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OPERATION AND POSTIRRADIATION EXAMINATION OF ORR CAPSULE OF-2: 
ACCELERATED TESTING OF WTGR FUEL 

T. N ,  T i e g s  and K. R.  Thorns* 

ABSTRACT 

I r r a d i a t i o n  c a p s u l e  OF-2 w a s  a test  of High-Temperature 
Gas-Cooled R e a c t o r  f u e l  t y p e s  under a c c e l e r a t e d  i r r a d i a t i o n  
c o n d i t i o n s  i n  t h e  Oak Ridge Research Reac tor .  The r e s u l t s  
showed good i r r a d i a t i o n  performance of Tr i so-coa ted  weak- 
a c i d - r e s i n  f i s s i l e  p a r t i c l e s  and Biso-coated f e r t i l e  
p a r t i c l e s .  These p a r t i c l e s  had been c o a t e d  by a f r i t t e d  
g a s  d i s t r i b u t o r  i n  t h e  0.13-m-diam f u r n a c e .  
damage (E > 0.18 MeV) and m a t r i x - p a r t i c l e  i n t e r a c t i o n  caused 
t h e  o u t e r  pyrocarbon c o a t i n g  on t h e  Tr i so-coa ted  p a r t i c l e s  
t o  f a i l .  Such f a i l u r e  depended on t h e  o p t i c a l  a n i s o t r o p y ,  
d e n s i t y ,  and open p o r o s i t y  of t h e  o u t e r  pyrocarbon c o a t i n g ,  
as w e l l  as on t h e  coke y i e l d  of t h e  m a t r i x .  I r r a d i a t i o n  of 
specimens w i t h  v a l u e s  o u t s i d e  p r e s c r i b e d  l i m i t s  f o r  t h e s e  
p r o p e r t i e s  i n c r e a s e d  t h e  f a i l u r e  ra te  of t h e i r  o u t e r  pyrocarbon 
c o a t i n g .  G o o d  i r r a d i a t i o n  performance w a s  observed f o r  weak- 
a c i d - r e s i n  p a r t i c l e s  w i t h  c o n v e r s i o n s  i n  t h e  range from 

Fas t -neut ron  

15 t o  75% UC,. 

1. INTRODUCTION 

I r r a d i a t i o n  c a p s u l e  OF-2 w a s  a test  of High-Temperature Gas-Cooled 

Reac tor  (HTGR) f u e l  t y p e s  under a c c e l e r a t e d  i r r a d i a t i o n  c o n d i t i o n s  i n  

t h e  Oak Ridge Research Reac tor  (Om). The i r r a d i a t i o n  of c a p s u l e  OF-2 

s t a r t e d  June  21, 1975 and ended Aug. 1, 1976 a f t e r  8440 h r  of r e a c t o r  

ful l -power i r r a d i a t i o n  (30 MW).  

The OF-2 i r r a d i a t i o n  experiment  w a s  t h e  second i n  a series of HTGR 

f u e l  i r r a d i a t i o n s  i n  t h e  ORR. F u e l  w a s  i r r a d i a t e d  t o  approximately 

80% of HTGR burnup and f a s t - n e u t r o n  exposure (E > 0.18 MeV) .-t Details 

of  t h e  c a p s u l e  d e s i g n ,  i n s t r u m e n t a t i o n  (both  thermometry and d o s i m e t r y ) ,  

and f u e l  t y p e s  have been r e p o r t e d  p r e v i o u s l y .  9 9 For completeness ,  

t h i s  r e p o r t  p r e s e n t s  a summary of t h e  t es t  o b j e c t i v e s  and c a p s u l e  des ign .  

The o b j e c t i v e s  of t h i s  experiment  are: 

Jx 
Engineer ing  Technology D i v i s i o n .  

"The c a p s u l e  w a s  removed from t h e  r e a c t o r  about  t h r e e  months ahead 
of s c h e d u l e  because  t h e  ORR w a s  s h u t  down f o r  a n  extended p e r i o d .  

1 
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1. t o  t e s t  t h e  performance of r e f e r e n c e  Tr i so-coa ted  weak-acid-resin 

f i s s i l e  particles and r e f e r e n c e  Biso-coated f e r t i l e  p a r t i c l e s ,  

both f u e l s  coa ted  i n  t h e  0.13-rn-diam f u r n a c e ;  

2 .  t o  st i idy t h e  m a t r i x - - p a r t i c l e  i n t e r a c t i o n  phenomenon and t h e  e f f e c t s  

of  p a r t i c l e  s t r e n g t h ,  matrix tlype, and p a r t i c l e  surEace condi t - ions  

on i r r a d i a t i o n  performance; 

3. t o  i n v e s t i g a t e  tihe i r r a d i a t i o n  behavior  of c o a t i n g  m i c r o s t r u c t - u r e s  

c r e a t e d  by a v a r i a t i o n  i n  one of t h e  c o a t i n g  p r o c e s s  condi t io-ns  - 

g a s  c o n c e n t r a t i o n ,  depos i t i .on  ra te ,  d e p o s i t i o n  tempera ture ,  o r  

b a t c h  s i z e ;  

4 a t o  i n v e s t i g a t e  the i n f l u e n c e  of s t o i c h i o m e t r y  and k e r n e l  d e n s i t y  

on t h e  i r r a d i a t i o n  performance of weak-acid--resin-derived fue1.s; 

5. t o  v e r i f y  t h e  adequacy of t h e  performance of f i s s i l e  f u e l  t o  b e  

i r r a d i a t e d  l a t e r  i n  e a r l y  p r o o f - t e s t  e lements  i n  t h e  F o r t  S t .  Vra in  

Reac tor ;  

6 .  t o  compare t h e  performance of c o a t i n g s  d e p o s i t e d  i n  t h e  0.13-m 

c o a t e r  by f r i t t e d  and cone gas d i s t r i b u t i o n  systems.  (The Eri . t ted 

s y s t e m  is  t h e  r e f e r e n c e  €o r  t h e  IlTGR Recycle  Demonstrat ion F a c i l i t y )  ; 

and 

7 .  t o  t es t  t h e  f e a s i b i l i t y  of removing f u e l  r o d s  from the g r a p h i t e  

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

in-  b l o c k  

I n  a d d i t i o n  t o  t h e  ORNI, specimens,  Los A l a r n o s  S r i e n t i f  i c  Taboratory 

(LASL) t c s t r d  l o o s e  Z r C  p a r t i c l e s  and t w o  f u e l  r o d s  ( t o  b c  d e s c r i b e d  

l a t e r ) .  D e t a i l e d  d e s c r i p t i o n s  of t h e i r  f a b r i c a t i o n  and a n a l y s i s  are 

r e p o r t e d  elsewhere.  

1.1 D e s c r i p t i o n  of t h e  OF-2 Capsule  and Fuel. Specimen Holders  

The OF-2 i r r a d i a t i o n  c a p s u l e  w a s  s imi l a r  i n  dcs ign  t o  the OF-1 

c a p s u l e ,  b e i n g  a double-walled water-cooled s t a i n l e s s  s t e e l  vessel. 

L'he t o t a l  a c t i v e  tes t  space  w a s  a cy l inde r  0.410 m long w i t h  a 62.0-mm 

diameter  ( 2 4 . 0  by 2.44 i n . ) .  T h i s  test space  was d i v i d e d  i n t o  two com- 

par tments  by a copper bulkhead brazed i n  t h e  pr imary containment  t u b e  

85.73 mm ( 3 . 3 7 5  i n . )  below the h o r i z o n t a l  midplane of t h e  r e a c t o r .  The 
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upper  compartment - d e s i g n a t e d  c e l l  2 - c o n t a i n e d  t h r e e - f i f t h s  of t h e  

t es t  s p a c e  and w a s  used f o r  o b j e c t i v e s  2 ,  3 ,  and 4 .  The lower compart- 

ment - d e s i g n a t e d  c e l l  1 -  c o n t a i n e d  t h e  remaining t w o - f i f t h s  of t h e  

test  space and w a s  used f o r  o b j e c t i v e s  1, 5, 6,  and 7 .  Each compartment 

had i t s  own sweep-gas system and w a s  independent ly  swept w i t h  a hel ium 

and neon g a s  m i x t u r e  t o  c o n t r o l  tempera ture  and monitor  f i s s i o n  g a s  

release. The e n t i r e  in -core  s e c t i o n  of t h e  c a p s u l e  i s  shown i n  Pig.  1.1. 

T h e  upper  exper imenta l  compartment ( c e l l  2) conta ined  two H-451 

graphi te 'k  specimen h o l d e r s  w i t h  a 9.53-mm-diam (0.375-in.) c e n t r a l  

s p l i n e  h o l e  and f o u r  15.95-mm-diam (0.628-in.)  p e r i p h e r a l  f u e l  h o l e s .  

The upper  h o l d e r ,  specimen h o l d e r  A, w a s  168 .3  mn (6.625 i n . )  Long and 

61.34 mm (2.415 i n . )  i n  d i a m e t e r ,  and w a s  des igned  t o  o p e r a t e  a t  a maxi- 

mum tempera ture  o f  1 1 5 O O C .  The lower h o l d e r ,  specimen h o l d e r  B ,  w a s  

168 .3  mm (6.625 i n . )  long and 61.16 mm (2.408 i n . )  i n  d i a m e t e r ,  and w a s  

des igned  t o  o p e r a t e  a t  a maximum tempera ture  of 1350°C. 

h o l d e r  conta ined  36 f u e l  r o d s ;  F i g s .  1 . 2  and 1 . 3  r e p r e s e n t  specimen h o l d e r s  

A and B ,  r e s p e c t i v e l y .  Holes  1 and 2 each conta ined  s i x  25.4-mm-Long 

by 15.7s-mm-diam (1.00- by 0.620-in.) f u e l  specimens; h o l e s  3 and 4 each 

c o n t a i n e d  twelve  12.7-mm-long by 15.75-mm-diam (0.50- by 0.620-in.) f u e l  

specimens.  I n  a d d i t i o n  specimen h o l d e r  B conta ined  about  two c u b i c  

c e n t i m e t e r s  of LASL Loose-coated i n e r t  p a r t i c l e s .  

Each specimen 

Specimen h o l d e r  A c o n t a i n e d  12 thermocouples - 11 Chromel-P vs Alumel 

(C-A) and one platinum-molybdenum (Pt-Plo). Specimen h o l d e r  B conta ined  

seven  thermocouples -- 6 C-A and 1 Pt-Mo. These w e r e  used t o  monitor  

a x i a l ,  p e r i p h e r a l ,  and c e n t e r l i n e  g r a p h i t e  tempera tures .  F l u x  moni tors  

w e r e  a l s o  b u i l t  i n t o  each specimen h o l d e r  and c e n t r a l  g r a p h i t e  s p l i n e .  

The lower experiment  compartment ( c e l l  1) conta ined  one H-451 g r a p h i t e  

specimen h o l d e r  w i t h  a 9.53-mm-diam (0.375-in.) c e n t r a l  s p l i n e  h o l e  and 

f o u r  15.95-mm-diam (0.628-in.)  p e r i p h e r a l  f u e l  h o l e s .  T h i s  h o l d e r ,  

specimen h o l d e r  C ,  w a s  des igned  t o  o p e r a t e  a t  a maximum t e m p e r a t u r e  

of 1 3 5 O O C  and w a s  222.25 mm (8.750 i n . )  long  w i t h  a 61.054-mm (2.4037-in.) 

k 
H-451 g r a p h i t e  manufactured by Great Lakes Carbon Company ( G L C C ) ,  

New York. 
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c 

~ i g .  1.1. In-core Sectiori of OF-2 Capsu le .  To  convert dimensions t o  millimeters, multiply by 2 5 . 4 .  
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m a J y - . & d  

F i g .  1 . 2 .  Specimen Holder A of T r r a d i a t i o n  Capsule  OF-2. To 
c o n v e r t  dimensions t o  mill imeters,  multiply by 25.4, 

WhlL D W 7 5  4164R 

FDUR FUEL r?OD YGLES, 
0628 n dinm ON A 1 Z M i n  diam 8C 

ENTRAL GRAPtiITF SPLINE 

COATED PARTICILFS- 

MAGAZINF MATtA lAL 
H-454 GRAPHITE 

THERMOCOUPLES 

0 CVROMEL-P-ALUMEL (61 
0 PLATINUM-MDI.YBDEh'UM l i  1 

SECTDN C-C 

F i g .  1.3.  Specimen Holder B of I r r a d i a t i o n  Capsule  OF-2. To 
convert dimensions t o  m i l l i m e t e r s ,  multiply by 2 5 . 4 .  
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d iame te r .  F igu re  1 . 4  d e s c r i b e s  specimen h o l d e r  C .  Each fue l  h o l e  con- 

t a i n e d  [our  50.8-mm-long by 15.75-mm-diam (2 -00-  by 0 .620- in . )  f u e l  rods .  

Nine C-A thermoroupl es w e r e  i nco rpora t ed  t o  monitor  a x i a l  p e r i p h e r a l ,  

and cen te r1  ine  g r a p h i t e  tempera turps .  F l u x  moni t o r s  w e r e  p l  aced i n  the 

c e n t r a l  g r a p h i t e  s p l  irie o n l y .  

1 . 2  D e s c r i p t i o n  of OF--2 Fuel Specimens: Coated P a r t i c l e s  

Capsule  OF-? r e q u i r e d  88 fuel.  specimens.  O f  t h e s e ,  86 w e r e  f a b r i -  

c a t e d  a t  ORNL an3 two specimens a t  LASL. The Triao-coated f i s s i l e  

p a r t i c l e  t e s t  s e t  c o n s i s t e d  of  1 2  ba t ches  of  weak-acid-resin-der ived 

(WAR) p a r t i c l e s  with a wide range  o f  s t o i c h i o m e t r i e s ,  froiii uranium ox ide  

t o  uranium c a r b i d e ;  one b a t c h  of WAR U(C,N) p a r t i c l e s ;  one b a t c h  of  

sol-gel ( 4 T l r , U ) O ?  p a r t i c l e s ;  and one b a t c h  of General  Atomic Company's 

OANL-D'ffi 75-446On 
FOUR F U E L  FsOD HOLES 

r O 6 2 8  i n  diarn ON A I  2 0 0 i n  d m i  BC 

C E N T R A L  GRAPHITE SFLINE 
HOLE, O3751n diom 

F A  

0500 in 
MAGAZIYE MATERIAL 

H - 4 5 1  GRAPHITE 

THTXMCCOUPLES I '  I I I I  
0 CHROMEL-P-AILIJMEL (9) 

SECTION E& 

F i g .  1 .4 .  Specimen Holder C o f  I r r a d i a t i o n  Capsule  OF-2. To 
conve r t  dimensions t o  millimeters, m u l t i p l y  by 2 5 . 4 .  
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VSM UC2 p a r t i c l e s .  Each f i s s i l e  p a r t i c l e  b a t c h  i s  d e s c r i b e d  i n  Table  1.1. 

All p a r t i c l e  b a t c h  t y p e s  except. type  15 w e r e  inc luded  i n  t h e  f u e l  s p e c i -  

mens i n  t h e  upper e x p e r i m e n t a l  compartment, c e l l  2 .  F a b r i c a t e d  f o r  t h e  

lower experimental-  compartment, c e l l  1, p a r t i c l e  t y p e s  13,  L4, and 1 5  

w e r e  coa ted  i n  t h e  la rge-d iameter  c o a t i n g  f u r n a c e .  Types 13  and  1.4 w e r e  

c o a t e d  by t h e  r e f e r e n c e  f r i t t e d  g a s  d i s t r i b u t i o n  system, and t y p e  15 by 

t h e  cone d i s t r i b u t i o n  system. P a r t i c l e  t y p e s  1 through 11 w c r e  annealed 

a t  lS0Q0C f o r  1 0  m i n  i n  a f l u i d i z e d  bed a f t e r  t h e  o u t e r  low-temperaturch 

i s o t r o p i c  (oLTI) c o a t i n g  had been d e p o s l t e d .  P a r t i c l e  t y p e s  1 3  through 

15 w e r e  s i m i l a r l y  annea led  a f t e r  the i n n e r  low-temperature  i s o t r o p i c  

(iLT.1) c o a t i n g  had been d e p o s i t e d .  

