n t  b e g i n n i n g  a t  about  600 t o  700 O C ,  t h e  second  

appeared  a s  a  peak a t  300 O C .  

T e m p e r a t u r e .  O C  

FIGURE 1.11 

Thermal Expansion Curve f o r  an Annealed P n e u m a t i c a l l y  Impacted 
Pu02 Specimen 



T e m p e r a t u r e .  O C  

FIGURE 1 . 1 2  

Cool ing  Curve f o r  The Thermal Expansion o f  t h e  

Alumina Sample Holder  h a s  n o t  been  E l i m i n a t e d  i n  t h e  Data Shown.) 

These d i s c o n t i n u i t i e s  i n d i c a t e  t h a t  t h e  specimen was 

r educed  s l i g h t l y  i n  t h e  vacuum d u r i n g  t h e  h i g h  t e m p e r a t u r e  

p a r t  of  t h e  c y c l e .  A we igh t  measurement a f t e r  t h e  c y c l e  

de te rmined  t h a t  t h e  0 :Pu  r a t i o  had d e c r e a s e d  from 1 .995 t o  

1 .983 .  The i n i t i a l  change i n  s l o p e  a t  600 t o  700 O C  c o r -  

responds  t o  t h e  i m m i s c i b i l i t y  l o o p  o v e r  t h e  phase  f i e l d  

Pu02 - x  and P U O ' ~ - ~  and t h e  peak a t  300 O C  c o r r e s p o n d s  t o  t h e  
i s o t h e r m a l  s e p a r a t i o n  o f  a -Pu203.  

With t h e  u s e  o f  a  r e d e s i g n e d  t u n g s t e n  sample h o l d e r  t o  

improve t h e  r e s o l u t i o n ,  a d d i t i o n a l  t h e r m a l  e x p a n s i o n  measure-  

ments w i l l  be  made on spec imens  hav ing  0:U r a t i o s  between 

2.00 and 1 . 7 0 .  



Thermionlc  Emiss ion  Work F u n c t i o n  Measurements 

BNWL- 198 

McNe i 1 l y  

An a p p a r a t u s  was comple ted  f o r  d e t e r m i n i n g  t h e r m i o n l c  

work f u n c t i o n  o f  p lu ton ium b e a r i n g  compounds by t h e  r e t a r d i n g  

p o t e n t i a l  t e c h n l q u e .  Work f u n c t i o n  measurements were con-  

t l n u e d  on t h e  p o l y c r y s t a l l i n e  t a n t a l u m  e m i t t e r  u sed  I n  t h e  

p r e s e n t  a p p a r a t u s ,  a s  a  check on t h e  a c c u r a c y  o f  t h e  equipment .  

A F o r t r a n  IV computer program was w r i t t e n  t o  c a l c u l a t e  t h e  work 

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

difference t e c h n l q u e  b e i n g  u s e d .  There i s  s t i l l  some problem 

w i t h  t h e  program f o r  o b t a i n i n g  t h e  e m i s s i o n  c o n s t a n t .  However, 

t h e  work f u n c t i o n  v a l u e s  seem t o  a g r e e  q u i t e  w e l l  w i t h  t h e  

a c c e p t e d  published v a l u e .  Two different h i g h - p u r i t y ,  p o l y -  

crystalline t a n t a l u m  e m l t t e r s  y i e l d e d  ave rage  v a l u e s  o f  4.282 

and 4 ,082  eV compared w l t h  4 .356 eV r e p o r t e d  f o r  h i g h  p u r l t y  

s l n g l e  c r y s t a l  t a n t a l u m .  There i s  a l s o  some e v i d e n c e  t h a t  t h e  

v a l u e  o f  + - 0 8 2  was de te rmined  a g a l n s t  a  con tamina ted  c o l l e c t o r .  

The a p p a r a t u s  i s  b e l n g  p r e p a r e d  t o  make a  t h i r d  and f l n a l  

check on t h e  t a n t a l u m  work f u n c t i o n  a f t e r  which i t  w i l l  b e  

i n s t a l l e d  i n  t h e  hood f o r  measurements  on p lu ton ium compounds. 

Thermal D i f f u s i v i t v  o f  UO,  - J .  L ,  B a t e s  

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

p o l y c r y s t a l l i n e  U02 spec imens  were measured between 100 and 

1100 "C. The equipment and methods used  t o  measure t h e  t h e r m a l  

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

p r e v i o u s l y  d e s c r i b e d .  ( l '  C h a r a c t e r i s t i c s  o f  t h e  U02 spec imens  

a r e  g i v e n  i n  T a b l e  1.1. 

(1)  Ceramics Resea rch  and Development Q u a r t e r l y  R e p o r t ,  A p r i l -  
J u n e  1965,  BNWL-150. 



TABLE 1.1 

CHARACTERISTICS O F  UO, THERMAL DIFFUSIVITY SPECIMENS 

S i n g l e  C r y s t a l  U02 T h i c k n e s s ,  0 :U R a t i o  D e n s i t  
cm g / c m Y '  

B - 1 5  0 . 0 7 6  2 . 0 0 2 3 ~  1 0 . 9 7 ~  

B - 2 9  0 . 0 5 1  2  . 0 0 ~ l  1 0 . 9 2 ~  

0 . 0 7 6  1 0 . 9 5 4  

P o l y c r y s t a l l i n e  U02 

- 

1. D e t e r m i n e d  b y  c o n t r o l l e d  p o t e n t i a l  c o u l o m e t r y  

2 .  D e t e r m i n e d  b y  g r a v i m e t r i c  o x i d a t i o n  t o  U308 

3 .  D e t e r m i n e d  i n  H 2 0  

4 .  D e t e r m i n e d  i n  CClq 

5 .  D e t e r m i n e d  i n  Hg 

* 
The 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  s i n g l e  c r y s t a l  and 

p o l y c r y s t a l l i n e  U02 a r e  shown i n  F i g u r e s  1 . 1 3  th rough  1 . 1 5 .  

0 T h e r m a l  D i f f u s i v i t y  D a t a  

- T h e r m a l  C o n d u c t i v i t y  D a t a  

- 

- 

0 
0 200 400 600 800 1000 

T e m p e r a t u r e .  OC 

FIGURE 1 . 1 3  

Thermal C o n d u c t i v i t y  o f  P o l y c r y s t a l -  
l i n e  U02 Refe rence  Specimen 70 
Comparing Thermal D i f f u s i v i t y  and 
S t e a d y  S t a t e  Thermal C o n d u c t i v i t y  
Data .  [ ~ a t a  Are Given f o r  U02 
Dens i ty  o f  10 .45  g/cm3 (95% TD)] 

* Thermal c o n d u c t i v i t y  v a l u e s  (k)  were c a l c u l a t e d  by u s i n g  
s p e c i f i c  h e a t  d a t a  r e p o r t e d  by K e l l e y ,  e t  a l ,  [Kel ley ,K.  K .  
B u l l .  U.S. Bureau of  Mines,  p .  476, 1949 ;  A.  B .  McIntosh 
and T .  J .  Hea l .  " M a t e r i a l s  f o r  Nuc lea r  E n g i n e e r i n g , "  
I n t e r s c i e n c e  P u b l i s h e r s ,  New J e r s e y ,  1960.  pp .  143 ,164.  



T e m p e r a t u r e .  O C  

FIGURE 1 . 1 4  

Thermal Conduc t iv i ty  o f  U02 S i n g l e  C r y s t a l  (B-33) .  
[ ~ a t a  Are Given f o r  U02 Dens i ty  of  10 .93 (99.5% TD) 1 

T e m p e r a t u r e .  O C  

FIGURE 1 .15  

Thermal Conduc t i v i t y  o f  U02 C a l c u l a t e d  from Thermal D i f f u -  
s i v i t y  Data Showing V a r i a t i o n s  Between P o l y c r y s t a l l i n e  and 
S i n g l e  C r y s t a l  U02 Specimens. ( ~ a t a  a r e  Uncorrec ted  f o r  
Dens i t y .  See Table 1.1 f o r  Specimen D e n s i t i e s .  ) 
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Thermal c o n d u c t i v i t y  v a l u e s  o b t a i n e d  from t h e  t h e r m a l  d i f -  

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

measured by an a b s o l u t e ,  s t e a d y  s t a t e  method. The p o l y c r y s t a l -  

l i n e  U02 (Specimen 70) was a  s m a l l  d i s c  c u t  from a  l a r g e r  U02 

specimen p r e v i o u s l y  used  f o r  t h e  s t e a d y  s t a t e  t h e r m a l  c o n d u c t i v -  
I 1  \ 

l t y  measurements .  '*' The r e s u l t s  a g r e e  f a i r l y  w e l l .  The 

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

t h o s e  c a l c u l a t e d  from t h e  t h e r m a l  d i f f u s i v i t y  d a t a  below 200 " c .  
The c u r v e s  c r o s s  between 200 and 300 " C .  These d i f f e r e n c e s  may 

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

t h e r m a l  c o n d u c t i v i t y ,  o r  p o s s ~ b l y  an  inhomogenei ty  i n  t h e  o r i g i n a l  

l a r g e  U02 specimen from which t h e  s m a l l  w a f e r  was c u t .  

The s i n g l e  c r y s t a l  spec imen ,  B-33,  e x h i b i t e d  an u n e x p e c t e d l y  

h i g h  t h e r m a l  c o n d u c t i v i t y  a t  l e s s  t h a n  600 O C  ( F i g u r e  1 .14 )  . The 

s i n g l e  c r y s t a l  c o n d u c t i v i t y  a t  1 0 0  'C was abou t  t w i c e  t h a t  o f  t h e  

p o l y c r y s t a l l i n e  U02 spec imen (No. 7 0 ) .  

A comparison o f  t h e  t h e r m a l  c o n d u c t i v i t i e s  c a l c u l a t e d  from 

t h e r m a l  d i f f u s i v i t y  d a t a *  f o r  s e v e r a l  U02 s i n g l e  c r y s t a l  and 

p o l y c r y s t a l l i n e  U02 spec imens  i s  shown i n  F i g u r e  1 . 1 5 .  A wlde 

d i f f e r e n c e  i s  obse rved  i n  t h e  t h e r m a l  c o n d u c t i v i t i e s  below 1000 " C ,  

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

The l a r g e  v a r i a t i o n s  i n  t h e  low t e m p e r a t u r e  t h e r m a l  con-  

d u c t i v i t y  v a l u e s  a r e  d i f f i c u l t  t o  e x p l a i n .  Some e x p l a n a t i o n s  f o r  

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

e t r y .  S i n g l e  c r y s t a l  U02 e x h i b i t s  a  h i g h e r  t h e r m a l  c o n d u c t i v i t y ,  

and h y p o s t o i c h i o m e t r f c  U02 e x h i b i t s  an enhanced t h e r m a l  c o n d u c t i v i t y .  

(1) J. L .  D a n i e l ,  J .  M a t o l i c h ,  and H .  W .  Deem. Thermal 
C o n d u c t i v i t y  of  U02, HW-69945, 1962.  

* The t h e r m a l  c o n d u c t i v i t i e s  of  specimens 1000,  B-15,  and B-29 
were r e p o r t e d  p r e v i o u s l y  i n  Refe rence  (1) page 1 . 1 4 .  



N e i t h e r  o f  t h e s e  explanations a p p e a r s  t o  a p p l y  t o  t h e  c u r -  

r e n t  spec imens .  The t h e r m a l  c o n d u c t i v i t y  of  one U02 s i n g l e  

c r y s t a l ( B - 2 9 )  i s  a s  low a s  t h a t  of  t h e  p o l y c r y s t a l l i n e  spec imen 

(70) showlng t h e  l o w e s t  c o n d u c t i v i t y ,  Th i s  would i n d i c a t e  t h a t  

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

t h e  e f f e c t  1s o v e r r i d d e n  by a n o t h e r .  However, l a r g e  g r a i n s  may 

b e  a n e c e s s a r y  requirement f o r  an  i n c r e a s e d  t h e r m a l  c o n d u c t i v i t y ,  

s i n c e  on ly  s i n g l e  c r y s t a l  UO, e x h l b l t s  l t .  Hypos to ich iomet ry  - 
does  n o t  a p p e a r  t o  be  t h e  c a u s e  o f  t h e  low t e m p e r a t u r e  i n c r e a s e .  

The 0:U r a t i o  of  a l l  o f  t h e  specimens, b o t h  s i n g l e  c r y s t a l  and 

p o l y c r y s t a l l i n e  U02, was between 2.005 - and 2.0006,  - 

Analyses  a r e  b e l n g  made t o  determine ~ f  o t h e r  c h a r a c t e r i s t i c s  

( e , g , ,  i m p u r i t y  c o n t e n t ,  gas  c o n t e n t ,  c r y s t a l  orientation) o f  t h e  

s l n g l e  c r y s t a l  U02 c a u s e d  t h e  l a r g e  v a r i a t i o n s .  P r e l i m i n a r y  

i n v e s t i g a t i o n  shows t h a t  c r y s t a l  B-29 c o n t a i n e d  0 .6  g/cm3 of  g a s  

w h i l e  B-33,  t h e  h i g h  t h e r m a l  c o n d u c t i v i t y  specimen, c o n t a i n e d  

0 .05  g/cm3 o f  g a s .  The concentration of  o t h e r  i m p u r i t ~ e s  i n  t h e  

two c r y s t a l s  was abou t  t h e  same. 

Method o f  f a b r i c a t i o n  may a l s o  b e  i m p o r t a n t .  C r y s t a l s  B-33 

and B-15 ( h l g h  t h e r m a l  c o n d u c t i v i t y  spec imens)  were grown by 

s o l i d i f l c a t l o n  from an a r c - f u s e d  m e l t ,  whereas c r y s t a l  B- 29 [Pow 

c o n d u c t i v i t y  specimen) was grown by a  vapor  deposition p r o c e s s .  

Thermal D l f f u s l v i t y  of Phosphate  Glass  - J .  L .  Ba tes  

The t h e r m a l  d l f f u s i v i t y  o f  a  s p e c l a l  phospha te  g l a s s  ( I )  was 

measured between 2 5  and 600 O C .  The g l a s s  was d a r k  g r e y  i n  c o l o r ,  

partially t r a n s l u c e n t ,  and contained a  second  p h a s e .  The h e a t  

(1) The p h o s p h a t e  g l a s s  was p r e p a r e d  by W .  B .  DeMier o f  Chemical 
E n g i n e e r i n g  S e c t i o n ,  B a t t e l l e - N o r t h w e s t .  



c a p a c i t y  o f  t h e  g l a s s  was a p p r o x i m a t e l y  0 .25  c a l / g - C - .  Measure-  

ments  were made on t h r e e  specimen t h i c k n e s s e s  (0 .041  cm, 0 .061  cm, 

and 0.079 cm). No s y s t e m a t i c  v a r i a t i o n  w i t h  specimen t h i c k n e s s  

was obse rved .  Thin  specimens were r e q u i r e d  because  of  t h e  low 

t h e r m a l  d i f f u s i v i t y .  The r e s u l t s  a r e  shown i n  F i g u r e  1 .16 .  

TEM PERATU RE, OC 

FIGURE 1 .16  

I 

Thermal D i f f u s i v i t y  o f  Phosphate  G l a s s  
Showing Data f o r  Three Sample Th icknesses  

A wide  s c a t t e r  was obse rved  i n  t h e  d a t a .  V a r i a t i o n  appea red  

independen t  of  specimen t h i c k n e s s .  Changes o c c u r r i n g  d u r i n g  

a o .079 cm 
-0 

0 
A .060 cm 

- 
a .040cm 

\ 
- +w + Average 

'0 0 
- .\ + o b  

0 

0 + \o 
o P \  - 

A 
- 

A 

- + + \," 0 -. 
- A 

- 

I 

I GO 230 3 30 400 500 600 
I . I I I I 



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

h l g h e r  t e m p e r a t u r e s .  I n  a d d i t i o n ,  some s c a t t e r  i s  attributed t o  

inhomogenei ty  o f  t h e  spec imens .  

There  was encourag ing  e v i d e n c e  of  t h e  c a p a b i l i t y  of  t h e  

l a s e r  p u l s e  d i f f u s l v i t y  sys t em t o  measure v e r y  low t h e r m a l  d i f -  

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

Hlgh Frequency I n d u c t i o n  Hea t lng  o f  Oxides - J .  A .  C h r i s t e n s e n  

7 
The feasibility of d l r e c t  c o u p l i n g  of  U02 I n  a  10 c y c l e s / s e c  

f l e l d  was p r e v i o u s l y  demons t ra t ed  by McPar t land .  T h i s  method o f  

h e a t l n g  i s  i d e a l  f o r  r e a c t l v e  m a t e r i a l s  because  t h e  specimen i s  t h e  

o n l y  h e a t e d  p o r t l o n  o f  t h e  sys t em and i t  need  c o n t a c t  no f o r e i g n  

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

f o r  m a t e r i a l s  o f  low the rma l  conductivity, however ,  b e c a u s e  t h e  

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

isothermal h e a t l n g .  These g r a d i e n t s  a r l s e  a t  h i g h  t e m p e r a t u r e s  

b e c a u s e  t h e  specimen 1s t h e  o n l y  h o t  o b j e c t  i n  t h e  sys t em.  Thus 

t h e  n e t  r a d i a n t  f l u x  from i t s  s u r f a c e  i s  maximized, A m o d i f i -  

c a t i o n  o f  t h e  sys t em whlch may eliminate t h i s  problem i s  t o  

introduce an i n e r t  s u s c e p t o r ,  h e a t e d  d i r e c t l y  by t h e  induction 

f i e l d ,  which w i l l  t r a n s m i t  r a d l a n t  ene rgy  t o  t h e  spec imen.  T u b u l a r  

ThoZ,  Z r 0 2 ,  o r  Be0 s u s c e p t o r s  seem t h e  most l o g i c a l  f o r  work w i t h  

U02 o r  U02-PuOZ b e c a u s e  t h e y  a r e  sufficiently r e f r a c t o r y  t o  a c h i e v e  

t h e  r e q u i r e d  t e m p e r a t u r e s  and a r e  s t a b l e  I n  a l l  oxygen p r e s s u r e s .  

A f u r n a c e  s o  equ ipped  w i l l  be  v a l u a b l e  f o r  s t u d y l n g  phase  e q u i l i b -  

r ium I n  t h e  me ta l -oxygen  sys tems o f  i n t e r e s t ,  a s  i n  n u c l e a r  f u e l s .  

( 1 )  Ceramics Research  G Development Operation Q u a r t e r l y  R e p o r t ,  
A p r i l - J u n e  1964,  HW-81601, Genera l  E l e c t r i c  Company, 
R i c h l a n d ,  Washington.  



A ma jo r  problem i n  i n d u c t i v e l y  h e a t i n g  o x i d e  s u s c e p t o r s  1s 

t h e  need t o  p r e h e a t  t h e  o x i d e  b e f o r e  c o u p l i n g  i s  p o s s i b l e .  

At tempts  t o  coup le  t o  a  1 / 2  i n .  ID, 1 / 1 6  i n .  w a l l  Zr02 t u b e  

proved f u t i l e  a t  room t e m p e r a t u r e  even  i n  a  l o 7  c y c l e s / s e c  f l e l d .  

In an a t t e m p t  t o  circumvent t h e  need  f o r  p r e h e a t i n g ,  a  second  

t u b e  was c o a t e d  w i t h  g r a p h i t e  (from a  s o f t  p e n c i l ) .  T h l s  t u b e  

coup led  r e a d l l y  t o  t h e  f i e l d  and was s u c c e s s f u l l y  h e a t e d  t o  an 

o u t e r  s u r f a c e  t e m p e r a t u r e  of  1800 O C  a t  which t h e  t u b e  began t o  

slump. P o s t h e a t l n g  e x a m i n a t i o n  showed t h a t  t h e  i n n e r  s u r f a c e  o f  

t h e  t u b e  had  m e l t e d ,  i n d i c a t i n g  a  minimum a T  a c r o s s  t h e  w a l l  o f  

900 "c .  

High D e n s l t y  Pu02 Research  Specimens - H. J .  Anderson 

Two specimens were p r e p a r e d  from p n e u m a t i c a l l y  impacted  

PuOZ and U02-15 w t %  PuOZ m a t e r i a l ,  approximately 98% T D ,  f o r  

bas  l c  s t u d i e s  including measurement o f  t h e r m a l  d i  f f u s i v i t y  and 

thermal  c o n d u c t i v l t y .  The U02-Pu02 spec lmen i s  abou t  6  mm diam 

and 1 . 5  mm t h i c k .  The Pu02 spec imen,  p r e p a r e d  f o r  t h e r m a l  

expansion measurements ,  i s  abou t  1 0  mm diam and 2 0  mm l o n g ,  

Materials and I n f o r m a t i o n  Exchange - H, J ,  Anderson 

Single c r y s t a l  spec imens  o f  U02 and Tho2 were p r e p a r e d ,  

characterized, and s e n t  t o  Watson Research  C e n t e r  ( I B M  Corporation) 
. t o  be used  I n  b a s i c  s t u d i e s ,  A s i n g l e  c r y s t a l  o f  U02 about  13  mm 

diam by 40 mm long  was p r e p a r e d  and s e n t  t o  A E C L ,  Chalk R i v e r .  A 

cylindrical p o l y c r y s t a l l i n e  U02 specimen (16 mm diam by 66 mm long)  

was p r e p a r e d  and s e n t  t o  Mound L a b o r a t o r y  f o r  t h e r m a l  c o n d u c t i v l t y  

s t u d i e s  . 
Approximate ly  1 kg of  15 w t %  Pu02-U02 (93% e n r i c h e d )  was 

p n e u m a t i c a l l y  impac ted  t o  9 5 %  TD i n  r e s p o n s e  t o  a  r e q u e s t  from 

AERE-Dounreay. The o x i d e s  were b a l l - m l l l e d  67 h r  b e f o r e  impaction 

t o  a s s u r e  un i fo rm Pu02 d i s t r i b u t i o n  t h r o u g h o u t  t h e  U02. Pu02 



distribution was found to be uniform both by autoradiography 

and chemical analyses. Additional characterizing of physical and 

chemical properties was completed. 



PART I1 - MATERIALS AND JOINING DEVELOPMENT 

S p h e r o i d i z a t i o n  o f  U02 - R .  E .  Lyon, R .  E .  B a r d s l e y ,  and 

L .  R .  Bunne l l  

The f o l l o w i n g  equipment was used  t o  produce  U02 agglom- 

e r a t e s  up t o  96% TD:  

' P l a n e t a r y  mixe r  

T w i n s h e l l  b l e n d e r  

D r i e r  

Hydrogen s i n t e r i n g  f u r n a c e  

The f a b r i c a t i o n  p r o c e s s  i s  shown i n  F i g u r e  2 . 1 .  A 0 . 1 %  a d d i t i o n  

of  T i02  i s  mixed w i t h  m i c r o n i z e d  U02 t o  a c t  a s  a  s i n t e r i n g  a i d .  

Carbowax b i n d e r  i s  added a s  t h e  powders a r e  b e i n g  mixed. 

A f t e r  mixing and w h i l e  s t i l l  damp, t h e  powders a r e  tumbled i n  a  

t w i n s h e l l  b l e n d e r  t o  form a g g l o m e r a t e s .  When agg lomera te s  of  

t h e  d e s i r e d  s i z e  a r e  formed,  t h e  f u e l  i s  t h e n  d r i e d  and s i n t e r e d .  

S i z e  f r a c t i o n s  may b e  s e p a r a t e d  e i t h e r  b e f o r e  o r  a f t e r  s i n t e r i n g .  

P a r t i c l e s  +65 mesh a r e  p redominan t ;  however ,  -65 + I00  mesh 

p a r t i c l e s  can  be  produced.  

P a r t i c l e s  of  lower  d e n s i t i e s  might  a l s o  be  made by l e a v i n g  

o u t  t h e  T i 0 2  o r  n o t  m i c r o n i z i n g  t h e  U02. T a b l e  2 . 1  shows t h e  

d e n s i t i e s  a c h i e v e d  by t h e  v a r i o u s  t e c h n i q u e s .  

TABLE 2 . 1  

SPHEROIDIZATION TECHNIQUES 

% TD 

Ceramic Grade U02 

Ceramic Grade U02 + 1% Ti02  90 

Mic ron ized  U02 + 0 . 1 %  T i02  96 
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Pneumatic  Impac t ion  o f  Be0 and BeO-Containing Fue l s  - 

J .  R .  Hague 

High e n e r g y - r a t e  forming s t u d i e s  o f  Be0 and BeO-U02 have 

demons t ra t ed  t h a t  b r i t t l e  ce ramics  can  be  p n e u m a t i c a l l y  Impacted 

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

ment ,  I n  c o n j u n c t i o n  w i t h  t h e  i n h e r e n t  g r a l n  s l z e  c o n t r o l  o f  t h e  

p r o c e s s ,  may u l t i m a t e l y  l e a d  t o  t h e  f a b r i c a t i o n  of  b r i t t l e  mate-  

r i a l s  h a v i n g  Improved p h y s i c a l ,  n u c l e a r ,  and mechanical 

p r o p e r t l e s .  

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

a l t h o u g h  some p l a s t i c  d e f o r m a t i o n  i n  ce ramics  was o b t a i n e d ,  

b r i t t l e  b e h a v i o r  i s  more common. I n  h l g h l y  d e n s i f i e d  ceramics, 

m i c r o c r a c k s  a r e  o f t e n  p r e s e n t ;  p resumably ,  t h i s  c r a c k i n g  i s  caused  

by e x c e s s i v e  t e n s i l e  s t r e s s e s  g e n e r a t e d  by shock wave r e f l e c t i o n s  

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

r n a t e r i a l ( s )  a f t e r  i m p a c t i o n .  T h i s  s t u d y  was d i r e c t e d  toward  

(1) a p p l i c a t i o n  o f  h i g h e r  t e m p e r a t u r e s  t o  promote p l a s t i c  f l o w ,  

and ( 2 )  ach ievement  o f  t e n s i l e  s t r e s s  r e l i e f  and t h e r m a l  s t r e s s  

r e d u c t i o n  by "cushioning" t h e  compacts w i t h  an encapsulating 

ce ramic  o x i d e  powder. 

J a p a n e s e  NGK-type, CF-Grade Be0 was used  f o r  pneumat ic  

impaction s t u d i e s .  T h i s  submicron  s i z e d  m a t e r i a l  i s  r e p o r t e d  

t o  have e x c e l l e n t  s i n t e r a b i l i t y  a t  c o m p a r a t i v e l y  lower t emper -  

a t u r e s  (1400 t o  1500 OC) t h a n  most o t h e r  g r a d e s  of  BeO; however ,  

t h e  f l u f f y  powder t e n d s  t o  agg lomera te  e a s i l y ,  r e s u l t i n g  i n  

inhomogeneous d e n s i f i c a t i o n  d u r i n g  s i n t e r i n g .  (2)  

( 1 )  S u p p l i e d  by Genera l  Atomic, Div.  o f  Genera l  Dynamics C o r p . ,  
L a J o l l a ,  C a l i f .  

( 2 )  R ,  A.  Myer, Unpubl i shed  Data .  Genera l  Atomic, Div ,  of 
Genera l  Dynamics C o r p . ,  L a J o l l a ,  C a l i f o r n i a  



2 .4  BNWL- 198 

To a c h i e v e  a d e q u a t e  g r e e n  d e n s i t y ,  p e l l e t s  of  Be0 and 

BeO-25 v o l %  U02 were i n i t i a l l y  c o l d  p r e s s e d  w i t h o u t  t h e  a i d  

of  a  b l n d e r .  T a b l e  2 . 2  summarizes t h e  p r e s s i n g  d a t a ,  For  t h e  

BeO-U02 c o m p o s i t i o n s ,  c o l d  p r e s s i n g  was p receded  by mechan- 

i c a l l y  mlxing  t h e  Be0 w i t h  95% d e n s e ,  s p h e r i c a l  U02 p a r t i c l e s  

[ -100+140 mesh) .  The u l t r a f i n e  Be0 p a r t i c l e s  r e a d i l y  agglom- 

e r a t e d  d u r i n g  blending, and a l s o  appea red  t o  c o a t  t h e  U02 

s p h e r e s .  