S i x t e e n  b a t c h e s  of Biso-coated f e r t i l e  p a r t i c l e s  were s e l e c t e d  f o r  

OF-2. 

c o a t i n g  furnace .  Batch t y p e s  G through J ,  and M through P were coated  

by the f r i t t e d  g a s  d i s t r i b u t o r ,  and ba tch  t y p e  K by t h e  cone d i s t r i b u t i o n  

system. S p e c i f i c  c o a t i n g  parameters  - d e p o s i t i o n  rates, geometr ies ,  and 

densities - are d e s c r i b e d  in Table  1 . 2 .  

L were annea led  a t  1800°C f o r  10  min i n  a f l u i d i z e d  bed, b u t  t h e  

remaining t y p e s  were n o t  annea led ,  

Nine of the f e r t i l e  b a t c h  t y p e s  w e r e  c o a t e d  i n  the la rge-d iameter  

F e r t i l e  p a r t i c l e  t y p e s  A th rough 

1 .3  F u e l  Rods 

For e a c h  f u e l  rod specimen f a b r i c a t e d ,  one b a t c h  e a c h  of f i s s i l e  

and  f e r t i l e  p a r t i c l e s  w a s  s e l e c t e d  from i ts  proper  test set and eoinbined 

w i t h  a p a r t i c u l a r  m a t r i x  type.  The m a t r i x  test se t  f o r  OF-2 i s  d e s c r i b e d  

i n  Table  1.3. 

For t h e  upper e x p e r i m e n t a l  compartment 7 2  f u e l  rod specimens were 

f a b r i c a t e d .  Each specimen conta ined  a m i x t u r e  of Triso-coated f i s s i l e  

p a r t i c l e s ,  Riso-coated f e r t i l e  p a r t i c l e s ,  and Riso-coated carbon p a r t i c l e s .  

All specimens w e r e  f a b r i c a t e d  by t h e  s l u g - i n j e c t i o n  technique.’  F o r t y - s i x  

f u e l  r o d s  were f a b r i c a t e d  t o  nominal dimensions of 15.75 mm OD by 3.30 mm 

11)  by 12.70 mm long (0 .620 by 0.1’30 by 0.500 i n . ) .  The f u e l  r o d s  used 

m a t r i x  t y p e  d w i t h  28.5 w t  % Asbury 6353 g r a p h i t e  i n  Ashlnnd O i l  Company 

A-240 pct ro leum p i t c h .  Specimens were i n j e c t e d  a t  180’C ( 4 5 3  K) and 

4 .1  MPa (600 p s i )  and carbonized  i n  a bed of h i g h - f i r e d  3000°C (3273 K)  



Coating Rates 
Mean Densitics, mg/m3 pmjmin 

Kernel Dii:'f ;LTI Sic oLTI Kerneib Buffer il.TI SIC 0 1 . l  I Sic ULTI 

Nominal Carboniza:ion Coater Mean Dimensions," pni 
Anneal D!ameter Conversion Rate Kernel 

Composition Type 3atch 
(%i PCiiiiin) :nlm) 

~ 

I 

2 

3 

4 

5 

6 

7 

8 

9 

:o 
t i  

1 2  

13 

14 

15 

__ 

0 
0 

tl 

15 

2s 
53 

75 

100 

I00 
KArn 

NA 

NA 

75 

15 
7s  

2 

2 

40  

2 

2 

2 

2 

2 

6 

2 

NA 

NA 

2 

2 

64  Cone 

64 Cone 

64 Cone 

64 Cone 

64 Cane 

64 Cone 

64  Cone 

64 Cone 

64 Cone 
54 Cone 

64 Cone 

NA' NA' 

127 1r:t 

127 Fnt  

127 Cone 

Ye: 373 I 39.2 32.3 32.9 32.2 3.23 

Yes 371.9 23.0 40.6 31.8 30.8 3.22 

Yes 371.i 69.3 42.0 311.7 44.6 3.66 

Yes 379.7 49.8 35.7 32.3 39.4 3.12 

Yes 574.0 43.8 36.8 34.3 38.6 3 . i7  

Yes 363.0 59.3 37.5 30.2 42.0 3 II 

Yes 366.4 62.7 38.9 31.1 42.7 3.05 

Yes 366.5 59.2 38.4 27.9 4;l.c) 3.01 

Yes 315.3 74.6.36.1 28.4 49.2 5.28 

Ye: 365.3 66.3 44.0 31.9 43.5 3.02 

Ye3 36: I 85.3 3? .2  34.4 41.1 9.9 

196.3 Y Y  33 32 38 iri.99 

No 354.2 5 8 . 8  35.4h 30.0 35.8 3.93 

ho  366.4 47.6 36.8 30.5 35.5 3.lil 

?lo 354.1 51.0 30.7h 29.5 32.4 3.08 

~ 

1.24' :.949 

0.87'" 1.949 

!.12'  1.945 

1.14' 1.941 

i.30' 1.955 

N U  1.9$8 

1.13' ;.941 

1.11' 1.917 

1.10' 2.0 

1.09' : ,947 

1.08' 1.938 

;.07 1.92 

I . Z i 7 '  l . 713k  

1.159' 1.753k 

1.330' 1.857k 

3.iY9 2.1125 

3.198 2.023 

3 193 1.994 

3.207 1.971 

3.205 1.995 

3.202 i.997 

3.199 2.0i19 

?.I99 i.997 

3.188 1.982 

3.192 1.977 

3.206 1.99:; 

3.20 1.85 

3 2n6 i . m k  

3.204 1.69hk 

3.200 1.910k 
._____~ 

"Kernei diameter; buffer, inter LTI, SIC, and outer L I ' I  :hickncsses. 
'Mercury grad&?[ column measurement, uncorrectcd. 
'Thin buffer. 
dirradiatecl in HRB-9 and -10. 
eSirnilar batch irradjsted in HXB-7. -8, -9, -19, and MET VU. 
'Irradiated in Dragon MFI '  Yl1. 
'Irradiated m I iKE-7  and -8. 
hguffer thichess  corrected for uranlum entering it during subsequent coating. 
'Coated at General Atomic Company. 
'Density after depositing KrI. 
kCorrected gradient density. 
'yo:, density. 

NA: Not applicabie. m 

" X i ) :  Not determined. 

0.30 4.95 

0.29 4.97 

0.17 5.25 

0.23 6.db 

0.22 7.02 

0.1 6 1.94 

0.17 5 i12 

0.15 4.71 

0.32 4.28 

0 1 7  5 . : 2  

0.22 6.32 
cx, ND"" XD' 

ND 4.84 

0.15 5.14 

ND 4.00 



T a b l e  1 .2 .  F e r t i l e  P a r t i c l e  Test S e t  f o r  OF-2 

C o a t i n g  p a r a m e t e r s  LT1  d e p o s i t i o n  
______ ~ i m e n s i o n s , ~  um C o a t e r  

~ 

Concen- Diiuent Tenper -  
t r a  t i o n  

Type Hs tch  
~ 

a t u r e  Rate K e r n e l  E u f f e r  
(act ( ;m/nin)  

D i a m e t e r  Gas 

(70) (mm) 
- 

A OK-2266-BTC 

B OR-2265-HTC 

C OK-22b2-HT" 

D OR-2261-HT' 

h OR-2 2 b4-€1TC 

F OR-2263-HT 

G J-488C>e 

H .I-489" 

i J-490' 

J 5-491" 

K J-262f 

L Oii-1849-YT 
M J-L81i: 

N J-483 

0 3-482 

? 5-487 

Cone 64 

Cone 64 

Cone 6 4  

Cone 64 

Cone 64 

Cone 6 4  

F r i t  127 

F r i t  127 

F r i t  127 

F r i t  127 

Cone 127 

Cone 25 

F r i t  12; 

F r i t  127 

F r i t  1 2 7  

F r i t  127 

100 

100 

50 

50 

2 5  

25 

50 

50 

100 

100 

100 

75 

53 

100 

50 

100 

1275 14.1 

1325 15.7 

50 A r  1275 6.5 

7 .4  53 A r  1325 

75 A r  1275 3.2 

75 A r  1325 5 . 6  

53 H e  1375 7.4 

50 H e  1375 5.8 

1375 6 .2  

1375 9.3 

1350 8.4 

25 H e  14003 21.5 

50 H e  1375 7.4 

1375 6.2  

50 l ie 1375 5 . 9  

1375 9.3 

506 94.8  

5 0 8  96.1 

507 98.0 

506 95.8 

507 96 .5  

506 42.8 

497.9 82.7 

499.0  81.4 

495.9 80.2 

497.1 79.5 

497 84.0 

508 74.4  

497.9 92.7 

195.9 80.2 

499.0 81.4 

497.1 79.5 

LTI  

- 
31.3 

94 .2  

85.1 

88.9 

91.6 

90.5 

80.7  

77.7 

74.7 

77.5 

8 6 . 1  

74.7 

80.7 

74.7 

77.7 

77.5 

D e n ~ i t y , ~  gfcrn3 

U n c o r r e c t e d  C o r r e c t e d  
Anneal  

2 .02 
1.95 

2.01 

1.89 

1.99 

1.84 

1.58 

1.90 

1.99 

2.00 

2.01 

1.94 

1.94 

1.96 

1.88 

1.95 

1.87 

1.79 

1.86 

1.86 

1 . Y L  

1. 83 

1.78 

1.81 

Yes 

Yes 

Y e s  

Y e s  

Yes 

Yes 

Yes 

Yes 

Yes 

Y e s  

Yes 

Yes 

50 

KO 

SO 

No 

"Mean d i m e n s i o n s  of k e r n e l  d i a m e t e r ,  b u f f e r ,  and L T I  t h i c k n e s s .  

"Xercu ry  g r a d i e n t  column m e a s u r e n e n t .  

' L r r a d i a t c d  i n  HT-30. 

'MFP g a s  i s  m a r k e t e d  by AIRCO,  I n c . ,  and  c o n s i s t s  p r i m a r i l y  o i  methylacetylei ie  and p r o p a d i e n e  w i i h  alkaries as s t a h i l i z e r s .  

"Ba tch  J-488 r u p t u r e  load was 26.33 J (5 .92 l b ) ,  s t r o n g  p a r t i c l e  i n  n a t r i x  i n t e r a c t i c n  r s p e r i m e n r .  
f ' I r r a d i a t e d  i n  HRB-7 and -8, OF-1. 

' T m p e r s L u r e  measu red  a t  d i f i e r e i i t  p o i n t  i n  f u r a n c e ;  a c t u a l  bed  t e m p e r a c u r e  a p p r a n i m a t e l y  1325'c. 

%a tc i ;  J-481 r u p t u r e  h a d  %as 22.42 N (5 .04 I b ) ,  w e i k  p a r t i c l e  i n  mairis i n t z r a c t i o n  e x p e r i m e n t .  
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T a b l e  1 . 3 .  M a t r i x  T e s t  S e t  f o r  OF-2 

P i t c h  F i l l e r  Average  
c o k e  

Type W t  % rype  A d d i t i v e  W t  % Type y i e l d  C a r b o n i z a t i o n  
( % I  t e c h n i q u e  

a 7 1  A-240 None 29 Asbury 6353 1 8 . 3  A1203 

b 71  A-240 None 29 Asbury 6 3 5 3  3 7 . 3  In - t u b e  
b 

C GA P r o p r i e t a r y  25.7-30.0' I n - b l o c k  o r  i n - t u b e  

d 71.5 A-240 None 28 .5  Asbiiry 6353 15 .6  G r a p h i t e  f l o u r  

aThe f i r s t  number is  t h e  mean of r o d s  c a r b o n i z e d  i n  Magazine C and t h e  second  number is t h e  a v e r a g e  
f o r  t h e  r o d s  i n  N a g a z i n e s  A and  B .  

b F u e l  r o d s  i n  Magaz ines  A and  B were c a r b o n i z e d  i n - t u b e ,  w h i l e  f u e l  r o d s  i n  Magazine C were 
c a r b o n i z e d  i n - b l o c k .  

g r a p h i t e  f l o u r  a t  3 h e a t i n g  ra te  of 1 K/min. The remaining 26 Euel  

specimens were f a b r i c a t e d  to noiiiinal dimensions of 15.7 rrm diam by 

25.4 m long (0.620 by 1.00 i n . )  w t t h  i i iatcix types  a ,  b ,  and e .  M a t r i x  

t y p e s  a and b were t h e  same t y p e s  as in t h e  12.70-mm-Iorig (0.500-in.)  

specimens; matrix t y p e  c i s  G A ' s  p r o p r i e t a r y  mat r ix .  Specimens were 

i n j e c t e d  a t  1 8 O o C  (453 K) and 5.5 MPa (800 ps i . ) ,  except  f o r  t h o s e  con- 

t a i n i n g  unannealed f e r t i l e  b a t c h e s  M and N ,  which were i n j e c t e d  a t  

4.3. MPa (600 p s i ) .  Eigh.t fuel. r o d s  w i t h  matrix t y p e  a w e r e  carbonized  

i n  a bed of A 1 2 0 3  a t  a h e a t i n g  rate of 6 K/min: producing a coke y i . d d  of 

18.3%. E i g h t  rods  w i t h  m a t r i x  t y p e  b W ~ K C +  ca rbonized  i n  a g r a p h i t e  t u b e  

( t o  s i m u l a t e  in-block carbo-n iza t ion)  a t  a h e a t i n g  ra te  of  2 K/min, pro- 

duc ing  a coke y i e l d  o f  37.  l X o  And e i g h t  f u e l  r o d s  with m a t r i x  type. c 

were carbonized  i n  a g r a p h i t e  tube a t  3 h e a t i n g  ra te  of Sl. .5 K / m i n ,  

producing a c o k e  y i e l d  of 29.8%. A l l  specisiims were s u b j e c t e d  t.o a 

final.  lieat t r e a t m e n t  a t  1.800"C (2973 K) i n  argon f o r  30 iirin. For each 

of t h e  f u e l  rods i.n specimen h o l d e r s  A and K (Figs. 1 . 2  and 1.3), 

Tables 1 . 4  and 1 . 5  d e s c r i b e  t h e  f i s s i l e  and f e r t i l e  p a r i r i c l e  t y p e s  and 

m a t r i x  t y p e s  used ,  a l o n g  w i t h  t h e  t o t a l  weights  of 2 3 5 U  and 232Th conta ined  

in .  enc.h rod .  