The p e l l e t s  were s u b s e q u e n t l y  I n s e r t e d  i n  s m a l l  g r a p h i t e  

c a n s ,  and t h e  assemblies c e n t r a l l y  l o c a t e d  I n  l a r g e r  molybdenum 

impaction c o n t a i n e r s  (5 .080 cm OD by 0.160 cm w a l l  t h i c k n e s s  by 

10 ,160  cm l o n g ) .  Wall t h i c k n e s s e s  o f  t h e  g r a p h i t e  cans  were 

0 , 3 1 8  cm f o r  t h e  Be0 a s s e m b l i e s  and 0.160 t o  0 , 6 3 5  cm f o r  t h e  

BeO-U02 a s s e m b l i e s .  The r e s u l t a n t  v o i d s  between t h e  g r a p h i t e  and 

molybdenum containers were  t h e n  v i b r a t i o n a l  l y  f i l l e d  w i t h  pow- 

d e r e d  MgO o r  A1203, and t h e  cans  were s e a l e d ,  e v a c u a t e d ,  and 

impac ted  under  conditions shown I n  Tab le  2 . 3 ,  

V i s u a l  e x a m l n a t ~ o n  o f  t h e  Impacted Be0 spec imens  r e v e a l e d  

no a p p a r e n t  l a m i n a r  cracking. The p e l l e t s  had  f a l r l y  u n i f o r m  

s u r f a c e  c h a r a c t e r l s t l c s  and dimensions. The Be0 compacts were 1 

s u b s e q u e n t l y  f r a c t u r e d  by Impact and ,  a g a l n ,  r e v e a l e d  no I n t e r n a l  

laminations. The BeO-U02 specimens were s i m i l a r l y  i n t a c t ,  w i t h  

t h e  e x c e p t i o n  o f  a  c h e c k e r i n g  e f f e c t  on t h e i r  s u r f a c e s .  

Mercury p o r o s i m e t r i c  d e n s i t i e s  of  t h e  Be0 p e l l e t s  ( T a b l e  2 ,  3 )  

r e v e a l e d  no significant variation under  p r e s s u r e s  r e s u l t i n g  I n  

mercury p e n e t r a t i o n  o f  p o r e s  r a n g l n g  from 100 t o  0 , 0 6  micron  I n  

d i a m e t e r .  H20 and C C 1 4  displacement densities o f  t h e s e  spec imens  

were a l l  - 9 9 %  TD,  indicating t h a t  t h e  lower  d e n s l t y  samples  ( 8 3  

and 85% T D )  c o n t a i n e d  considerable i n t e r c o n n e c t e d  (open) p o r o s i t y ,  

t h e  p o r e  s i z e  b e l n g  g e n e r a l l y  g r e a t e r  t h a n  0.02 micron  i n  d i a m e t e r  



TABLE 2 .2  

COLD-PRESSING DATA FOR Be0 AND Be0-25 v o l %  U02 

P e l l e t  P e l l e t  P e l l e t  P e l l e t  P r e s s u r e ,  
M a t e r i a l  No. w t ,  g  diam, cm Length,cm kg/cm2 

Be0-25 v o l %  

u0 2  3  

Be0-25 v o l %  

u0 2  4  

Be0-25 v o l %  

u0 2  5  

( 1 )  BeO: 3 . 0 1  g/cm3; 

TABLE 2 .3  

PNEUMATIC IMPACTION DATA FOR Be0 and  Be0-25 v o l %  U02 

P e l l e t  
 ensi it^, % T D ( ~ )  

Ceramic ( 2 )  p r e h e a t  (3)  Impact  
p e l l e t  ('1 Oxide Tempera tu r e ,  P r e s s u r e  D e n s i t y ,  

M a t e r i a l  No. F i l l e r  O C kg/cm2 %TD 

(1 )  A l l  Be0 p e l l e t s  and  BeO-U02 p e l l e t  No. 3 were  i n s e r t e d  i n  g r a p h i t e  c o n t a i n e r s  

h a v i n g  a  w a l l  t h i c k n e s s  o f  0 .318  cm. The c o r r e s p o n d i n g  g r a p h i t e  w a l l  t h i c k n e s s e s  

were  0 .635  and  0 .160  cm f o r  BeO-U02 p e l l e t  Numbers 4  and  5 ,  r e s p e c t i v e l y .  

( 2 )  Metco a lumina  s p r a y  powder,  <40 mic rons  p a r t i c l e  s i z e ,  c a l c i n e d  MgO, -75  t o  

100 mic rons  p a r t i c l e  s i z e  

( 3 )  -15  min normal  d u r a t i o n  

3  ( 4 )  BeO: 3 . 0 1  g/cm3; Be0-25 v o l %  UOZ: 4.99 g/cm . D e n s i t i e s  o f  t h e  Be0 spec imens  

d e t e r m i n e d  by mercury  p o r o s i m e t r y ;  d e n s i t i e s  o f  t h e  Be0-25 v o l %  U02 spec imens  

d e t e r m i n e d  by w e i g h t  and  d i m e n s i o n a l  measurements .  



( l i m l t s  of  p o r e  s i z e  p e n e t r a t i o n  by H20 o r  CC14). The a b s e n c e  

o f  e x t e n s i v e  open p o r o s i t y  I n  t h e  d e n s e r  Be0 specimens i n d i c a t e s  

more comple te  p a r t i c l e  bond ing ,  presumably a c h i e v e d  t h r o u g h  t h e  

development  o f  h i g h e r  impact  p r e s s u r e s ,  The e f f e c t s  of  p r e h e a t  

t e m p e r a t u r e ,  impaction p r e s s u r e ,  o x l d e  f l l l e r  material, and 

g r e e n  p e l l e t  c h a r a c t e r l s t l c s  a r e  c u r r e n t l y  b e l n g  ~ n v e s t l g a t e d ,  

Wi th in  t h e  l imits  o f  a c c u r a c y  o f  t h e  U02 d i s t r i b u t i o n  

(25210 v o l % ) ,  t h e  b u l k  d e n s i t y  o f  t h e  BeO-U02 spec imens  were  a l l  

g r e a t e r  t h a n  95% o f  t h e o r e t i c a l ,  w l t h  no a p p r e c i a b l e  d i f f e r e n c e  i n  

d e n s i t y  n o t e d  f o r  v a r l a t l o n s  i n  impac t ion  c o n d i t i o n s ,  

Photomacrographs of  t h e  85 and 99% dense  Be0 p e l l e t s  a r e  

shown i n  F i g u r e s  2 . 2  and 2 . 3 ,  r e s p e c t i v e l y ,  The s t r i k i n g  

c o n t r a s t  1s e v i d e n c e  o f  more extensive p a r t l c l e  bonding  i n  t h e  

d e n s e r  spec imen .  The l e s s  dense  sample had  a  c h a l k y  a p p e a r a n c e ,  

and r e s o l u t l o n  o f  m l 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  by p o l i s h i n g  
0 and e t c h i n g  ( 1  min immersion I n  200 F  c o n c e n t r a t e d  HF) c o u l d  

n o t  b e  o b t a i n e d  However, good resolution was o b t a i n e d  w l t h  t h e  1 
d e n s e r  Be0 s a m p l e ,  a s  e v i d e n c e d  by t h e  h l g h e r  d e g r e e  o f  t r a n s -  

p a r e n c y  ( F i g u r e  2 - 3 )  and m l c r o s t r u c t u r a l  d e t a l l s  e x h l b l t e d  i n  t h e  

h i g h e r  magnification photomicrographs  i n  F l g u r e  2 .4 .  The a v e r a g e  
I 

* I 
g r a i n  s l z e  o f  t h i s  specimen, a s  approximated  from t h e  pho tomlc ro -  1 
g r a p h s ,  was abou t  10 m i c r o n s .  Much l a r g e r  p a r t i c l e s ,  a p p a r e n t  i n  1 
t h e  photomacrographs  o f  b o t h  Be0 specimens, were d e t e r m i n e d  t o  b e  . 1 

I 

a g g l o m e r a t e s  o f  s m a l l  ( l e s s  t h a n  2 m l c r o n s )  Be0 p a r t i c l e s ;  a  I 
I 

t y p i c a l  a g g l o m e r a t e  1s shown i n  F i g u r e  2 . 5 .  . 1 

S l n c e  Be0 r e p o r t e d l y  r e a c t s  w i t h  g r a p h l t e  a t  t e m p e r a t u r e s  a s  

low a s  1500 'c,  an x - r a y  diffraction p a t t e r n  was o b t a l n e d  on Be0 

p e l l e t  No. 2 ( impac ted  a t  1600 O C ) ,  I n  s u p p o r t  of m e t a l l o g r a p h l c  

e v i d e n c e ,  no Be2C o r  o t h e r  p h a s e s  were d e t e c t e d  by x - r a y  d i f f r a c -  

t i o n ,  w l t h l n  t h e  l i m i t s  o f  a c c u r a c y  of t h e  t e c h n i q u e .  L i k e w i s e ,  

no r e a c t i o n  appea red  t o  have o c c u r r e d  between t h e  g r a p h i t e  and U02 

i n  t h e  BeO-U02 spec imens .  
* I 



FIGURE 2 . 2  

Photomacrograph of a Cross Section of Be0 Pellet Nq. 2 (85% TD) 
Pneumatically Impacted at 1600 O C  and 15,400 kg/crn (-13-1/2X). 
No. 565-6334 



F I G U R E  2 . 3  

Photomacrograph of a Cross Section of Be0 Pellet No. 3 (99% TD) 
Pneumatically Impacted at 1700 O C  and 18,480 kg/cm2 (-13-1/2X) 
No. 5 6 5 - 6 4 4 5  



50ox 
F I G U R E  2 . 4  

Pho tomic rog raphs  o f  Be0 P e l l e t  No. 3 (99% T D ) ,  
P n e u m a t i c a l l y  Impacted  a t  1700 O C  and 18 ,480  kg/cm 

(Specimen p o l i s h e d  and  e t c h e d  by immersing i n  200 O F ,  concen-  
t r a t e d  HF f o r  1 min . )  



2.10 BNWL- 198 . 

250X 
FIGURE 2 . 5  

Photomicrographs of Be0 Pellet No. 3 (99% TD) , 
Pneumatically Impacted at 1700 " C  and 264,000 psi 

(Note agglomeration of small (<2u ) Be0 Particles.) 



P e l l e t s  of  BeO-coated ,  s i n t e r e d  U02 s p h e r e s  ( s u p p l i e d  by 

Genera l  Atomic) were f a b r i c a t e d  f o r  a d d i t i o n a l  pneumat ic  impac- 

t i o n  s t u d i e s .  During t h e  n e x t  q u a r t e r ,  t h e s e  specimens w i l l  be  

impacted a t  1600 t o  1800 'C, and d i r e c t l y  compared t o  s i m i l a r l y  

fabricated BeO-UOZ mechan ica l  m i x t u r e s .  

Pneumatic  I m ~ a c t i o n  o f  Tungs ten  Powders - P .  L .  Farnswor th  

Pneumatic i m p a c t i o n  s t u d i e s  were per formed on t u n g s t e n  

powders ( - 5  micron and -100 micron)  t o  d e t e r m i n e  t h e  optimum 

conditions f o r  p r o d u c i n g  s t r o n g ,  c r a c k - f r e e  b o d i e s .  These 

s t u d i e s  a r e  d e s i g n e d  t o  f u r n i s h  i n f o r m a t i o n  on bonding  mecha- 

nisms i n  m a t e r i a l s  d u r i n g  pneumat ic  impac t ion  and t o  p r o v i d e  

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

p o t e n t i a l  m a t r i x  m a t e r i a l  f o r  d i s p e r s e d  U O Z  f u e l  e l e m e n t s .  

Research  e f f o r t s  s o  f a r  have shown: 

Dense, c r a c k - f r e e  b o d i e s  can  be  produced from t u n g s t e n  

powder by means o f  t h e  pneumat ic  impac t ion  p r o c e s s .  

' S t r e n g t h s  up t o  128,000 p s i  have been  a c h i e v e d .  

E f f e c t s  o f  i m p a c t i o n  t e m p e r a t u r e  on d e n s i t y  and s t r e n g t h  

a r e  n o t  y e t  c l e a r ;  t h e y  p r o b a b l y  have  been  masked by 

unexpec ted  i m p a c t i o n  p r e s s u r e  v a r i a t ~ o n s  . 
' Gra in  growth o c c u r r e d  i n  specimens a i r - c o o l e d  from 

i m p a c t i o n  t e m p e r a t u r e s  above 1600 'c .  
" There  i s  a  need f o r  p r e i m p a c t i o n  powder p u r i f i c a t i o n  

and pos t l m p a c t l o n  h e a t  t r e a t m e n t  experiments t o  improve 

s t r e n g t h  and d u c t i l i t y .  

The major' p a r t i c u l a r s  o f  t h e  program a r e  a s  f o l l o w s :  

The p r e l i m i n a r y  pneumat ic  impac t ion  s t u d i e s  were 

per formed on n o m i n a l l y  - 5  micron  c o n v e n t i o n a l  t u n g s t e n  powder and 

-100 micron  s p h e r i c a l  p o l y c r y s t a l l i n e  t u n g s t e n  p a r t i c l e s .  About 



1 l b  o f  t h e  - 5 u  powder was v i b r a t e d  i n t o  each  of  t h r e e  molyb- I 

denum i m p a c t i o n  c a n s ,  and abou t  2 l b  of  t h e  - 1 0 0 ~  s p h e r i c a l  

p a r t i c l e s  were v i b r a t e d  i n t o  each  of  t h r e e  o t h e r  molybdenum 

c a n s .  

P r e i m p a c t i o n  powder densities were abou t  25 and 44% T D ,  

r e s p e c t i v e l y ,  Powder p u r l f i c a t l o n  was a t t e m p t e d  by t r e a t i n g  

t h e  l o a d e d  cans  f o r  5 h r  I n  f l o w i n g  hydrogen a t  1 0 0 0  "C, 

Impact ion  conditions f o r  t h e  s i x  c a n s ,  a f t e r  w e l d l n g ,  a r e  

summarized i n  Tab le  2 ' 4 ,  

The impacted  b l l l e t s  ( c l a d  w i t h  t h e  molybdenum c a n s )  were R 

a i r - c o o l e d .  The o u t e r  can  was t h e n  removed by machln lng  p l u s  

a c i d  dissolution, Samples were p r e p a r e d  by c u t t i n g  and g r l n d -  
, 

i n g  f o r  s t r e n g t h  t e s t i n g ,  d e n s i t y ,  mic roha rdness  t e s t i n g ,  and 

m e t a l l o g r a p h y ,  , 

TABLE 2 , 4  

PNEUMATIC IMPACTION CONDITIONS FOR TUNGSTEN 

Can Powder Green Impac t ion  Impac t ion  
No.  size,^ - -- Dens i t y  , % Tempera ture ,  'C P r e s s u r e ,  p s i  

B ,  M a t e r i a l  E v a l u a t i o n  

1. Cracking  

The impacted  b i l l e t s  were c u t  i n  h a l v e s ,  p o l i s h e d ,  and 

examined v i s u a l l y  f o r  c r a c k s .  F i g u r e  2.6 shows t h e  sectioned 

b i l l e t s .  Samples 2 ,  3 ,  and 6  were n o t  c r a c k e d ,  indicating t h a t  



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

a t u r e s  i n h i b i t s  c r a c k  f o r m a t i o n  and p r o p a g a t i o n .  Note t h e  

extreme d e f o r m a t i o n  and c o l l a p s e  t h a t  have t a k e n  p l a c e  i n  t h e  
t 

- 5  p samples  because  o f  t h e i r  low p r e i m p a c t i o n  d e n s i t y .  T h i s  may 

have c o n t r i b u t e d  t o  t h e  g r e a t e r  c r a c k i n g  t endency  obse rved  i n  

t h e s e  samples .  

(1) ( 4 )  
-100 p ,  Impacted a t  1400 O C  - 5  P ,  Impacted a t  1400 O C  

(2) ( 5 )  
-100 p ,  Impacted a t  1600 O C  - 5  u ,  Impacted a t  1600 O C  

( 3 )  
-100 u ,  Impacted a t  1800 O C  

( 6.1 
-5 u ,  Impacted a t  1800 O C  

FIGURE 2.6 

P n e u m a t i c a l l y  Impacted Tungs ten  B i l l e t s  



2 .  M e t a l l o g r a p h i c  Examinat ion  

M i c r o s t r u c t u r e s  o f  t h e  a s - i m p a c t e d  samples  a r e  

shown i n  F i g u r e  2 . 7 .  S i g n i f i c a n t  g r a i n  growth h a s  o c c u r r e d  i n  

Samples 2 and 3 ,  and some g r a i n  growth h a s  o c c u r r e d  i n  Sample 6 .  

I n  g e n e r a l ,  g r a i n  growth i s  u n d e s i r a b l e .  F a s t e r  c o o l i n g  r a t e s  

a f t e r  impac t ion  may i n h i b i t  t h i s  g r a i n  growth .  

(1)  
-100 p Impacted a t  1400 O C  

(4 1 
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12) 
-100 p ,  Impacted a t  1600 O C  

( 5 )  
- 5  p ,  Impacted a t  1600 O C  

( 3 )  
-100 v ,  Impacted a t  1800 O C  

(6)  
- 5  v ,  Impacted a t  1800 O C  

FIGURE 2 . 7  

M i c r o s t r u c t u r e s  of  P n e u m a t i c a l l y  Impacted Tungs ten  Powders(100X) 



3.  D e n s i t y  

D e n s i t i e s  were  de te rmined  on machined shapes  which 

were measured and weighed (Tab le  2 . 5 ) .  The r a t h e r  s u r p r i s i n g  

e f f e c t  t h a t  lower d e n s i t i e s  accompany h i g h e r  impac t ion  tem- 

p e r a t u r e s  f o r  t h e  - 5  t u n g s t e n  may n o t  be  r e a l .  A combinat ion  

o f  low g r e e n  d e n s i t y  and low impac t ion  p r e s s u r e  may b e  t h e  t r u e  

cause  

Can No. 

1 

2 

3 

4 

5 

6 

Plate 

o f  t h i s  

Powder 
Size,v - 
-100 

-100 

-100 

- 5 

- 5 

- 5 

e f f e c t .  
TABLE 2.5 

PROPERTIES OF PNEUMATICALLY IMPACTED TUNGSTEN POWDERS 

Impactiono Impaction Knoop 
Temperature, C Pressure, psi Density, %TD Microhardness No.* 

1400 252,000 99.5 * 0.5 570 

1600 208,000 99.5 * 0.5 510 

1800 209,000 99.5 * 0.5 459 

1400 241,000 97.0 * 0.5 529 

1600 192,000 96.0 * 0.5 487 

1800 146,000 94.5 * 0.5 407 

. . . . 98.0 * 0.5 570 

Modulus of 
Rupture, psi 

92,500 

87,600 

96,000 

127,000 

115,000 

128,000 

* Average o f  8 numbers 

4 .  Mic roha rdness  

Knoop mic roha rdness  measurements were made on a l l  

s i x  samples  (Tab le  2 . 5 ) .  The h a r d n e s s  of  commercial  r o l l e d  

t u n g s t e n  p l a t e  i s  i n c l u d e d  f o r  comparison.  These r e s u l t s  

a p p a r e n t l y  r e f l e c t  a n n e a l i n g ,  r e c r y s t a l l i z a t i o n ,  and g r a i n  growth 

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

Strength 

With t h e  u s e  o f  an I n s t r o n  t e s t i n g  machine,  p r e l i m -  

i n a r y  room t e m p e r a t u r e  modulus of  r u p t u r e  v a l u e s  were o b t a i n e d  

on specimens o f  t h e  impacted  t u n g s t e n  b i l l e t s  i n  f o u r - p o i n t  

bending .  A l l  specimens were p o l i s h e d  th rough  3 / 0  s i l i c o n  c a r b i d e  

p o l i s h i n g  p a p e r  b e f o r e  t e s t i n g  (Table  2 . 5 ) .  Temperature e f f e c t s  

a r e  n o t  o b v i o u s ;  t h e y  may be  masked by p r e s s u r e  v a r i a t i o n s .  I n  

any e v e n t ,  t h e  a c h i e v e d  s t r e n g t h s  do n o t  approach  t h e  s t r e n g t h  

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



are not well bonded together, and that powder purification treat- 

ments and/or postlmpaction heat treatments are required to fully 

develop the strengths of the lmpacted tungsten bodies. 

Pneumatic Impaction Studies - E. A. Snajdr 

Nickel and aluminum powders were consolidated by pneumatic 

impaction (Table 2 - 6 ) .  Physical properties are to be studied as 

a functlon of the process variables. 

TABLE 2.6 

PNEUMATIC IMPACTION CONDITIONS 

Powder Density,g/cc Impaction Impaction 
Material Before Impaction Temperature, "C Pressure ,psi 

Nickel 

Nickel 

Nlckel 

Nlckel 

Nickel 

Nickel 

Aluminum 

Alumlnum 

Alumlnum 

Alumlnum 

* Pressure reading from a cathode ray oscilloscope. All other 
values from an osclllograph. 

In addition to the compaction of powders, a method was 

investigated for reliably determinlng the pressures appliedduring 

the pneumatic impaction process. Present methods use an oscillo- 
graph. A cathode ray oscilloscope was used for one impaction 



because  i t  was t h o u g h t  t o  have a  r e s p o n s e  s u p e r i o r  t o  t h e  o s c i l -  

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

t i m e s  l e s s  t h a n  t h e  dynamic p r e s s u r e  p u l s e s  of  t h e  pneumat ic  

impac t ion  p r o c e s s .  These v a l u e s  were t h e n  e x t r a p o l a t e d  t o  t h e  

p r e s s u r e  r ange  o f  i n t e r e s t  (200,000 t o  400,000 p s i ) .  On t h i s  

b a s i s ,  t h e  d u r a t i o n  o f  a  p r e s s u r e  p u l s e  of  t h e  pneumat ic  impac t ion  

p r o c e s s  i s  3 msec. The r i s e  t ime  t o  peak p r e s s u r e  1s 1 . 5  msec. 

E l a s t i c  Properties o f  M a t e r i a l s  - J .  R .  Hague 

E l e c t r o n i c  equipment  was i n s t a l l e d  f o r  r a p i d l y  and a c c u r a t e l y  

measur ing  t h e  dynamic moduli  of  e l a s t i c i t y  and damping f a c t o r  

( i n t e r n a l  f r i c t i o n )  o f  m a t e r i a l s .  I n  c o n t r a s t  t o  s t a t i c  t e c h -  

n i q u e s ,  t h e  dynamic method i s  n o n d e s t r u c t i v e ,  s i m p l e r  and 

e x t r e m e l y  more s e n s i t i v e ,  t h u s  a l l o w i n g  macro- and 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  of  m a t e r i a l s  t o  be more c l o s e l y  examined. 

B r i e f l y ,  t h e  dynamic a p p a r a t u s  works on t h e  p r i n c i p l e  o f  a  

s i m p l e  beam e x c i t e d  i n  r e s o n a n c e .  A t e s t  rod  i s  s u p p o r t e d  a t  i t s  

n o d a l  p o i n t s  by a d g u s t a b l e  c r o s s  w i r e s  o r  foam r u b b e r .  Mechan- 

i c a l  v i b r a t i o n s  a r e  t r a n s m i t t e d  t o  t h e  specimen from a  p i e z o -  

e l e c t r i c  t r a n s d u c e r  by means of a  f i n e  c o u p l i n g  w i r e .  I n  t u r n ,  

a  s i m i l a r  sys t em r e c e i v e s  t h e  mechan ica l  v i b r a t i o n  from t h e  

spec imen,  and t r a n s m i t s  t h e  c o n v e r t e d  e l e c t r i c a l  s i g n a l  t o  an 

e l e c t r o n i c  f r e q u e n c y  c o u n t e r ,  where f r e q u e n c i e s  of  600 t o  25,000 

c y c l e s / s e c  a r e  p e r i o d i c a l l y  r e a d  o u t  t o  an a c c u r a c y  of  0 . 0 1  t o  

0 , 0 0 1 % .  

I n  o p e r a t i o n ,  t h e  sample i s  v i b r a t e d  i n  f l e x u r a l ,  l o n g i t u -  
d i n a l ,  o r  t o r s i o n a l  r e s o n a n c e  by means o f  a  v a r i a b l e  f r e q u e n c y  

o s c i l l a t o r .  These r e s o n a n t  f r e q u e n c i e s  a r e  i d e n t i f i e d  by 

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

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



equations d e r i v e d  by p i c k e t t ( l l ,  g l v e n  t h e  r e s o n a n t  f r e q u e n c y ,  
I 

I 

mode o f  v i b r a t i o n ,  d i m e n s i o n s ,  d e n s l t y ,  and P o i s s o n ' s  R a t l o  o f  t h e  I 
I 

specimen. L ikewise ,  t h e  i n t e r n a l  f r i c t i o n  (measure of  a  b o d y ' s  I 
l 

a b l l i t y  t o  a b s o r b  mechanical e n e r g y  when s u b j e c t e d  t o  a  p e r l o d i c  I 

* I 
v i b r a t i o n )  can  be s i m u l t a n e o u s l y  o b t a i n e d  by o b s e r v i n g  t h e  decay  I 

i n  v i b r a t i o n  a m p l i t u d e  d u r i n g  f r e e  o s c i l l a t i o n ,  a f t e r  t h e  ene rgy  I 
I 

f e d  t o  t h e  spec imen h a s  been  interrupted. I 

A m i l d  s t e e l  t e s t  c y l i n d e r  (0 .374 i n .  diam by 4.000 i n ,  l o n g )  I 

I 

was used  t o  check o u t  t h e  equipment .  F l e x u r a l ,  l o n g i t u d i n a l  and I 
I 

t o r s i o n a l  r e s o n a n t  f r e q u e n c i e s  were de te rmined  and t h e  e l a s t i c  I 

I 
moduli  were c a l c u l a t e d  R e s u l t s  a r e  shown l n  Tab le  2 , 7 .  The I 

e x p e r i m e n t a l  d a t a  were i n  e x c e l l e n t  agreement  w l t h  v a l u e s  r e p o r t e d  I 

I 

i n  t h e  l i t e r a t u r e .  ( 2 )  Fu r the rmore ,  good agreement  was a l s o  o b t a i n e d  I 
I 

w i t h  moduli  c a l c u l a t e d  from t h e  fundamenta l ,  f r a c t i o n a l  f u n d a m e n t a l ,  I 

and harmonic  f r e q u e n c i e s  o f  t h e  spec lmen.  These f r e q u e n c i e s  were 

l d e n t l f i e d  by observing t h e  associated L l s s a j o u s  f i g u r e s  on t h e  

o s c i l l o s c o p e .  The fundamenta l  r e s o n a n t  f r e q u e n c i e s  and harmonics  

a p p e a r  a s  a  c i r c l e  o r  e l l l p s e  (one  l o b e ) ,  whereas t h e  f r a c t i o n a l  

fundamenta l  f r e q u e n c i e s  a r e  i n v e r s e l y  r e l a t e d  t o  t h e  o b s e r v e d  

number o f  l o b e s  ( e . g . ,  two l o b e s  f o r  h a l f  t h e  fundamenta l  f r e q u e n c y ,  

e t c . , ) , t h e  l a t t e r  r e l a t i o n  h o l d l n g  on ly  f o r  f l e x u r a l  v i b r a t i o n ,  The I 

harmonlc  f r e q u e n c i e s  a r e ,  I n  t u r n ,  r e l a t e d  t o  t h e  fundamenta l  r e s o -  

n a n t  f r e q u e n c i e s  o f  t h e  sample by a  shape  f a c t o r  f o r  f l e x u r a l  , 

vibration, and d l r e c t  l n t e g e r  multiples f o r  t o r s i o n a l  o r  longitudinal ' 

v l b r a t l o n .  The s l l g h t l y  h l g h e r  modull  o b t a l n e d  from t h e  h a r m o n ~ c  

f l e x u r a l  frequencies a r e  p r o b a b l y  due t o  a s m a l l  i n a c c u r a c y  I n  

selecting t h e  a p p r o p r i a t e  shape  f a c t o r .  