For t he  lower exper imenta l  compartment 16 f u e l  rod  specimens were 

f a b r i c a t e d  Each s p e c h e n  cont.ained a m i x t u r e  of 'Tr im-coated  f i s s i l e  

p a r t i c l e s ,  Bi-so-coated f e r t i l e  p a r t i c l - e s ,  T r i m -  and Biso-coated carbon 

part:i.cl.es, and 11-451 shim p a r t : i c l e s .  The r o d s  i n  p o s i t i o n  4 ,  however, 

conta ined  no i n e r t  p a r t i c l e s .  To keep d imens iona l  changes of t h e  fuel. 

r o d s  uniform i n  t h i s  compartinent, t h e  r a t i o  of Biso- t o  Triso-coated 
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Tab le  1.4. F u e l  Rods f o r  OF-2 I r r a d i a t i o n  Capsule ,  Holder A 

P i  tch-coke I ,oading ,  g P a r t i c l e  t y p e s  
__II-~ -- Spec i m e r i  Matrix y i e l d  
2 3 5 ~  232rr3 l o c a t i o n a  F i s s i l e  F e r t i l e  type  (a 

_ -  -- 

1- 1 
-2 
-3 
-4 
-5 
-6 

2-1 
-2 
- 3  
-4 
-5 
-6 

3-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

4-1 
-2 
- 3  
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

14 
1 3  
14 
14 
13 
13 

14 
14 
13 
13 
14 
13 

12 
2 
1 1. 
2 
4 
6 

10 
4 
2 
8 
12 

9 
1 
9 
1 
3 
5 
7 

11 
3 
1 
7 

L A X  

a 

25.4-1111n-long (1.00-in.) Specimens 

M b 39.97 
M a 16.99 
G a 16.16 
G C 31.. 09 
G b 36.23 
M c 30.86 

M a 18.2 
G b 37.65 
M b 37.62 
G C 30.88 
M C 29.20 
G a 17.38 

... 12.7-mm-long (0.50-in.) Specimens 

M d 18.4 
I d 18.1 
€1 a 17.0 
G d 1.9.6 
K d 24.7 
J (1 19.2 
G d 15.2 
H d 14.6 
I d 16.5 
c d 14.1 
A d 15 7 
B a 7.4.7 

G 
H 
I 
J 
a 
l3 
c 
D 
E 
F 
A 

LASL 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
Cl 

LA s L 

N.D.~ 
N.D. 
N.D. 
13.5 
15.2 
14.8 
34.7 
1.0.8 
12 .6  
34.4 
13.9 

0.2380 
0.2380 
0.1350 
0,1850 
0.1060 
0.1060 

0.2380 
0.2380 
0.135O 
0.1350 
0.1060 
0.1060 

0.1190 
0.1190 
0.1.190 
0.1190 
0.0675 
0.067.5 
0.0675 
0.0675 
0.0530 
0.0530 
0.0530 
0.0530 

0. 1.1.90 
0.1190 
0 * 1190 
0 I 11.90 
0.0675 
0.0675 

0.0675 
0.0.530 
0.0530 
0 * 0530 
0 0530 

0.0675 

3 980 
3.980 
2.610 
2.610 
2.190 
2 190 

3.980 
3,980 
2.610 
2.610 
2 190 
2.190 

1.990 
1.990 
1.990 
1.990 
1.805 
1.805 
1.805 
1 a 805 
1.095 
I. 095 
1.095 
1.. 095 

1.990 
1.990 
1.590 
1.990 
1.805 
1.805 
1.805 
1.. 805 
1.095 
1.095 
1.095 
1.095 

a Hole number followed by pos i . t i on  from top .  

'N.D. : Not de te rmined .  



'Table 1.5. Fuel. Rods f o r  OF-2 I u r a d i - a t i o n  Capsule ,  HolMei: R 
..... .. .. . . . . . . -. .. . . . . .. ... 

P a r t i c l e  t y p e s  Pitch-coke Loading, g 
Matrix y i e l d  Spec  i r n t i m  ~ 

l o c a t i o n a  F i s s i l e  F e r t i l e  t y p e  ( X I  5U 32Th 
~ _x_..I..........I -. .. . . . . . --.. _ _  . . . . .. . _. . . . . . . . . 

1.- 1 
-2 
.- 3 
-4 
-5 
-6 

2-1 
... 2 
-3 
-4 
.-. 5 
-6 

3 .^ 1. 
-2 
... 3 
- 4 

-5 
-6 
-7 
-8 
.." g 
-10 
-11 
." 1.2 

4-1 
.- 2 
-3 
- 4 
-5 
-6 
... 7 
-8 
-9 
-10 

-12 

1 3  
13 
1 3  
14 
14 
14 

13  
14 
1 4 
13 
13 
14 

12 
2 
4 
6 
8 
10 
2 
4 
3 
8 
2 
4 

11 
1 
3 
5 
7 
9 
1 
3 
5 
7 
1 

LBSL 

25.4-rir~1-1ong ....II-._...._ . (l.OO-in-) - Specimens 

M b 38.56 0.0814 
G 3 17.89 0.08J.4 
G c 30.62 0.0690 
M a 20.08 0.0690 
G b 37.06 0.0690 
M C 27. 75 0.0690 

G b 36.36 0.081.4 
M b 36.82 0.0814 
G a 1.8.89 0.0690 
M a 20.78  0.0690 
M C 29.63 0.0690 
G c 29.79 0.0690 

12,7-mrn-I.ong .__._ (0.50-in.) I.I.. Specimens .~ ~ 

A d 15.7 
R d 17.4 
C d 15 .8  
I) d 1.5.4 
E d N . D .  
F d 14.6 
I, d 1.4.1 
G d 12.0 
M. d 16.4 
1 d 15.8 
J d 15.5 
R d 1.5.2 

G 
H 
L 
J 
A 
B 
C 
D 
E 
F 
.I 

LAS L 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
d 

LASI, 

N.D. 
N.D. 
11.. 5 
16.4 
1.5.5 
15.5 
16.0 
15,l. 
15.1 
15.6 
1S,7 

0.0407 
0.0407 
0.0407 
0.0407 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 

0.0407 
0.0407 
0.040 7 
0.0407 
0.0345 
0.0345 
0.034.5 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 

1.530 
1.530 
1.260 
1.260 
1.260 
1.260 

1.530 
1.530 
1 * 260 
1.260 
1.260 
1.260 

0.765 
0.765 
0.761 
0.765 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 

0.765 
0.765 
0.765 
0.765 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 

..... 
n Bo1.e number fol lowed by p o s i t i o n  f r o m  t o p .  
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part ic les  w a s  k e p t  c o n s t a n t  f o r  each l o a d i n g .  

20 vol. % shim p a r t i c l e s .  

of 15.75 mm diam by 50.8 nm long (0.620 by 2.00 i n . )  by t h e  s lug-  

i n j e c t i o n  t echn ique  and used m a t r i x  type  c. 

180°C ( 4 5 3  K) and 5 .5  MPa (800 p s i ) ,  excep t  t h a t  r o d s  c o n t a i n i n g  

unannealed f e r t i l e  p a r t i c l e s  t ypes  M and N w e r e  i n j e c t e d  a t  4 . 1  MPa 

(600 p s i ) .  

based  on a s ta t i s t ica l  exper imenta l  d e s i g n  t o  minimize i n t e r a c t i o n  

e f f e c t s .  Rods were carbonized  by t h e  r e f e r e n c e  in-block t echn ique  w i t h  

a b e a t i n g  r a t e  of 11.5 K/min, producing a n  average  coke y i e l d  of 25.7%. 

All f u e l  r o d s  w e r e  s u b j e c t e d  t o  a f i n a l  h e a t  t r ea tmen t  a t  1800°C 

(2073 K) i n  a rgon  f o r  30 min. Table  1 .6  d e s c r i b e s  t h e  f i s s i l e  and 

f e r t i l e  p a r t i c l e  t ypes  and t h e  t o t a l  weights  of 235U and 232Th used i n  

each f u e l  rod  of specimen ho lde r  C.  

Each specimen con ta ined  

Specimens were f a b r i c a t e d  t o  nominal dimensions 

Specimens w e r e  i n j e c t e d  a t  

Placement of f u e l  rod specimens i n  c e l l  1 ( F i g .  1 .4)  w a s  

T a b l e  1 . 6 .  F u e l  Rods f o r  OF-2 I r r a d i a t i o n  Capsu le ,  Ho lde r  C a y b  

P a r t i c l e  t y p e s  Load ing ,  g 
-. __._....-_I_ Specimen 

Lo ca t ionC F i s s i l e  F e r t i l e  235u 2 3 2 ~ h  

1.-1 
-2 
-3 
-4 

2-1 
- 2  
-3 
-4 

3-1 
-2 
-3 
-4 

4-1 
-2 
-3 
-4 

13 
13 
14 
13 

15 
13  
15 
15 

14 
14 
13  
1 4  

15 
14 
13 
13 

N 
I 
G 
0 

0 
G 
H 
P 

M 
P 
J 
M 

H 
J 
I 
N 

0.1338 
0.1338 
0.1590 
0.3640 

0.1338 
0.1338 
0.1590 
0.3640 

0.1338 
0.1338 
0.1590 
0.3640 

0.1338 
0.1338 
0.1590 
0.3640 

2.780 
2.780 
3.460 
7.900 

2.780 
2.780 
3.460 
7.900 

2.780 
2.780 
3.460 
7 .900  

2.780 
2.780 
3.460 
7.900 

a 

bSince tes t  spec imens  were n o t  removed from the magaz ine ,  a c t u a l  

A l l  spec imens  w e r e  50.8 mm (2 .00  i n . )  l ong ,  f a b r i c a t e d  w i t h  
t y p e  c m a t r i x .  

coke y i e l d s  were n o t  a v a i l a b l e .  However, t y p i c a l  s ample  spec imens  
w e r e  p r o c e s s e d  i n  a n o t h e r  h o l d e r  a t  t h e  same t i m e  as t h e  a c t u a l  t es t  
spec imens .  Coke y i e l d  d a t a  from t h e  sample  spec imens  are: mean 
coke y i e l d  = 25.72; h i g h  = 29.5X; Low = 23 .6%;  number of samples  = 16, 
s t a n d a r d  d e v i a t i o n  = 1.36; 95% c o n f i d e n c e  i n t e r v a l  = 25.7 i- 4 . 5 3 % .  

Hole  number f o l l o w e d  by p o s i t i o n  f rom t o p .  c 

3 

.... ~ ......:..... - ..... .... ~ 



2, CAPSULE ~ R K ~ ~ A T I O N  

Capsule OF-2 began i r r a d i a t i a n  i n  the> E-7 p o s i t i o n  of Ehe ORR core  

on .June 2 1 ,  1 9 7 5 ,  and izerrninated i r r a d i a t i o n  on Aug. 1, 1~976 fo l lowing  

8440 h r  a t  r e a c t o r  f u l l  power (30 f ld) .  

During initri.al. o p e r a t i o n  t h e  toCal reaction rates were h i g h e r  i n  

t h e  ends of t h e  capsu1.e because of a change i n  the neut ron  spec t r i io i ,  

The r e s u l t  w a s  an  i n c r e a s e  of approxiinatel-y 20% i n  heat: g e n e r a t i o n  r a t e  

f o r  f u e l  r o d s  l ~ o c a t e d  at: t h e  t o p  of Magazins A and a t  t h e  hottorn of 

Magazi-ne C y  that i s ,  r o d s  a t  t h e  ends of  t h e  capsGle.  'Lhc major teiilppr:?- 

cure  c,hanges were € o r  f u e l  r o d s  i n  t h e  top  50 nuii ( 2  i n . )  i.ii Magazine A ,  

which operaCed a t  approximately 1.00 K above t h e  d e s i g n  tempera tura  of 

1 1 5 O o C  (1.423 K)  and f o r  f u e l  r o d s  at the hottom of Magazine C ,  where 

the maximum temperat i i re  was 1.350"C (1623 K) . Details of t-iiesc. resu1.r.s 

a re  p r e s e n t e d  i n  r e f .  3 .  

A conrpl.i-it:i> l i s t i n g  of f i s s i o n  gas reI.i..as~--to-..biri:.l--I i-atc riIti.c>s 

(R/B) f o r  ce l l s  1 and 2 i s  p r e s e n t e d  i n  Fi.g. 2 . 1 .  

Magazine C ,  w h i l e  Magazines A and B we-re: i n  c e l l  2 .  

Cell. I. was occupied by  

The R / B  measurements can be used for q u a l i t a t i v e  eval.uai:ion of fue l  

peTformance d u r i n g  i.rradiatri.on. A t  t h e  beginning of i r r a d i a t i c ? n ,  con- 

taminat ion-  and f a b r i c a t  ion-induced f u e l  fa i lures ,  h u t  noi: i r radiat : ion-  

induced f u e l  f a i l - u r e s  presumably c a u s e  the f i . ss ion gas re1.ease. 

I n  cell 1. c o n t a i n i n g  j u s t  Magazine C ,  t h e  R / B  reoiai.ned rrl.ai:j.vely 

c o n s t a n t  ( e . g . ,  8 5 m K r  was i.n flhe r a n g e  of 2-1 x 

4000 hours .  At- t h a t  t h e  t h e  R / B  begar! t o  i n c r e  e and Tost? t o  where 

t h e  85mKr was i n  t h e  range 1 x lo-''. 

O F  Lissile par t - i ic les  and c i e h t  t y p e s  of fert i7.e p a r L i c l e s .  A1. l  of  t h e s e  

p a r t i c l - e  t y p e s  w e r e  contained i n  c e l l  2 ilnder s i m i l a r  c o n d i t i o n s  (approxi-  

mate ly  ha1.f t h e  test. space  wi?s compri.sed of t i iese  p a r t i c l e  t y p e s ) ,  w i t h  

the rxcept io i l  of fissi1.e parrzicle h a t c h  A-615.  However t h e  R/K nw:isure- 

ments i n  C e l l  2 decreased  throughout  t h e  i r r a d i a t i o n .  T h u s  FTP cieei.ded 

t h a t  the fissi1.e b a t c h  A-415 caused E l i < ?  i n c r e a s e  i n  R / B .  A s  tllr 

m e t a l  1-ographic s e c t i o n  w i l l  p r e s e n t  l a t e r ,  ba-tch A-61 5 had v e r y  an iso-  

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

uniri l  approximately 

Cel.1. 1. conta ined  o n l y  t h r e e  types 
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Fig. 2.1. F i s s i o n  Gas Relea.se-to-B-i.rth Rate Rat ios  fo r  OF-2 Dur ing  
I r r a d i a t i o n .  (a) Cell 1. (b) Cell 2. 



1 6  

W e  n o t e  t h a t  a t  t h e  beginning  o f  i i - r a d h t i o n  t h e  R/R  mt:.,.. 2 nsurements 

D u r t n g  t h e  i n  Cell  2 w e r e  h i g h e r  t h a n  i n  C e l l  1: 

metal.l.ographic exnniination t h e  f u e l  w a s  in g e n e r a l l y  good c o n d i t i o n .  

However, f a u l t y  f a b r i c a t i o n  caused some f e r t i l e  par t ic les  t o  fai.1. 

These f a b r i c a t i o n  f a i l u r e s  may have produced the h igh  i n i - t i a l  R / B  i n  

C e l l  2 .  

85mKr was 1 x lo-’’. 

P r e l i m i n a r y  est:i.niates of f a s t - n e u t r o n  f l u e n c e  and f u e l  burnup have 

been made and are p r e s e n t e d  i n  F i g s .  2 . 2  through 2 . 4 .  We emphasize 

t h a t  t h e s e  a r e  p r e l i m i n a r y  v a l u e s  t h a t  w i l l  be  r e v i s e d  when t h e  dos imet ry  

a n a l y s i s  i s  compl.et:etl. 6 

Themcouplt. Incations 
and Nink@rs Xole Numbers 

R73931 
....... ........ 11111 ............... 

E s t i m t a d  
E S t k t e d  Averaqe B U m U p  ( a  PIMA) Distance Average 

Above UPIP F a s t  Z’luencc 
(in.) (E .0.18 W V )  2351) 238” 2 3 2 m  

(Neutrons/cm2) x 102’ 
. II__ ̂ 

.- 10.50 1.94 50.0 2.29 0.59 

- 10.00 2.25 54.1 2.83 0.74 

58.3 3.48 0.94 -- 9.50 2.55 

- 9.00 2.83 61.7 4.14 1.13 

- 8.50 3.19 59.9 4.20 1.14 

I 8.00 3.57 63.0 4.59 1.35 

- 7.50 3.92 65.2 5.46 1.53 

- 7.00 4.24 67.1 6.01 1.71 

- 6.50 4.56 69.0 6.63 1.91 

- 6.00 4.88 70.4 7.15 2.08 

- 5.50 5.23 71.2 7.74 2.28 

- 5.00 5.58 73.0 8.31 2.48 

......... ......... - .- l_l ............. 