(1)  G e r a l d  P l c k e t t ,  P roc .  ASTM, v o l ,  4 5 ,  pp.  846-865,  1945 ,  

6  ( 2 )  Handbook v a l u e s  l i s t  E = 2 8  - 30 x 1 0  p s i ,  G = 11 - 1 2  x 1 0  6 

P S I ,  Q = 0 .25  - 0 .30  



TARLE 2 . 7  

EXPERIMENTAL ELASTI  c PROPERTY DATA FOR M I L D  S T E E L ( ' )  

E x p e r  illlent a 1  R e s o n a n t  Modulus o f  Modulus o f  
F r e q u e n c y ,  F r e q u e n c y ,  E l a s  i c i t y ,  R i g i d i t y ,  

V i b r a t i o n  O v e r t o n e  c y c l e s / s e c  c y c l e s / \ e c  l i l E  p s i  l o - 6  p s i  

F l e x u r a l  1 / 3  F u n d a m e n t a l  1374  4122 3 0 . 2  

F l e x u r a l  1 / 2  F u n d a m e n t a l  2061 4122 3 0 . 2  

F l e x u r a l  F u n d a m e n t a l  4 1 7 1  1 1 3 1  3 0 . 2  

F l e x u r a l  1 s t  I Ia rmonic  10949 4155 30 .  7  

F l e x u r a l  2nd Harmonic  20446 1 1 5 1  3 0 . 6  

T o r s i o n a l  F u n d a m e n t a l  15987 1 ~ 9 8 7 ( ~ )  1 2 . 0  

L o n g i t u d i n a l  Funclan~enta l  25282 2 5 2 ~ 2 ' ~ )  3 0 . 1  

P o i s s o n t  s 
R a t i o ,  

( 1 )  W e i g h t :  5 6 . 5 1  g ;  d i m e n s i o n s :  0 . 3 7 4  i n .  d iam b y  4 . 0 0 0  i n .  l o n g  

( 2 )  From P i c k e t t ,  f ' / f l  = 2 . 6 3 5 ,  f 3 / f l  = 4 . 9 2 5  
7 ,  

( 3 )  P o i s s o n ' s  R a t i o  c a l c u l a t e d  a c c o r d i n g  t o  e q g a t i o n :  u =  1 / 2  ( " G ) - 1 ,  
wllere E = v a l u e  c a l c u l a t e r i  a n d  (: = 12 x  10 p s l .  

( 4 )  As f o r  ( 2 ) ,  e x c e p t  t = 30 x  l o 6  p s i  

Preliminary tests were also made on three tungsten specimens 

with the following fabrication history: 

1. 1 0 0 ~  spherical tungsten powder, pneumatically impacted 

at 1600 O C  and 208,000 psi (97.4% TD, 0.126 in. by 

0.127 in. by 1.000 in. long prism). 

2. 5 l.i spherical tungsten powder, pneumatically impacted at 

1400 O C  and 241,000 psi (95.3% TD, 0.124 by 0.125 in. 

long prism). 

3. Commercially supplied tungsten rolled plate (96.4% TD, 

0.049 by 0.123 by 1.000 in. long prism). 

Results are shown in Table 2.8. Size limitations prohibited the 

determination of elastic moduli from longitudinal or torsional 

frequencies (>25,000 cycles/sec) 

The two pneumatically impacted specimens each exhibited two 

distinct, flexural resonance points, resulting in two elastic moduli 

values about 2 and 9% apart, for the 5 v and 1.00 P tungsten speci- 
mens, respectively. This discrepancy is believed to be due to 



TABLE 2.8 

EXPERIMENTAL ELASTIC PROPERTY DATA FOR TUNGSTEN (FLEXURAL VIBRATION) 

Experimental Resonant 
Specimen Density , Frequency, Frequency, Ela ticity, 
Number % TD Overtone c y c l e s / s ~  8 - cycles/sec 10- psl (4) 

I (1) 97.4 1/4 Fundamental 5585 22340 58.4 

(100 11) 97.4 1/3 Funtlarllental 7448 22344 58.4 

97.4 1/2 Fundamental 11170 22340 58.4 

97.4 Fundament a1 22340 22340 58.4 

97.4 1/3 Fundal~~ental 7124 21372 53.4 

97.4 Fundamental 21380 21380 53.5 

(2) 95.3 1/3 Fundamental 7120 21360 54.3 

(5 lJ) 95.3 Fundamental 2 1  340 21340 54.3 

95.3 1/3 Fundai~lental 7064 2 11 9 2 53.5 

95.3 Fundamental 21190 21190 53.5 

3 (3) 96.4 1/3 Funilalnental 2990 89 70 55.9 
(Commercial) 1/2 Fundamental 4505 9010 56.3 

Fundamental 9000 9000 56.2 

(1) 100 11 spherical tungsten powder, impacted at 1600 O C  and 208,000 psi 
(weight: 4.925 g ;  dimensions: base, 0.127 in; height, 0.126 in.; 
length, 1.000 in.) 

(2) 5 p spherical tungsten powder, i~ilpacted at 1400 O C  and 241,000 psi 
(weight: 4.812 g ;  dimensions: base, 0.124; height, 0.125 in.; 
length, 1.000 in.) 

(3) Commercial tungsten rolled plate (weiqlit: 1.822 g; dimensions: 
base, 0.049 in. ; height, 0.123 in. ; length, 1.000 in.) 

(4) E calculated by assuming Poisson's ratio of 0.33 for tungsten 

v a r i a t i o n s  i n  t h e  edge d imens ions ,  s i n c e  one edge  of  each  sample  . 
appea red  s l i g h t l y  t a p e r e d  (0 .001  i n . ) .  I f  t h e  two moduli  v a l u e s  

o f  each  sample  a r e  a v e r a g e d ,  good agreement  i s  shown w i t h  t h e  com- 

m e r c i a l  t u n g s t e n  spec imen ,  c o n s i d e r i n g  t h e  d e n s i t y  v a r i a t i o n s  

i n v o l v e d .  E x c e l l e n t  agreement  was a l s o  o b t a i n e d  w i t h  modul i  c a l -  

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

f r e q u e n c i e s  of  a l l  t h r e e  t u n g s t e n  samples .  Th i s  c o r r e l a t i o n  w i l l  

become i n c r e a s i n g l y  i m p o r t a n t  when t e s t i n g  m a t e r i a l s  and s h a p e s  

h a v i n g  fundamenta l  f l e x u r a l  r e s o n a n c e s  g r e a t e r  t h a n  t h e  l i m i t s  o f  

t h e  equipment .  
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PART T I T  - BASIC DEVELOPMENT OF PLUTONIUM FUELS 

D e t e c t i o n  o f  O i l s  I n  F u e l  S u p p l i e s  - H ,  J. Anderson and 

D m  S .  Skele* 

Organ ic  m a t e r i a l s ,  such  a s  o i l ,  must be  exc luded  from 

n u c l e a r  f u e l s  because  t h e y  can  s u p p l y  hydrogen ,  d u r l n g  i r r a d i -  

a t l o n ,  t h a t  may l e a d  t o  h y d r l d i n g  o f  t h e  f u e l  e lement  Z l r c a l o y  

c l a d d i n g ,  There i s  a l s o  t h e  possibility t h a t  excessive ca rbon  

from 011 I m p u r i t y  i n  t h e  f u e l  may e n t e r  I n t o  s l d e  reactions 

w i t h  m o i s t u r e  I m p u r i t y  o r  with e x c e s s  oxygen from t h e  f u e l  t o  

r e l e a s e  hydrogen o r  c a r b o n  o x l d e  g a s e s ,  S i n c e  l n - r e a c t o r  t e s t  

s t u d i e s  o f  U02-Pu02 f u e l  e l emen t s  can  be  a b r u p t l y  terminated by 

c l a d d l n g  f a l l u r e s  caused  by h y d r i d i n g  o r  i n t e r n a l  g a s  p r e s -  

s u r e s ,  an a c c u r a t e  a n a l y s i s  1s r e q u l r e d  o f  o r g a n l c  l m p u r l t i e s  

In f u e l  m a t e r i a l s  b e f o r e  f a b r l c a t l o n .  

Methods were deve loped  f o r  continuous e x t r a c t i o n  of  U02-PuOZ 

f u e l  m a t e r l a l s  and f o r  i n f r a r e d  a n a l y s i s  o f  t h e  ca rbon  t e t r a -  

c h l o r i d e  (CClq) e x t r a c t s .  

A n a l y s i s  o f  C C 1 4  e x t r a c t i o n s  o f  o i l  contaminated powders 

removed from a  f a u l t y  d i s c  p u l v e r i z e r  and s t o r a g e  c o n t a r n c r s  

showed a  p l ekup  o f  o r g a n i c  (011)  m a t e r l a l s  d u r l n g  t h e  f u e l  p r o -  

c e s s i n g ,  The i n f r a r e d  a n a l y s l s  of  t h e  C C 1 4  e x t r a c t s  l n d l c a t e d  

an o r g a n i c  (C-H) m a t e r i a l  was p r e s e n t  from 5 t o  300 ppm i n  t h e  

c r u s h e d  powders.  One t e s t  o f  ca rbon  c o n t e n t  by combust lon t e c h -  

n l q u e s  indicated abou t  3000 ppm v e r s u s  200 ppm ca rbon  I n  l n p u t  

f u e l  m a t e r i a l s .  The combust lon t e c h n i q u e  f o r  ca rbon  c o n t e n t  1s 

n o t  r o u t i n e l y  used  a s  an indicator of  o r g a n l c  c o n t e n t  I n  f u e l s  

because  s i l i c o n e  011s o f t e n  a r e  used  i n  f u e l  p r o c e s s i n g  equipment 

( I )  Ceramics Research  and Development O p e r a t i o n ,  Q u a r t e r l y  R e p o r t ,  
October  - December, 1963,  Hanford L a b o r a t o r i > s ,  Genera l  
E l e c t r i c  Company, HW-76304. 

Chemis t ,  P h y s l c a l  A n a l y s i s  



The c o n t i n u o u s  e x t r a c t i o n  and i n f r a r e d  t e c h n i q u e  d o e s ,  however ,  

i n c l u d e  d e t e c t i o n  of  s i l i c o n e  o i l s  by measurement of  t h e  (Si-CH3) 

d e f o r m a t i o n  band.  

I f  normal p r e c a u t i o n s  a r e  t a k e n  d u r i n g  t h e  e x t r a c t i o n  o f  t h e  

U02-Pu02 f u e l  i n s i d e  t h e  g lovebox ,  r a d i o a c t i v e  c o n t a m i n a t i o n  i s  low 

enough t o  p e r m i t  t h e  mounting o f  i n f r a r e d  samples  i n  an open hood.  

The samples  a r e  t h e n  a n a l y z e d  i n  a  r o u t i n e  l a b o r a t o r y  room w i t h  

l i t t l e  e x t r a  c a r e .  A f t e r  abou t  one y e a r  of  o p e r a t i o n ,  no s e r i o u s  

c o n t a m i n a t i o n  o f  t h e  i n f r a r e d  s p e c t r o p h o t o m e t e r  has  t a k e n  p l a c e .  

Approximate ly  50 g  o f  powder f u e l  a r e  e x t r a c t e d  w i t h  150 m l  

C C 1 4  i n  a  c o n v e n t i o n a l  6 0  m l  S o x h l e t  e x t r a c t i o n  a p p a r a t u s ,  u s i n g  

a  m a n t l e  h e a t e d  300 m l  b o i l i n g  f l a s k .  E x t r a c t i o n  r e q u i r e s  a  

minimum o f  4  h r .  A f t e r  e x t r a c t i o n  i s  comple te  t h e  e x t r a c t  i s  

r educed  t o  abou t  5  m l  by e v a p o r a t i o n  o f  t h e  C C 1 4  s o l v e n t  and a n a -  

l y z e d  by i n f r a r e d  a b s o r p t i o n .  

I n f r a r e d  a n a l y s e s  o f  c o n c e n t r a t e d  ca rbon  t e t r a c h l o r i d e  e x t r a c t s  

of  Pu02-U02 f u e l  m i x t u r e s  were  comple ted  on an i n f r a r e d  s p e c t r o -  

pho tomete r  equ ipped  w i t h  a  NaCl p r i s m .  The f o l l o w i n g  i n s t r u m e n t  

s e t t i n g s  a r e  recommended f o r  t h e  Pe rk in -E lmer  Model 2 1 :  

R e s o l u t i o n  9 2 7  

Response 1:l 

Gain 2 . 5  (normal  f o r  o u r  i n s t r u m e n t )  

Speed P u l l e y  2 ,  s e t t i n g  4  

Suppress  i o n  0 

S c a l e  1 x  

Source  I 0.3A 

Sample T h i c k n e s s  0 . 5  mm 

Region Scanned 2 t o  10 p 



The i n s t r u m e n t  i s  u s e d  i n  t h e  d u a l  beam r e c o r d i n g  mode 

w i t h  t h e  r e f e r e n c e  beam compensated by C C 1 4  S t a n d a r d s  o f  SAE-30 

(hydrocarbon)  and Dow 702 ( s i l i c o n e )  o i l  were p r e p a r e d  and c a l i -  

b r a t i o n  c u r v e s  were comple ted .  The C-H s t r e t c h i n g  band (3 .33  u )  
and Si-CH3 d e f o r m a t i o n  band (8 .87  p )  were s e l e c t e d  a s  t h e  ana -  

l y t i c a l  bands .  A b s o r p t i o n  measurements a r e  c o r r e c t e d  f o r  back-  

ground by an a v e r a g i n g  t e c h n i q u e .  Some n o n l i n e a r i t y  o f  t h e  

s i l i c o n e  o i l  c a l i b r a t i o n  c u r v e  was n o t e d  a t  0 .4  v o l %  b u t  t h e  

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

( 0  t o  0 .4%3 r a n g e .  The o i l  c o n c e n t r a t i o n  of  t h e  e x t r a c t s  i s  

de te rmined  from t h e  a p p r o p r i a t e  c a l i b r a t i o n  c u r v e  and t h e  con-  

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

P l u t o n i a  Mic rospheres  - J. B .  Burnham 

A c r u s h  s t r e n g t h  a n a l y z e r  was d e s i g n e d  t o  e v a l u a t e  p lu ton ium 

ce ramic  p a r t i c l e s  f o r  u s e  i n  c e r m e t s .  The a p p a r a t u s  u s e d  t h e  

same p n e u m a t i c - h y d r a u l i c  l o a d i n g  sys t em a s  t h a t  u sed  a t  Mound 

L a b o r a t o r y .  Load measurement i s  made d i r e c t l y  w i t h  a  l o a d  c e l l  

r a t h e r  t h a n  w i t h  t h e  beam d e f l e c t i o n  method used  by o t h e r  i n v e s t i -  

g a t o r s .  The d e s i g n  l o a d  range  i s  from 0  t o  2 .5  kg maximum, depend- 

i n g  on t h e  p a r t i c l e s  b e i n g  t e s t e d .  Any l o a d  i n  t h i s  r ange  may be  

s e l e c t e d  f o r  f u l l  s c a l e  r e c o r d e r  d e f l e c t i o n .  P r e c i s i o n  w i l l  be 

' 1 / 2 %  o f  t h e  f u l l  s c a l e  r e a d i n g .  Th i s  equipment  i s  d e s i g n e d  t o  

t e s t  40 t o  60 p a r t i c l e s  p e r  h r  when o p e r a t e d  i n  a  hood,  w i t h  abou t  

a  20% i n c r e a s e  o u t s i d e  t h e  hood.  

Compaction S t u d i e s  o f  S p h e r o i d i z e d  U02 - L .  R. Bunne l l  

A 50 l b  f o r c e  v i b r a t o r  and a c c e s s o r y  equipment  ( F i g u r e  3 . 1 )  

were used  t o  e v a l u a t e  t h e  compact ion  c h a r a c t e r i s t i c s  o f  t h e  U02 

s p h e r e s  produced by an a g g l o m e r a t i v e  method r e p o r t e d  on page 2 . 1  

o f  t h i s  r e p o r t .  I n  a l l ,  18  d i f f e r e n t  three-component  mixes were 

e v a l u a t e d  (Tab le  3 .1 )  . 



FIGURE 3.1 

A 5 0  l b  Force  V i b r a t o r  

.. 



TABLE 3 . 1  

COMPACTION EFFICIENCIES OF AGGLOMERATED PARTICLE MIXTURES 

Mix tu re  w t %  Coarse  w t %  Medium, w t %  F i n e  Compaction 
Number -6  + 10 -35 + 65 - 150 E f f i c i e n c y ,  % 

Each m i x t u r e  was compounded i n  a  400 g b a t c h ,  mixed 

w e l l ,  and s p r e a d  on a  b e l t  f e e d e r .  The f r e q u e n c y  of  t h e  v i b r a t o r  

was v a r i e d  between 1000 and 2 0 0 0  c y c l e s / s e c .  The v i b r a t i o n  t ime  

was 7 min. The d e n s i t y  of  t h e  compact was t h e n  d e t e r m i n e d .  Three  

t r i a l s  were made f o r  e a c h  mix, and t h e  r e p r o d u c i b i l i t y  was abou t  

0,5%. F i g u r e  3.2 i s  a  p l o t  of  t e r n a r y  c o m p o s i t i o n  v e r s u s  compac- 

t i o n  e f f i c i e n c y ;  two c l e a r  maxima, deno ted  by c i r c l e s ,  can  be  

s e e n .  



Mixture No. 1 was vibrationally compacted on a 5000 lb 

force electrodynamic vibrator, and a compaction efficiency of 

90.7% was achieved. 

h e r e s  

% M e d i u m  S p h e r e s  
-35  +65 M e s h  

FIGURE 3.2  

% Coarse Spheres 
-6 +10 Mesh 

Packing Efficiencies Achieved as a Function of Composition 
of a Three-Component Mix 



Plutonium Ceramics I r r a d i a t i o n s  - J .  A .  C h r i s t e n s e n  and 

C .  A.  Hinman 

I r r a d i a t i o n  t o  h i g h  exposure  of  p lu ton ium ce ramic  w a f e r  

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

is  summarized i n  Tab le  3 . 2 .  Fue l  m a t e r i a l s  l i s t e d  i n  Tab le  3 . 3  

were p r e v i o u s l y  d i s c h a r g e d  and 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  

examina t ion  c o n s i s t i n g ,  b a s i c a l l y ,  of  m e t a l l o g r a p h y  and x - r a y  

d i f f r a c t i o n  a n a l y s e s .  

M a t e r i a l  

PUN, I m p a c t e d  

PUN, I m p a c t e d  

PuC, A r c - c a s t  

P u 0 2 ,  9 5 %  TD, 
S i n t e r e d  

B P U ~ O ~ !  9 5 %  TD, 
l n t e r e d  

PUN-50 v o l %  W ,  
I m p a c t e d  

PUN-50 v o l %  W ,  
I m p a c t e d  

PUN-24 v o l %  P u ,  
A r c - c a s t  

PUN-15 v o l %  P u ,  
A r c - c a s t  

M a t e r i a l  

PUN, I m p a c t e d  

PuC, A r c - c a s t  

P u 0 2 ,  9 5 %  TD, 
S i n t e r e d  

PUN-50 v o l %  W ,  
I m p a c t e d  

PUN-15 v o l %  P u ,  
A r c - c a s t  

TABLE 3 . 2  

PLUTONIUM CERAMICS CURRENTLY BEING IRRADIATED 

R e a c t o r  I n s e r t i o n  ~ i s s i o n / c m ~  G o a l  Exposu  e  I n t e n d e d  D i s c h a r g e  
GEH-14- D a t e  C y c l e  a s  o f  1 0 - 1 - 6 5  F i s s i o n s / c m  ' D a t e  C y c l e  

405 1 1 - 6 3  MTR 1 9 8  9 7 . 5  x 10" 1 7 2 . 5  x l o 2 '  5 - 6 7  MTR 259 

407 1 1 - 6 3  MTR 1 9 8  4 3 . 5  x 10" 7 7 . 5  x l o 2 '  5 - 6 7  MTR 259 

409 7 - 6 3  ETR 56 7 6 . 5  x l o z 0  150 x l o z 0  1 - 6 8  ETR 96 

4  11 9 - 6 3  MTR 1 9 6  102 x l o z 0  1 6 6  x  10'' 1 - 6 7  MTR 256 

413 9 - 6 3  MTR 1 9 6  73 .0  x l o z 0  116 x 10'' 1 - 6 7  MTR 256 

5 3 8  2-64  MTR 2 0 3  6 0 . 5  x  l o 2 '  1 2 4  x  10" 8 - 6 7  MTR 266 

540 2-64  llTR 203 3 5 . 0  x 10" 6 2 . 5  x  l o z 0  8 - 6 7  MTR 266 

549 2 - 6 4  MTR 2 0 3  3 5 . 0  x l o z 0  6 7 . 0  x l o z 0  8 - 6 7  MTR 266 

5 5 1  2 - 6 4  MTR 2 0 3  1 5 . 5  x  10" 3 2 . 0  x l o z 0  8 - 6 7  MTR 266 

TABLE 3 . 3  

PLUTONIUM CERAMICS PREVIOUSLY IRRADIATED 
E x p o s u r e  

R e a c t o r  I n s e r t i o n  R e a c t o r  D i s c h a r g e  % Pu Mwd/T 
GEtI-14- D a t e  C y c l e  D a t e  C y c l e  ~ i s s i o n s / c m ~  F i s s i o n e d  F u e l  

406 9 - 6 3  MTR 1 9 6  2 - 6 4  MTR 202 20 x  10" 6 . 2  57700 

408 6 - 6 3  ETR 5 5  9 - 6 3  ETR 57 8 . 3  x  l o 2 '  2 . 6  23900 

412 9 - 6 3  MTR 196 2 - 6 4  MTR 202 22 x  l o 2 '  9 . 1  84900 

539 2 - 6 4  MTR 2 0 3  8 - 6 5  MTR 210 1 5  x 10'' 9 . 2  26000 

550 2 - 6 3  MTR 203 7 - 6 5  MTR 209 8 . 0  x  10" 6 . 2  56900 



I r r a d i a t i o n  Performance of  F a s t  R e a c t o r  Fue l  Cand ida te s  - 
j 

UN-20 w t %  PUN - J .  A .  C h r i s t e n s e n  and C .  A .  Hinman I 1 
E x p l o r a t o r y  i r r a d i a t i o n s  i n v e s t i g a t i n g  burnup e f f e c t s  on 

h i g h l y  r a t e d  UN-20 w t %  PUN f a s t  f u e l s  were comple ted  w i t h  t h e  

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

I r r a d i a t i o n  c o n d i t i o n s  f o r  each  of  t h e  t e s t  c a p s u l e s  a r e  sum- 

mar ized  i n  Tab le  3 . 4 .  

TABLE 3 .4  

EXPLORATORY TESTS OF UN-PUN FAST REACTOR FUEL CANDIDATES 

Exposure 
L i n e a r  % O r i g l n a l  

Heat R a t i n g  P; MWd/T 
T e s t  Fue 1 W/cm f/cm F i s s i o n e d  Fue l  

9 

GEH-14-616 UN-20 w t %  2130 2 . 4  x  l o 2 '  4 .9  9450 
PUN, 70% T D ,  
1 .09  cm diam 

GEH-14-617 UN-20 w t %  2130 6 . O x 1 o 2 O  1 2 . 5  22000 
PUN, 70% TD,  
1 . 0 9  cm dlam 

GEH-14-618 UN-20 w t %  2130 1 3 . 0 ~ 1 0 ~ ~  37.0 47670 
PUN, 70% T D ,  
1 .09  c m  diam 

The h i g h e s t  burnup f u e l  (GEH-14-618) d i s p l a y e d  f e a t u r e s  

q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  obse rved  i n  t h e  lower  burnup s p e c i  

mens. A t r a n s v e r s e  c r o s s  s e c t l o n  ( F i g u r e  3 .3)  e x h i b i t e d  t h e  f o l -  
1 

lowing f o u r  m u l t i p h a s e  zones :  . i 
! 

Zone 1 i s  a  c e n t r a l  m e t a l l i c  r e g i o n  e x t e n d i n g  t o  1 / 4  o f  t h e  

f u e l  r a d i u s .  T h i s  r e g i o n  c o n s i s t s  o f  a  m e t a l  m a t r i x  and two ! 
d e n d r i t i c  phases  which a p p e a r  t o  have  p r e c i p i t a t e d  from a  mol t en  

s o l u t i o n  on c o o l i n g  th rough  a  second o r d e r  t r a n s i t i o n .  The m e t a l -  1 

lit c h a r a c t e r  of  t h i s  r e g i o n  was e s t a b l i s h e d  by i t s  m l c r o s t r u c t u r e  

and by i t s  machin ing  c h a r a c t e r i s t i c s  when d r i l l e d  samples  were t a k e n .  
I 

I 
I 



Macrograph a Autoradiograph 

h'lult iphase LT02 P l u s  Second L!IT-2Or0 P U N ,  Unc.t.~anged D ~ n s i f l t d  F u c > l - S h ~ a t l i  
Meta l  Nugget Phase Inc lus ions  Except for PJ rophor-ic UK-20% R l N  Reaction 

Sccond Phase 

FIGURE 3. 3 
I 

P UN-20 w t %  PUN Irradiated to 13 x l o 2 '  ~ i s s i o n s / c m ~  at 2 1 3 0  W/cm (Linear)(GEH 1 4 - 6 1 8 )  u, 
Co 



3.10 BNWL- 198 

Alpha a u t o r a d i o g r a p h s  ( F i g u r e  3.3) showed no d e t e c t a b l e  Pu i n  

t h i s  r e g i o n  w h i l e  5 - y  a u t o r a d i o g r a p h s ( F i g u r e  3 .3)  i n d i c a t e  t h i s  

t o  be  t h e  most r a d i o a c t i v e  p o r t i o n  o f  t h e  f u e l .  D r i l l e d  samples  

from t h i s  zone were 2 0  t o  100 t imes  h i g h e r  i n  B - y  a c t i v i t y  t h a n  

samples  from o t h e r  f u e l  r e g i o n s .  These o b s e r v a t i o n s  s u g g e s t  t h a t  

t h i s  r e g i o n  c o n s i s t s  p r i n c i p a l l y  of  f i s s i o n  f ragment  m e t a l s  which 

may have  m i g r a t e d  up t h e  g r a d i e n t  by t h e r m a l  decompos i t ion  o f  

v o l a t i l e  compounds ( i .  e .  , t h e  ru thenium o x i d e s )  . Radiochemical  

a n a l y s e s  of d r i l l e d  samples  a r e  e x p e c t e d  t o  r e v e a l  which i s o t o p e s  

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

Zone 2 i s  a  d i s t i n c t  a n n u l a r  zone compr i s ing  t h e  r e g i o n  

between approx ima te ly  1 / 4  and 3/8 o f  t h e  f u e l  r a d i u s .  Th i s  r e g i o n  

c o n s i s t s  of  a  ce ramic  m a t r i x  w i t h  a  few equ iaxed  m e t a l  p r e c i p i t a t e s .  

T h i s  a p p e a r s  t o  be  t h e  m a t e r i a l  i d e n t i f i e d  a s  U02 by x - r a y  d i f -  

f r a c t i o n  a n a l y s e s  i n  a  s i m i l a r  f u e l  p i n  d i s c h a r g e d  a f t e r  r e a c h i n g  
3  2 . 4  x 1 0 z O  f i s s i o n s / c m  . Autorad iographs  and d r i l l e d  samples  

show t h i s  r e g i o n  t o  be  s l i g h t l y  e n r i c h e d  b o t h  i n  f i s s i o n  f r agmen t s  

and p lu ton ium.  P o s s i b l y  t h e  Pu o r i g i n a l l y  p r e s e n t  i n  t h e  porous  

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

Zone 3  i s  an a n n u l a r  r e g i o n  e x t e n d i n g  o v e r  one h a l f  o f  t h e  

f u e l  r a d i u s .  T h i s  c o n s i s t s  o f  t h e  o r i g i n a l l y  porous  mixed n i t r i d e ,  

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

c e n t r a t e d  n e a r  t h e  i n n e r  boundary o f  t h e  r e g i o n .  Au to rad iographs  

show a  r e g u l a r  i n c r e a s e  i n  f i s s i o n  f ragment  c o n c e n t r a t i o n  toward  

t h e  o u t e r  edge o f  t h i s  r e g i o n .  T h i s  was a n t i c i p a t e d  because  of  

f l u x  d e p r e s s i o n  i n  t h e  f u e l .  P lu tonium c o n c e n t r a t i o n  i n  t h i s  

r e g i o n  i s  un i fo rm,  a s  e x p e c t e d .  Th i s  was t h e  o n l y  p o r t i o n  o f  t h e  

f u e l  a p p r e c i a b l y  o x i d i z e d  d u r i n g  p ro longed  exposure  t o  room tem- 

p e r a t u r e  a i r .  When d r i l l e d  samples  were t a k e n  i n  t h i s  r e g i o n  

c o n s i d e r a b l e  " spa rk ing"  o c c u r r e d .  Th i s  was most i n t e n s e  n e a r e s t  

a he f u e l  c e n t e r ,  i n d i c a t i n g  an i n c r e a s e  i n  p y r o p h o r i c i t y ,  pe rhaps  

because  o f  t h e  m e t a l  i n c l u s i o n s .  



Zone 4 i s  t h e  ou te rmos t  ( 1 / 8  o f  r a d i u s )  f u e l  a n n u l u s .  Th i s  

i s  a l s o  UN-20 w t %  PUN b u t  l e s s  porous  t h a n  t h e  p a r e n t  m a t e r i a l .  

Because o f  t h e  s t e e p  f l u x  g r a d i e n t  a c r o s s  t h e  f u e l  r a d i u s ,  t h i s  

r e g i o n  has  s u s t a i n e d  abou t  f i v e  t i m e s  t h e  a v e r a g e  f i s s i o n  d e n s i t y .  

Such exposures  s h o u l d  c a u s e  g r o s s  s w e l l i n g  which sometimes mani-  

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

p o r o s i t y ,  which i s  t o o  s m a l l  t o  be r e s o l v e d  a t  low m a g n i f i c a t i o n s ,  

c a u s e s  expans ion  o f  t h e  f u e l  i n t o  t h e  p o r e s  remain ing  a f t e r  s i n -  

t e r l n g .  As e x p e c t e d ,  t h i s  zone has  a  h i g h e r  f i s s l o n  f ragment  

c o n c e n t r a t i o n  t h a n  t h e  mixed n i t r i d e  n e a r e r  t h e  c e n t e r .  No 

Pu c o n c e n t r a t i o n  g r a d i e n t s  were d e t e c t e d  i n  t h i s  r e g i o n .  

F u e l - s h e a t h  r e a c t i o n  i s  e v i d e n t  i n  t h e  form of  a p p a r e n t  

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

n e a r  t h e  i n n e r  s u r f a c e  o f  t h e  c l a d d i n g .  The e x t e n t  of  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  t h e  same a s  obse rved  i n  lower burnup spec imens ,  

l . e . ,  t h e  s h e a t h  i s  a f f e c t e d  t o  abou t  1 0 %  o f  i t s  thickness. 

Work i n  p r o g r e s s  i n c l u d e s :  

E l e c t r o n  microprobe  a n a l y s e s  on t h e  f u e l  s h e a t h  r e a c t i o n  

zones from spec imens  GEH-14-616 and -618.  

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

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

" X-ray d i f f r a c t i o n  and f l u o r e s c e n c e  s u r v e y s  of  t h e  f u e l ,  

a l s o  t o  c o n t r i b u t e  t o  phase  i d e n t i f i c a t i o n .  

I Iardness  measurements  a c r o s s  t h e  f u e l - s h e a t h  r e a c t i o n  zone.  

" D e t a i l e d  m e t a l l o g r a p h y  o f  t h e  f u e l - s h e a t h  r e a c t i o n  zone .  

Radiochemica l  a n a l y s e s  on d r i l l i n g s  from v a r i o u s  r a d i a l  

p o s i t i o n s  o f  specimens GEH-14-616 and -618 t o  q u a n t l t a t i v e l y  

measure p lu ton ium and f i s s i o n  f r agmen t  d i s t r i b u t i o n .  



Cladding-Core  I n t e r a c t i o n  S t u d i e s  - R .  J .  Lobs inge r  and 

F. E .  Pan i sko  

To e v a l u a t e  t h e  e f f e c t s  on Z i r c a l o y - 2  c o r r o s i o n ,  f i v e  U02 

c a p s u l e s  w i t h  s e v e r a l  p o s s i b l y  ha rmfu l  f u e l  con taminan t s  were 

i r r a d i a t e d  f o r  one MTR c y c l e  ( 1 5 . 3  d a y s ) .  Exposures  r anged  from 

2.78 x  l o 2 '  t o  3 .04  x l o 2 '  n v t  ( t h e r m a l ) .  R a d i o m e t a l l u r g i c a l  

examina t ion  w i l l  d e t e r m i n e  t h e  e f f e c t s  of t h e  1 2 ,  Zn, and ZnO 

con taminan t s  on i n t e r n a l  Z i r c a l o y - 2  c o r r o s i o n .  

F a s t  Fue l  P r e i r r a d i a t j o n  T e s t  Computer S tudy - G .  R .  Horn 

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

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

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

C a l c u l a t i o n s  were made of  s e v e r a l  e f f e c t s  o b t a i n e d  by 

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

f u e l  c o n s i d e r e d  i n  t h e  c a l c u l a t i o n s  compr ises  U02-20 w t %  Pu02 c l a d  

i n  1 / 4  i n .  OD by 0.015 i n .  w a l l  s t a i n l e s s  s t e e l .  The f u e l  p i n s  

would be  s e v e r a l  f e e t  l o n g  and t h e y  w i l l  be  g a t h e r e d  i n t o  s q u a r e ,  

h e x a g o n a l ,  o r  c i r c u l a r  c l u s t e r s .  They would be  i r r a d i a t e d  t o  

e x p o s u r e s  on t h e  o r d e r  o f  100,000 PYfiVd/MT a t  h e a t  g e n e r a t i o n  r a t e s  

between 15  and 1 2  kW/f t .  

Although d e t a i l e d  c a l c u l a t i o n s  a r e  no s u b s t i t u t e  f o r  i r r a d i -  

a t i o n  t e s t s ,  such  c a l c u l a t i o n s  show t h a t  t h e  d a t a  r e q u i r e d  f o r  f a s t  

r e a c t o r  f u e l s  canno t  s a t i s f a c t o r i l y  be  g e n e r a t e d  by irradiating 

f a s t  f u e l  e l emen t s  i n  t h e r m a l  r e a c t o r s .  The major  problems a r i s e  

because  p r o t o t y p i c  power generation p r o f i l e s  ( r e l a t i v e  b o t h  t o  f u e l  

r a d i u s  and t i m e )  c a n n o t  be  produced i n  t h e  f u e l .  The c a l c u l a t e d  

t o t a l  power g e n e r a t i o n  a s  a  f u n c t i o n  of  exposure  f o r  a  t y p i c a l  f a s t  

f u e l  p i n  i r r a d i a t e d  i n  a  t h e r m a l  f l u x  i s  shown i n  F i g u r e  3 . 4 .  For  
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comparison i n  t h i s  and t h e  f o l l o w i n g  f i g u r e s ,  i t  i s  assumed 

t h a t  i f  t h e  p i n  was i r r a d i a t e d  i n  a  f a s t  f l u x ,  t h e  b r e e d i n g  

r a t i o  would be  > 1 . 0  s o  t h a t  t h e  h e a t  g e n e r a t i o n  r a t e  would be 

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

40,000 80,000 120,000 

Exposure, MWd /MT 

F u e l  U02 -20 wtyo P u 0 2  
F u e l  D iame te r  0.250 in .  
F u e l  Densi ty  87% TD 
Clad 304-L SS 
Clad Thickness 0.012 in .  

FIGURE 3 . 4  

Heat G e n e r a t i o n  Rate  a s  a  Func t ion  o f  Exposure f o r  a  F a s t  Fuel  
I r r a d i a t e d  i n  a Thermal F lux  
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Because o f  s e l f - s h i e l d i n g  of  t h e  p lu ton ium i n  t h e  t h e r m a l  

f l u x ,  t h e  power g e n e r a t i o n  d e n s i t y  a t  t h e  o u t e r  s u r f a c e  of  t h e  

f u e l  i n i t i a l l y  w i l l  b e  much g r e a t e r  t h a n  a t  t h e  c e n t e r .  A s  

i r r a d i a t i o n  c o n t i n u e s ,  t h e  f i s s i l e  atoms n e a r  t h e  o u t e r  edge  o f  

t h e  f u e l  w i l l  be  bu rned  up much more r a p i d l y  t h a n  t h o s e  a t  t h e  

c e n t e r .  A s  shown i n  F i g u r e  3 . 5 ,  t h e  power d e n s i t y  p r o f i l e  w i l l  

change s i g n i f i c a n t l y  w i t h  e x p o s u r e .  Th i s  w i l l  r e s u l t  i n  burnup 

a t  t h e  o u t e r  edge o f  t h e  f u e l  a s  much a s  50% g r e a t e r  t h a n  a t  t h e  

c e n t e r  a f t e r  an ave rage  exposure  of  100,000 MWd/MT. Under t h e s e  

c o n d i t i o n s ,  i t  would be d i f f i c u l t  t o  r e l i a b l y  d e t e r m i n e  f u e l  

s w e l l i n g  a s  a  f u r l c t i o n  o f  e x p o s u r e .  

t 0 A f t e r  0  
1 A f t e r  18 ,000  ~ L i ' d i h i ~  
2 A f t e r  3 5 , 0 0 O M \ Y d / M ~  
3  A f t e r  51 ,000  M i %  ~ / M T  
4 A f t e r  67 ,000  M W d  AM^ 

F r a c t i o n  of F u e l  Radius  

F u e l  CD2-20 wt7" P u O Z  
F u e l  D i a m e t e r  0 .250  i n .  
F u e l  Dens i ty  8770 T D  
Clad  304-L SS 
Clad  T h i c k n e s s  0 .012  i n .  

FIGURE 3.5a 

Power D e n s i t y  P r o f i l e  i n  a F a s t  R e a c t o r  Fue l  I r r a d i a t e d  i n  a 
Thermal F lux  
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T 

5 A f t e r  80 ,000  M W ~ / M T  - 
6 A f t e r  92 ,000  M W ~  /NIT 
7 A f t e r  103 ,000  MW d / ~ ~  
8 A f t e r  1 1 2 , 0 0 0 ~ ~ d l ~ T  
9 A f t e r  120,000 M W ~  / M T  - 

- 

------ - - - - -  
---- - 

----- 
A 

I I I I i 

F r a c t i o n  of F u e l  Rad ius  

F u e l  U02-20 wt% Pu02 
F u e l  D i a m e t e r  0.250 in.  
F u e l  Dens i ty  87% T D  
Clad  304-L SS 
C l a d T h i c k n e s s  0 . 0 1 2 i n .  

F I G U R E  3.5b 

Power D e n s i t y  P r o f i l e  i n  a  F a s t  R e a c t o r  Fue l  I r r a d i a t e d  
i n  a  Thermal F lux  

The n o n p r o t o t y p i c  power d e n s i t y  p r o f i l e s  a l s o  g i v e  r i s e  t o  

n o n p r o t o t y p i c  t e m p e r a t u r e  p r o f i l e s .  C e n t r a l  t e m p e r a t u r e s  

i n i t i a l l y  w i l l  be  much lower  i n  a  t h e r m a l  f l u x  t h a n  i n  a  f a s t  

f l u x  and the rma l  g r a d i e n t s  w i l l  n o t  b e  a s  s e v e r e .  These c a l -  

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

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

s h i e l d i n g  n e a r  t h e  s u r f a c e  o f  t h e  f u e l .  As i r r a d i a t i o n  c o n t i n u e s ,  
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t h e  burnup o f  f i s s i l e  atoms w i l l  o v e r r i d e  t h e  r e d u c t i o n  i n  s e l f -  

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

These e f f e c t s  a r e  i l l u s t r a t e d  by t h e  c u r v e  i n  F i g u r e  3 . 6 .  I n  

d e r i v i n g  t h e s e  c u r v e s  i t  was assumed t h a t  t h e  u n p e r t u r b e d  n e u t r o n  b 

f l u x  remained  c o n s t a n t  s o  t h a t  t o t a l  power g e n e r a t i o n  v a r i e d  a s  

shown i n  F i g u r e  3 . 4 .  The chang ing  and n o n p r o t o t y p i c  t e m p e r a t u r e  

g r a d i e n t s  would a l s o  a d v e r s e l y  a f f e c t  any a t t e m p t s  t o  o b t a i n  

r e l i a b l e  f u e l  s w e l l i n g  d a t a .  A s  t h e  c e n t r a l  t e m p e r a t u r e s  changed,  

p l a s t i c i t y  of  t h e  f u e l  and t h e  e x t e n t  t o  which f u e l  s w e l l i n g  c o u l d  

be accommodated by p o r e s  would change.  A l s o ,  f u e l  s t r u c t u r e  changes 
* 

and m i g r a t i o n  of f i s s i o n  p r o d u c t s  a n d / o r  p lu ton ium would n o t  be  

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

phenomena t o  t e m p e r a t u r e s  and t e m p e r a t u r e  g r a d i e n t s .  

0 A f t e r  0 ?J \ i ' c l  /LTT 
2 A f t e r  24 .000 ~ \ l ' d / ~ ~ ' r  
4 A f t e r  47 .000 M \ V d / i I T  
6  A f t e r  6 7 , 0 0 0  I IU 'd /XIT 

F r a c t i o n  of Y u r l  R a d ~ u s  

F u e l  ~ 0 ~ - 2 0  n t %  P U O ~  
F u e l  D i a m e t e r  0 .250 i n .  
F u e l  Densi ty  87% T D  
Clad 3 0 4 - L  SS (0 .012 i n .  T h l c k )  
Inltlal H e a t  Generation R a t e  - 18.3 k w / i t  

FIGURE 3 .6  

Tempera ture  P r o f i l e s  f o r  a  F a s t  Reac to r  Fue l  I r r a d i a t e d  . 
i n  a  Thermal Neutron Flux  



Much d a t a  were o b t a i n e d  from t h e r m a l  r e a c t o r  f u e l s  i r r a d i -  

a t e d  i n  t h e r m a l  f l u x e s  t o  show how f i s s i o n  g a s  r e l e a s e  depends 

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

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

t h e  f u e l  volume above abou t  1900 O C .  Thus,  r e f e r r i n g  a g a i n  t o  

F i g u r e  3 . 6 ,  f i s s i o n  gas  r e l e a s e  c h a r a c t e r i s t i c s  f o r  f a s t  r e a c t o r  

f u e l s  c o u l d  n o t  be  de te rmined  by i r r a d i a t i n g  t h e s e  f u e l s  i n  a  

t h e r m a l  f l u x .  

A s  t h e  f i s s i l e  atoms a r e  burned  i n  a  the rma l  n e u t r o n  f l u x ,  

t h e  p r e s e n c e  of  t h e  f u e l  p i n  p e r t u r b s  t h e  t h e r m a l  f l u x  l e s s  

and l e s s ,  i .  e .  , t h e  " p e r t u r b e d "  n e u t r o n  f l u x  i n c r e a s e s .  Thus,  a s  

exposure  i n c r e a s e s ,  t h e  r a t i o  o f  t h e  a v e r a g e  n e u t r o n  f l u x  i n  t h e  

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

shown i n  F i g u r e  3 . 7 .  T h i s  means t h a t  t h e  c l a d d i n g  i s  b e i n g  

1.0 
0 40,000 80,000 120.000 

Exposure, M W d l  MT 

Fuel U02 -20 wt% PuOZ 
F u e l  Diameter 0.250 
Fuel Density 87% TD 
Clad 304-L SS 
Clad Thickness 0.012 in. 

FIGURE 3 . 7  

R a t i o  o f  Average F lux  i n  t h e  Fue l  t o  Average Flux  i n  t h e  Cladding  
a s  a  F u n c t i o n  o f  Exposure 



"damaged" a t  a  much d i f f e r e n t  r a t e  t h a n  t h e  f u e l  and t h e  r a t i o  

of  t h e i r  "damage r a t e s "  change drastically w i t h  t ime  i n - r e a c t o r .  

T h e r e f o r e ,  b o t h  mechanical and chemica l  I n t e r a c t i o n s  between t h e  

f u e l  and c l a d d i n g  w i l l  b e  f a r  from p r o t o t y p i c  f o r  f a s t  r e a c t o r  

p i n s  i r r a d i a t e d  I n  t h e r m a l  n e u t r o n  f l u x e s .  

High Exposure P lu tonium Measurements Program - R .  E .  B a r d s l e y  

The u s e  of  h i g h  exposure  p lu ton lum i n  t h e  p r o d u c t i o n  o f  

c e r a m i c  f u e l  e l e m e n t s  1s of  major  i n t e r e s t  I n  t h e  n u c l e a r  f u e l  

fabrication f i e l d .  Plutonium w l t h  a  h i g h  Pu 2 4 0  c o n t e n t  h a s  

been  used  i n  t h e  production o f  f u e l  rods  a t  PNL. 1n  t h l s  

i n s t a n c e ,  t h e  p lu ton lum was r e c o v e r e d  from m e t a l l i c  p lu ton ium-  

aluminum a l l o y  f u e l s ,  and 1s n o t  r e p r e s e n t a t l v e  of  t h e  p l u t o n i u m  

which would be r e c o v e r e d  from t h e  burnup of  c e r a m l c  f u e l s  (ma in ly  

because  o f  low Pu 2 3 8  c o n t e n t ) .  For  t h l s  r e a s o n ,  a  program was 

i n i t i a t e d  i n  cooperation w l t h  o t h e r  groups  a t  PNL t o  o b t a i n  

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

e l emen t s  c o n t a i n i n g  h l g h  exposure  p l u t o n l u m ,  whose s o u r c e  was 

c e r a m i c  f u e l  m a t e r i a l .  Samples o f  f u e l  from v a r l o u s  s o u r c e s  w i l l  

be c o n s i d e r e d ,  and p r imary  Impor tance  IS  b e i n g  a t t a c h e d  t o  t h e  

S h i p p l n g p o r t  , Yankee, and Dresden R e a c t o r s ,  

S h l p p l n g p o r t  a s s e m b l i e s  from PldR a r e  now a t  Hanford f o r  

s e p a r a t i o n .  Each assembly  c o n t a i n s  seven  vertically s t a c k e d  - 
f u e l  b u n d l e s  and each  bund le  h o l d s  1 2 0  f u e l  r o d s ,  21.0 by 1 . 0 4  cm 

(10 i n .  by 0 . 4 1  i n . ) .  For  t h l s  measurement program,  s e v e r a l  

a s s e m b l ~ e s  were s e l e c t e d  on t h e  b a s l s  of I r r a d i a t i o n  h l s t o r y .  The 

e x p o s u r e s  o f  two of  t h e s e  bund les  a r e  g i v e n  i n  Tab le  3 . 5 .  M u l t i -  

p l i c a t i o n  f a c t o r s  f o r  i n d i v i d u a l  r o d s ,  due t o  l o c a t l o n  r e l a t i v e  t o  

t h e  b l a n k e t  a t  PWR, s u b s t a n t i a l l y  i n c r e a s e  t h e  exposure  l e v e l .  

1 1 1  L .  G .  Merker .  L .  G .  F a u s t .  and W .  J ,  B a i l e y .  B a t t e l l e -  . < 

Northwest   el ~ a b r i c a t i o n  Exper i ence  w i t h  High Exposure 
P lu ton ium,  BNWL-Zg. J a n u a r y  1965 
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These a s s e m b l i e s  a r e  now b e i n g  d i s m a n t l e d  and t h e  bund les  i d e n -  

t i f i e d .  The f u e l  b u n d l e s  w i l l  b e  t a k e n  t o  Rad iometa l lu rgy  f o r  

t h e  s t u d y  o f  s p e c i f i c  f u e l  rods  s e l e c t e d  from bund le  p o s i t i o n s  

r e p r e s e n t i n g  v a r i o u s  e x p o s u r e s  due t o  (1) l o n g i t u d i n a l  f l u x  

v a r i a n c e  and (2) l o c a t i o n  r e l a t i v e  t o  t h e  b l a n k e t .  

Fue l  rods  b o t h  from Phase I  (13,000 MWd/MT) and Phase I 1  

( ~ 2 3 , 0 0 0  MWd/MT) of  t h e  Yankee r e a c t o r  a r e  e x p e c t e d  t o  a r r i v e  

from West inghouse d u r i n g  t h e  n e x t  q u a r t e r .  

TABLE 3 . 5  

EXPOSURES OF TWO SHIPPINGPORT FUEL ASSEMBLIES 

FOR MEASUREMENTS PROGRAM 

Bundle 
Number 

Assembly Bottom 1 

2 

3  

4  

5 

6 

A s s  emb l y  Number 
014 0  4 5 

MWd/TU MWd/TU 

Assembly Top 7 7400 8800 

Due t o  l o c a t i o n  of  t h e  assembly r e l a t i v e  t o  t h e  PWR b l a n k e t ,  

i n d i v i d u a l  rod  f a c t o r s  i n c r e a s e  t h e s e  v a l u e s  up t o  1 . 5  t i m e s  

t h e  f i g u r e  g i v e n  i n  t h e  t a b l e  above .  



Plu ton ium Fue l  F a b r i c a t i o n  Economic S t u d i e s  - 

C .  H .  Bloomster  

S t u d i e s  a r e  b e i n g  made on t h e  e f f e c t  o f  f u e l  d e s i g n  param- 

e t e r s  on t h e  f a b r i c a t i o n  c o s t  o f  p lu ton ium f u e l  e l e m e n t s .  Three  

r e p o r t s  were i s s u e d  l a s t  q u a r t e r  and one r e p o r t  was i n  p r e p a r a -  

t i o n  d e s c r i b i n g  t h e  v a r i a b l e  c o s t  of  f a b r i c a t i n g  U02-Pu02 f u e l  

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

p l u t o n i u m  f u e l  e l emen t s  f o r  f o u r  s p e c i f i c  r e a c t o r s  a r e  a s  f o l l o w s :  

PRTR: $113 p e r  kg o f  f u e l  ( a s  ox ide )  o r  $205 p e r  f u e l  rod  

EBWR: $198 p e r  kg ( a s  o x i d e )  o r  $164 p e r  f u e l  rod  c. 

S a x t o n :  $255 p e r  kg ( a s  o x i d e )  o r  $136 p e r  f u e l  rod  

PRCF: $88 p e r  kg  ( a s  o x l d e )  o r  $99 p e r  f u e l  rod  . 
A summary r e p o r t  i s  b e l n g  p r e p a r e d  a n a l y z i n g  and classifying 

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

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

of  f u e l  i n  t h e  l n d i v l d u a l  f u e l  rod  and t h e  l e v e l  of  p l u t o n i u m  

( I )  C .  H .  B looms te r ,  F a b r i c a t i o n  Cos t s  f o r  P lu tonium Fue l  
E lemen t s .  

PART A .  " V a r i a b l e  Cos t s  o f  F a b r i c a t i n g  U02-PuO Fue l  
Elements  f o r  t h e  PI-utonium Recycle  C r i z i c a l  F a c i l i t y "  
BNWL-131A. September 1965 

PART B .  " V a r i a b l e  C o s t s  o f  F a b r i c a t i n g  U02-Pu02 Fue l  Rods . 
f o r  t h e  Exper imen ta l  B o i l i n g  Water Reac to r "  
BNWL-131B. September 1965 

PART C .  " V a r i a b l e  Cos t s  o f  F a b r i c a t i n g  U02-Pu02 Fue l  Rods 
f o r  t h e  Sax ton  Reac to r "  
BNWL-131C. September 1965. 

PART D. " V a r i a b l e  Cos t s  o f  Fabricating U02-PuO Fue l  
Elements  f o r  t h e  P lu tonium Recycle  ~ e s $  R e a c t o r  
BNWL-131D. October  1965.  



e n r i c h m e n t .  Near ly  a l l  t h e  v a r i a b l e  c o s t s  a r e  r e l a t e d  d i r e c t l y  

o r  i n d i r e c t l y  t o  t h e s e  two d e s i g n  p a r a m e t e r s .  The v a r i a b l e  

f a b r i c a t i o n  c o s t  e x p r e s s e d  i n  d o l l a r s  p e r  kg o f  f i n i s h e d  f u e l  

v a r i e s  i n v e r s e l y ,  b u t  n o t  l i n e a r l y ,  w i t h  t h e  we igh t  o f  f u e l  

i n  t h e  f i n i s h e d  f u e l  e l emen t  (Tab le  3 .6)  ; c o n v e r s e l y ,  t h e  

v a r i a b l e  f a b r i c a t i o n  c o s t  e x p r e s s e d  i n  d o l l a r s  p e r  f l n i s h e d  

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

we igh t  i n  t h e  f i n i s h e d  f u e l  rod .  The f a b r i c a t i o n  c o s t s  f o r  t h e  

PRCF f u e l  do n o t  f i t  t h e s e  r e l a t i o n s h i p s  because  t h e  PRCF f u e l s  

were f a b r i c a t e d  f o r  z e r o  power c r i t i c a l  expe r imen t s  a t  s u b -  

s t a l l t i a l l y  reduced  f a b r i c a t i o n  c o s t s .  

TABLE 3 .6  

GEOMETRY AND COMPOSITION OF FINISHED FUEL ELEMENTS 

( C l a d d i n g - Z i r c a l o y - 2 )  
Fue 1 Fuel  Fuel  PuO 2 

Fuel  Diamete r ,  Leng th ,  Q u a n t i t y  Fue 1 Enr i chnient 
Type cm -- m p e r  Rod,kg Geometry w t %  

P RT R 1 . 3  1 . 5  1 . 8  1 9 - r o d  c l u s t e r  2 

EBWR 0 .95  1 . 2  0 . 8 3  s i n g l e  rods  1 . 5  

Sax ton  0 . 8 7  1 . 0  0 .53  s i n g l e  rods  6 . 5  

PRCF 1 . 3  0 .9  1.1 s i n g l e  rods  2 

D e v e l o ~ m e n t  o f  Advanced Fue l  C o n c e ~ t s :  PUN-UN Cost  S tudv - 

J .  B .  Burnham 

According  t o  an a n a l y s i s  o f  p o t e n t i a l  p r o d u c t i o n  methods f o r  

mixed n i t r i d e  f u e l  e l e m e n t s ,  ca rbon  r e d u c t i o n  o f  t h e  o x i d e s  f o l -  

lowed by n i t r i d a t i o n  i n  a  f l u i d i z e d  bed r e a c t o r  might  be com- 

p e t i t i v e  w i t h  mixed c a r b i d e  f u e l s .  C a l c u l a t i o n s  were made on t h e  

b a s i s  of  a  p l a n t  producing 16,000 k g / y r  o f  mixed n i t r i d e  f u e l  p i n s .  

I t  was e s t i m a t e d  t h a t  mixed n i t r i d e s  formed by t h e  c a r b o t h e r m a l  

r e d u c t i o n - n i t r i d a t i o n  tec l ln lque  and c l a d  by gas  p r e s s u r e  bonding  

c o u l d  be  produced f o r  a p p r o x i m a t e l y  $120/kg m e t a l .  