Fig. 2 .2 .  P r e l i m i n a r y  E s t i m a t e s  of Neutron Fluence and Fuel  Burnup 
i n  Specimen Holder A o f  Capsul-e OF-2. 
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T h e m c o u p l e  Locat ions 
and M m b e r s  

R73929 
EstFaated 

P a s t  Pluence 

(Neutrons/an2) x lo2’ 

Distance hverage Est imated Average Burnup I% FIMA) 
?hove HMF _I_~ 

2 3 S 0  238” 23ZTh (in.) (E bO.18 MeV) 

- 

3.625 6.38 75.5 9.69 2.96 

3.125 6.64 76.1 10.1 5.13 

2.625 6.86 76 .7  10.6 3.29 

77.3 11.0 3.44 2.125 7.11 

77.8 11.4 3.60 1.625 7.31 

1.125 7.56 78.1 11.7 3 .71  

76.4 12.1 3.84 0.625 7 . 7 5  

78.7 1 2 . 4  3.94 0.125 7.91 

-0.375 8.01 79.0 12.7 4 . 0 7  

-0.875 8.20 79 .2  12.9 4 . 1 5  

-1.37s 0.26 79.4 1 3 . 1  4 . 2 2  

-1.875 8.36 79.5 13.2 4.28  
--- 

Fig. 2.3.  P r e l i m i n a r y  E s t i m a t e s  of Neutron Fluence  and Fuel  Burnup 
i n  Specimen Holder E3 of Capsule  OF-2. 

T h e m c o u p l e  loca t ions  
and Nunbers 

Hole timhrs 

6 

3C& 

5 

R7393Q 
I 

Estivated 

Fa5t Fluence 
Distanca Average Estimated Averaqe Burnup ( %  FIN?+) 
Rbove HMP 

235”  238y 23211, (in.) (E >0.18 HeV) 
(Neutrons/Cm2) x 10” 

79.6 13.4 4 . 3 4  -4.875 8.91 

-6.875 

-8.875 

0.50 

7 . 6 2  

79.0 12.7 4.07 

77.5 11.2 3.50 

75.9 9.13 2.77 5.86 -10.875 

F i g .  2.4. P r e l i m i n a r y  E s t i m a t e s  of Neutron Fluence  and F u e l  Burnup 
in Specimen Holder  C of Capsule  OF-2. 
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3 .  POSTIRRADIATION EXAMINATION 

3.1 Disassembly 

The OF-2 capsule was sectioned and the end bulkheads and accompany- 

ing thermocouples were removed. 

retrieved in excellent condition. 

insulators used at the ends of the magazines were removed. 

A l l  three graphite magazines were 

In addition the fibrous carbon 

The primary and secondary containments were slit open to expose their 

inner surfaces. A s  shown in Fig. 3 . 1 ,  the secondary containment had a 

dark sooty film deposited on the inner surface, in contrast to the 

primary containment, which remained shiny. The inner surface of both 

cells 1 and 2 were equally sooty in appearance. 

L 
R72838 

I 

All three magazines were opened easily and the spines and fuel 

rods removed easily. 

contained in Magazine C. In previous tests,', rods carbonized in-block 

had been very difficult to remove. 

established between the rods and the graphite to make removal difficult. 

This included the fuel rods carbonized in-block and 

We assumed that a bond had been 
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However, i n  t h o s e  ear l ie r  tests t h e  pi tch-coke y i e l d  w a s  always more 

t l ian 40%,  whercar, Magazine C had a p i tch-coke  y i e l d  of 2 5 . 7 % .  This  

d i f f e r e n c e  may have r e s u l t e d  i n  a weaker bond between t h e  f u e l  rods  and 

t h e  g r a p h i t e  i n  Magazine C t h a n  i n  t h e  p r e v i o u s  tests and i t  may e x p l a i n  

t h e  ease of t h e i r  removal.  

3 . 2  Gamma Scanning 

Gross gamma s c a n s  (0.55-0.75 MeV)  were made a l o n g  t h e  l e n g t h s  of 

each magazine and i n d i c a t e d  solile inhomogeneity i n  t h e  f i s s i l e  arid f e r t i l e  

f u e l  p a r t i c l e s  i n  t h e  fuel .  rod.  The burnup p r o f i l e s  a l o n g  t h e  magazines 

were f a i r l y  c o n s t a n t  except  f o r  t h e  bottoiii p o r t i o n  of Magazine C .  Fuel. 

r o d s  l o c a t e d  a t  t h i s  p o s i t i o n  had  been loaded w i t h  much more fuel.  t o  

compensate € o r  t h e  lower n e u t r o n  r e a c t i o n  rates expectiad a t  t h i s  a x i a l  

p o s i t i o n  of  t h e  ORK c o r e .  T h i s  problem i s  d i s c u s s e d  in d e t a i l  i n  r e f .  3. 

The gamma scans showed t h a t  t h e  l o a d i n g s  were too h igh ,  as t h e  burnup 

p r o f i l - e s  were much h i g h e r  t h a n  Chose o f  ne ighbor ing  f u e l  r o d s .  

A d d i t i o n a l  g r o s s  gamma s c a n s  (0.55-0.75 MeV) we,re made of the f u e l  

rod  s t a c k s  a f t e r  t h e i r  removal from t h e  g r a p h i t e  magazines (F igs .  3.2-3.4).  

'These s c a n s  resemhJ.ed t h o s e  made of t h e  magazines b e f o r e  t h e  f u e l  r o d s  

w e r e  removed. Inhomogeneity i n  t h e  f iss i le  and f e r t i l e  f u e l  p a r t i c l e s  

i s  shown by t h e  change i n  gamma a c t i v i t y  a l o n g  t h e  l e n g t h  of t h e  f u e l  

r o d s .  Of p a r t i c u l a r  i n t e r e s t  w e r e  t h e  s c a n s  made of t h e  f u e l  r o d s  from 

Magazine C .  Ten a c - t i v i t y  peaks  , and hence,  t e n  v a l l e y s  were a s s o c i a t e d  

w i t h  each  f u e l  rod ;  they  r e s u l t e d  from the u s e  of a 20-way s p l i t t e r -  

bl.eizder d u r i n g  f u e l  rod  fabr i . r :a t ion .  T h i s  inhomogeneity c a u s e s  t h e  

tempera ture  p r o f i l e  t o  d i f f e r  by +2 K f r o m  t h e  homogeneous s i t u a t i o n . 7  

I n  c o n j u n c t i o n  w i t h  t h e  g r o s s  gamma s c a n s ,  gamma s p e c t r a  t o  iden-  

t i f y  p a r t i c u l a r  i s o t o p e s  w e r e  a c q u i r e d  on each f u e l  rod .  To o b t a i n  n 

r e p r e s e n t a t i v e  spe'ctrum, each rod was moved v e r y  slowly - less than  

2.5 mm/min (0 .1  i.n./min) - p a s t  a 0.51- by 25- by 42!&mni (20-mil by 

1 .0- in .  by 17- ih . )  c o l l i m a t o r .  The s p e c t r a  w e r e  always taken  from t h e  

rniclil1.e p o r t i o n  of t h e  f u e l  rod t o  minimize any edge e f f e c t s .  The 

prof i.l.es of t h e  f o l l o w h g  i s o t o p e s  w e r e  determined a l o n g  e a c h  f u e l  s t a c k :  

9 5 Z r ,  3Rt(1, ~ 5mTe, 1 3 4 C s ,  137Cs,  l4ICe, and 144Ce ( s e e  Appendix). 
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A f t e r  removal of t h e  f u e l  r o d s ,  spectral  g a m a  s c a n s  were made a long  

t h e  l e n g t h  of t h e  empty g r a p h i t e  magazines ,  as w e l l .  

used w a s  6 .3  by 25 by 425 nun (0.25 by 1.0 by 1 7  i n . )  long .  

f o l l o w i n g  i s o t o p e s  were i d e n t i f i e d  i n  the g r a p h i t e :  

137Cs, 1 4 4 C e .  

th rough 3 .7 .  

The c o l l i m a t o r  

The 

'lomAg, 134Cs,  

The p r o f i l e s  f o r  each  magazine are g iven  i n  F i g s .  3.5 
A s  shown, t h e  g a m a  a c t i v i t y  i n  Magazine A is  r e l a t i v e l y  

c o n s t a n t  w i t h  an  i n c r e a s e  near the bottom. On t h e  o t h e r  hand, t he  

p r o f i l e  from Magazine B shows a n  i n c r e a s e  i n  cesium a c t i v i t y  from t o p  

t o  bottom, w h i l e  s i l v e r  a c t i v i t y  remains f a i r l y  c o n s t a n t .  Magazine C 

shows a similar i n c r e a s e  i n  cesium a c t i v i t y  from t o p  t o  bot tom, w i t h  very 

h i g h  a c t i v i t y  a t  t h e  bottom of  h o l e  2. 

bottom of Magazine C i n d i c a t e  a h i g h  f a i l u r e  f r a c t i o n  o f  par t i c l e s  i n  

These h i g h  ac t iv i t i e s  a t  t h e  

t h a t  area. 

h i g h ,  r e s u l t i n g  i n  a r e l a t i v e l y  h igh  power d e n s i t y .  

w a s  observed  a t  t h e  bot tom of each  magazine and nowhere else.  

found no p l a u s i b l e  e x p l a n a t i o n  f o r  t h i s .  

Remember, t he  heavy-metal l o a d i n g  a t  t h i s  p o s i t i o n  w a s  too  

I n t e r e s t i n g l y ,  1 4 L t C e  

W e  have 

The s i l v e r  a c t i v i t y  i n  the 

g r a p h i t e  magazines  g e n e r a l l y  fo l lowed t h e  burnup p r o f i l e  a c r o s s  the 

capsule.  Th i s  i n d i c a t e s  t h a t  the release of s i l v e r  from t h e  p a r t i c l e s  

and f u e l  r o d s  - n o t  observed i n  t h e  f u e l  rod scans - w a s  c o n s t a n t  and t h e  

same € o r  a l l  pa r t i c l e  types .  

ORNL-DWG 78- 9 2+ 1 B 

0 434Cs (604keV) 

BOTTOM OF 

> 

T@P OF 
(0) MAGAZINE MAGAZi N E 

ORNL-DWG 78-9 21 I9 

Fig .  3.5. Gamma A c t i v i t y  of Empty Graph i t e  Magazine A f r o m  Capsule  
OF-2. (a) Along h o l e s  1 and 3 .  (b )  Along ho le s  2 and 4 .  

~ ........................ -- ........... ~ . .  
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I / 3 

v s 3 4 -  

a 
E 15 -- I 
a 

10 c3 

d 

MAGAZl NE 
BOTTOM OF 
MAGAZl NE 

Fig.  3.6. Gamma Activity of Empty Graph i t e  Magazine B f rom Capsule  
OF-2. (a )  Along ho le s  1 and 3 .  (b) Along holes  2 and 4 .  
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ORNL-OWG 78-4 2(22 

0 i44Ce ( i 3 3 k e V )  
0 (34Cs (604heV)  
A jS7Cs ( 6 6 i k e V )  
0 iiomAg ( 6 5 7 k e V l  

TOP OF 
(a) MAGAZINE 

BOTTOM OF 
MAGAZINE 

OWL-DWG 78-!2i23 

TOP OF 
( b )  MAGAZINE 

BOTTOM OF 
MAGAZINE 

Fig. 3.7. Gamma Act iv i ty  of Empty Graphite Magazine C from Capsule 
OF-2. (a) Along holes  1 and 3. (b) Along ho le s  2 and 4 .  
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3 . 3  Visual. Examination 

A f t e r  t h e  f u e l  r o d s  were removed from t h e  magazines t h e y  w e r e  

v i s u a l l y  examined. The res-ilts are g i v e n  below: 

Magazine A,  F u e l  r o d s  from t h i s  magazine w e r e  i n  good c o n d i t i o n ,  w i t h  

on1.y s l i g h t  debonding. Fuel  h o l e s  1. and 2 each  conta ined  s i x  25-m- 

l o n g  (1- in . )  r o d s ,  and f u e l  h o l e s  3 and 4 each conta ined  twel.ve 13-mm- 

l o n g  (0.5- in . )  r o d s .  Visua l  i n s p e c t i o n  o f  t h e  s u r f a c e  of each of t h e  

f u e l  r o d s  i n d i c a t e d  t h a t  i n  t e n  r o d s ,  from 1 t o  1.2 fa-il.ed p a r t i c l e s  

were v i s i b l e .  The remaini-ng 26 r o d s  i n d i c a t e d  no v i s i b l e  f a i l u r e s  on 

the  f u e l  rod s u r f a c e .  

Magazine B. F u e l  r o d s  frotii h o l e s  1 and 2 w e r e  i n  good c o n d i t i o n ,  wi.th 

o n l y  s l i g h t  debonding a t  t h e i r  edges.  Fue l  r o d s  from h o l e s  3 and 4 were 

i n  much worse c o n d i t i o n .  E i g h t  f u e l  r o d s  had comple te ly  debonded and 

had no a p p a r e n t  s t r u c t u r e .  These r o d s  were l o c a t e d  i n  p o s i t i o n s  K-3-1, 

-2 ,  -6, -7 ,  -8, B-4-1, -2,  and -11. Because t h e  m a t r i x  used t o  f a b r i c a t e  

t h e  r o d s  from h o l e s  3 and 4 w a s  c h a r a c t e r i z e d  by low coke y i e l d s  

(12-17.4%),  t h e  r e s u l t i n g  f u e l  r o d s  were weak. Thus, w e  can conclude 

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

coke y i e l d s  lower t h a n  18% i s  poor. 'Therefore,  the  use of such  r o d s  

should be discouraged.  The e i g h t  completely debonded r o d s  w e r e  n o t  

v i s u a l l y  examined f o r  part:ic.le f a i l u r e s .  From one t o  twelve f a i l - e d  

p a r t i c l e s  w e r e  s e e n  on t h e  s u r f a c e  of e i g h t  of t h e  remaining 28 f u e l  r o d s ,  

bu t  none w e r e  s e e n  on t h e  o t h e r  20 f u e l  rods .  

Magazine C.  The f u e l  r o d s  from t h i s  magazine were i n  good c o n d i t i o n  

w i t h  o n l y  moderate debonding of a few rods .  Visual. examinat ion a t  h igh  

m a g n i f i c a t i o n  r e v e a l e d  many o u t e r  pyrocarbon c o a t i n g  f a i l u r e s  on tile 

s u r f a c e  of several f u e l  r o d s .  F a i l u r e s  w e r e  most p r e v a l e n t  on t h e  s u r f a c e  

of r o d s  c o n t a i n i n g  f i s s i l e  p a r t i c l e  b a t c h  A-615 (F ig .  3 . 8 ) .  Those f u e l  

r o d s  w i t h  h i g h  l o a d i n g s  a t  t h e  bottom of t h e  magazine a lso had many L T I  

f a i l u r e s  on t h e i r  s u r f a c e s .  
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Fig .  3 . 8 .  Sur face  of Fuel  Rod C-2-1 Showing Numerous oLTI F a i l u r e s .  
The arrow p o i n t s  t o  one of many o u t e r  pyrocarbon c o a t i n g  f a i l u r e s .  