The u s e  o f  m e t a l  a s  a  s t a r t i n g  m a t e r l a l  a lmos t  doubled  t h e  

c a l c u l a t e d  c o s t  of  t h e  f u e l .  





PART I V  - PRTR FUEL ELEMENT PERFORMANCE AND FABRICATION 

I r r a d i a t i o n  T e s t i n g  of  High Power D e n s i t y  Elements  i n  PRTR - 
M .  D .  F r e s h l e y  and F. E .  Pan i sko  

Fue l  t e s t i n g  i s  c o n t i n u i n g  i n  s u p p o r t  of  t h e  High Power 

D e n s i t y  Program (HPD) i n  PRTR. The HPD program i n  PRTR 

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

e n r i c h e d  f u e l  l o a d i n g  a s  a  f u n c t i o n  o f  burnup under  c o n t r o l l e d  

c o n d i t i o n s ,  and t h e  o p e r a t i o n  o f  U02-Pu02 e l e m e n t s  w i t h  mol t en  

f u e l .  The p h y s i c s  and f u e l  t e s t i n g  o b j e c t i v e s  o f  t h e  program 

a r e  c l o s e l y  r e l a t e d .  The ma jo r  f u e l  t e s t i n g  o b j e c t i v e  i s  t o  

de te rmine  i f  t h e r e  i s  un ique  b e h a v i o r  t h a t  would l i m i t  o p e r a -  

t i o n  o f  p l u t o n i u m - b e a r i n g  f u e l s  t o  powers l e s s  t h a n  t h o s e  

a t t a i n a b l e  w i t h  uranium-only  o x i d e  f u e l s .  

During t h e  Batch  Core Exper iment ,  U02-2 w t %  Pu02 HPD 
e lemen t s  a r e  b e i n g  i r r a d i a t e d  i n  t h e  PRTR c o r e  under  t h e  

e x p e c t e d  maximum o p e r a t i n g  c o n d i t i o n s ,  i . e . ,  623 W/cm (19 kW/ 

f t )  w i t h  f u e l  t e m p e r a t u r e s  a s  h i g h  a s  2600 O C .  The maximum 

burnup on one of  t h e  e l e v e n  HPD t y p e  e l emen t s  c u r r e n t l y  i n  . - 

t h e  r e a c t o r  i s  1 . 3  x  l o Z o  f i s s i o n s / c m 3  (4950 MWd/MT f u e l ) .  

Nondefec ted  and d e f e c t e d  p r o t o t y p e  HPD e lemen t s  a r e  b e i n g  

i r r a d i a t i o n  t e s t e d  i n  t h e  Fuel  Element Rupture T e s t  F a c i l i t y  

(FERTF) i n  PRTR a t  power g e n e r a t i o n s  s u f f i c i e n t  t o  cause  f u e l  

m e l t i n g .  I n s i g n i f i c a n t  f u e l  washout o c c u r r e d  d u r i n g  t h e  6-day 

i r r a d i a t i o n  o f  v i b r a t i o n a l l y  compacted U02-2 w t %  Pu02 IIPD 

e lement  (FE 6004) i n t e n t i o n a l l y  d e f e c t e d  w i t h  a  1.59-mm diam 

h o l e  t h r o u g h  t h e  c l a d d i n g  a t  t h e  midp lane  o f  one rod  

( F i g u r e  4 . 1 ) .  The e lement  was i r r a d i a t e d  i n  t h e  FERTF a t  t h e  

maximum r o d  power g e n e r a t i o n  (660 W/cm) e x p e c t e d  t o  c a u s e  

i n c i p i e n t  m e l t i n g  a t  t h e  p l a n e  o f  t h e  d e f e c t .  P r i o r  i r r a d i a -  

t i o n  o f  t h e  e l emen t  was s u f f i c i e n t  t o  c a u s e  c o n s i d e r a b l e  
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FIGURE 4 . 1  

T r a n s v e r s e  S e c t i o n  Through an I n t e n t i o n a l l y  Defec ted  
U02-2 w t %  Pu02 Rod from HPD FE 6004 

( E s t i m a t e d  Inaxlmum power g e n e r a t i o n  a t  t h e  p l a n e  o f  d e f e c t  
was 660 W/cm.) 
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i n - r e a c t o r  s i n t e r i n g  which undoubtedly  improved t h e  washout 

c h a r a c t e r i s t i c s  o f  t h e  f u e l .  No s i g n i f i c a n t  d imens iona l  changes 

i n  t h e  r o d  were measured n e a r  t h e  d e f e c t .  Examinat ion o f  t h e  

f u e l  s t r u c t u r e  formed d u r i n g  i r r a d i a t i o n  i n d i c a t e d  a  g r e a t e r  

degree  o f  m e l t i n g  t h a n  a n t i c i p a t e d  from t h e  maximum rod  power 

g e n e r a t i o n  r a t e s  c a l c u l a t e d .  (The m e l t i n g  d i a m e t e r  i s  t h o u g h t  

t o  have been 5 5 %  of  t h e  t r a n s v e r s e  s e c t i o n  d i a m e t e r  shown i n  

F i g u r e  4.1.) An a d j a c e n t  n o n d e f e c t e d  rod  from t h e  e l emen t  w i l l  

be examined t o  d e t e r m i n e  i f  t h e  t h e r m a l  c o n d i t i o n s  were 

a f f e c t e d  by t h e  d e f e c t  and a s s o c i a t e d  phenomena. 

The a l p h a  and b e t a  a u t o r a d i o g r a p h s  i n  F i g u r e  4 . 1  i n d i c a t e  

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

t r i b u t i o n  p a t t e r n s  have been a f f e c t e d  by t h e  d e f e c t .  Although 

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

on t h e  a l p h a  a u t o r a d i o g r a p h ,  comparison of  t h e  a l p h a  and b e t a  

a u t o r a d i o g r a p h s  shows t h e  p a t t e r n s  do n o t  c o i n c i d e .  An unex-  

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

f u e l  p e r i p h e r y  ( d a r k  s p o t  on t h e  6 a u t o r a d i o g r a p h ) .  

An examina t ion  i s  b e i n g  made on two rods  from a  

v i b r a t i o n a l l y - c o m p a c t e d  U02-4 w t %  Pu02 HPD e lement  (FE 6504) 

i r r a d i a t e d  t o  0 .23  x  l o 2 '  f i s s i o n s / c m 3  (920 MWd/MT f u e l )  a t  

a  maximum t u b e  power o f  1744 kW ( F i g u r e  4 . 2 ) .  This  t u b e  power 

produces  a p p r o x i m a t e l y  t h e  maximum o p e r a t i n g  c o n d i t i o n s  a n t i -  

c i p a t e d  d u r i n g  t h e  p l a n n e d  Molten Core Experiment  i n  t h e  PRTR, 

i . e . ,  a  maximum rod  power o f  820 t o  850 W/cm ( 2 5  t o  26 kW/f t ) .  

The e lement  s u c c e s s f u l l y  w i t h s t o o d  a 20% overpower t r a n s i e n t  

l a s t i n g  abou t  11 s e c  d u r i n g  s t e a d y - s t a t e  o p e r a t i o n  a t  1744 kW. 

One r o d  was sampled f o r  f i s s i o n  gas  i n  t h e  f u e l  r e g i o n ,  and 

t h e  o t h e r  was sampled i n  t h e  plenum r e g i o n .  Good communica- 

t i o n  e x i s t s  between t h e  plenum and f u e l  because  each  y i e l d e d  

about  t h e  same amount of  t o t a l  gas  (Tab le  4 . 1 ) .  There  were 

no measurab le  changes i n  r o d  d imens ions .  
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FIGURE 4 . 2  

Transverse Section at the Midplane o f  U02-4 wt% PuOZ Rod 
(FR-3) from HPD FE 6504 



TABLE 4 . 1  

FISSION GAS RELEASE FROM HPD ELEMENTS IRRADIATED IN PRTR 

FIPD Average Maximum Maximum T o t a l  
Element Element Tube Rod G as  P e r c e n t  
Number , Rod Burnup, Power, Power, C o l l e c t e d ,  Xe + K r  

w t %  Pu02 Number P o s i t i o n  f i s s i o n s / c m 3  kW W/cm m 1 Re lease  Comments 

50-30 

50-35 

50 - 36 

5II-200 

5H-197 

5K-0 

FR- 3 

FK- 6  

F r -4  

FR- 14 

Center  

6  RR 

1 2  RR 

1 2  RK 

1 2  RR 

1 2  RR 

1 2  RR 

1 2  RR 

1 2  RR 

1 2  RR 

1 2  RR 

lief e c t e d  

D r i l l e d  i n  
f u e l  

D r i l l e d  i n  
plenum 

Defec t ed  

D r i l l e d  i n  
plenum 

* A n a l y s i s  n o t  comple te .  
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Examlnat lon  of t h e  f u e l  s t r u c t u r e s  formed d u r l n g  ~ r r a d l a -  

t l o n  l n d l c a t e s  a s  much a s  30% of t h e  r a d l u s  was mol t en  d u r l n g  

o p e r a t i o n  ( F i g u r e s  4 , 3  and 4 4 1 .  Thls  1s somewhat l e s s  t h a n  

t h e  e x p e c t e d  50% f o r  a rod power of  850 W/cm, P o s s i b l e  r e a s o n s  

f o r  t h i s  a p p a r e n t  discrepancy a r e :  

* An e r r o n e o u s  e s t l m a t e  of t h e  maxlmum power generation 

r a t e  These d a t a  a r e  s u s p e c t  because  an u n u s u a l  non- 

symmet r l c a l  a x l a l  t l u x  s c a n  was o b t a i n e d  from t h l s  e l e m e n t ,  

A poor  e s t l m a t e  of t h e  s e l f - s h i e l d i n g  e f f e c t s  w l t h  4 w t b  

PuO enrichment The c e n t r a l  vo ids  a r e  noticeably d l s -  2 
p l a c e d  and nonsymmetr ical  due t o  f l u x  skewing 

A poor  c a l c u l a t r o n a l  model f o r  t h e  thermal  c o n d l t r s n s  a t  

t h e  h l g h e r  power generations. 

Good agreement  e x i s t s  between obse rved  and c a l c u l a t e d  

thermal  c ~ n d i t l o n s  v e ~ s u s  r ~ d  power g e n e ~ a t l o n  f o r  UOZ-2 w t %  

PuOZ f u e l  up t o  m e l t l n g ,  assuming ~ n - r e a c t o r  s l n t e r i n g  o f  t h e  

86% b u l k  d e n s i t y  f u e l  I n c r e a s e s  t h e  e f t e c t i v e  c o n d u c t l v l t y  t o  

t h e  f a l u e  f a r  100% TD f u e l  a: t e m p e r a t u r e s  above 1600 " C ,  

(These  d a t a  a l s o  l n d l c a t e  t h d t  m e l t l n g  o f  86% TD v l b r a t l o n a l l y  

compacted U02-2 wt% PuOZ t u e l  b e g i n s  a t  a  rod  power of 655 t o  

690 W/cm under  PRTR c o n d l t l o n >  ) Thls  c a ! c u l a t i o n a l  model may 

n o t  be v a l i d  f a r  power g e n e r a t i o n  r a t e s  s u r f l c i e n t  t o  c a u s e  

considerable f u e l  m e l t r n g .  

T r a n s v e r s e  s e c t l o n s  a l o n g  t h e  l e n g t h  of  t h e  f u e l  rods  

show l a r g e r  c e n t r a l  vo lds  above t h e  midplane t h a n  below t h e  

midplane  xrom a r e a s  of comparable  power g e n e r a t l J n  The 

s l r e  of t h e  v o l d  a t  t h e  mldplane  where m e l r i n g  o c c u r r e d  1s 

a l s o  s m a l l e r  rhan  t h e  v o i d  f a r t h e r  up t h e  r ~ d  where m e l t l n g  

d l d  not  occur  G e n e r a l l y ,  t h e  s r z e  o i  t h e  c e n t r a l  void  above 

t h e  mldplane  o f  t.he rods 1s  about 1 3  t o  15% of t h e  s l n t e r e d  

a r e a  T h l s  would be e x p e c t e d  ~ f  t h e  b u l k  f u e l  w l t h  an 

l n l t l a l  d e n s i t y  of 85 t o  8 '% TD s i n t e r e d  t o  n e a r  100% T D ,  
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FIGURE 4 . 3  

T r a n s v e r s e  S e c t i o n  1 9  cm Above t h e  Midplane o f  a U02-4 w t %  
PuOE Rod (FR-3) from HPD FE 6504 



FIGURE 4 . 4  

L o n g i t u d i n a l  S e c t i o n  Through t h e  Bottom of  a UO2-4 w t %  Pu02 
Rod (FR-3 )  from HPD FE 6 5 0 4  

(The s e c t i o n  shows t h e  bot tom 3 . 3  cm o f  t h e  f u e l  column which 
i n c l u d e s  t h e  d e p l e t e d  U 0 2  p e l l e t  a d j a c e n t  t o  t h e  end cap  

and t h e  U02-1 w t %  PuOe b u f f e r  r e g i o n . )  
No. 16674;  6 6 7  



The s i z e  o f  t h e  c e n t r a l  v o i d  below t h e  midplane  of  t h e  r o d s ,  

however,  i s  u s u a l l y  o n l y  2 t o  5% o f  t h e  s i n t e r e d  a r e a .  P r e s -  

e n t l y ,  t h i s  a p p a r e n t  anomaly i n  mass b a l a n c e  i s  u n e x p l a i n e d ,  

p a r t i c u l a r l y  because  no measurab le  changes i n  t h e  b a l a n c e  

p o i n t  o f  t h e  r o d s  i n d i c a t e  no a x i a l  f u e l  movement o c c u r r e d  

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

Examinat ion  o f  t h e  bot tom end r e g i o n s  ( F i g u r e  4.4)  o f  t h e  

i r r a d i a t e d  r o d s  showed t h a t  t h e  d e p l e t e d  U02 p e l l e t  was e s s e n -  

t i a l l y  u n a f f e c t e d  ( o n l y  minor c r a c k i n g ) .  The 1 w t %  Pu02 f u e l  

r e g i o n  had  undergone s i n t e r i n g  w i t h  maximum f u e l  t e m p e r a t u r e s  

o f  a p p r o x i m a t e l y  1700 O C  i n d i c a t e d .  L imi ted  f u e l  m e l t i n g  

o c c u r r e d  i n  t h e  4  w t %  PuO r e g i o n ,  fo rming  a  v e r y  un i fo rm c e n -  2 
t r a l  v o i d  ( F i g u r e  4 . 5 ) .  T y p i c a l  f u e l  s t r u c t u r a l  and f i s s i o n  

p r o d u c t  d i s t r i b u t i o n  p a t t e r n s  were formed.  There i s  e v i d e n c e  

of f low o f  l i q u i d  f u e l  i n t o  r a d i a l  c r a c k s .  

There  was no r e a c t i o n  between t h e  plenum s p r i n g  and t h e  

d e p l e t e d  U02 p e l l e t  i n  t h e  t o p  end r e g i o n ,  a l t h o u g h  t h e  p e l l e t  

was more s e v e r e l y  c r a c k e d  t h a n  a t  t h e  bo t tom,  i n d i c a t i n g  

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

1 w t %  Pu02 r e g i o n ,  whereas maximum f u e l  t e m p e r a t u r e s  of  abou t  

1 7 0 0  O C  a r e  i n d i c a t e d  i n  t h e  4  w t %  Pu02 f u e l  r e g i o n .  I n  p r e -  

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

bot tom end  r e g i o n s .  

T a b l e  4 . 1  summarizes f i s s i o n  gas  r e l e a s e  d a t a  from HPD 

e lemen t s  i r r a d i a t e d  i n  PRTR. A s  h i g h  a s  49% Xe + K r  h a s  been 

r e l e a s e d  from a  rod  which o p e r a t e d  a t  a  maximum r o d  power of  

6 6 0  W/cm w i t h  f u e l  mol t en  t o  1 3 %  o f  t h e  r a d i u s .  The f i s s i o n  

gas  d a t a  f i t  t h e  r e l e a s e  model o f  100% r e l e a s e  from t h a t  p o r -  

t i o n  of  f u e l  o p e r a t i n g  above 1800 O C  and 1 0 %  r e l e a s e  from 

t h a t  p o r t i o n  o p e r a t i n g  below 1800 O C .  



F I G U R E  4.5 

L o n g i t u d i n a l  S e c t i o n  Through t h e  Bottom o f  a UO2-4 w t %  PuOZ 
Rod (FR-3) from HPD FE 6504 

(The s e c t i o n  shows t h e  bot tom p o r t i o n  o f  t h e  UO Pu02 
f u e l  column which e x t e n d s  from 3 .6  t o  7 .  

No. 1 6 6 7 5 ;  668 



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

phenomenon, a  U02-2 w t %  Pu02 HPD e lement  (FE 6505) was i r r a -  

d i a t e d  i n  t h e  FERTF f o r  a  s h o r t  t ime  (0 .029 x  l o 2 '  f i s s i o n s /  

cm3 o r  115 M!Vd/MT f u e l )  a t  a  maximum t u b e  power n e a r  1800 kW. 

The r e s u l t s  of  t h i s  t e s t  i n d i c a t e d  t h a t  t h e  i n s t a b i l i t y  may 

have been i n i t i a t e d  by n u c l e a t e  b o i l i n g  and a g g r a v a t e d  by 

mechan ica l  problems i n  t h e  c o n t r o l  sys t em,  Changes have been 

made which have e s s e n t i a l l y  e l i m i n a t e d  t h e  i n s t a b i l l t y .  Two 

rods  were removed from t h i s  e lement  f o r  e x a m i n a t i o n ,  

One rod  i n  t h e  p r e v i o u s l y  i r r a d i a t e d  U02-4 w t %  puo2 e lement  

(FE 6504) h a s  been  d e f e c t e d  w i t h  a  1 .59  mm diam h o l e  a t  t h e  

midp lane .  I t  i s  p lanned  t o  i r r a d i a t e  t h i s  e lement  f o r  an 

ex tended  t ime  a t  a  maximum rod  power of  abou t  850 W/cm. 

PRTR-HPD Fue l  Fabrication - R .  L ,  Gu l l ey  and R .  D ,  Reid 

The p r e v i o u s  s c h e d u l e  f o r  PRTR-HPD f u e l  f a b r i c a t i o n  

anticipated a  t o t a l  of  60 Mark I -R s e r i e s  f u e l  e l emen t s  t o  be 

f a b r i c a t e d  from June  th rough  November 1965.  A d d i t i o n s  t o  t h i s  

s c h e d u l e  have i n c r e a s e d  t h e  t o t a l  number of  e l emen t s  t o  64. 

The p r e s e n t  s c h e d u l e  f o r  d e l i v e r y  of  t h e s e  e l emen t s  i s  i n  

Tab le  4 . 2 .  F i g u r e  4 .6  shows 1 3  of t h e  25 comple ted  e l e m e n t s .  

Z i r c a l o y  t u b i n g  w i t h  an ID o f  1 .278  t o  1 .288 cm ( 0 , 5 0 3  

t o  0.507 i n . )  and an O D  of  1 420 t o  1 , 4 5 0  cm (0 .559 t o  

0 .571 i n . )  i s  specified f o r  PRTR-HPD f u e l  r o d  c l a d d i n g .  One 

Mark I-R1 f u e l  e l emen t  was f a b r i c a t e d  w i t h  1 .290 t o  1 , 2 9 5  cm 

(0.508 t o  OP510 i n . )  ID and 1 .432  t o  1 , 4 5 8  cm (0.564 t o  

0.574 i n . )  O D  Z i r c a l o y  t u b i n g .  I t  i s  e x p e c t e d  t h a t  two o t h e r  

e l emen t s  w i l l  be f a b r i c a t e d  w i t h  t h e  l a r g e r  d i a m e t e r  t u b i n g .  

One o f  t h e s e  e l emen t s  w i l l  be  t h e  Mark I-R4-Th (Tho2-5 w t %  

Pu02) e l emen t  and t h e  o t h e r  w i l l  be a  Mark I -R  e l e m e n t .  1 

1. Ceramics Research  and Development Q u a r t e r l y  R e p o r t ,  A p r i l -  
June  1965,  BNWL-150. 



TABLE 4 . 2  

E lement  F u e l  
Type M a t e r i a l  

Mark I-R1 U02-2 w t %  Pu02 

Mark I - R 7  U02-2 w t %  Pu02 - - 

Mark I - R 3  U02-4 w t %  Pu02 

Mark I - R 4  U02-2 w t %  Pu02 

Mark I - R 5  U02-2 w t %  Pu02 

Mark I - R 6  UO -2 w t %  Pu02 2 

Mark I - R 2  U02-2 w t %  Pu02 
( P r e s s u r e )  
Test  

Mark I-R4-Th Tho2-5 w t  % Pu02 

TOTAL 

PRTR-IIPD FUEL ELEMENT FABRICATION SClIEDULE 

Graded 
Ends 

N 0 

No 

Yes 

Yes 

Yes 

N 0 

Number 
0 f 

Removable 
Rods 

None 

3 

3 

3 

None * 
None 

Number 
0 f 

S e p a r a b l e  
Rods 

None 

None 

None 

None 

3 

No 3 None 

E l e m e n t s  E l e m e n t s  
E l e m e n t s  t o  be  t o  b e  

E l e m e n t s  lleady f o r  F a b r i c a t e d  F a b r i c a t e d  
J l e l i v e r e d  D e l i v e r y  by 1 1 - 1 - 6 5  by 1 2 - 3 1 - 6 5  

Yes 3 None 1 1 

1 7  8 6 3 3 

* R o l l  p i n s  w i l l  be  u s e d  t o  h o l d  t h e  r o d s  t o  t h e  e n d  b r a c k e t .  



FIGURE 4 . 6  

PRTR-HPD Fuel Element Assemblies 



Upon i n i t i a l  l o a d i n g  o f  t h e  PRTR-I-IPD e x p e r i m e n t ,  two e l emen t s  

w i t h  l a r g e r  d i a m e t e r  t u b i n g  w i l l  be  p o s i t i o n e d  i n  t h e  1 2 -  

e lement  b u f f e r  zone r a t h e r  t h a n  i n  t h e  43-e lement  b a t c h  c o r e .  

A t o t a l  o f  80 kg o f  U02-1 w t %  Pu02 and 40 kg o f  UO2-4 w t %  

Pu02 were c r u s h e d  t o  -65  mesh ( T y l e r )  p a r t i c l e  s i z e  and b lended  

and r e c y c l e d  th rough  t h e  pneumat ic  impac t ion  p r o c e s s  t o  o b t a i n  

120,000 g  o f  U02-2 w t %  Pu02 f u e l  m a t e r i a l .  S i x t y - s i x  rods  w i l l  

be f a b r i c a t e d  w i t h  t h i s  f u e l  m a t e r i a l .  

P r e l i m i n a r y  d e s i g n  o f  t h e  Tho2-5 w t %  Pu02 PRTR e lement  

s u g g e s t s  t h a t  t h e  f u e l  column s h o u l d  c o n t a i n ,  from bot tom t o  

t o p  r e s p e c t i v e l y ,  a  1 cm t h i c k  Tho2 p e l l e t ,  2 cm o f  f u s e d  Tho2,  

and a  1 cm t h i c k  Tho2 p e l l e t .  A b u l k  f u e l  d e n s i t y  o f  80 t o  

85% TD i s  e x p e c t e d ,  and t h e  h i g h e r  d e n s i t y  w i l l  be a t t e m p t e d .  

Magnet ic  Force  End Closure  Weld: PRTR Fue l  Elements - 

R .  F. Boolen 

Work was begun on t h e  development of  a  magne t i c  f o r c e  

welded end  c l o s u r e  f o r  PRTR f u e l  e l e m e n t s .  P r e l i m i n a r y  s t u d i e s  

i n d i c a t e d  t h a t  magne t i c  f o r c e  we ld ing  o f f e r s  p o s s i b l e  c o s t  and 

s t r e n g t h  advan tages  o v e r  c o n v e n t i o n a l  TIG w e l d i n g  of  end c l o -  

s u r e s  i n  z i r c a l o y  f u e l  e l e m e n t s .  

Based on an e a r l i e r  d e s i g n  n o t  f u l l y  e v a l u a t e d ,  end c l o -  

s u r e s  w i t h  a  4" t a p e r e d  end cap were f o r c e d  i n t o  t h e  t u b e  end 

( p r e s s  f i t  l a p  j o i n t ) ;  t h e  r e s u l t i n g  p r e s s u r e  and e l e c t r i c a l  

r e s i s t a n c e  h e a t i n g  produced c o a l e s c e n c e .  

F i g u r e s  4.7 and 4 .8  a r e  photomicrographs  o f  a  c r o s s  s e c -  

t i o n  o f  a  t y p i c a l  weld .  Th i s  we ld ,  w i t h  a  wide c l o s u r e  a r e a  

( abou t  t w i c e  t h e  w a l l  t h i c k n e s s )  between cap  and t u b e ,  i s  

t y p i c a l l y  u p s e t  and f l a s h  f r e e .  I t  i s  notewor thy  t h a t  t h e  

p r o c e s s  p roduces  no g r a i n  growth;  i n  f a c t ,  g r a i n  s i z e  i s  

r educed  i n  such  a l l o y s  a s  z i r c a l o y  and s i m i l a r  m e t a l s .  I n  

t h i s  c a s e ,  t h e  l a r g e  g r a i n s  o f  t h e  c a s t  cap work p i e c e  and 
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End Closure 

FIGURE 4.8 

Magnetic Force Welded 
Zircaloy End Closure 



and t h e  p r e s s  f i t  l a p  j o i n t  w e l d  c o n f i g u r a t i o n  r e d u c e  t h e  

e f f e c t  o f  g r a i n  s i z e  r e d u c t i o n ,  a s  shown i n  t h e  p h o t o m i c r o -  

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

F i g u r e  4 . 9 .  

FIGURE 4.9 

S t r a i g h t  B u t t  J o i n t  
M a g n e t i c  F o r c e  Welded Z i r c a l o y  Showing G r a i n  S i z e  R e d u c t i o n  

S O X  
No. S-G 1538B 



S h o r t  c a p s u l e s  9/16 in .  d i a m e t e r  were produced f o r  weld 

e v a l u a t i o n  by d e s t r u c t i v e  t e s t i n g .  T e n s i l e  t e s t s  o f  s e v e r a l  

end c l o s u r e s  r e s u l t e d  i n  u l t i m a t e  f a i l u r e  o f  t h e  t u b e s ,  i n d i c a t -  

i n g  a  weld o f  s a t i s f a c t o r y  s t r e n g t h .  A s p e c i a l  m o d i f i e d  room 

t e m p e r a t u r e  b u r s t  t e s t  was d e s i g n e d  and pe r fo rmed .  For t h i s  

t e s t ,  t h e  z i r c a l o y  t u b e  was encased  i n  an o u t e r  s t e e l  t u b e  t o  

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

h i g h e r  t e n s i l e  and s h e a r  f o r c e s  on t h e  weld.  S e v e r a l  o f  t h e s e  

end c l o s u r e s  were made a t  p a r a m e t e r s  which gave u n s a t i s f a c t o r y  

s t r e n g t h  ( a s  de te rmined  b y  t e n s i l e  t e s t ) ;  however ,  a l l  samples  

f a i l e d  i n  t h e  t u b e  i n  t h e  m o d i f i e d  b u r s t  t e s t .  T e s t  r e s u l t s  

o f  t h e  m o d i f i e d  b u r s t  t e s t  a r e  compared w i t h  t e n s i l e  t e s t  

r e s u l t s  i n  T a b l e  4 . 3 .  Although t h e  m o d i f i e d  b u r s t  t e s t ,  l i k e  

t h e  t e n s i l e  t e s t ,  does  n o t  p r o v i d e  u l t i m a t e  s t r e n g t h  v a l u e s  

f o r  t h e  weld m a t e r i a l ,  i t  e v i d e n t l y  p r o v i d e s  a  h i g h e r  s t r a i n  

t h a n  t e n s i l e  t e s t i n g .  