3 . 4  Dimensional Ana lys i s  

W e  i n s p e c t e d  each  f u e l  rod by measuring i t s  d iameter  a t  t h e  t o p ,  

mid length ,  and bottom at  0 and 90" w i t h  a d i a l  gage comparator and 

V-block assembly. A maximum l e n g t h  w a s  a l s o  determined.  The r e s u l t s  

are g iven  i n  Table  3 .1 .  

neu t ron  f l u e n c e  (E > 0.18 MeV) is  shown i n  Fig.  3 . 9 .  
Magazines A and B e x h i b i t e d  sh r inkage  up t o  a f a s t  f l u e n c e  of 

7 x n/m2 (E > 0.18 MeV), a t  which p o i n t  a minimum w a s  reached and 

t h e  rods  began t o  s w e l l .  

sh rank  more than  d i d  t h o s e  r o d s  carbonized  in- tube  o r  i n  packed A l 2 O 3 .  

A s  shown i n  Table  1 . 3 ,  t h e s e  r o d s  had t h e  lowes t  average  coke y i e l d .  

Because t h e  rods  i n  Magazine C w e r e  carbonized  in-b lock ,  t h e i r  

d i a m e t r a l  changes were c a l c u l a t e d  from t h e  p r e i r r a d i a t i o n  dimensions of 

The d i a m e t r a l  sh r inkage  as a f u n c t i o n  of f a s t -  

The f u e l  rods  from 

The rods  carbonized  i n  Robinson g r a p h i t e  



Table 3.1. OF-2 Fuel Rod Dimensional Change 

Diameter 

irradiation 

Diameter Length Estimated 
Change after Change average after Specimen after 

irradiation ( X )  irradiation ( X )  fast fluence' Specimen 

- (in.) 

OF-2A-1-1 
-2 
-3 
-4 
-5 
-6 

OF-2A-2-1 
-2 
-3 
-4 
-5 
-6 

OF-2A-3-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

OF-2A-4-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

OF-2C-1-lb 
-2 
-3 
-4 

0.6061 
0.6051 
0.6018 
0.6026 
0.6031 
0.6025 

0.6063 
0.6040 
0.6017 
0.6035 
0.6005 
0.6000 

0.6034 
0.6036 
0.5984 
0.6011 
0.5994 
0.6000 
0.5995 
0.5986 
0.5980 
0.5968 
0.5966 
0.5967 

0.6074 
0.6062 
0.6069 
0.6027 
0.6046 
0.5992 
0.6013 
0.6010 
0.6001 
0.5960 
0.6009 
0.5914 

0.6103 
0.6094 
0.6086 
0.6053 

-2.32 
-2.53 
-2.94 
-3.09 
-3.05 
-3.17 

-2.38 
-2.85 
-3.08 
-2.82 
-3.50 
-3.26 

-2.63 
-2.71 
-3.55 
-3.14 
-3.35 
-3.38 
-3.35 
-3.51 
-3.64 
-3.83 
-3.76 
-3.80 

-2.16 
-2.29 
-2.14 
-2.82 
-2.58 
-3.40 
-3.11 
-3.14 
-3.33 
-3.86 
-4.01 
-4.40 

-1.69 
-2.12 
-2.23 
-2.61 

0.9715 
0.9655 
0.9650 
0.9708 
0.9692 
0.9530 

0.9668 
0.9630 
0.9520 
0.9682 
0.9680 
0.9681 

0.4874 
0.4842 
0.4797 
0.4869 
0.4861 
0.4747 
0.4760 
0.4866 
0.4841 
0.4764 
0.4770 
0.4802 

0.4843 
0.4862 
0.4743 
0.4745 
0.4832 
0.4772 
0.4822 
0.4872 
0.4833 
0.4759 
0.4756 
0.4896 

1.9641 
1.9741 
1.9411 
1.9128 

-2.85 
-2.87 
-3.46 
-3.68 
-3.07 
-3.89 

-2.48 
-3.14 
-3.66 
-4.29 
-3.35 
-3.38 

-2.44 
-2.08 
-3.75 
-2.42 
-3.01 
-3.02 
-3.72 
-1.76 
-3.51 
-3.85 
-3.54 
-3.13 

-2.00 
-2.05 
-2.73 
-3.56 
-2.56 
-3.46 
-2.35 
-2.85 
-2.82 
-4.09 
-3.16 
-3.20 

-4.32 
-2.05 
-2.37 
-2.13 

2.09 x 1021 
2.69 
3.38 
4.08 
4.72 
5.40 

2.09 
2.69 
3.38 
4.08 
4.72 
5.40 

1.94 
2.25 
2.55 
2.83 
3.19 
3.57 
3.92 
4.24 
4.56 
4.88 
5.23 
5.58 

1.94 
2.25 
2.55 
2.83 
3.19 
3.57 
3.92 
4.24 
4.56 
4.88 
5.23 
5.58 

8.91 
8.50 
7.62 
5.86 

OF-2B-1-1 
-2 
-3 
-4 
-5 
-6 

OF-2B-2-1 
-2 
-3 
-4 
-5 
-6 

OF-2B-3-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

OF-2B-4-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

0.6001 
0.5986 
0.5991 
0.5966 
0.6011 
0.6009 

0.5982 
0.5996 
0.5917 
0.5982 
0.5971 
0.6006 

0.5837 
0.5936 
0.5765 
0.5872 

0.5939 
0.5937 
0.5934 
0.5946 

0.5943 
0.5930 
0.5946 
0.5910 
0.5913 
0.5910 
0.5923 
0.5936 
0.5924 

-~ ~~ ~~ ~~ 

Length 
Change after Change 
( X )  irradiation ( X )  

(in.) 

-3.46 0.9517 
-3.61 0.9528 
-3.84 0.9593 
-3.84 0.9623 
-3.41 0.9559 
-3.56 0.9499 

-3.58 0.9697 
-3.51 0.9583 
-3.71 0.9540 
-3.78 0.9573 
-3.71 0.9653 
-3.35 0.9693 

Deb o n d e d 
-5.95 0.4685 
-4.32 0.4612 
-7.03 0.4694 
-5.78 0.4721 

Deb o n d e d 
Debonded 
Debonded 

-4.16 0.4787 
-4.26 0.4702 
-4.31 0.4799 
-4.07 0.4750 

Debonded 
Debonded 

-4.19 0.4654 
-4.45 0.4849 
-4.16 0.4682 
-4.69 0.4714 
-4.61 0.4699 
-4.74 0.4716 
-4.48 0.4765 
-4.29 0.4730 
-4.42 0.4881 

Debonded 

-3.60 
-3.66 
-4.20 
-4.10 
-4.07 
-3.69 

-2.65 
-3.58 
-3.98 
-4.19 
-3.95 
-3.95 

-5.92 
-7.87 
-5.34 
-4.86 

-4.72 
-4.61 
-4.82 
-4.06 

-4.49 
-4.17 
-4.91 
-5.11 
-5.19 
-5.30 
-4.64 
-6.36 
-2.30 

~~ ~ 

Estimated 
average 

fast fluence' 
(n/cm2) 

6.51 x l o z 1  
6.99 
7.44 
7.85 
8.11 
8.31 

6.51 
6.99 
7.44 
7.85 
8.11 
8.31 

6.38 
6.64 
6.86 
7.11 
7.31 
7.56 
7.75 
7.91 
8.01 
8.20 
8.26 
8.36 

6.38 
6.64 
6.86 
7.11 
7.31 
7.56 
7.75 
7.91 
8.01 
8.20 
8.26 
8.36 



Table 3 . 1  (continued) 

2ianieter Length Estimated Diameter Length Estimated average 

irradiation ( X )  irradiation (%) fast fluencea Specimen irradiation (2) irradiation ( % I  fast fluence" 
(in.) (in.) (n/cm2 ) iin.) (in.) ( n i c m 2 )  

Specimen after Change after Change average after Change after Change 

OF-2C-2-1 0 .6083 -2 .28  ND 8 .91  x 10" 
-2 0 .6088  -1.76 IiD 8 . 5 0  
-3  0 . 6 1 5 1  -0 .73  1 . 9 5 8 0  -1 .40  7 .62  
-4 0.6104 - 1 . 5 0  1 . 9 9 5 3  0 . 0 1  5 . 8 6  

OF-2C-3-1 0 . 6 1 0 5  -2 .26  2 .0146 0.41 8 . 9 1  
-2  0 . 6 1 0 8  - 1 . 8 3  1 . 9 6 1 1  -2 .75  8.50 
-3 0 . 6 0 7 5  -2 .53  I. 9663 -2.36 1 . 6 2  
-4 0.6027 - 3 . 0 1  1 . 9 2 0 1  -3.23 5.86 

OF-2C-4-1 0.6115 -1.99 1.9582 - 3 . 2 4  8 . 9 1  
-2 0 . 6 0 8 6  -2.30 2 .0228 -0.40 8.50 
-3 0.6UY& -2.39 I. 9583 - 3 . 3 1  7 .62  
-4  0.6082 -1.97 1.9204 -1.84 5.86 

QE z 0.18 MeV. 

'Since actual specimens for holder C were not removed from the holder, the preirradiation dimensions were from typical as-fired 
sample specimens processed at t h e  same time as the actual test specimens. 
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F i g .  3 .9 .  OF-2 F u e l  Rod Dimensional Changes Versus Es t imated  F a s t  
F luences .  

r o d s  f a b r i c a t e d  and processed e x a c t l y  as t h e  i r r a d i a t e d  ones  were. 

r o d s  shrank  less t h a n  d i d  r o d s  carbonized by any other procedure .  We 

should n o t e  t h a t  t h e  r o d s  i n  Magazine C conta ined  mi-iy more Triso-coated 

p a r t i c l e s  ( i n  t h e  form of i n e r t s  and f i s s i l e s )  t h a n  d i d  r o d s  i r r a d i a t e d  i n  

t h e  o t h e r  two  magazines.  The i n c r e a s e  i n  T r i s o - p a r t i c l e  packing f r a c t i o n s  

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

w i t h  o t h e r  d a t a  t h a t  i n d i c a t e  t h a t  f u e l  r o d  dimensional  changes are 

p r i m a r i l y  c o n t r o l l e d  by t h e  dimensional. changes of  t h e  c o n s t i t u e n t  f u e l  

p a r t i c l e s .  8 ' 9  

These 

This  agrees 

The g r a p h i t e  magazines were a l s o  d imens iona l ly  measured by opposing 

d i a l  i n d i c a t o r s .  The r e s u l t s  are presentled i n  F i g .  3.10. Magazines B 

and C behaved s i m i l a r l y  and b o t h  shrank  up t o  a f a s t  fl.uence of 

8-8.5 x n/m2 (E > 0.18 M e V ) ,  a t  which p o i n t  a minimum wa.s reached 

and t h e  g r a p h i t e  began t o  s w e l l .  These magazines exper ienced  s i m i l a r  

t empera tures .  On t h e  o t h e r  hand, Magazine A ,  whi.ch o p e r a t e d  a t  a much 

lower tempera ture  and n e u t r o n  f l u e n c e ,  d i d  n o t  s w e l l  and shrank  more 

a t  t h e  s a m e  f a s t  f l-uence.  
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fA5T NEUTRON FLUENCE (n/rn2 x IOz5) 

F i g .  3.10. OF-2 G r a p h i t e  Magazines' Dimensional Change as a Funct ion  
of Fast-Neutron Fluence .  

3.5 M e t a l l o g r a p h i c  Examination 

3 . 5 . 1  F i s s i l e  par t ic les  ~. made i n  0.13-m-diam c o a t e r  

As mentioned p r e v i o u s l y ,  many c o a t i n g  f a i l u r e s  w e r e  observed i n  

t h e  f u e l  r o d s  from Magazine C .  S e l e c t e d  f u e l  r o d s  from Magazine C were 

examined m e t a l l o g r a p h i c a l l y  t o  de te rmine  t h e  cause  of t h e  c o a t i n g  

f a i l u r e s  . Metal lography r e v e a l e d  c o a t i n g  f a i l u r e s  of t h e  OL 'K c o a t i n g s  

on t h e  T r i s o  p a r t i c l e s  b u t  w i t h  none of t h e  Biso c o a t i n g s  of f e r t i l e  o r  

i n e r t  p a r t i c l e s .  N o  f a i l e d  S i c  c o a t i n g s  were observed,  e i t h e r .  

The oLTL c o a t i n g  f a i l u r e s  were a t t r i b u t a b l e  t o  f a s t - n e u t r o n  damage 

(F ig .  3.11) and m a t r i x - p a r t i c l e  i n t e r a c t i o n  (F ig .  3 .12 ) .  Because only  

one random p l a n e  i s  observed i n  t h e  m e t a l l o g r a p h i c  c r o s s  s e c t i o n s ,  i t  

w a s  n o t  p o s s i b l e  c o n f i d e n t l y  t o  d i s t i n g u i s h  between f a s t - n e u t r o n  damage 

and m a t r i x - p a r t i c l e  i n t e r a c t i o n .  T o  supplement t h e  o b s e r v a t i o n s  from 

Magazine C f u e l  r o d s ,  f u r t h e r  meta l lography w a s  performed on r o d s  from 

Magazines A and B;  t h e s e  r o d s  conta ined  t h e  s a m e  p a r t i c l e  b a t c h e s .  

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

The 

Metal lography w a s  performed 
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Fig. 3.11. Failure of the oLTI Coating Caused by Fast-Neutron Damage 
(E > 0.18 MeV). Particle bat A-601 irradia in fuel rod C-2-2. 

Fig. 3.12. Failure of the oLTI Coating Caused by Matrix-Particle 
Interaction. Particle batch A-615 irradiated in fuel rod C-2-1. 



33 

t o  de te rmine  whether  t h e  oLTI  c o a t i n g  f a i l u r e s  r e s u l t e d  from c h a r a c t e r -  

i s t i c s  of t h e  m a t r i x  o r  of t h e  p a r t i c l e s :  

w a s  r e s p o n s i b l e .  

c o a t i n g  f a i l u r e s  on t h e  Tr i so-coa ted  p a r t i c l e s .  A s  shown, f a i l u r e s  w e r e  

observed i n  most f u e l - r o d s  t h a t  i n c l u d e d  a l l  p a r t i c l e  b a t c h e s  ( t h a t  i s ,  

A - 6 0 1 ,  -611, and -615).  

oLTI  c o a t i n g s  f o r  t h e  f i s s i l e  p a r t i c l e s  examined, and Fig .  3 . 1 3  shows t h e  

r e l a t i o n s h i p  between oLTI  c o a t i n g  f a i l u r e  and pi tch-coke y i e l d s .  

w e  found a combinat ion of b o t h  

T a b l e  3 .2  p r e s e n t s  t h e  t a b u l a t e d  r e s u l t s  of t h e  oLTI 

Table  3.3 l i s ts  t h e  impor tan t  p r o p e r t i e s  of t h e  

T a b l e  3 .2 ,  F a i l u r e  F r a c t i o n  of oLTI Coa t ings  on 
Tr i so-Coated  Pa r t i c l e s  in OF-2 

P i t c h -  oLTI 
coke  F i s s i l e  f a i l u r e  

y i e l d  p a r t i c l e  f rac t ionC 
roda Matrig t y p e  (%I  b a t c h  (XI 
F u e l  

A-1-1 b 38 .0  A-611 8 
A-1-2 a 1 7 . 0  A-601 3 
A-1-3 a 1 6 . 2  A-611 0 
A-1-4 31.0 A-611 7 
A-1-5 b 36.2 A-601 22 

C 

A-1-6 C 30.9 A-601 6 

A-2-3 b 37.6 A-601 19  

B-1-2 a 17 .9  A-601 0 
B-1-3 30.6 A- 60 1 7 
B-1-4 a 2 0 . 1  A-611 0 
B-1-6 27.8 A-611 0 

c-2-1 f 
c-2-2 f 25.7 
c-3-4 f 25 .7  

C 

C 

25. 7a A-615" 100" 
d A-601" 0- 7e, f 

A-611 33 d 

a L e t t e r  i n d i c a t e s  magazine ;  f i r s t  number i n d i c a t e s  
h o l e ,  second number i n d i c a t e s  rod .  

b H a t r i x  t y p e s  are as f o l l o w s :  

C a r b o n i z a t i o n  
t e c h n i q u e  F i l l e r  P i t c h  A d d i t i v e  

a A-240 none Asbury 6353 Packed A1203 
A-240 none Asbury 6353 In - tube  b 

GA p r o p r i e t a r y  In - tube  
GA p r o p r i e t a r y  In-b l o c k  d 

C 

e 

dEs t i m a  t e d  . 
Determined m e t a l l o g r a p h i c a l l y .  

e F u e l  rod  a l s o  c o n t a i n e d  T r i s o - c o a t e d  i n e r t  p a r t i c l e s .  

f A l l  o L T I  f a i l u r e s  a t t r i b u t a b l e  t o  T r i s o - c o a t e d  i n e r t  
p a r t i c l e s .  
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T a b l e  3.3.  Impor t an t  oLTI P r o p e r t i e s  of F i s s i l e  P a r t i c l e s  
F a b r i c a t e d  i n  a 127-mm C o a t i n g  Furnace  and 

I r r a d i a t e d  i n  OF-2 

Ba tch  Baf Open p o r o s i t y  
(7:) 

oLTI  d e n s i t y a  
(Mg/m3> 

A-6011 1 .035  9 .4  1 .724  

A-611 1.030 11.1 1 .696  

A-615 1 .069  2 . 0  1.910 
~ ~~ 

a C o r r e c t e d  g r a d i e n t  d e n s i t y .  
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F ig .  3.13. R a t e  of I r r a d i a t i o n - I n d u c e d  oLTI Coat ing F a i l u r e  f o r  

Triso-Coated F i s s i l e  P a r t i c l e s  i n  OF-2. 