Work p i e c e s  were f a b r i c a t e d  f o r  t h e  development  o f  an u l t r a -  

s o n i c  t e s t  f o r  t h e  end c l o s u r e .  O t h e r  work  p i e c e s  were  f a b r i -  

c a t e d  t o  pe r fo rm a  compara t ive  s t u d y  on a  s t r a i g h t  b u t t  j o i n t  

t y p e  o f  end c l o s u r e  i n  t h e  z i r c a l o y .  

TABLE 4 .J 

TEhSILE AND MODIFIED BURST TEST RESULTS 
FOR MAGXETIC FORCE WELDED END CLOSURES 

Tensile (from previous work) 

Sample Ultimate ksi* Failure Incidence 

T- 1 56.7 Tube 
T- 2 56.2 Tube 
T- 3 57.0 Tube 
T- 4 59.1 Tube 
T-5 59.4 Tube 
T- 6 58.7 Tube 
T- 7 58.8 Tube 
T- 8 57.8 Tube 
T- 9 58.0 Tube 
T-10 58.0 Tube 

Internal Pressure Modified 

B-1 27.8 Tube, longitudinal 
B-2 64.5 Tube, circumferential 
B-3 63.5 Tube, circumferential 
B-4 64.0 Tube, circumferential 
B - 5 30.0 Tube, longitudinal 
B - 6 63.2 Tube, circumferential 

- - - - -- - 

* Straln on weld, not ultimate weld strength 



4.18  

PRTR F u e l  Element  Pe r fo rmance  - F .  E .  P a n i s k o  
-- 

The p r e s e n t  PRTR f u e l  l o a d i n g  i n c l u d e s  one U02-4 w t %  

Pu02 and t e n  U02-2 w t %  Pu02 e l e m e n t s .  The maximum f u e l  bu rnup  

i s  2.60 x  l o z 0  f i s s i o n s / c m 3 .  
TABLE 4.4 

PRESENT PRTR FUEL ELEMENT LOADING A N D  CORRESPONDING MAXIMUM BURNUP 

Numb e r Maximum Burnup 
o f wt % Fuel fissions 

Elements Type of ~ u e l *  - Pu02- Element cm3 n 10i0 MWd/MTfuel 

Vibrationally Compacted 4.0 6504 

Vibrationally Compacted 2.0 6 0 0 1 

Swaged 2.0 6002 

Vibrationally Compacted 
Recycle Fuel 2.0 6500 

Vibrationally Compacted 1.5 6501 
Vibrationally compacted 1.0 5227 

Swaged 

Swaged 

Incrementally Loaded, 
Vibrationally Compacted 0.48 5118 

Swaged 0.48 5 14 2 

Swaged, Natural U02 0.00 1037 

* 411 the fuel in PRTR containing more than 0.48 wt% Pu02 
was pneumatically impacted before vibrational or swage compaction. 

P o s t i r r a d i a t i o n  e x a m i n a t i o n  o f  t h e  d e f e c t i v e  r o d  from 

FE 5 2 3 7  which  f a i l e d  i n  J a n u a r y ,  1965 ,  r e v e a l e d  m a s s i v e  

h y d r i d i n g  of  t h e  Z i r c a l o y - 2  c l a d d i n g  i n  t h e  d e f e c t  a r e a  and 

i n  a n o t h e r  d i s c o l o r e d  s p o t  on t h e  c l a d d i n g .  The h y d r i d i n g  

was s o  s e v e r e  t h a t  p i e c e s  o f  c l a d d i n g  f e l l  f rom t h e  h y d r i d e d  

a r e a s  d u r i n g  remote  h a n d l i n g .  

A f i n g e r p r i n t  was p l a c e d  a t  t h e  m i d p o i n t  o f  a  removable  

r o d  i n  FE 6504. The U02-2 w t %  PuOE e l e m e n t  o p e r a t e d  f o r  2 2  

days  a t  an  a v e r a g e  r o d  power o f  640 W/cm. No c l a d d i n g  d i s -  

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

was removed from t h e  c l u s t e r  f o r  d e s t r u c t i v e  p o s t i r r a d i a t i o n  

e x a m i n a t i o n .  



There was an  i n d i c a t i o n  o f  a  l e a k i n g  e lement  i n  t h e  

r e a c t o r  d u r i n g  September ,  b u t  a s  y e t  a  d e f e c t i v e  e lement  has  

n o t  been  l o c a t e d .  R a d i o a c t i v i t y  i n  t h e  p r imary  c o o l a n t  sys t em 

has  n o t  hampered r e a c t o r  o p e r a t i o n .  

Dur ing  t h i s  q u a r t e r  2 1  PRTR f u e l  e l e m e n t s  were v i s u a l l y  

examined, and s e v e n  e l emen t s  w i t h  p o s s i b l e  Z i r c a l o y - 2  h y d r i d e  

a r e a s  were  i d e n t i f i e d .  A l l  examined e l emen t s  were a c c e p t a b l e  

f o r  r e c h a r g i n g .  

PRTR T h e r m o c o u ~ l e  Fuel  Element - D .  R .  Doman 

R a d i o m e t a l l u r g i c a l  e x a m i n a t i o n  was completed on t h e  High 

Power D e n s i t y  thermocoupled  f u e l  e l emen t  (FE 6502) .  A s  p r e -  

v i o u s l y  r e p o r t e d ,  t h i s  U02-2 w t %  Pu02 f u e l  e l emen t  u s e d  

reduced  en r i chmen t  zones of  1 w t %  Pu02 and d e p l e t e d  U02 t o  

r educe  f l u x  and t e m p e r a t u r e  p e a k i n g  e f f e c t s  n e a r  t h e  end c a p s .  
W 26 Re s h e a t h e d  thermocouples  o f  W 5  Re/W 26 Re thermocouple  

w i r e s  w i t h  Tho2 i n s u l a t i o n  were i n s e r t e d  0 . 7  cm i n t o  t h e  U02- 

1 w t %  Pu02 zones on t h e  t o p  and bot tom of  two f u e l  r o d s .  

T h i s  l o c a t i o n  was s e l e c t e d  t o  l i m i t  t h e  t e m p e r a t u r e s  t o  t h e  

v a l u e s  measurab le  by t h i s  t y p e  of  the rmocoup le .  Maximum tem- 

p e r a t u r e s  o f  1900 t o  2050 O C  were i n d i c a t e d  by t h e  t o p  and 

bot tom the rmocoup les ,  b u t  one bot tom thermocouple  open-  

c i r c u i t e d  a f t e r  3 days of o p e r a t i o n  and t h e  o t h e r  bot tom t h e r -  

mocouple i n d i c a t e d  i n t e r m i t t e n t  s h o r t i n g .  R a d i o m e t a l l u r g i c a l  

e x a m i n a t i o n  showed t e m p e r a t u r e s  a t  t h e  bot toms of  b o t h  rods  

were s u f f i c i e n t  t o  cause  f u e l - t h e r m o c o u p l e  s h e a t h  r e a c t i o n .  

A l s o ,  b o t h  bot tom thermocouple  s h e a t h s  had broken a t  abou t  

0.6 cm from t h e  j u n c t i o n  ( F i g u r e s  4.10 and 4 . 1 1 ) .  L i t t l e  

r e a c t i o n  and no b reakage  were found on e i t h e r  t o p  thermocouple  

( F i g u r e  4 . 1 2 ) .  

1. Ceramics Research  and Development Q u a r t e r l y  R e p o r t ,  A p r i l -  
June  1965,  BNWL-150. 
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3 1 / 2 X  
FIGURE 4 . 1 0  

F u e l  S t r u c t u r e  and Thermocouple a t  Bottom of  Rod CTC-2 
from FE 6 5 0 2  ( L e f t ) ;  

R e a c t i o n  Zone on Thermocouple S h e a t h  
i n  V i c i n i t y  of  Break (R igh t )  

No. 16617;  D 1133 



I 
I 

FIGURE 4.11 

1 Fuel Structure and Thermocouple at Bottom of Rod CTC-1 
I from FE 6502 (Left); 
i Reaction Zone on Thermocouple Sheath 
i in Vicinity of Break (Right) 
j No. 16618; D 1 1 5 2  
1 
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F I G U R E  4 . 1 2  

Fue l  S t r u c t u r e  and Thermocouple a t  Top o f  Rod 
CTC-1 from FE 6 5 0 2  ( L e f t ) ;  

S l i g h t  R e a c t i o n  Zone on T ip  
o f  Thermocouple S h e a t h  (R igh t )  

No. 1 6 6 1 9 ;  D 1 3 0 9  



PRTR Fue l  Element I n t e r n a l  Gas P r e s s u r e  Measurement - 

D .  R ,  Doman 

Design c a l c u l a t i o n s  on t h e  Mark I - R  1 9 - r o d  c l u s t e r  PRTR 

f u e l  e l emen t  showed t h a t  i n  a t t a i n i n g  a  g o a l  exposure  of  

15 ,000 MWd/MTfUel w i t h  some f u e l  o p e r a t i n g  m o l t e n ,  a  gas  

plenum was r e q u i r e d  t o  accommodate g a s e s  r e l e a s e d  from t h e  

f u e l  w i t h o u t  o v e r s t r e s s i n g  t h e  c l a d d i n g .  Th i s  work a l s o  

showed t h a t  more d a t a  a r e  r e q u i r e d  t o  i n c r e a s e  t h e  a c c u r a c y  

of  such  c a l c u l a t i o n s ,  e s p e c i a l l y  on f u e l  e l e m e n t s  o p e r a t i n g  

f o r  e x t e n d e d  p e r i o d s  w i t h  mol t en  c o r e s .  To h e l p  o b t a i n  t h i s  

d a t a ,  t h r e e  rods  on o p e r a t i n g  Mark I - R  f u e l  e l emen t s  i n  two 

r e a c t o r  l o c a t i o n s  a r e  b e i n g  i n s t r u m e n t e d  t o  measure gas  plenum 

t e m p e r a t u r e s  and p r e s s u r e s .  Tempera tures  w i l l  be measured w i t h  

0.159 cm (1/16 i n . )  diam s t a i n l e s s  s t e e l  s h e a t h e d  chromel-  

a lumel  the rmocoup les .  P r e s s u r e s  w i l l  be measured w i t h  t h e  n u l l  

p r e s s u r e  b a l a n c e  Booth-Cromer t y p e  t r a n s d u c e r  which was s u c -  

c e s s f u l l y  developed and used  a t  ~ e n e r a l  E l e c t r i c - V a l l e c i t o s .  ( 2 )  

Th i s  t r a n s d u c e r  u s e s  c o n t r o l l e d - p r e s s u r e  gas  a g a i n s t  one s i d e  

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

s i d e ,  w i t h  b a l a n c e  i n d i c a t e d  by t h e  opening  o f  an e l e c t r i c a l  

c o n t a c t ,  One f u e l  e lement  w i t h  such  i n s t r u m e n t a t i o n  w i l l  be  

cha rged  i n t o  t h e  PRTR c o r e  d u r i n g  November, w i t h  t h e  o t h e r  e l e -  

ment t o  b e  cha rged  when o p e r a t i o n  of t h e  Batch Core Experiment  

b e g i n s .  

D i f f u s i o n  T e s t  Element I r r a d i a t i o n s  - M . K .  M i l l h o l l e n  and 

L, A .  Pember 

Two d i f f u s i o n  t e s t  e l e m e n t s  (GEH-4-115 and GEH-4-117) 

were s u c c e s s f u l l y  i r r a d i a t e d  i n  t h e  MTR B - 3  l oop  t o  o b t a i n  

1, R .  E .  Sharp .  Unpubl i shed  Da ta ,  B a t t e l l e - N o r t h w e s t ,  
( P e r s o n a l  Communication) 

2 .  M ,  B .  Reynolds .  "Measurement of F r e e  F i s s i o n - G a s  P r e s s u r e  
i n  O p e r a t i n g  UO - F i l l e d  Fuel  Rods," Nucl .  S c i .  and Eng. ,  
v o l .  2 0 ,  pp .  388-391 Also  p u b l i s h e d  i n  GEAP-4135, 
Genera l  E l e c t r i c ,  V a l l e c i t o s .  



l n f o r m a t l o n  on PuOZ migration d u r l n g  i r r a d i a t i o n .  The f i r s t  

t e s t  e l e m e n t  (GEH-4-115) was a  f o u r - r o d  c l u s t e r  i n  which  UO - 2 
2 w t %  Pu02 s i n t e r e d  p e l l e t s  were I n t e r s p e r s e d  be tween  n a t u r a l -  

U02 s l n t e r e d  p e l l e t s .  The s e c o n d  t e s t  e l e m e n t  ( G E I i -  4  - 11 7 )  

was i d e n t i c a l  t o  t h e  f i r s t  e l e m e n t  e x c e p t  2 . 8  wt% u~~~ e n r i c h e d  

U02 p ~ l l u r s  we re  u s e d  i n  p l a c e  o f  n a t u r a l - U 0 2  p e l l e t s .  ( 2 )  The 

U02-2 1.vt8 Pu02 p e l l e t s  u s e d  i n  b o t h  t e s t s  were  f a b r i c a t e d  i n  

t h e  -ame b a t c h .  The c l a d d i n g  i n  b o t h  c a s e s  was 1 . 4 4  cm 

( 0 . 5 6 5  i n . )  O D  by 1 . 2 8 2  cm (0 .505  i n , )  ID Z i r c a l o y - 2 ,  

The f i r s t  t e s t  e l e m e n t  (GEI-1-4-115) was i r r a d i a t e d  i n  t h e  

bITR f o r  1 5  e f f e c t i v e  f u l l  polrrer d a y s .  blaximum e x p o s u r e  was 

0 . 3 8  x l o Z o  f i s s i o n s / c m 3  (2080 Yll(d/31Tfuel ) on t h e  U02-2 w t %  

PuO p e l l e t s  i n  t h e  maximum f l u x  zone .  C a l c u l a t i o n s  b a s e d  on 2 
a s s u m p t i o n s  made b e f o r e  l r r a d i a t l o n  i n d i c a t e d  2 1 1  iS/cm 2 

2 ( 6 6 8 , 0 0 0  B t u / ( l l r ) ( f t  maximum s u r f a c e  h e a t  f l u x  on t h e  U02-2 

w t %  puoZ p e l l e t s ,  giving a 2'48 "C maxlmum c e n t r a l  c o r e  

t e m p e r a t u r e .  

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

t h e  f u e l  r o d  c l a d d i n g  was b u l g e d  o v e r  e a c h  U02-2 w t %  PuOZ p e l -  

l e t  i n  o r  n e a r  t h e  h i g h  f l u x  l o c a t i o n  (Figure 4 . 1 3 ) .  The . 
b u l g e s  i n  t h e  c l a d d l n g  s u g g e s t  t h a t  t h e  U02-2 w t %  PuOZ p e l l e t s  

had  o p e r a t e d  i n - r e a c t o r  w i t h  a p p r e c i a b l e  f u e l  m e l t i n g .  R e c a l -  - 
c u l a t i o n s  b a s e d  on t h e  a c t u a l  maximum f l u x  e n c o u n t e r e d  d u r i n g  

irradiation i n d i c a t e  a  s u r f a c e  h e a t  f l u x  n e a r  315 W/cm 2 

2 ( 1 . 0  x l o 6  B t u / ( h r )  ( f t  ) w i t h  g r a s s  c e n t r a l  m e l t i n g .  

One r o d  i n  t h e  c l u s t e r  was removed f rom t h e  a s sembly  f o r  

e x a m i n a t i o n ,  S e v e r a l  d i a m e t e r  measurements  were  made showing  

t h e  c l a d d i n g  h a d  b u l g e d  a  maximum o f  0 . 3 6  mm ( 0 . 0 1 4  i n . )  on 

t-he d i a m e t e r .  A t r a n s v e r s e  c r o s s  s e c t i o n  was made n e a r  t h e  

c e n t e r  o f  one  o f  t h e  U02-2 w t %  PuO p e l l e t s  i n  t h e  maximum 2 

1.  Ce ramics  R e s e a r c h  and Development  Q u a r t e r l y  R e p o r t ,  
J a n u a r y - M a r c h  1 9 6 5 ,  B N I i L - 9 1 .  

2. ~ e r a m l k s  R e s e a r c h  and  Development Q u a r t e r l y  R e p o r t ,  
A p r l l - J u n e  1965 ,  BN17L-150 .  



PRTR Fuel Element Internal Gas Pressure Measurement - 

D. R, Doman 

Design calculations on the Mark I-R 19-rod cluster PRTR 

fuel element showed that in attaining a goal exposure of 

15,000 MWd/MTfuel with some fuel operating molten, a gas 

plenum was required to accommodate gases released from the 

fuel without overstressing the cladding. ('I This work also 

showed that more data are required to increase the accuracy 

of such calculations, especially on fuel elements operating 

for extended periods with molten cores. To help obtain this 

data, three rods on operating Mark I-R fuel elements in two 

reactor locations are being instrumented to measure gas plenum 

temperatures and pressures. Temperatures will be measured with 

0.159 cm (1/16 in.) diam stainless steel sheathed chromel- 

alumel thermocouples, Pressures will be measured with the null 

pressure balance Booth-Cromer type transducer which was suc- 

cessfully developed and used at General Electric-Vallecitos. (2) 

This transducer uses controlled-pressure gas against one side 

of a diaphragm to balance fuel rod gas pressure on the other 

side, with balance indicated by the opening of an electrical 

contact, One fuel element with such instrumentation will be 

charged into the PRTR core during November, with the other ele- 

ment to be charged when operation of the Batch Core Experiment 

begins. 

Diffusion Test Element Irradiations - M. K .  Millhollen and 

L ,  A. Pember 

Two diffusion test elements (GEH-4-115 and GEH-4-117) 

were successfully irradiated in the MTR B-3 loop to obtain 

1, R. E. Sharp. Unpublished Data, Battelle-Northwest. 
(Personal Communication) 

2. M, B. Reynolds. "Measurement of Free Fission-Gas Pressure 
in Operating UO -Filled Fuel Rods," Nucl. Sci. and Eng., 
vol. 20, pp. 388-391. Also publishes in GEAP-4135, 
General Electric, Vallecitos. 



information on  PuOL migration d u r l n g  i r r a d i a t i o n .  The f i r s t  

t e s t  e l e m e n t  (GEH-4-115) was a  f o u r - r o d  c l u s t e r  i n  wh ich  U02- 

2 w t %  Pu02  s i n t e r e d  p e l l e t s  we re  I n t e r s p e r s e d  b e t w e e n  n a t u r a l -  

U02 s i n t e r e d  p e l l e t s .  (" The s e c o n d  t e s t  e l e m e n t  (GEH-4-117) 

was i d e n t i c a l  t o  t h e  f i r s t  e l e m e n t  e x c e o t  2 . 8  w t %  u~~~ e n r i c h e d  

UO, p e l l e t s  were  u s e d  ~ n  p l a c e  o f  n a t u r a l - U 0 ,  p e l l e t s .  (" The - 
U0,-2 w t %  Pu02 p e l l e t s  u s e d  i n  b o t h  t e s t s  were  f a b r i c a t e d  i n  

'd 

t h e  same b a t c h ,  Tile c l a d d i n g  I n  b o t h  c a s e s  was 1 . 4 4  cm 

( 0 . 5 6 5  i n . )  O D  by 1 282 cm ( 0 . 5 0 5  i n , )  I D  Z l r c a l o y - 2 .  

The f i r s t  t e s t  e l e m e n t  (GEH-4-115) was i r r a d i a t e d  i n  t h e  

SITR f o r  1 5  e f f e c t i v e  f u l l  power  d a y s .  blaxlmum e x p o s u r e  was 

0 . 3 8  x f i s s l o n s / c m 3  (2080  MiVd/MTfuel ) on t h e  U02-2 w t %  

PuOZ p e l l e t s  i n  t h e  maxlmum f l u x  zone .  Calculations b a s e d  on 

assumptions made b e f o r e  l r r a d l a t i o n  i n d i c a t e d  2 1 1  W/cm 2 

2 ( 6 6 8 , 0 0 0  B t u / ( i l r ) ( f t  1 maximum s u r f a c e  h e a t  f l u x  on t h e  U02-2 

w t %  puoZ p e l l e t s ,  g l v l n g  a  2'48 'C maxlmum c e n t r a l  c o r e  

t e m p e r a t u r e  

P o s t i r r a d l a t i o n  examination o f  t h e  c l u s t e r  r e v e a l e d  t h a t  

t h e  f u e l  r o d  c l a d d i n g  was b u l g e d  o v e r  e a c h  U02-2 w t %  Fu02  p e l -  

l e t  i n  o r  n e a r  t h e  h i g h  f l u x  l o c a t l o n  ( F l g u r e  4 . 1 3 ) .  The 

b u l g e s  i n  t h e  c l a d d l n g  s u g g e s t  t h a t  t h e  U02-2 w t %  Pu02 p e l l e t s  

had  o p e r a t e d  i n - r e a c t o r  w i t h  a p p r e c i a b l e  f u e l  m e l t i n g .  R e c a l -  

c u l a t l o n s  b a s e d  on t h e  a c t u a l  maximum f l u x  e n c o u n t e r e d  d u r i n g  

irradiation I n d i c a t e  a  s u r f a c e  h e a t  f l u x  n e a r  315 w/cmL 
2 ( 1 . 0  x  l o 6  B tu /  ( h r j  ( f t  ) 1 ~ 1 t h  g r o s s  c e n t r a l  m e l t i n g .  

One r o d  i n  t h e  c l u s t e r  was removed f rom t h e  a s s e m b l y  f o r  

e x a m i n a t i o n ,  S e v e r a l  d i a m e t e r  measu remen t s  we re  made showing  

t h e  c l a d d i n g  h a d  b u l g e d  a maximum o f  0 . 3 6  mm ( 0 . 0 1 4  i n . )  on 

t h e  d i a m e t e r  A t r a n s v e r s e  c r o s s  s e c t l o n  was made n e a r  t h e  

c e n t e r  o f  one  o f  t h e  U02-2 w t %  PuO p e l l e t s  i n  t h e  maxlmum 2 

1 .  Ce ramlc s  R e s e a r c h  and Development  Q u a r t e r l y  R e p o r t ,  
J a n u a r y - M a r c h  1 9 6 5 ,  BNWL-91. 

2. ~ e r a m l b s  R e s e a r c h  and  Development  Q u a r t e r l y  R e p o r t ,  --- 
April - J u n e  1 9 6 5 ,  BNIYL-150, 



FIGURE 4.13 

Diffusion Test Element (GEH-4-115) After Irradiation 



f l u x  r e g i o n .  A 2 i n .  l o n g  l o n g i t u d i n a l  s e c t i o n  of  t h e  r o d  

was a l s o  made immedia te ly  above t h e  t r a n s v e r s e  c r o s s  s e c t i o n .  

Each o f  t h e  two specimens was examined v i s u a l l y  and macrographs,  

beta-gamma a u t o r a d i o g r a p h s ,  and a l p h a  a u t o r a d i o g r a p h s  were made 

( F i g u r e  4.14 and 4 . 1 5 ) .  The r e l a t i v e l y  new a l p h a  a u t o r a d i o -  

g r a p h i c  t e c h n i q u e  was a d a p t e d  from t h e  method used  a t  

V a l l e c i t o s  Atomic L a b o r a t o r y .  ( 1  

The macrographs r e v e a l e d  e x t e n s i v e  c e n t r a l  m e l t i n g  i n  t h e  

U02-2 w t k  PuOZ p e l l e t s .  The beta-gamma a u t o r a d i o g r a p h s  showed 

f a i r l y  normal  f i s s i o n  p r o d u c t  d i s t r i b u t i o n  p a t t e r n s  f o r  mol t en  

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

homogeniza t ion  o c c u r r e d  i n  t h e  mol t en  zones w i t h  v e r y  l i t t l e  

p lu ton ium m i g r a t i o n  i n t o  t h e  n a t u r a l  U02. A c a r e f u l  s t u d y  o f  

t h e  p i c t u r e s  i n  F i g u r e  4.15 shows t h a t  t h e  o n l y  Pu02 movement 

was a l o n g  t h e  l o n g  columnar g r a i n s  s u r r o u n d i n g  t h e  mol t en  

r e g i o n s .  Where t h e  t e m p e r a t u r e  was s u f f i c i e n t ,  t h i s  columnar 

g r a i n  r e g i o n  ex tended  i n t o  t h e  normal U02 p e l l e t s .  An a r e a  

of  a p p a r e n t  p lu ton ium d e p l e t i o n  i n  t h e  U02-2 w t %  Pu02 p e l l e t s  

w i l l  be i n v e s t i g a t e d  f u r t h e r .  

The second d i f f u s i o n  t e s t  e lement  (GEH-4-117) was i r r a -  

d i a t e d  f o r  34 .3  e f f e c t i v e  f u l l  power d a y s ,  a l s o  i n  t h e  B - 3  

loop  o f  t h e  MTR. The e lement  was r e t u r n e d  t o  PNL and was 

v i s u a l l y  examined. The c l u s t e r  i s  warped,  b u t  no c l a d d i n g  

b u l g e s  a r e  a p p a r e n t .  One rod  was removed from t h e  c l u s t e r  

f o r  an examina t ion  s i m i l a r  t o  t h a t  f o r  t h e  f i r s t  e l emen t .  

Molten U02-Water R e a c t i o n  S t u d i e s  - R .  L .  Gibby 

I n  a n t i c i p a t i o n  of  an o v e r a l l  a n a l y s i s  of  s a f e g u a r d s  f o r  

t h e  Molten Core Experiment  i n  PRTR,  a  s t u d y  i s  b e i n g  made o f  

mol ten  u ran ium-wate r  r e a c t i o n s  t o  d e t e r m i n e  t h e  f o l l o w i n g :  

1. J .  H .  Davies  and R .  W .  Da rmi tze l .  "Alpha Auto rad iographs  
Technicque f o r  I r r a d i a t e d  F u e l , "  N u c l e o n i c s ,  v o l .  2 3 ,  
no.  7 ,  pp.  86-87 .  1965. 



Macrograph Beta-Gamma Autoradiograph Alpha Autoradiograph w z 
=z 

FIGURE 4.14 F I 

P 
Transverse Cross Section of G E H - 4 - 1 1 5  Fuel Rod CD 

5 X  
03 



(1) (2) ( 3 )  
FIGURE 4.15 

Longitudinal Cross Section of GEH-4-115 Fuel Rod 
(1) Macrograph (2) Beta-Gamma Autoradiograph 

(3) Alpha Autoradiograph 



The amount of  hydrogen r e l e a s e d  when mol t en  U02 i s  

i n j e c t e d  i n t o  p r e s s u r i z e d ,  h e a t e d  w a t e r  

The amount of  f r a g m e n t a t i o n  of  t h e  u r a n i a  upon i n j e c t i o n  

' The r a t e s  o f  w a t e r  t e m p e r a t u r e  r i s e  and p r e s s u r e  i n c r e a s e  

a f t e r  i n j e c t i o n .  

The e x p e r i m e n t a l  a p p a r a t u s  ( F i g u r e  4.16)  c o n s i s t s  of  a  

p r e s s u r e  f u r n a c e  c a p a b l e  of  o p e r a t i o n  t o  160 atm and a  s m a l l  

r e s i s t a n c e  h e a t e r  w a t e r  c o n t a i n e r .  A t h i n  aluminum membrane 

(0.005 cm) i s  used  t o  cove r  t h e  w a t e r  c o n t a i n e r  t o  p r e v e n t  

e v a p o r a t i o n  l o s s e s  a t  t e m p e r a t u r e s  t o  260 O C  ( F i g u r e  4 . 1 7 ) .  

Molten u r a n i a  i s  formed by s e l f - r e s i s t a n c e  m e l t i n g  of  1 . 3  cm 

diam by 1 . 3  cm l o n g  s i n t e r e d  p e l l e t s .  Molten drops  o f  u r a n i a  

r e a d i l y  p e n e t r a t e  t h e  aluminum membrane, coming i n  c o n t a c t  

w i t h  t h e  w a t e r .  I n  two e x p e r i m e n t s ,  Z i r c a l o y - 2  membranes 

were s u b s t i t u t e d  f o r  aluminum. The mol t en  u r a n i a  m e l t e d  

th rough  a  0.012 cm Z i r c a l o y  membrane b u t  o n l y  caused  s l i g h t  

warping  when impinged on a  0.075 cm membrane. 

The f u r n a c e  i s  p r e s s u r i z e d  t o  67 atm w i t h  c y l i n d e r  a rgon  

t o  r educe  u r a n i a  v o l i t a l i z a t i o n  and a l s o  t o  p r e v e n t  w a t e r  

l o s s e s  from t h e  c o n t a i n e r  t o  t h e  f u r n a c e  p r o p e r .  During s u c -  

c e s s i v e  r u n s ,  t h e  w a t e r  t e m p e r a t u r e  was c o n t r o l l e d  a t  d i f f e r -  

e n t  t e m p e r a t u r e s  i n  t h e  r ange  30 t o  260 O C .  An i r o n -  

c o n s t a n t a n  the rmocoup le ,  i n s i d e  t h e  w a t e r  v e s s e l ,  measured 

t h e  t e m p e r a t u r e  r i s e s  a s s o c i a t e d  w i t h  U02 i n j e c t i o n .  A f t e r  

a m p l i f i c a t i o n ,  t h e  thermocouple  s i g n a l  was f e d  t o  a  r e c o r d i n g  

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

A p r e s s u r e  t r a n s d u c e r  c i r c u i t  was used  t o  measure and r e c o r d  

p r e s s u r e  t r a n s i e n t s .  

O x i d a t i o n  of U02 was de te rmined  from changes i n  0 : U  

r a t i o s .  Oxygen t o  uranium r a t i o s  from r e a c t e d  and u n r e a c t e d  

p o r t i o n s  of  t h e  same p e l l e t  were compared t o  c a l c u l a t e  t h e  

volume of  hydrogen produced.  Cou lomet r i c  t i t r a t i o n s  were 

used  t o  d e t e r m i n e  0:U. Tab le  4 .4  p r e s e n t s  t h e  e x p e r i m e n t a l  

d a t a .  



FIGURE 4 . 1 6  

P r e s s u r e  Furnace w i t h  Water C o n t a i n e r  -- i n  s i t u  
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FIGURE 4 . 1 7  

Water C o n t a i n e r  Components 



TABLE 4.5  

S a m p l e  
Number  

G P - 1  

GP- 2  

GP- 3 

GP-4 

GP- 5  

GP-6 

GP- 7 

GP- 8  

GP-10 

G P - 1 1  

GP- 1 2  

W e i g h t  
0 f  

Melt, 
W a t e r  

T e m p e r a t u r e ,  'C 
B e f o r e  After 

P r e s s u r e ,  p s i  
B e f o r e  A f t e r  - - 

MOLTEN URANIA-WATER REACTION STUDIES 

0  : u 
B e f o r e  A f t e r  - - 

2 . 0 0 2  2 . 0 5 8  

2 . 0 0 4  2 . 0 8 2  

2 . 0 0 2  2 . 0 7 7  

. . - - 

2 . 0 1 2  2 . 1 2 8  

2 . 0 1 2  2 . 1 5 5  

2 . 0 2 9  2 . 1 4 6  

- - - - 

C a l c u l a t e d  
F12 R e l e a s e  

m l  (STPI  / g  
2 2 -  

R a t e  o f  W a t e r  
T e m p e r a t u r e  
R i s e  ( O C / s e c )  

A v e r a g e  
P a r t i c l e  
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Attempts  t o  d e t e r m i n e  p r e s s u r e  i n c r e a s e s  d u r i n g  u r a n i a  

i n j e c t i o n  i n t o  w a t e r  were m o s t l y  u n s u c c e s s f u l .  Expansion o f  

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

r i s e s  which t e n d e d  t o  mask-out  p r e s s u r e  c o n t r i b u t i o n s  from 

s team f o r m a t i o n .  A l s o ,  t h e  c o m p a r a t i v e l y  l a r g e  volume of  t h e  

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

t o  a t t e n u a t e  any p r e s s u r e  r i s e s  which d i d  o c c u r ,  t h u s  d e c r e a s -  

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

n i f i c a n t  p r e s s u r e  i n c r e a s e s  were obse rved  o n l y  when u r a n i a  was 

i n j e c t e d  i n t o  w a t e r  h e a t e d  t o  250 'C o r  above.  I n  t h i s  c a s e ,  

c o n s i d e r a b l e  s t eam f o r m a t i o n  o c c u r r e d  upon i n ~ e c t i o n ,  a s  t h e  

vapor  p r e s s u r e  of  t h e  w a t e r ,  h e a t e d  by t b e  mol t en  u r a n i a ,  was 

e q u a l  t o  o r  g r e a t e r  t h a n  t h e  ambient  f u r n a c e  p r e s s u r e .  The 

r a t e  of  w a t e r  t e m p e r a t u r e  i n c r e a s e  was s i m i l a r  f o r  a l l  i n i t i a l  

w a t e r  t e m p e r a t u r e s  Lower v a l u e s  were obse rved  w i t h  w a t e r  a t  

250 " C  o r  above ,  b u t  t h i s  was p r o b a b l y  caused  by e x c e s s i v e  

w a t e r  l o s s e s  from t h e  w a t e r  c o n t a i n e r ,  l e a v i n g  t h e  thermo- 

coup le  above t h e  w a t e r  l e v e l .  

Water-quenched u r a n i a  samples  were n o t  f ragmented  when 

removed from t h e  w a t e r  c o n t a i n e r .  I n  e v e r y  c a s e ,  a  pudd le  of  

u r a n i a  formed a t  t h e  bot tom o f  t h e  w a t e r  c o n t a i n e r ,  an i n d i c a -  

t i o n  t h a t  s o l i d l f l c a t i o n  d i d  n o t  o c c u r  upon immediate c o n t a c t  

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

Although fragmentation d i d  n o t  o c c u r  d u r i n g  t h e  w a t e r  quench,  

t h e  m e l t e d  u r a n i a  was e x t r e m e l y  f r i a b l e  and c o u l d  be r e a d i l y  

reduced  t o  a  f i n e  a g g r e g r a t e  by o n l y  modera te  a g i t a t i o n ,  a  

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

w i t h  m l c r o f i s s u r e s .  Moderate  a g i t a t i o n  o f  t h r e e  samples  i n  

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

s i z e  d i s t r i b u t i o n s  and abou t  t h e  same a v e r a g e  p a r t i c l e  s i z e .  

I n  many c a s e s  l a r g e  unbroken p i e c e s  of  quenched U 0 2  c o n t a i n e d  

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

c o o l i n g .  



C a l c u l a t e d  hyd rogen  g e n e r a t i o n  volumes do n o t  a p p e a r  t o  

v a r y  g r e a t l y  w i t h  i n l t i a l  w a t e r  t e m p e r a t u r e  o r  w i t h  u r a n i a  

m e l t  s i z e ,  P . l though t h e  changes  i n  O : U  a r e  g r e a t e r  f o r  t h e  

initially h o t t e r  w a t e r ,  some u r a n i a  o x l d a t i o n  prohabl?7 

o c c u r r e d  b e f o r e  I n j e c t i o n  u e c a u s e  a t  t h e  h i g h e r  w a t e r  t e m p e r a -  

t u r e s  some v a p o r  l e a k e d  f rom t h e  w a t e r  c o n t a i n e r  i n t o  t h e  f u r -  

n a c e  chamber .  The magn i tude  o f  t h e  hyd rogen  volume r e l e a s e  

v a l u e s  compare  f a v o r a b l y  w l t i l  melt-dowrl e x p e r i m e n t s  b e i n g  p e r -  

fo rmed  ~ n  TKE?.T, where  u r a n i a  p e l l e t s ,  immersed i n  room 

t e m p e r a t u r e  w a t e r ,  a r e  r a p i d l y  m e l t e d  by a  n u c l e a r  p u l s e .  

R e a c t o r  B a s l n  Under \ua te r  IVork - C I i .  A l l e n  

T h r e e  e x p e r i m e n t a l  f u e l  e l e m e n t s  were  i r r a d i a t e d  i n  t h e  

Pz:TR, A f t e r  some ~ r r a d l a t i o n ,  one o r  two f u e l  r o d s  we re  

removed f rom t h e  f u e l  e l e m e n t  i n  t h e  r e a c t o r  s t o r a g e  b a s i n ,  

r e p l a c e d  w l t h  new f u e l  r o d s ,  and  t i len  t i le  e l e m e n t  was r e t u r n e d  

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

The r o d s  were  removed and r e p l a c e d  u n d e r  a b o u t  2 t o  3  m 

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

and s p e c l a l  e x t e n d e d  r e a c h  hand  t o o l s ,  

To a c c o m p l i s h  r o d  r e p l a c e m e n t  ( F i g u r e  4 . 1 8 ) ,  t h e  o r i g i n a l  

b a n d s  s e c u r l n g  t h e  1 9 - r o d  f u e l  b u n d l e  a r e  c u t  and  t h e  b u n d l e  

i s  r e h a n d e d ,  

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

b a s i n  w i l l  be  done more f r e q u e n t l y  I n  t h e  f u t u r e  o e c a u s e  i t  

a l l o w s  c o m p l e t e  examination ( m e t a l l u r g y ,  c e r a m i c s ,  and  

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

t i n u e d  irradiation of  t i l e  r e s t  o f  t h e  e l e m e n t .  

1, R C .  L l l m a t a i n e r  and F .  J, T e s t a .  S t u d i e s  i n  TREAT o f  
Uranium D i o x l d e  F u e l ,  Afi;L-RC1~'-3391, Argonne N a t i o n a l  
L a b o r a t o r > - ,  p p .  63-  -2, 



F I G U R E  4 .18  

End Hanger Design f o r  R e p l a c e a b l e  Rods 

S a l t  Cycle  - C .  H .  A l l e n ,  R .  F. K l e i n ,  R .  C .  Smi th ,  and 

R .  R .  Sharp  

F o u r t e e n  s a l t  c y c l e  r e c y c l e  f u e l  rod  segments  were f a b r i -  

c a t e d  i n  a  Rad iometa l lu rgy  f a c i l i t y  c e l l .  These segments  were 

i n  a d d i t i o n  t o  t h e  1 9  p r e v i o u s l y  f a b r i c a t e d  from s a l t  c y c l e  

f u e l  m a t e r i a l .  The 1 4  segments  c o n s i s t e d  o f  s i x  segments  o f  

2 . 0 2 %  PuOe m a t e r i a l  t o  be made i n t o  two 6 0 - i n .  l o n g  P R T R  f u e l  

r o d s  f o r  e v e n t u a l  r e a c t i o n  i r r a d i a t i o n ,  t h r e e  segments  o f  2 . 0 0 %  

Pu02 and f o u r  segments  of  1 . 4 5 %  Pu02 which were made f o r  f u e l  

s t o r a g e  p u r p o s e s .  The f u e l  m a t e r i a l  i n  t h e  l a t t e r  s even  



segments may be reclad at a later date. The fabrication of 

these segments concludes the recycle fuel fabrication program 

conducted in the Radiometallurgy Facility. Future work will 

be performed in the new 324 Building. 

Salt Cycle Fuel Recycle - R. C. Smith 

Irradiation testing of the salt cycle fuel element is con- 

tinuing in the PRTR where the element had acquired a burnup of 

about 0.38 x lo2' fissions/cm3 (-1540 MWd/MTfUel ) at the end 

of September. 

Postirradiation examination was essentially completed for 

the single fuel rod segment irradiated at the Idaho Testing 

Station. No effects were detected which would detract from 

the use of this type of fuel for power production or long 

irradiations. Two items in the postirradiation study should 

be noted. The bottom Zircaloy end cap was slightly dished, 

indicating a zone sufficiently hot to melt or dissolve some of 

the metal and confirming the desirability of the present 

fabrication policy of graded end enrichment for PRTR fuel 

rods containing a 2% or greater plutonium enrichment. Defi- 

nitely higher fuel temperatures occurred in the bottom end 

regions than in the top area. 

Tilere is some indication the fuel may have contained PuOZ 

inclusions. X-ray diffraction data show Salt Cycle fuel is 

normally a solid solution; however, a check of the run data 

for the particular fuel used in this segment revealed a dis- 

continuous period during which the salt bath conditions would 

allow Pu02 precipitation. The pure Pu02 would then be trapped 

in the growing mixed oxide crystals as the electrodeposition 

proceeded. Fuel in subsequent rods (those still under irra- 

diation) is from later electrodeposition runs and contains 

more homogeneous fuel material. 

1. Ceramics Research and Development Quarterly Report, April- 
June 1965, GNWL-150, Figure 3.12, p .  3.22. 



4.37 BNWL-198 

Recycle  Fue l  F a b r i c a t i o n  - R .  C .  Smith and D .  C .  L e h f e l d t  

C o n s t r u c t i o n  o f  t h e  S h i e l d e d  M e t a l l u r g i c a l  F a c i l i t y  

( F i g u r e  4 . 1 9 ) ,  324 B u i l d i n g ,  i s  n e a r i n g  comple t ion .  I n  p a r t ,  

t h i s  f a c i l i t y  w i l l  be used  f o r  t h e  remote f a b r i c a t i o n  o f  i r r a -  

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

Three  p r e l i m i n a r y  p r o c e s s  f low c h a r t s  ( F i g u r e s  4 . 2 0  

t h rough  4 .22)  i l l u s t r a t e  t h e  f a b r i c a t i o n  of  r e c y c l e d  PRTR f u e l  

e l e m e n t s .  With minor  changes ,  t h e s e  same p r o c e s s e s  and a l t e r -  

n a t e s  a r e  a p p l i c a b l e  t o  f a b r i c a t i n g  r e c y c l e d  o x i d e  f u e l  e l emen t s  

of  w i d e l y  v a r y i n g  d e s i g n s .  These p r e l i m i n a r y  p r o c e s s  f low 

c h a r t s  w i l l  (1)  s e r v e  a s  b a s e s  f o r  p r e s e n t  and f u t u r e  p r o c e s s  

and equipment  development p r i o r  t o  and c o n t i n u i n g  th rough  t h e  

o p e r a t i o n  of  t h e  S h i e l d e d  M e t a l l u r g i c a l  F a c i l i t y  and (2)  a s s i s t  

i n  c o s t  s t u d i e s  on remote f u e l  f a b r i c a t i o n .  

The " S a l t  Cycle" and "PEPPER Cycle" (P lu tonium Enr iched  

P a r t i c l e  P r o c e s s  f o r  Extended R e a c t i v i t y )  r e c y c l e  f u e l  e lement  

f a b r i c a t i o n  p r o c e s s e s  ( F i g u r e s  4 .20  and 4 . 2 1 ,  r e s p e c t i v e l y )  

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

s p e n t  f u e l  t o  p a r t i a l l y  remove t h e  n e u t r o n  p o i s o n s ,  add ing  

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

f u e l  e l emen t s  f o r  r e i r r a d i a t i o n .  The " S a l t  Cycle ' '  f u e l  i s  

e l e c t r o d e p o s i t e d  i r r a d i a t e d  f u e l .  A p r e v i o u s  r e p o r t  (1) 

d e s c r i b e d  t h e  remote f a b r i c a t i o n  and i r r a d i a t i o n  of  a  1 9 - r o d  

c l u s t e r  PRTR f u e l  e lement  usirig " S a l t  Cycle" r e c y c l e  f u e l  p r e -  

p a r e d  i n  a  h o t  c e l l  by Chemical Development p e r s o n n e l .  

R e p r o c e s s i n g - r e f a b r i c a t i n g  e x p e r i m e n t s  w i l l  be i n i t i a t e d  

on t h e  "PEPPER Cycle ."  Not shown on t h e  f low c h a r t  a r e  s e v -  

e r a l  a l t e r n a t e  p r o c e s s e s  under  c o n s i d e r a t i o n  f o r  p a r t i a l  

removal o f  n e u t r o n  p o i s o n s  from t h e  s p e n t  f u e l ,  i . e . ,  s e l e c -  

t i v e  s u b l i m a t i o n  a n d / o r  o x i d a t i o n - r e d u c t i o n  c y c l e s .  

1. z, 
January-March  1965,  BKWL-91. 
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FIGURE 4.19 

Shielded Metallurgical Facility - 324 Building 



Z r  FUEL ROD CLADDING 

Receive & l nspect 
Ultrasonic Test 
Number & Record Data 
Cut to Length 
Bright Etch 
Autoclave 
Remove Oxide on Ends 

Receive & l nspect 
Br ight  Etch 
Ultrasonic Clean 

l nsert Bottom Cap 
Weld Cap to Clad 
Inspect & Leak Test Weld 
Weigh & Record 

Receive and l nspect 
Br ight  Etch 
Autoclave 

FUEL PREPARATION B I  I I ELECTRODEPOSlTlON / 

Load & ViPac Fuel i n  Clad 
Clean Weld Closure Zone 
l nsert Top Cap & Weld 
Inspect & Leak Test Weld 
Ultrasonic Test Weld & 

Adjacent Clad 
Weigh & Record 
Decontaminate Surfaces, 

Prel iminary 

FUEL ELEMENT ASSEMBLY 

Inspect & Measure 
Wire Wrap 
Assemble Rods I n to  Cluster 
Inspect & Measure 
Package & Store 

Receive Fuel Rods from Reactor 
Bisect Fuel Rods 
Remove Fuel from Rods 
Oxidize Fuel 
Dissolve i n  Molten LiCI-KCL 

with HCI-CI2 Dry Gas Sparge 
Electrodeposit Fuel Ox~de 
Remove Oxide from Electrode 
Crush &Classify ( To -114'' Dn) 
Wash & Dry 
Load in to  Container 

FINAL FUEL PREPARATION e 
Receive & Assure Fuel Quali ty 
Size Fuel Particles 
Classify by Screening 
Adjust CI, o:u & PU 
Vacuum Outqas 
Weigh & Blend I 

LEGEND 

Process Flow 

Processes External 
to Hot Cells 

NOTE 
* Process Developed by Chemistry 

Department. Reference,Status of the Salt 
Cycle Process for Processing Oxide Fuels. 
BNWL-SA-205 

* .+ Alternate Processes are Being 
Considered, i. e. Clad Reuse 

* * * Vipac -V ibra tory  Compaction 

FIGURE 4 . 2 0  

P r e l i m i n a r y  P r o c e s s  Flow Char t  
f o r  S a l t  Cycle Fuel  F a b r i c a t i o n  



Zr FUELROD CLADDING 

Receive & Inspect 
Ultrasonic Test 
Number &Record Data 
Cut to Length 
Bright Etch 
Autoclave 
Remove Oxide on Ends I: I 

Receive & lnspect 
Bright Etch 
Autoclave 

-. 

Zr FUEL ROD END CAPS 

Receive 8 inspect 
Bright Etch 
Ultrasonic Clean 

t 
4 

Size Fuel Particles 
Classify by Screening 
Vacuum Outgas 

RIEL PREPARATION 

Receive Fuel Elements from 
Reactor & Move Into Cell 

Disassemble Fuel Elements 
& Clean off Restdues 

Puncture Fuel Rod & 
Remove Flsslon Gas 

Cut olf One End Cap 
Remove FuelFuel from Rod 
Crush Fuel I i f  Necessary 

f\ 

Remove Fuel Capsules 
Deburr 
size 
Weigh & Record 

IMPACTION CANS 

Receive & Inspect 

- 
I 

CAP-CLAD SUB-ASSEMBLY 

Insert Bottom Cap 
Weld Cap to Clad 
Inspect & Leak Test Weld 
Weigh &Record 

I 

FUEL ROD ASSEMBLY 

Fi l l  Vlpac Container** * Fil l  Capsule Container 
Laad & Vipac Fuel i n  Clad ~ o a d  Fuel Capsules i n  Clad 

7 + 

LEGEND 

P--- 
I 

- Process Flow 

- --- Alternate Process Flow 

Process External to Hot Cells 

( 
I 

Clean Weld Closurezone 
Insert Top Cap & Weld 
lnspect & Leak Test Weld 
Ultrasonic Test Weld & Adjacent Clad 
Weigh &Record 
Decontaminate Surfaces. Prelim. 

Thermal Cycle Fuel - Partial 
Removal of Neutron Polsons 

* Other Alternate Processes are Being Considered: i. e. 
Clad Reuse, Selective Sublimation. Etc. 

* + Nupac - Pneumatic lmpactlon 

* * * Vipac - Vibratory Compctlon 

I 

AsslJre Fuel Quality 
Enrlch & Blend 
Vacuum outgas 
Welgh &Record 

L + - 

Decontaminate Surfaces. Flnal 
Inspect & Measure 
Wire Wrap 
Assemble R d s  Into Cluster 
Inspect & Measure 
Packaae & Store 

r 

FIGURE 4.21 

Preliminary Process Flow Chart 
for PEPPER Cycle Fuel Fabrication 

FLIEL DENSIFICATION 

Load lmpactlon Can 
Ciean Weld Zone Area 
Weld Top Lid on Can 
Inspect Weld 
Evacuate & Heat to Temp. 
Seal off Evacuation Tube 

1 



LEGEND 

Z r  ROD END CAPS 

Receive & Inspect 

Process Flow 
---- Alternate Process Flow 

t 
FUEL ROD ENRICHMENT AND ASSEMBLY 

- - - Processes External 
to Hot Cells 

NOTE 

* Other Al ternate Processes 
are Being Considered 

Br igh t  Etch 

i Ultrasonic Clean 

FIGURE 4 . 2 2  

F i l l  Loading Device 
Load Enriched Fuel I n t o  Rod 
Clean Weld Closure Zone 
F i l l  & Weld Access Opening 
Inspect & Leak Test Weld 
Ultrasonic Test Weld & Adjacent Clad 

FUEL PREPARATION 1 
Receive Fuel Elements from 

Reactor & Move in to  Cell 
Disassemble Fuel Element 

& Clean off Residues 
Punc tu re  Fuel Rod & 

Remove Fission Gas 
Provide Access to Spent Fuel 
Assure  Space for Enr iched Fuel 

Z r  WIRE, END BRACKETS, ETC. 

Receive & l nspect 
B r i gh t  Etch 

P r e l i m i n a r y  P r o c e s s  F l o w  Char t  f o r  
R e j u v e n a t i o n  Cycle  Fue l  F a b r i c a t i o n  

Weigh & Record 
Decontaminate Surfaces, Prelim. 

A I , A u t o c l a v e  , FUEL ELEMENT ASSEMBLY 

Decontaminate Surfaces. F ina l  
I nspect & Measure 
Wire Wrap 
Assemble Rods I n t o  Cluster 
Inspect & Measure 
Package & Store 



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

t i o n  c o n c e p t ,  i s  a p p l i c a b l e  t o  most f u e l  e lement  r e c y c l e  

p r o c e s s e s .  Reusing t h e  i r r a d i a t e d  c l a d d i n g ,  from which t h e  

s p e n t  f u e l  i s  removed r e q u i r e s  development t o  p rove  f e a s i -  

b i l i t y .  P a r t  of  t h e  development e f f o r t  w i l l  be i n  c o n j u n c t i o n  

w i t h  t h e  r e j u v e n a t i o n  o r  r e e n r i c h m e n t  p r o c e s s .  

The "Re juvena t ion  Cycle" ( F i g u r e  4 . 2 2 )  d i f f e r s  from t h e  

p r e v i o u s  p r o c e s s e s  i n  t h a t  no pyrochemica l  o r  t h e r m a l  c y c l i n g  

p r o c e s s e s  a r e  used  t o  remove s o r b e d  n e u t r o n  p o i s o n s .  To 

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

s i o n  g a s e s  a r e  removed b e f o r e  t h e  a d d i t i o n  o f  f i s s i o n a b l e  

i s o t o p e s .  C e n t r a l ,  p e r i p h e r a l ,  o r  b l ended  f u e l  en r i chmen t  

methods,  u s i n g  a  v a r i e t y  of  f u e l  m a t e r i a l  t y p e s  and fo rms ,  a r e  

b e i n g  c o n s i d e r e d .  

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

p o s s i b l e  p r o c e s s e s  t o  r e c o v e r  s p e n t  f u e l  and t h e  s u b s e q u e n t  

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

opment e f f o r t s ,  i n e v i t a b l e  changes t o  t h e s e  p r o c e s s e s  w i l l  

e v e n t u a l l y  r e s u l t  i n  one o r  more economica l ly  f e a s i b l e  r e c y c l e  

p r o c e s s e s .  



PART V - JOINT FUEL DEVELOPMENT PROGRAMS 

C o l l a p s e  T e s t i n g :  EBWR Tubing - J .  P. Keenan and G .  T e s t a  

S i x  EBWR p r e s s u r e  c a p s u l e s  were f a b r i c a t e d  from s t a n d a r d  

EBWR t u b i n g  (1 .08  cm O D  by 0.069 cm w a l l ) .  Two o f  t h e  c a p s u l e s  

c o n t a i n e d  s t a n d a r d  EBWR gas  plenum s p r i n g s .  Three empty cap-  

s u l e s  were  a u t o c l a v e d  f o r  7 2  h r  a t  290 O C ,  w i t h  each  c a p s u l e  

s u b j e c t e d  t o  a  d i f f e r e n t  p r e s s u r e :  3000, 4000, and 4500 p s i ,  

The f i r s t  two c a p s u l e s  were n o t  deformed by a u t o c l a v i n g .  How- 

e v e r ,  t h e  t h i r d  c a p s u l e  (4500 p s i )  c o l l a p s e d  d u r i n g  a u t o c l a v -  

i n g  Autoc laved  f o r  7 2  h r  a t  290 'C and 4500 p s i ,  a s p r i n g -  

loaded  c a p s u l e  c o l l a p s e d  around t h e  s p r i n g .  These t e s t s  were 

conducted  a t  t e m p e r a t u r e s  and p r e s s u r e s  f a r  g r e a t e r  t h a n  EBWR 

o p e r a t i n g  c o n d i t i o n s  (maximum 254 O C  and 600 p s i ) .  

I r r a d i a t i o n  T e s t i n g  of  EBWR P r o t o t y p e  Fue l  Rods - W .  J .  B a i l e y  - 
and G ,  T e s t a  

Capsule  and p r o t o t y p e  rod  t e s t s  c o n t i n u e  t o  i n d i c a t e  t h e  

U02-Pu02 r o d s  w i l l  pe r fo rm satisfactorily under  p roposed  4 2  MW 
'l 

EBWR c o n d i t i o n s  (60 W/cmL maximum h e a t  f l u x ) ,  and t o  t h e  expo-  
3  s u r e  of most i n t e r e s t  ( - 2 . 5  by l o 2 '  f l s s i o n s / c m  ) .  

V i b r a t i o n a l l y  compacted U02 ( d e p l e t e d )  - 1 . 5  w t %  Pu02 

rods  were p r e p a r e d  a t  PNL f o r  t h e  c o o p e r a t i v e  Argonne N a t i o n a l  

Laboratory-PNL Plu tonium Recycle  Demonst ra t ion  Experiment  i n  

t h e  EBWR. Each PNL-ANL d e s i g n e d  rod  (148 cm long)  c o n t a i n s  

1 2 2  cm of  impacted  f u e l  (86 t o  89% TD) i n  Z i r c a l o y  c l a d d i n g  

(0 ,945  em ID, 0.064 cm w a l l ) ,  w i t h  a  plenum ( 1 4 , 6  cm long)  

I n c o r p o r a t i n g  a  s t a i n l e s s  s t e e l  (302 a l l o y )  s p r i n g  s e p a r a t e d  

from t h e  f u e l  by a  Zr02 i n s u l a t o r  p e l l e t  (0 .64  cm t h i c k ) .  