The h i g h e s t  oLTI f a i l u r e  f r a c t i o n  (100%) occurred  i n  f u e l  rod 

C-2-1, which c o n t a i n e d  p a r t i c l e s  from b a t c h  A-615 and w a s  carbonized  

in-block.  

which a l s o  showed 100% oLTI f a i l u r e .  

showed a h i g h  degree  of o p t i c a l  a n i s o t r o p y ,  expec ted  because of t h e  

h i g h  BAFo measurements observed b e f o r e  i r r a d i a t i o n  (Fig.  3 . 1 4 ) .  Coatings 

w i t h  h igh  o p t i c a l  a n i s o t r o p y  t y p i c a l l y  have h i g h  rates of f a i l u r e  from 

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

T h i s  f u e l  r o d  a l s o  conta ined  Triso-coated i n e r t  p a r t i c l e s ,  

The oLTI c o a t i n g s  on b a t c h  A-615 
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O p t i c a l  
M i  crog r a  p h 

Pol ari zed 
L i g h t  

F i g .  3.14. Broken oLTI Coat ing of F i s s i l e  P a r t i c l e  Batch A-615 
I r r a d i a t e d  i n  F u e l  Rod C-2-1. 
p o l a r i z e d  l i g h t .  

(a) Under b r i g h t  f i e l d .  (b) Under 
Note bands of h i g h  o p t i c a l  a n i s o t r o p y  i n  oLTI c o a t i n g .  

- 



36 

F a i l u r e  f r a c t i o n s  of t h e  oLTI c o a t i n g s  i n  b a t c h e s  A-601 and -611 
ranged from 0 t o  33%. The only  t r e n d  observed w a s  t h a t  t h e  r o d s  w i t h  

h i g h e r  pi tch-coke y i e l d s  ( t y p i c a l l y  m a t r i x  t y p e  b) had h i g h e r  oLTI 

f a i l u r e  f r a c t i o n s .  I n  a d d i t i o n  t h e  oLTI c o a t i n g  of t h e s e  two p a r t i c l e  

b a t c h e s  had much open p o r o s i t y ,  which probably i n c r e a s e d  t h e  bonding 

between t h e  m a t r i x  and t h e  p a r t i c l e .  

The Biso-coated f e r t i l e  and i n e r t  p a r t i c l e s  showed no c o a t i n g  

f a i l u r e s  i n  an;. meta l logr t - -h ic  s e c t i o n .  The Biso-coated p a r t i c l e s  

a p p a r e n t l y  w e r e  a b l e  t o  s h r i n k  w i t h  t h e  matrix d u r i n g  i r r a d i a t i o n ,  so  

s t r o n g  i n t e r a c t i o n s  w e r e  minimized. On t h e  o t h e r  hand, t h e  S i c  c o a t i n g  

prevented  t h e  Tr i so-coa ted  p a r t i c l e s  from s h r i n k i n g  w i t h  t h e  m a t r i x ,  s o  

s t r o n g  i n t e r a c t i o n s  developed. Thus, c o a t i n g  f a i l u r e s  w e r e  observed i n  

t h e  Tr i so-coa ted  p a r t i c l e s ,  b o t h  f i s s i l e  and i n e r t ,  w h i l e  none w e r e  

observed i n  t h e  Biso-coated p a r t i c l e s .  

The f o l l o w i n g  c o n c l u s i o n s  about  oLTI f a i l u r e  were drawn from t h e s e  

d a t a :  

1. The most impor tan t  p r o p e r t y  r e s u l t i n g  from i r r a d i a t i o n  of t h e  

oLTI c o a t i n g  is  o p t i c a l  a n i s o t r o p y .  A l l  oLTIs (100%) f a i l e d  i n  p a r t i c l e  

b a t c h  A-615, which had a h i g h  BAF, (1 .069) ,  whereas oLTI c o a t i n g  f a i l u r e s  

were f a r  fewer  i n  b a t c h e s  A-601 and A-611, which had lower BAFos (1.030 

and 1.035,  r e s p e c t i v e l y ) .  

2 .  F a i l u r e  of t h e  oLT1 a t  h i g h  pi tch-coke y i e l d s  o c c u r r e d ,  even 

a t  such r e l a t i v e l y  low f a s t - n e u t r o n  exposures  as less t h a n  5 x n/m3. 

A pitch-coke y i e l d  of  less t h a n  30% i s  n e c e s s a r y  t o  p r e v e n t  oLTI f a i l u r e .  

The e f f e c t  of h i g h  pi tch-coke y i e l d  i s  i n c r e a s e d  by t h e  g r e a t  open 

p o r o s i t y  of t h e  pyrocarbon. 

3. In-block c a r b o n i z a t i o n  r e s u l t e d  i n  c o n s i s t e n t l y  h i g h e r  oLTI 

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

Other  t h a n  t h e  oLTI c o a t i n g  f a i l u r e s  of t h e  f i s s i l e  p a r t i c l e s  from 

t h e  t h r e e  b a t c h e s  i n  Magazine C y  t h e  f u e l  a p p a r e n t l y  performed v e r y  

w e l l .  

(Q 3 pm) w e r e  no ted .  

p a r t i c l e  b a t c h e s  examined i s  summarized below. The o b s e r v a t i o n s  f o r  

each  b a t c h  w e r e  v i r t u a l l y  i d e n t i c a l  f o r  a l l  rods .  

N o  broken Sic c o a t i n g s  and o n l y  s l i g h t  f i s s i o n  p r o d u c t  a t t a c k  

The performance of  t h e  kernels i n  t h e  t h r e e  f i s s i l e  
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F i s s i l e  P a r t i c l e  Batch A-601 : Examples 

of t h e  me.ta1lographic examinat ion of b a t c h  A-601 arc shown :i.n F i g .  3.L5.'c 

A s  i s  t y p i c a l  of a l l  WAR p a r t i c l e s ,  d u r h g  i r rad i .a t? lnn  t h e  k e r n e l  and 

b u f f e r  d e n s i f i e d ,  c r e a t i n g  a s i g n i i i c a n t  v o i d  volume. Two k e r n e l  phases 

w e r e  d i s p e r s e d  i n  t h e  d e n s i f i e d  buffe.r w i t h  no v:i.sibl_e m e t a l l i c  i n c l u -  

s ions .  

s i n c e  t h e  metal l ic  f i s s i o n  p r o d u c t s  are  solub1.e i n  a higl-i-carbon m i L I e u . .  

I n  c o n t r a s t  t o  o b s e r v a t i o n s  made 3.11 p r e v i o u s  exper iments ,  t h e  d e n s i f i e d  

b u f f e r  was o p t i c a l l y  i s o t r o p i c . .  Loca l ized  f i s s i o n  p r o d u c t  zcctrsnulations, 

rare e a r t h s  and pal.l.adium, were observed at: the SI'C coat ing  ( F i g e  3 . 1 6 ) .  

These f i s s i o n  p r o d u c t s  p r i m a r i l y  accumulated i.n t h e  a r e a s  a d j a c e n t  t o  

where t h e  WAR k e r n e l s  had shrunken arid adhered t o  t h e  i.I,TI c o a t i n g .  

T h i s  i n d i c a t e s  t h a t  rare e a r t h  o r  pa l lad ium m i g r a t i o n  most probably 

f o l l o w s  a s o l i d  d i . f f u s i m  mechan.j.siu. 

Approxi.mately ... .l__ll 75X-Gonverted ___l-.l WAR. 

The d i s p e r s i o n  probably  r e s u l t e d  from the h i g h  convers ion  leve l  

F i s s i l e  P a r t i c l e  Batch A-611 : h p p r ~ 1 . 5 % - C o n v e r t e d  WAR. Exampl.es 

of t h e  m e t a l l o g r a p h i c  examinat ion of b a t c h  A-601 f rm  r o d s  i n  evcry  

magazine are shown i n  F i g .  3.17. T y p i c a l  d e n s i f i c a t i o n  s f  kernel  and 

b u f f e r  w a s  0bserve.d. L ike  b a t c h  A-601, the k e r n e l  was d i s p e r s e d  i n  the 

d e n s i f i e d  b u f f e r  w i t h  no o p t i c a l  a n i s o t r o p y  noted .  T h e  d : i . s p c r s d  k e r n e l  

Looked much l i k e  i r r a d i a t e d  U028 i n  which f i s s i o n  gas bubb les  2nd inc11.1- 

s i o n s  a re  v i s i b l e .  Metallic f i s s i o n  product  i n c l u s i o n s  observed i n  Lhe 

k e r n e l  phase  i n d i c a t e  nonsolubi l . i ty  of t h o s e  fission p r o d u c t s  i n  h i g h  

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

Very s l i g h t  f i s s i - o n  product  accumula t ions  resembling those  i.n F ig .  3.16 

w e r e  observed 011 some p a r t i c l e s ,  w i t h  no v i s i b l e  a t t a c k  on t h e  S i c  

c o a t i n g .  N o  e f f e c t s  of a thesmi31. g r a d i e n t  were seen; however, t h e  f i s s i o n  

p r o d u c t s  accumulated n e a r  t h e  d e n s i f i e d  kern.el.. 

__.- -._.._...-.I.-- ___I 

These r e s u l t s  are  s:i.milar t o  previous  s t u d i e s .  11 

F i s s i l e  P a r t i c l e  fiat-ch A-615 : Apgroximately 75%-Converted ~ ~ WAR. Examples 

of t h e  m e t a l l o g r a p h i c  examinat ion of b a t c h  A-61.5 f m m  r o d s  i n  M a g a z i r ~  C 

are  shown i n  F ig .  3.1.8. 

.- - _I 

T y p i c a l  d e n s i f i c a t i o n  of k e n e l .  and b u f f e r  was 

observed.  The appearance  of t h e  k e r n e l  w a s  as i n  ba tch  A-.601., b u t  the 

_I.-- I.-- * 
I n  t h e  f o l l o w i n g  micrographs of par t . i .c le  meta l lography,  t h e  o u t e r  

s u r f a c e  of the rod ( t h e  "c01.d" s i d e  of t h e  pa.:(-ticle) i s  on t h e  r i g h t  
i n  t h e  f i g u r e .  
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Fig .  3.15. R e p r e s e n t a t i v e  P a r t i c l e s  from F i s s i l e  Batch A-601. 150x. Rod s u r f a c e  i s  on r i g h t  
s i d e  of micrographs.  
(b)  Same. P o l a r i z e d  l i g h t .  ( c )  I r r a d i a t e d  i n  f u e l  rod A-1-2,  n e a r  rod  c e n t e r .  Br igh t  f i e l d .  Note 
oLTI  c o a t i n g  f a i l u r e .  (d) Same. P o l a r i z e d  l i g h t .  

(a) I r r a d i a t e d  i n  f u e l  rod  B-1-3, on o u t e r  s u r f a c e  of rod .  Br igh t  f i e l d .  
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Fig .  3 . 1 7 .  R e p r e s e n t a t i v e  P a r t i c l e s  from F i s s i l e  Batch A-611 .  150x. Rod's o u t e r  s u r f a c e  i s  on 
r i g h t  s i d e  of micrographs.  from r o d ' s  o u t e r  s u r f a c e .  B r i g h t  
f i e l d .  (b) Same. P o l a r i z e d  l i g h t .  ( c )  I r r a d i a t e d  i n  f u e l  rod A-1-6, n e a r  rod c e n t e r .  B r i g h t  f i e l d .  
(d) Same. P o l a r i z e d  l i g h t .  

(a )  I r r a d i a t e d  i n  f u e l  rod E-1-6 3500 
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b u f f e r  sur rounding  t h e  d i s p e r s e d  k e r n e l  w a s  o p t i c a l l y  a n i s o t r o p i c .  For 

t h e  same r e a s o n  as  i n  b a t c h  A-601, no metal l ic  f i s s i o n  p r o d u c t s  were 

observed i n  t h e  k e r n e l .  Small  l o c a l i z e d  f i s s i o n  p r o d u c t s  accumulated 

a t  t h e  S i c  c o a t i n g .  These accumula t ions  resembled t h o s e  i n  F i g .  3.16 

and had t h e  same r e l a t i o n s h i p  t o  t h e  d e n s i f i e d  k e r n e l  as i n  A-601 and 

A-611. Such f i s s i o n  product  accumulat.i.ons had caused t h e  i L T I  c o a t i n g  

t o  g r a p h i t i z e  and were themselves  o p t i c a l . l y  act ive under  p o l a r i z e d  l i g h t  

Many t i m e s  a ga.p between t h e  S i c  and i L T I  c o a t i n g s  had formed where t h e  

f i s s i o n  p r o d u c t s  had accumulated.  

3 . 5 . 2  __ Fiss1.l.e _ E _ a r t i c l e s - - . - ~ ~ ~ ~ ~ _ ~ ~ n  l a b o r a t o x .  ._.I.__._ c o a t e r  

Metal.l.ography w a s  a l s o  performed on s e l e c t e d  f u e l  r o d s  from Magazine 

A ,  which contai-nec! f i s s i l e  par t ic les  made i n  t h e  l a b o r a t o r y  c o a t e r .  

Metall.ography of t h e  f u e l  r o d s  from Magazine B w i l l  b e  performed 0nl.y 

a f t e r  t h e y  are  examined by The I r r a d i a t e d  Microsphere Gamma Analyzer 

( IMGA) system.12 

gamma a n a l y s i s  s o  as t o  b e t t e r  de te rmine  f u e l  performance.13 

f i s s i l e  p a r t i c l e s  examined inc luded  WAR p a r t i c l e s  a t  v a r i o u s  convers ion  

l e v e l s ,  s o l - g e l  (4Th,U)02 p a r t i c l e s ,  and VSM UC2 p a r t i c l e s .  

K e s u l t s  of t h e  meta l lography w i l l  b e  coupled w i t h  t h e  

The 

MetaI lography was performed on f u e l  kods A-4-2 and A-4-10, which 

b o t h  c o n t a i n e d  f i s s i l e  p a r t i c l e s  WAR U C ~ , L + ~  01 .95  a t  a nominal. convers ion  

of 0%. The two m e t a l l o g r a p h i c  c r o s s  s e c t i o n s  d i s p l a y  2 1  p a r t i c l e s  i n  

a l l .  Amoeba w a s  observed i n  1 6  and 22% of t h e  p a r t i c l e s  i n  A-4-2 and 

A-4-10, r e s p e c t i v e l y .  The maximum mi.graf:ioti observed w a s  10 vm. 

R e p r e s e n t a t i v e  p a r t i c l e s  are  shown i n  F i g .  3.19. The k e r n e l s  and b u f f e r s  

had d e n s i f i e d  t o  create a v o i d  volume between t h e  k e r n e l  and t h e  i L T I  

c o a t i n g .  T h i s  e f f ec t  i s  t y p i c a l  of WAR k e r n e l s  a t  a l l  convers ion  levels. ' '  

T h e  k e r n e l  o f t e n  was d i s p e r s e d  i n  the dens iEied  b u f f e r  and i n  e x c e s s  k e r n e l  

carbon [as i n  Fig.  3.19(a)], i n s t e a d  of agglomera t ing  [ a s  i n  F ig .  3.19(c)]. 

As i n  i r r a d i a t e d  U02, the k e r n e l s  w e r e  c h a r a c t e r i z e d  by f i s s i o n  g a s  

b u b b l e s ,  ceramic inc lus i .ons ,  and meta l l ic  i n c l u s i o n s .  IJnder p o l a r i z e d  

l i g h t ,  most p a r t i c l e s  showed a n  o p t i c a l l y  a c t i v e  l a y e r  of carbon on t h e  

i n n e r  s u r f a c e  of  t h e  i L T I  coating. E v i d e n t l y ,  t h e  oxygen p o t e n t i a l  was 

s u f f i . c i e n t l y  h i g h  t o  t r a n s p o r t  carbon o u t  of t h e  k e r n e l  and b u f f e r ,  t h e  
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Fig .  3.19. R e p r e s e n t a t i v e  P a r t i c l e s  from F i s s i l e  UC5.4301.95 Batch OR-2332-H. The r o d ' s  s u r f a c e  
i s  t o  t h e  r i g h t  of t h e  micrographs.  150x. ( a )  From f u e l  rod A-4-2. B r i g h t  f i e l d .  (b) Same. P o l a r i z e d  
l i g h t .  (c )  From f u e l  rod  A-4-10. B r i g h t  f i e l d .  ( d )  Same. P o l a r i z e d  l i g h t .  
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carbon la te r  c0ndensi.il.g on t h e  i L I 1  c o a t i n g .  T h i s  a g r e e s  w i t h  c a l c u l a -  

t i o n ~ ~ ~  made on particles wl'.th t h e  s t o i c h i o m e t r y ,  U C 5 . 4 3  01 - 9 5 .  

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

p a l l a d i u r n , l 5 7 l 6  w e r e  observed a t  t h e  S i c  c o a t i n g  w i t h  no a p p a r e n t  

c o r  r o  s i o 11. 

I n  

Metal lography was performed on f u e l  rod  A-3-5 c o n t a i n i n g  

WAK-U.C5-51+.01.69 w i t h  a nominal convers ion  o f  15%. 
p a r t i c l e s  w e r e  observed w i t h  no f a i l u r e s  o r  amoeba. R e p r e s e n t a t i v e  

p a r t i c l e s  are shown i.n F i g .  3 . 2 4 .  The k e r n e l  w a s  d i s p e r s e d  i n  a por- 

t i o n  of  t h e  d e n s i f i e d  b u f f e r  and t h e  e x c e s s  k e r n e l  carbon.  I n  c o n t r a s t  

t o  resul.j:s from recm Ir tests , 7 7 3  t h e  d e n s i f i e d  b u f f e r  w a s  n o t  

o p t i c ; i l l y  anisotropi. i :  under p o l a r i z e d  l i g h t .  No c o r r o s i o n  of the  S i c  

was observed.  

A t o t a l  of 10 

The f i s s i l e  p a r t i c l e  i n  f u e l  r o d s  A-3-2 and A-3-4 was a WAR 

U C 5 . 5 9  01 .97  w i t h  a nominal convers ion  of 0%. The t h i c k n e s s  of t h e  

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

rod  A-4-2 and A-4-10. 

( s e e  T a b l e  1.1). 

m e t a l l o g r a p h i c  c r o s s  s e c t i o n s .  Amoeba m i g r a t i o n  was n o t  p r e v a l e n t ,  b u t  

m i g r a t i o n  up t o  15  ym w a s  observed.  R e p r c s e n t a t i v e  p a r t i c l e s  are shown 

i n  Figs. 3.20 and 3.21. As i n  t h e  p r e v i o u s  r o d s ,  t h e  appearance  of t h e  

k e r n e l s  v a r i e d :  some w e r e  d i s p e r s e d  i n  t h e  d e n s i f i e d  b u f f e r  and had 

e x c e s s  carbon;  some were agglomerated.  F iss i .on  g a s  bubbles ,  ceramic 

i n c l u s i o n s ,  and meta l l ic  i n c l u s i o n s  were p r e s e n t .  I n  a d d i t i o n ,  p o l a r i z e d  

l i g h t  i l l u m i n a t i o n  r e v e a l e d  a l a y e r  of vapor-deposi ted carbon on t h e  

s u r f a c e s  of t h e  v o i d  volume, as i n  r o d s  A-4-2 and A-4-10 (F ig .  3 .21) .  

One unusual  f e a t u r e  i s  shown i n  Fig .  3.22. Here small par ts  of t h e  

k e r n e l  had p e n e t r a t e d  the i L T I  c o a t i n g  on the h o t  s i d e  of t h e  p a r t i c l e .  

W e  a s s u m e  t h a t  t h i s , i s  a n  amoeba m i g r a t i o n .  

piec.es  h a s  been observed i n  0%-converted WAR p a r t i c l e s  w i t h  b u f f e r  c o a t i n g s  

t h i c k e r  t h a n  50 pm." 

t h e  S i c  c o a t i n g  w e r e  again observed.  

t h a t  d e c r e a s i n g  t h e  b u f f e r  t h i c k n e s s  of WAR p a r t i c l e s  t o  23 iirn does  n o t  

appear  t o  impai r  t h e i r  performance. 

The p r e s e n t  one had a " t h i n "  b u f f e r  of  23.0 pm 

A t o t a l .  o f  33 p a r t i c l e s  were observed i n  t h e  two 

S i m i l a r  m i g r a t i o n  of k e r n e l  

Metallic i n c l u s i o n s  - thought  t o  b e  pa l lad ium - a t  

These and o t h e r  resultsll show 
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F i g .  3.20. R e p r e s e n t a t i v e  P a r t i c l e  from U C 5 . 5 3 0 1 . 9 7  F i s s i l e  B a t c h  
OR-2329-H. The p a r t i c l e  had been i r r a d i a t e d  i n  f u e l  rod  A-3-2 and w a s  
l o c a t e d  900 vm from t h e  r o d ' s  o u t e r  s u r f a c e ,  which i s  t o  t h e  r i g h t  o f  
t h e  micrographs .  150x. ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  
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20 40 60 MICRONS 100 420 
I I 

I 5 0 0 X 1 j 1  
0.001 INCHES 0.005 

i 

40 60 MICRONS 100 

0.001 INCHES 0.005 

Fig. 3.22. Migration of Parts of the Kernel in the i L T I  Coating 
of a Fissile Particle from Batch OR-2329-H (UCg.5301.97). (a) Bright 
field. (b) Polarized light. 
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Another WAR p a r t i c l e  t y p e  wi.t:h a norninal. convers ion  of 0% wa.s 

exaiii.iri.ed i n  r o d s  A-4-5 and A-4-9.  

(set? T a b l e s  1.1. and 1 . 4 )  and t h u s  had 2 composi t ion of U C I , . ~ ~  0 2 - 0 4 .  A 

t o t a l  of 11 part i .c l .es  w e ~ e  observed w i t h  IIO amoeba of t h e  k e r n e l  

r e a d i l y  a p p a r e n t .  K e p r e s e n t a t i v e  p a r L i c l e s  are  shown i.11 F i g .  3.23. 

D e p o s i t i o n  of ca-chonwas seen on t h e  s u r f a c e s  of t h e  v o i d  volume, as i n  

t h e  p r e v i o u s  two par t ic le  b a t c h e s  The k e r n e l s  resembled t h o s e  of 

i r r a d i a t e d  U O 2 ,  as f i s s i o a  gas bubbles ,  ceram:ic incl .usions,  and m e t a l l i c  

irzr:I.usions were p r e s e n t .  

a t  t h e  Sic were a l s o  obset:ved. 

I t  was carbonized  a t  a v e r y  h i g h  r a t e  

The ~ n e t a l b i c - a p p e a r i n g  pa l lad ium i n c l u s i o n s  

Mera.1.l-ography was performed on Euel  rod A-3-5 c o n t a i n i n g  WAR 

IJC5.54 Q l m 6 9  w i t h  a nominal. co-riversion of 15%. A t o t a l  of 10 p a r t i c l e s  

were observed wi.%h no f a i l u r e s  or amoeba. R e p r e s e n t a t i v e  p a r t i c l e s  are 

sho:m i n  F i g .  3 . 2 4 .  T h e  k e r n e l  w a s  d i s p e r s e d  i n  a p o r t i o n  of the den- 

s i f i e d  b u f f e r  a n d  i n  t h e  e x c e s s  k e r n e l  carbon. I n  c o n t r a s t  t o  resul-ts from 

recent: tes ts , l l  Y 1 7 , i 8  t h e  d e n s i f i e d  b u f f e r  w a s  n o t  o p t i c a l l y  a n i s o t r o p i c  

under polar ized .  I.iglit.  No c o r r o s i o n  o f  the Si.C was observed.  

The f i s s i l e  par t ic le  i n  fue l .  rod A,-4-6 w a s  a WAR UC5.12  0 1 . 5 4  p a r t i c l e  

w i t h  a nominal c o i ~ v e r s i s n  of 25%. N o  f a i l u r e s  were s e e n  i.n t h e  t e n  

p a r t i c l e s  examined. R e p r e s e n t a t i v e  p a r t i c l e s  are  shown i n  F i g .  3 . 2 5 .  The 

k e r n e l  and b u f f e r  had d e n s i f i e d  as t h e  o t h e r  WAR p a r t i c k s  had. The k e r n e l s  

had two main phases ,  which were d i s p e r s e d  t o g e t h e r  i n  the d e n s i f i e d  b u f f e r  

and excess k e r n e l  carbon. No f i s s i o n  g a s  bubbles  o r  i n c l u s i o n s  were 

observed i n  t h e  k e r n e l .  S m a l l  f i s s i o n  product  accumula t ions  - most 

l i k e l y  palladium15,16 - were seen a t  t h e  S i c  c o a t i n g ,  p e n e t r a t i n g  i t  

about  3.-3 l.uii. 

Another WAR pa:cticle w i t h  compositi.on UCL,.  53  0 0 . 9 7  and a nominal 

convers ion  o f  50% was c o n t a i n e d  i n  rod A-3-6. 

p a r t i c l e s  were observed i n  the  m e t a l l o g r a p h i c  c r o s s  s e c t i o n .  Representa-  

A t o t a l  of o n l y  f o u r  

t i v e  p a r t i c l e s  are shown i n  F i g .  3.26. The kernel had two main phases  

d i . spe r sed  i n  the d e n s i f i e d  b u f f e r ,  as i n  the 25%-converted MAR pa r t i c l e s  

i n  rod  A-4-6. F i s s i o n  p r o d u c t  accumula t ions  w e r e  s e e n  a t  t i l e  S i c  

c o a t i n g  with p e n e t r a t i o n s  of about  3 1 m  :in p a r t i c l e s  a t  t h e  o u t e r  s u r f a c e ,  

and 1 5  !mi i n  parti.cJ.es aear t h e  i n n e r  s u r f a c e .  The f i s s i o n  product  
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F i g .  3.24. R e p r e s e n t a t i v e  P a r t i c l e  of F i s s i l e  Batch OR-2322-H 
(UCg 5401.69) I r r a d i a t e d  i n  Fue l  Rod A-3-5. 150x. The r o d ' s  o u t e r  
s u r f a c e  is  toward t h e  r i g h t  s i d e  of micrographs.  ( a )  Br igh t  f i e l d .  
(b) P o l a r i z e d  l i g h t .  
o u t e r  s u r f  ace. 

The p a r t i c l e  w a s  l o c a t e d  1800 urn from t h e  r o d ' s  
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e from F i s s i l e  UC5,1201,54 Batch 
i a t e d  i n  f u e l  rod  A-4-6 and w a s  
f a c e ,  which is t o  t h e  r i g h t  of 

t h e s e  micrograp h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  
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t i c l e  from Fissile UCL, ,6300.  

OR-2211-H. P a r t i  i a t e d  i n  f u e l  rod  A-3-6. Th w a s  l o c a t e d  on t h  
micrograph. 150X. ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  

which  is  t o  t h e  r i g h t  0 

Batch 
P a r t i c l e  
f t h e  



accumula t ions  and S i c  c o r r o s i o n  d i d  n o t  a lways depend on t h e  r a d i a l  pos i -  

t i o n  of t h e  p a r t i c l e  i n  t h e  rod ,  bu t  r a t h e r  on  how t h e  k e r n e l  had d e n s i f i e d .  

Most accumula t ions  appeared on t h e  S i c  a d j a c e n t  t o  t h e  d e n s i f i e d  k e r n e l .  

While pa l l ad ium may c o n t r i b u t e  t o  i t ,  much of t h e  c o r r o s i o n  i s  b e l i e v e d  

a t t r i b u t a b l e  t o  t h e  rare e a r t h  f i s s i o n  p r o d u c t s .  T h i s  same b a t c h  of 

p a r t i c l e s  w a s  i r r a d i a t e d  i n  HRB-9 and -10 t e s t s 1 8  and examined e x t e n s i v e l y  

by t h e  e l e c t r o n  microprobe.  

a l t h o u g h  most rare e a r t h s  are r e t a i n e d  i n  t h e  k e r n e l ,  an a p p r e c i a b l e  

amount m i g r a t e  t o  t h e  S i c .  I n  a d d i t i o n ,  c h l o r i n e ,  known t o  a f f e c t  t h e  

behav io r  of t h e  rare e a r t h s  as w e l l  as S i c  c o r r o s i o n ,  l 9  w a s  observed  i n  

t h e  p a r t i c l e s .  

The r e s u l t s  of t h e  s tudy1’  showed t h a t  

F u e l  rod  A-4-7 w a s  m e t a l l o g r a p h i c a l l y  examined; i t  con ta ined  WAR 

Among t h e  twenty par-  U C 4 . 1 4  0 0 . 5 3  w i t h  a nominal conve r s ion  of 75%. 
t ic les  observed  no f a i l u r e s  w e r e  s een .  

F ig .  3.27. Kerne l s  resembled t h e  p r e v i o u s  two rods  d i s c u s s e d .  S m a l l  

f i s s i o n  p roduc t  accumula t ions  a t  t h e  S i c  c o a t i n g  were observed;  however, 

t h e  maximum p e n e t r a t i o n  w a s  less t h a n  2 pm. 

s tudy’’  of t h i s  p a r t i c l e  b a t c h  had a l s o  shown c o n s i d e r a b l e  rare e a r t h  

m i g r a t i o n  ( a s  w e l l  as c h l o r i n e  i n  some p a r t i c l e s ) ,  s o  t h e  d i sc repancy  i n  

S i c  p e n e t r a t i o n  probably  a r o s e  from f a c t o r s  o t h e r  t han  t h e  k e r n e l  

composi t ion .  

T y p i c a l  p a r t i c l e s  are shown i n  

The e l e c t r o n  microprobe 

Fue l  rod  A-3-7 c o n t a i n i n g  WAR U C 3 . 6 8  0 0 . 0 1  p a r t i c l e s  w i t h  nominal 

conve r s ion  of 100% w a s  examined. 