S h o r t  rod  specimens ( 7 7  t o  84% TD), some w i t h  p r o t o t y p e  

f i s s i o n  gas  p l e n a ,  a r e  b e i n g  i r r a d i a t e d  t o  a c h i e v e  burnups t o  

6 . 8  by l o 2 '  f i s s i o n s / c m 3  t o  e v a l u a t e  f i s s i o n  gas r e l e a s e ,  



s i n t e r i n g ,  p lu ton ium a n d / o r  f i s s i o n  p r o d u c t  m i g r a t i o n ,  and 

s p r i n g - p e l l e t  - f u e l  c o m p a t i b i l i t y .  Of t h e  32 c a p s u l e s  (29 d i s  - 

c h a r g e d ) ,  t h e  maximum burnup,  a s  o f  September 1965,  was 5 .2  x  

l o z 0  f i s s i o n s / c m 3  (20,900 MWd/MT o f  f u e l ) .  E x c e l l e n t  p e r f o r m -  

ance i s  i n d i c a t e d ,  and no f a i l u r e s  have o c c u r r e d  (Table  5 . 1 ) .  

R e a c t i o n s ,  n o t e d  w i t h  e a r l y  low-burnup samples  a t  h i g h  h e a t  

f l u x  v a l u e s ,  a r e  now obse rved  w i t h  lower  h e a t  f l u x ,  h i g h -  

burnup s a m p l e s .  

T A B L E  5 . 1  

ERIIR L'I?OTOTYPE F U L L  ROD IRRADIATION TEST RESULTS 

Fue 1 - 
Rod Heat  F l u x ,  Burnup lLIolteli Cerlter Z i r c a l o y  

1d/cm2 ( f i s s i o n s / c m 3 )  x -- Fue l  Void R e a c t i o n  

Fuel  - 
I n s u l a t o r  
Reac t  i o n  - 

The f i s s i o n  gas  r e l e a s e  d a t a  ( F i g u r e  5 . 1 )  i n d i c a t e  100% 

r e l e a s e  i n  t h e  f u e l  r e g i o n s  t h a t  were a t  t e m p e r a t u r e s  > I 8 0 0  O C .  

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

P R T R .  A 21- rod  b u n d l e ,  c u r r e n t l y  under  i r r a d i a t i o n  w i t h  a  maxi-  
2 mum h e a t  f l u x  of 61  W/cm , r e a c h e d  a  burnup of  0 . 7  x  1 0  20 

f i s s i o n s / c m 3  i n  September 1965.  One r o d  was removed a f t e r  a  

burnup of  0.52 x  l o 2 '  f i s s i o n s / c m 3  and r e p l a c e d  by a  new o n e ,  

a s  p l a n n e d .  Bundle g o a l  burnup i s  a t  l e a s t  2 . 7  x  10'' f i s s i o n s /  
3  cm . Examinat ion  of  t h e  rod  i n d i c a t e s  t h a t  i t  i s  i n  good c o n d i -  

t i o n  w i t h  no c o r r o s i o n  e v i d e n t  i n  t h e  bot tom end cap  r e g i o n  

( o n l y  u n a u t o c l a v e d  p a r t  o f  r o d ) .  

T h r e e - r o d  c l u s t e r  t e s t s  (36 rods  t o t a l )  c o n t i n u e  t o  i n d i -  

c a t e  s a t i s f a c t o r y  i n - r e a c t o r  pe r fo rmance .  C l u s t e r  g o a l  burnups  



3 a r e  0 . 4 ,  1 . 4 ,  and 6 . 8  x l o Z 0  f i s s i o n s / c m  , and 1 2  rods  which 

have a c h i e v e d  t h e  l o w e s t  g o a l  burnup were d i s c h a r g e d .  

Percent Cross Sectional Area >I800 OC 

FIGURE 5 . 1  

F i s s i o n  Gas Re lease  from I r r a d i a t e d  Impacted U02-Pu02 

HTLTR Fue l  Element Design - L .  C .  Lemon, R .  J .  Lobsinger ,  

and R .  E .  Sharp  

Fue l  e l emen t  d e s i g n  was begun f o r  t h e  High Temperature 

L a t t i c e  T e s t  R e a c t o r  (HTLTR). O p e r a t i n g  a t  t e m p e r a t u r e s  t o  

1000 O C  i n  a  n i t r o g e n  a tmosphere ,  t h e  H T L T R  i s  a  low power 

(2 kW) h o r i z o n t a l - t u b e ,  g r a p h i t e - m o d e r a t e d  r e a c t o r .  The 

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

modera to r .  



The r e a c t o r  r e q u i r e s  t h e  f o l l o w i n g  f u e l :  

D r i v e r  F u e l  E l e m e n t s :  Over 1000 f u e l  r o d s  c o n t a i n i n g  

a b o u t  1000 kg  o f  e n r i c h e d  U02 

F l u x  A d j u s t i n g  E l e m e n t s :  100 f u e l  r o d s  c o n t a i n i n g  

P o i s o n  Shims:  

1 . 2 7  cm n a t u r a l  U02 p e l l e t s  

30  r o d s  c o n t a i n i n g  Gd203 

d i s p e r s e d  i n  a  m a t r i x  o f  

g r a p h i t e  o r  A1203 

E x p e r i m e n t a l  F u e l  Rods:  S e v e r a l  d i f f e r e n t  t y p e s  c o n t a i n -  

i n g  v a r i o u s  f u e l  c o m b i n a t i o n s  of 
u2330 bd 

2 ' Pu02 ,  Tho2 ,  and  U02. 

The p r e s e n t  m a j o r  e f f o r t  i s  t o  c h o o s e a  s u i t a b l e  c l a d d i n g  
* 

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

t h o r i a - d i s p e r s e d  n i c k e l  and  g r a p h i t e  a r e  t h e  p r i m a r y  c a n d i d a t e s .  

Deve lopmen ta l  q u a n t i t i e s  o f  t h o r i a - d i s p e r s e d  n i c k e l  t u b i n g  were  

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

* D. P .  O I K e e f e ,  b l e t a l l u r g y  Development S e c t i o n .  



PART VI - CUSTOMER WORK 

PRCF S e p a r a b l e  Rods - R .  J .  Shogren and R. E, Lyon 

T w e n t y - e i g h t  PKCF s e p a r a b l e  mixed o x i d e  f u e l  r o d s  w i t h  

0 .005  i n .  end  c a p s  were  s u c c e s s f u l l y  v i b r a t i o n a l l y  compacted .  

E i g h t e e n  of  t h e  r o d s  were  1 8  i n .  l o n g  and 1 0  were 10 i n .  l o n g .  

The d i a m e t e r  o f  a l l  r o d s  was 0.505 i n .  Rod d e n s i t i e s  v a r i e d  

from 85 t o  8 7 %  T D .  

F i f t e e n  grams o f  -20 mesh f u e l  were  p l a c e d  i n  t h e  end  

cap r e g i o n  ( F i g u r e  6 . 1 )  t o  p r e v e n t  r u p t u r e  by t h e  l a r g e r  p a r -  

t i c l e s  d u r i n g  compact ion .  F i g u r e  6 . 2  snows t h e  s t a i n l e s s  

s t e e l  clamp w i t h  t h e  n y l o n  i n s e r t s  which  p r o t e c t e d  t h e  end  

cap  weld  r e g i o n  from t h e  v i b r a t i o n  s t r e s s .  

FIGURE 6 . 1  5X 

Cross  S e c t i o n  o f  PRCF S e p a r a b l e  Rod 
Showing 0 .005  i n .  End Cap 

No. 5652112D 



FIGURE 6 . 2  

S t a i n l e s s  S t e e l  Clamp w i t h  Nylon I n s e r t s  

P h o e n i x  F u e l s  - J .  P. Keenan 

2 4 0  - 8 % )  was c o n v e r t e d  A 5 . 5  k g  b a t c h  o f  p l u t o n i u m  (Pu , 
i n t o  P h o e n i x  w a f e r s  m e a s u r i n g  4 . 9 8  cm O D  a n d  0 . 5 1  mm t h i c k .  

The w a f e r s  were made f r o m  a n  a l l o y  o f  2 0 %  p l u t o n i u m  i n  a l u m i -  

num. I n  t h e  f i n a l  a c c o u n t i n g ,  7328 a c c e p t a b l e  d i s c s  w e r e  f a b -  
& 

r i c a t e d  f r o m  4 5 5 0  g o f  p l u t o n i u m ,  a b o u t  2 0 0  g o f  p l u t o n i u m  

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

fo rm o f  s c r a p  f o r  r e c l a m a t i o n .  The c h e m i c a l  a n a l y s e s  f o r  L 

p l u t o n i u m  c o n c e n t r a t i o n  a r e  n o t  c o m p l e t e .  When t h e s e  d a t a  

h a v e  b e e n  o b t a i n e d ,  i t  ma)- b e  n e c e s s a r y  t o  r e j e c t  a  s m a l l  p e r -  

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

r a n g e  o f  1 9  t o  2 1 %  p l u t o n i u m .  Wi th  t h i s  e x c e p t i o n  t h e  p r o j e c t  

was c o m p l e t e d  o n  O c t o b e r  2 ,  1 9 6 5 .  

The work was moved i n  b a t c h e s  f rom s t e p  t o  s t e p .  T r a i n i n g ,  

q u a l i t y  r e q u i r e m e n t s ,  a n d  manpower a v a i l a b i l i t y  made t h i s  m e t h o d  

more f e a s i b l e  t h a n  a  c o n t i n u o u s  p r o c e s s  f l o w .  T h r o u g h p u t  



i n c r e a s e d  c o n t i n u o u s l y  th roughou t  t h e  f a b r i c a t i o n  p e r i a d ,  

r e a c h i n g  a  peak of  1000 w a f e r s  p e r  week d u r i n g  2 o f  t h e  l a s t  
3 weeks.  Throughput d u r i n g  t h e  l a s t  week dropped because  o f  

i n e f f i c i e n t l y  s m a l l  b a t c h e s  which had t o  be p r o c e s s e d  a t  t h e  

end o f  t h e  run .  

A s  w i t h  most p r o c e s s e s ,  i n t e r a c t i n g  p r o c e s s  v a r i a b l e s  

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

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

equipment f a b r i c a t i o n  and p r o c e s s  t e s t i n g ,  w i t h  c o r r e s p o n d -  

i n g l y  low th roughpu t  r a t e s .  A s  t e c h n i q u e s  improved,  s o  d i d  

q u a l i t y  and t h r o u g h p u t .  The s i z e  of  t h e  p r o j e c t  does n o t  

j u s t i f y  t h e  c o m p i l a t i o n  o f  comple te  p r o c e s s  s t a n d a r d s ,  

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

f i l e d .  The most notewor thy  p r o c e s s  improvement deve loped  

d u r i n g  t h i s  run  was t h e  u s e  of  e t h y l  a l c o h o l  a s  a  c o o l a n t  and 

l u b r i c a n t  f o r  t h e  machin ing  phase  o f  w a f e r  f a b r i c a t i o n .  (A 

n i t r o g e n  a tmosphere  i n  t h e  g love  box reduced  t h e  f i r e  h a z a r d . )  

This  change i n c r e a s e d  th roughpu t  s u b s t a n t i a l l y .  

Pu 2 4 0  and Pu 2 4 1  I r r a d i a t i o n  S a m ~ l e s  f o r  P h i l l i ~ s  Pe t ro leum 

Company - C .  H .  Bloomster  

Twen ty - th ree  t e s t  samples  of p u r e  (95%)  Pu 2 4 0  and Pu 
241 

were f a b r i c a t e d  f o r  f i s s i o n  p r o d u c t  t r a n s i e n t  measurements i n  

t h e  MTR by P h i l l i p s  Pe t ro leum Company. The t u b u l a r  samples ,  

2.5 O D  by 0 .15  cm w a l l  ( 1  i n .  O D  by 0.060 i n .  w a l l ) ,  were made 

by a  c o e x t r u s i o n  p r o c e s s .  The c l a d d i n g  was h i g h  p u r i t y  

Al -1  w t %  S i  a l l o y .  The i n n e r  and o u t e r  c l a d d i n g  was 0 .05  cm 

(0.020 i n . )  t h i c k .  The Pu 2 4 0  and Pu 241 were a l l o y e d  w i t h  

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

The Pu 2 4 0  and Pu 241 were a l l o y e d  i n  g r a p h i t e  c r u c i b l e s  

and c a s t  i n t o  g r a p h i t e  molds.  Rings were c u t  from t h e  c a s t -  

i n g s ,  p r e s s e d  and machined t o  s i z e  and w e i g h t ,  c h e m i c a l l y  



c l e a n e d ,  and  a s s e m b l e d  i n t o  b l l l e t s ,  A d j a c e n t  t o  e a c h  r i n g ,  

s a m p l e s  we re  t a k e n  f o r  c h e m i c a l  a n a l y s e s ,  i n  q u a d r u p l i c a t e .  

T h r e e  r i n g s  were  a s sembled  I n  t andem,  w i t h  aluminum r i n g s  a s  

s p a c e r s ,  ~ n  e a c h  b i l l e t  The b l l l e t s  were  h o t  o u t g a s s e d  and 

e x t r u d e d  a t  a  10 t o  1 r e d u c t i o n  i n  a r e a ,  o v e r  a  f l o a t i n g  man- 

d r e l ,  u s l n g  a  s t r e a m l i n e d  d l e  w i t h  a  60' e n t r a n c e  a n g l e  The 

e x t r u d e d  t u b e s  were  r a d i o g r a p h e d  f o r  c o r e  l o c a t i o n  and  machined  

t o  l e n g t h ,  d e f o r e  f i n a l  a s s e m b l y ,  e a c h  s amp le  was u l t r a s o n -  

l c a l l y  bond  t e s t e d ,  a u t o c l a v e d ,  and v i s u a l l y  i n s p e c t e d  To 

c o m p l e t e  t l i e  assembly, end  c a p s  and  t h e r m o c o u p l e  t u b e s  we re  

we lded  i n  p l a c e  Two f i n a l  r a d i o g r a p h s  were  t a k e n  a t  90' 

a n g l e s  f o r  c o r e  l o c a t i o n  and w a l l  t h i c k n e s s .  F i g u r e  6 . 3  shows 

a c o m p o s i t e  o f  t h e  s a m p l e s ,  machined  c a s t i n g ,  b i l l e t  a s s e m b l y ,  

and  f i n i s h e d  t e s t  s a m p l e .  

R a d l a t l o n  l e v e l s  on t h e  ?u  2 4 1  a l l o y s  we re  be tween  1000 

and  2000 m r / h r  ( c o n t a c t ) ,  w h i l e  t h e  r a d i a t i o n  l e v e l s  on t h e  

~ u ~ ~ ~  a l l o y s  were  l e s s  t h a n  100 m r / h r  ( c o n t a c t ) .  

Some d l f f ~ c u l t y  w i t h  s t r i n g e r s  was experienced i n  t h e  v e r y  
240 low Pu --A1 a l l o y s .  Minu te  amounts o f  t h e  a l l o y s  worked i n t o  

t h e  f a y i n g  s u r f a c e s  o f  t n e  b i l l e t  components  where  t h e y  a c t e d  

l i k e  l u b r i c a n t s ,  e x t e n d i n g  a s  stringers f o r  s e v e r a l  c e n t i -  

m e t e r s  Too t h l n  t o  be d e t e c t e d  by r a d i o g r a p h y ,  t h e  s t r i n g e r s  

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

d u r e  was d e v e l o p e d  t o  eliminate c o n t a m i n a t i o n  i n  t h e  w e l d  zone  

M e t a l  S o u r c e s  Us ing  P~~ I s o t o p e  - D .  C L e h f e l d t ,  R ,  C. S m i t h ,  

D E DeWit t ,  and  R. R .  S h a r p  

R a d i o l o g i c a l  P h y s i c s  O p e r a t i o n  a t  PNL r e q u e s t e d  t h a t  b e t a  

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

i n t e r f a c e  d o s i m e t r y  measu remen t s .  They s e l e c t e d  P~~ i s o t o p e  

i n  a  m a t r l x  o f  aluminum and  i n  a  m a t r i x  o f  l e a d  f o r  t h e  s o u r c e s .  
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FIGURE 6 . 3  

A1-Pu Irradiation Samples 



The r e q u i r e m e n t s  o f  t h e  i s o t o p e  m e t a l  s o u r c e s  were  a s  

f o l l o w s  : 

Nominal d i m e n s i o n s  

~ 1 - p ~ ~  S o u r c e :  3 i n .  diam by 1 / 4  i n .  t h i c k  

pb-p3'  S o u r c e :  3  i n .  diam by 1 / 8  i n .  t h i c k  

Commerc ia l ly  p u r e  ( 9 9 + % )  aluminum and l e a d  
32 

' Uni fo rmly  d i s p e r s e d  P  i n  s o u r c e  volume 

' Uniform d e n s i t y  and 90 t o  100% o f  t h e o r e t i c a l  

Top and b o t t o m  s u r f a c e s  p a r a l l e l  t o  0 .005  i n .  TIR 

S o u r c e s  mounted on s p e c i a l  l u c i t e  h o l d e r s .  

A l l  s o u r c e s  were  made 1 / 3 2  i n .  t h i c k e r  t o  a l l o w  f o r  

m a c h i n i n g  p a r a l l e l  f a c e s .  Machin ing  p a r a l l e l  f a c e s  on t h e  

s o u r c e s  was c o n s i d e r e d  u n n e c e s s a r y ;  t h e r e f o r e ,  m a c h i n i n g  was 

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

T h r e e  s e t s  o f  ~ 1 - p ~ ~  s o u r c e s  were  f a b r i c a t e d  ( F i g u r e s  6 . 4  

and 6 . 5 ) .  A l l  s o u r c e s  we re  f a b r i c a t e d  by c o l d  p r e s s i n g  t h e  

b l e n d e d  powders  w i t h o u t  a  b i n d e r  a t  a b o u t  85 ,000  p s i .  A punch 

and r i n g  d i e  s y s t e m  ( F i g u r e  6 . 6 )  was u s e d  i n  a  s h i e l d e d  

3 0 0 - t o n  h y d r a u l i c  p r e s s  ( F i g u r e  6 . 7 )  f o r  c o l d  p r e s s i n g  t h e  

powder s .  

The f i r s t  two s e t s  o f  ~ 1 - p ~ ~  and  pb-p3'  s o u r c e s  f a b r i c a t e d ,  

h a v i n g  a  s p e c i f i c  a c t i v i t y  o f  a b o u t  3 . 4  x l o 6  d i s i n t e g r a t i o n s /  

m in /g  aluminum o r  l e a d ,  d i d  n o t  c o m p l e t e l y  s a t i s f y  t h e  r e q u i r e -  

ments  e i t h e r  o f  u n i f o r m  i s o t o p e  d i s p e r s i o n  o r  90 t o  1 0 0 %  T D .  

A l s o ,  t h e  P ~ - P ~ ~  s o u r c e s  l a m i n a t e d .  Between t h e  f i r s t  and  s e c -  

ond f a b r i c a t i o n  r u n s  changes  were  made t o  t h e  d i e  a s sembly  and 
* 

i n  t h e  s l u r r y  b l e n d i n g  method .  A s  a  r e s u l t ,  t h e  i s o t o p e  d i s -  

p e r s i o n  was g r e a t l y  improved ,  b u t  o t h e r  s o u r c e  c h a r a c t e r i s t i c s  

were  n o t  c o m p l e t e l y  s a t i s f a c t o r y .  

* S l u r r y  b l e n d i n g  and  s p e c i f i c  a c t i v i t y  a n a l y s i s  were  p e r -  
fo rmed  by A n a l y t i c a l  L a b o r a t o r i e s  O p e r a t i o n ,  B a t t e l l e -  
N o r t h w e s t .  



p3' i n  Lead Matrix 

p 3 2  . in Aluminum Matrix 

,. " 

F I G U R E  6 . 4  

p3' I s o t o p e  S o u r c e s  

FIGURE 6 . 5  

F i n i s h e d  S o u r c e s  M o u n t e d  on L u c i t e  H o l d e r s  
No. 0 6 5 0 9 4 8 - 2 ;  0 6 5 1 2 0 9 - 2  
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Punch and R i n g  Die 

F I G U R E  6 . 7  

No. 

300-Ton  H y d r a u l i c  Press 

4 0 5 9 2 - 1 ;  0 6 5 0 9 4 8 - 8  



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

P~~ w i t h  t h e  aluminum and l e a d  was changed from a  w a t e r  b a s e  

t o  an a l c o h o l  b a s e ,  and t h e  powder d r y i n g  was per formed i n  a  

p a r t i a l  vacuum r a t h e r  t h a n  i n  a i r .  These m o d i f i c a t i o n s  were 

made t o  minimize t h e  w a t e r  a v a i l a b l e  f o r  s o r p t i o n  by t h e  

phosphorus  compound. The t h i r d  s e t  of  ~ 1 - p ~ ~  and P ~ - P ~ ~  

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

The s o u r c e s  had a  s p e c i f i c  a c t i v i t y  of  abou t  21.83 x  1 0  6 

d i s i n t e g r a t i o n s l m i n l g  aluminum o r  l e a d ,  a  un i fo rm d i s p e r s i o n  

of P ~ ~ ,  and a  d e n s i t y  o f  93 t o  100% T D ,  

XAP End C l o s u r e  Pa ramete r s  - R .  F .  Boolen 

A Reques t  f o r  P r o p o s a l  from Atomics I n t e r n a t i o n a l  was 

p r o c e s s e d  and work was begun under  t h e  c o n t r a c t .  T h i s  con-  

t r a c t  c a l l s  f o r  a  s t u d y  t o  p r o v i d e  m a g n e t i c  f o r c e  we ld ing  

p a r a m e t e r s  f o r  XAP-001 (an  Alcoa e x p e r i m e n t a l  aluminum powder 

a l l o y )  c l a d d i n g ,  which c o n t a i n s  a  6 w t %  d i s p e r s i o n  o f  aluminum 

o x i d e ,  The m a t e r i a l  i s  b e i n g  c o n s i d e r e d  a s  a  f u e l  c l a d d i n g  

f o r  t h e  FIIVOCR, 

I n t e g r i t y  requirements, from which p a r a m e t e r s  would be 

d e t e r m i n e d ,  s p e c i f i e d  t h a t  t h e  end c l o s u r e s  must be l e a k  p roof  

and w i t h s t a n d  g r e a t e r  i n t e r n a l  p r e s s u r e  t h a n  t h e  t u b u l a r  

cladding at room temperature and 400 " c .  

Based on e a r l l e r  work w i t h  S , A . P . ,  end c l o s u r e s  i n  t h e  

0 , 5 0 3  i n  ID by 0 .027 i n -  w a l l  r i b b e d  t u b e s  were of  s t r a i g h t  

b u t t  j o i n t  d e s i g n ,  The r e s u l t i n g  weld c r o s s - s e c t i o n a l  a r e a  

i s  l a r g e r  t h a n  t h a t  of  t h e  c l a d d ~ n g  (minus r i b s ) .  Ribs were 

removed 1 1 2  i n .  from t h e  ends  of  t h e  t u b e s  t o  p r o v i d e  a  more 

t h a n  a d e q u a t e  e l e c t r i c a l  c o n t a c t  d u r i n g  w e l d i n g .  

I n  a d d i t i o n  t o  t h e  previously used  mechan ica l  c l e a n i n g  

(wi re  b r u s h i n g ) ,  two t y p e s  of  chemlca l  c l e a n i n g  (Dive r sey  

and O a k i t e )  were s a t i s f a c t o r y  f o r  preweld  d e o x i d i z i n g ,  



F i g u r e s  6 . 8  and 6 . 9  i l l u s t r a t e  t h e  t u b e  c o n f i g u r a t i o n  and 

m i c r o a p p e a r a n c e ,  About 75 end c l o s u r e  welds were made d u r i n g  

t h e  c o u r s e  o f  s t u d y -  T e n s i l e  t e s t s  were used  t o  d i s t i n g u i s h  

s a t i s f a c t o r y  w e l d s ,  i e m  t e s t s  where u l t i m a t e  f a i l u r e  o c c u r r e d  

t o t a l l y  I n  t h e  t u b e  m a t e r i a l -  Incomple te  bonds caused  p a r t i a l  

f a l l u r e s  i n  t h e  weld ~ n t e r f a c e .  The f o l l o w i n g  p a r a m e t e r s  p r o -  

duced s a t i s f a c t o r y  end c l o s u r e s :  75,000 A c u r r e n t  ( p e a k ,  a p p r o x i -  

m a t e l y  s i n e  c u r v e )  f o r  5 . 8 5  msec a t  a  f o r g i n g  f o r c e  o f  abou t  
.7 

2 0 0 0  l b  ( p e a k ,  s t a t i c )  For t h e  i n i t i a l  a r e a  of 0 .045 i n , L ,  t h e s e  

v a l u e s  r e p r e s e n t  a c u r r e n t  d e n s i t y  o f  1 . 7  x l o 6   in.' and a  

s t a t i c  p r e s s u r e  o f  approximately 45,000 p s i -  Cross  s e c t i o n  of  a  

t y p i c a l  end c l o s u r e  i s  shown I n  F i g u r e s  6  1 0  and 6 - 1 1 .  E x t e r n a l  

f l a s h  o r  u p s e t  was removed by l a t h e  c u t t i n g ;  f o r  a l l  o t h e r  Sam- 

p l e s ,  t h e  u p s e t  was s h e a r e d  o f f  w l t h  a  s c r e w d r i v e r  t i p .  

To s e a l  t h e  r i b b e d  t u b e s  d u r i n g  w e l d i n g ,  a  s p e c i a l  s e a l i n g  

t u b e  was d e s i g n e d ,  fabricated, and t e s t e d  a s  s a t i s f a c t o r y -  S i n c e  

t e n s i l e  t e s t i n g  r e s u l t e d  I n  f a i l u r e  of t h e  t u b e ,  i t s  l o n g i t u d i n a l  

u l t i m a t e  s t r e n g t h  ( u n r i b b e d )  was an a v e r a g e  37,000 p s i ,  

Twenty end c l o s u r e s  were t e s t e d ,  t e n  by room t e m p e r a t u r e  

b u r s t  t e s t  and t e n  a t  4 0 0  "C.  L o n g i t u d i n a l  s p l i t t i n g  caused  a l l  

u l t i m a t e  t u b e  f a i l u r e s ,  U l t i m a t e  a v e r a g e  p r e s s u r e  was 3912 p s i g  

(maximum variation 250 p s i g )  f o r  room t e m p e r a t u r e  t e s t s  and 

1746 p s i g  (maximum v a r i a t i o n  2 7 0  p s i g )  f o r  t h e  samples  t e s t e d  a t  

400 ' C -  Tubes t e s t e d  a t  room t e m p e r a t u r e  showed v e r y  marked 

b u l g e s  I n  t h e  end r e g i o n s ;  t h o s e  t e s t e d  a t  400 O C  had  o n l y  s l i g h t  

b u l g e s .  

No l e a k s  were found by l e a k  t e s t i n g  o f  30 r e p r e s e n t a t i v e  

samples  ( d e t e c t i o n  l e v e l  = 2 x 1 0  3 - l o  atm cm / s e c ) .  F a b r i c a t i o n  

and t e s t i n g  n e c e s s a r y  t o  t h e  c o n t r a c t  was i n i t i a t e d  and comple ted .  

Pa ramete r s  f o r  consistent we ld lng  o f  end c l o s u r e s  which s u r p a s s  

r e q u i r e m e n t s  were d e t e r m i n e d ,  
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XAP-001 Tube C r o s s  S e c t i o n  
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FIGURE 6.9 

XAP-001 Tube Wall S e c t i o n  
No. 4652027A; 4652025A 
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C r o s s  S e c t i o n  o f  XAP-001 M a g n e t i c  F o r c e  Welded End C l o s u r e s  
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C r o s s  S e c t i o n  o f  M a g n e t i c  F o r c e  Welded XAP-001 

No. 5 6 5 2 0 7 8 E ;  4 6 5 2 0 7 8 A  
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