1 6  had cracked  S i c  c o a t i n g s ,  b u t  t hey  w e r e  a r t i f a c t s  of t h e  p o l i s h i n g .  

The k e r n e l  w a s  d i s p e r s e d  i n  t h e  d e n s i f i e d  b u f f e r  and i n  excess k e r n e l  

carbon.  R e p r e s e n t a t i v e  par t ic les  are shown i n  F i g .  3 . 2 8 .  A s  shown, t h e  

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

F i s s i o n  p roduc t  accumula t ions  w e r e  observed  on t h e  co ld  s i d e  of t h e  

p a r t i c l e s ,  as w a s  c o r r o s i o n ,  which p e n e t r a t e d  about  5 pm. 

i n d i c a t e  t h a t  rare e a r t h  f i s s i o n  p r o d u c t s  cor roded  t h e  S i c .  

Another 100%-converted WAR p a r t i c l e  t y p e  w i t h  a s t o i c h i o m e t r y  of 

Twenty-seven p a r t i c l e s  w e r e  observed;  

Other  r e s u l t s ”  

U C 2 . 6 1  0 0 . 1 6  w a s  con ta ined  i n  f u e l  rod  A-4-1 .  It d i f f e r e d  from t h e  pre-  

v i o u s  100%-converted WAR p a r t i c l e  i n  t h a t  i t s  k e r n e l  d e n s i t y  w a s  h i g h e r  

(see Tab les  1.1 and 1 . 4 ) .  Only t h r e e  p a r t i c l e s  w e r e  observed  i n  which 
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Fig. 3.27. Representative Particle from Fissile UC4.1400,53 Batch 
OR-2207-H. The 
particle was on the rod's outer surface, which is to the right of the 
micrographs. 150x. (a) Bright field. (b) Polarized light. 

The particle had been irradiated in fuel rod A-4-7. 
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F i g .  3 . 2 8 .  R e p r e s e n t a t i v e  P a r t i c l e  from F i s s i l e  U C 3 . 6 8 0 ~ . ~ 1  Batch 
OR-2208-H. P a r t i c l e  had been i r r a d i a t e d  i n  f u e l  rod A-3-7 and w a s  900 pm 
from t h e  r o d ' s  o u t e r  s u r f a c e ,  which i s  t o  t h e  r i g h t  of t h e s e  micrographs.  
150x. (a) B r i g h t  f i e l d .  (b)  P o l a r i z e d  l i g h t .  



t h e  k e r n e l  had n o t  f a l l e n  o u t  d u r i n g  m e t a l l o g r a p h i c  p r e p a r a t i o n .  Repre- 

s e n t a t i v e  p a r t i c l e s  are p r e s e n t e d  i n  F ig .  3.29 .  A l l  t h e  p a r t i c l e s  

examined appeared  t o  b e  i n  e x c e l l e n t  c o n d i t i o n  w i t h  no appa ren t  S i c  

c o r r o s i o n  o r  f i s s i o n  p roduc t  accumula t ions .  Th i s  s a m e  p a r t i c l e  b a t c h ,  

when i r r a d i a t e d  i n  HRB-9 and -10 showed mass ive  rare e a r t h  f i s s i o n  

p roduc t  m i g r a t i o n  and h i g h  f a i l u r e  f r a c t i o n s .  W e  should  p o i n t  o u t  t h a t  

t h i s  rod w a s  a t  t h e  v e r y  end of t h e  c a p s u l e ;  t h e r e  t h e  o p e r a t i n g  tempera-  

t u r e s  w e r e  r a t h e r  low. 

e a r t h  f i s s i o n  p r o d u c t s  d i d  n o t  c o r r o d e  t h e  S i c  c o a t i n g .  The performance 

of t h e s e  and o t h e r  100%-converted WAR p a r t i c l e s  d i d  n o t  appear  t o  d i f f e r ,  

s i n c e  t h e  k e r n e l s  were dense r .  

Ev iden t ly  they  w e r e  low enough t h a t  t h e  rare 

A m e t a l l o g r a p h i c  examinat ion  w a s  made of f u e l  rod  A-4-8 c o n t a i n i n g  

a s o l - g e l  ( 4  Th,U)O;! f i s s i l e  p a r t i c l e .  A t o t a l  of 32 p a r t i c l e s  w e r e  

observed  i n  t h e  sample; no broken S i c  c o a t i n g s  - no f a i l u r e s  - w e r e  seen .  

A t y p i c a l  p a r t i c l e  i s  shown i n  F ig .  3 .30 .  E i g h t  p a r t i c l e s  had o b s e r v a b l e  

amoeba w i t h  a maximum m i g r a t i o n  of 10 vm.  The k e r n e l  had a t y p i c a l  

mixed ox ide  appearance  w i t h  f i s s i o n  gas  bubbles  and metal l ic  i n c l u s i o n s  

p r e s e n t .  l 8  No f i s s i o n  product  accumula t ion  o r  S i c  c o r r o s i o n  w a s  

observed .  

A VSM UC2 p a r t i c l e  from f u e l  rod  A-3-1 w a s  examined. Of t h e  t h i r t y -  

e i g h t  p a r t i c l e s  observed ,  no broken S i c  c o a t i n g s  - no f a i l u r e s  - w e r e  

s een .  A t y p i c a l  p a r t i c l e  i s  shown i n  F ig .  3 .31 .  The k e r n e l s  resembled 

t y p i c a l  UC2 w i t h  some i n d i c a t i o n s  of p l a s t i c i t y  d u r i n g  i r r a d i a t i o n .  

G r a p h i t i z a t i o n  of t h e  i L T I  c o a t i n g  on t h e  co ld  s i d e  w a s  observed i n  

15  p a r t i c l e s ,  which were always l o c a t e d  on t h e  i n n e r  h a l f  of t h e  rod  - 

t h a t  is, i n  areas of h i g h e r  t empera tu re .  Very s l i g h t  c o r r o s i o n  - less 

t h a n  2 l-lm - of t h e  S i c  c o a t i n g  w a s  s e e n  where i L T I  g r a p h i t i z a t i o n  had 

occur red .  We should  p o i n t  o u t  t h a t  t h i s  r o d ,  l i k e  A-4-1  p r e v i o u s l y  

d i s c u s s e d ,  w a s  a t  t h e  v e r y  end of t h e  c a p s u l e ,  where t h e  o p e r a t i n g  tempera-  

t u r e s  are t y p i c a l l y  lower.  

Meta l lography w a s  a l s o  performed on f u e l  rod A-3-8 ,  which con ta ined  

WAR f i s s i l e  par t ic les  w i t h  a composi t ion  of UC3.68 N0.53. 

p a r t i c l e  is  shown i n  F ig .  3 .32 .  We b e l i e v e  t h a t  l a c k  of oxygen i n  t h e  

k e r n e l  i n h i b i t e d  any amoeba m i g r a t i o n .  However, t h i s  pa r t i c l e  t y p e  

A t y p i c a l  
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Iq p i g .  3.29. R e p r e s e n t a t i v e  P a r t i c l e  from F i s s i l e  UC2,6100,16 Batch 
OR-2121-H. P a r t i c l e  had been i r r a d i a t e d  i n  f u e l  rod A-4-1.  
w a s  l o c a t e d  on t h e  r o d ' s  o u t e r  s u r f a c e ,  which i s  t o  t h e  r i g h t  of t h e s e  
micrographs.  1 5 0 X .  ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  

The p a r t i c l e  
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F ig .  3.30. 
Which Cons is ted  
i r r a d i a t e d  i n  f 

R e p r e s e n t a t i v e  P a r t i c l e  from F i s s i l e  Batch OR-2321-H, 
of Sol-Gel (Th0,8U0,2)02. The pa r t i c l e  had been 

u e l  rod A-4-8 and w a s  l o c a t e d  on t h e  r o d ' s  o u t e r  
s u r f a c e .  The r o d ' s  o u t e r  s u r f a c e  is  t o  t h e  r i g h t  of t h e s e  micro- 
graphs.  
1 5 0 ~ .  (a) B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  

Note t h e  amoeba of t h e  k e r n e l  up t h e  tempera ture  g r a d i e n t .  
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Fig. 3.31. Representative Particle from Fissile Batch 6151-00-035 
(VSM UC,) Irradiated in Fuel Rod A-3-1.  
2600 pm from the rod's outer surface. 
iLTI on the cold side of the particle. 
the right side of micrographs. 125x. (a) Bright field. (b) Polarized 
light . 

The particle w a s  located 
Note the graphitization of the 
The rod's outer surface is toward 
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Fig .  3 . 3 2 .  R e p r e s e n t a t i v e  P a r t i c l e  from F i s s i l e  Batch OR-2219-H 
(UC3.68N0.53). I r r a d i a t e d  i n  f u e l  rod A-3-8. The particle w a s  
l o c a t e d  1600 pm from t h e  r o d ' s  o u t e r  s u r f a c e .  
s u r f a c e  i s  t o  t h e  r i g h t  of t h e  micrographs.  
f i e l d .  (b) P o l a r i z e d  l i g h t .  

The r o d ' s  o u t e r  
( a )  B r i g h t  150x. 
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s u f f e r e d  from t h e  same problem as does a 100%-converted WAR p a r t i c l e  - 
f i s s i o n  product  m i g r a t i o n  down t h e  tempera ture  g r a d i e n t  w i t h  subsequent  

accumula t ion  a t  t h e  S i c .  Of twelve p a r t i c l e s  observed ,  accumula t ions  

l o c a t e d  on t h e  i n n e r  h a l f  of t h e  rod  w e r e  v i s i b l e  i n  about  h a l f  of t h e  

par t ic les .  P e n e t r a t i o n s  of t h e  S i c ,  p o s s i b l y  by rare e a r t h  f i s s i o n  

p r o d u c t s  o r  by pa l lad ium,  appeared t o  b e  1-2 pm. I n  HRB-9 and -10, 

t h e s e  same p a r t i c l e s  e x h i b i t e d  massive rare e a r t h  f i s s i o n  product  migra- 

t i o n  down t h e  tempera ture  g r a d i e n t  and ,  i n  some cases, subsequent  S i c  

f a i l u r e .  W e  expec t  t h a t  a n a l y s i s  of t h e  r o d s  from t h e  high-temperature  

r e g i o n ,  Magazine B,  w i l l  show s i m i l a r  r e s u l t s .  

3 .5 .3  F e r t i l e  p a r t i c l e s  

Near ly  a l l  t h e  Biso-coated Tho2 f e r t i l e  p a r t i c l e s  ( s e e  Table 1 . 2 )  

were examined m e t a l l o g r a p h i c a l l y ,  w i t h  t h e  e x c e p t i o n  of b a t c h  OR-1849-HT. 

T h i s  b a t c h  w a s  conta ined  i n  f u e l  rod B-3-7 o n l y ,  and w e  dec ided  t o  do a n  

IMGA a n a l y s i s  and perform meta l lography on t h e  l o o s e  p a r t i c l e s  from 

t h i s  r o d  l a t e r .  T y p i c a l  p a r t i c l e s  from each b a t c h  a re  p r e s e n t e d  i n  

F i g s .  3.33 through 3.47. G e n e r a l l y ,  t h e  m e t a l l o g r a p h i c  examinat ion 

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

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

t o  have performed w e l l ,  w i t h  one except ion .  

I n  p a r t i c l e  b a t c h  5-481, examined i n  f u e l  r o d  A-3-1, 9% of t h e  

p a r t i c l e s  lacked  a b u f f e r  c o a t i n g  (F ig .  3 .48) .  E v i d e n t l y  t h i s  problem 

had occurred  d u r i n g  t h e  c o a t i n g  p r o c e s s .  I n  a d d i t i o n ,  i n  4% of t h e  par- 

t i c l e s  t h e  c o a t i n g s  had cracked and t h e  k e r n e l s  appeared t o  have conver ted  

t o  c a r b i d e  (F ig .  3.49). 

While t h e s e  r e s u l t s  i n d i c a t e  a p o o r l y  coa ted  b a t c h  of p a r t i c l e s ,  o t h e r  

r e s u l t s  show t h a t  t h e  bad p a r t i c l e s  w e r e  n o t  r e p r e s e n t a t i v e  of b a t c h  

5-481. The bad p a r t i c l e s  were observed i n  one m e t a l l o g r a p h i c  c r o s s  

s e c t i o n  only .  On t h e  o t h e r  hand, e i g h t  o t h e r  r o d s  c o n t a i n i n g  b a t c h  

5-481 p a r t i c l e s  w e r e  m e t a l l o g r a p h i c a l l y  examined and no bad p a r t i c l e s  

w e r e  observed.  I n  a d d i t i o n ,  seven  more r o d s ,  which conta ined  b a t c h  5-488 

p a r t i c l e s ,  w e r e  examined and no bad par t ic les  w e r e  observed.  Batches 

5-481 and 5-488 w e r e  coa ted  t o g e t h e r ,  b u t  5-488 w a s  annea led  w h i l e  
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Fig. 3.33. 
OR-2265-HT - Irradiated in F u e l  Rod A-4-6. 
(b) Polarized light. 

Typical Biso-Coated Tho2 Particle - from Batch 
125x. (a) Bright field. 
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Fig .  3.34. 

OR-2262-HT - I r r a d i a t e d  i n  F u e l  Rod A-4-7. 
(b) P o l a r i z e d  l i g h t .  

T y p i c a l  Biso-Coated Tho2 P a r t i c l e  - from Batch 
1 2 5 ~ .  ( a )  B r i g h t  f i e l d .  
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Fig. 3.35. 
OR-2261-HT - Irradiated in F u e l  Rod A-4-8 .  
(b) Polarized light. 

T y p i c a l  Biso-Coated Tho, Particle - from Batch 
125x. (a) Bright field. 



65 

- R74468 

I 

Fig. 3.36. T y p i c a l  ulso-CoaLrd Tho2 P a r t i c l e  - from Batch 
OR-2264-HT - I r r a d i a t e d  i n  F u e l  Rod A-4-9 .  
(b) P o l a r i z e d  l i g h t .  

125x. ( a )  B r i g h t  f i e l d .  
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F i g .  3.37. T y p i c a l  Biso-Coated Tho2 P a r t i c l e  - from Batch 
OR-2263-HT - I r r a d i a t e d  i n  F u e l  Rod A-4-10. 125x. ( a )  B r i g h t  f i e l d .  
(b) P o l a r i z e d  l i g h t .  
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F i g .  3.38. T y p i c a l  Biso-Coated ThuZ P a r t i c l e  - rrom Batci i  J-VVV - 
I r r a d i a t e d  i n  F u e l  Rod A-3-7. 125x. ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  
l i g h t .  
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Fig. 3.39. Typical Biso-Coated Tho2 Particle - from Batch 5-4 
Irradiated in Fuel Rod A - 4 - 2 .  125x. (a) Bright field. Cb) Polarized 
l i g h t .  
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Fig .  3.41. i y p i c a l  Biso-Coated Tho, P a r t i c l e  - from Batch 5-491 - 
I r r a d i a t e d  i n  Fuel  Rod A-3-6. 125x. ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  
l i g h t .  
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F i g .  3 . 4 2 .  T y p i c a l  Biso-Coated Tho2 P a r t i c l e  from Batch 5-262 
I r r a d i a t e d  i n  Fuel  Rod A-3-5. 125x. ( a )  B r i g h t  f i e l d .  (b) P o l a r i z e d  
l i g h t .  
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Fig .  3 . 4 3 .  T y p i c a l  Biso-Coated Tho2 P a r t i c l e  f r o m  Batch 5 - 4 8 1  
I r r a d i a t e d  i n  Fue l  Rod B-1-6. 1 2 5 ~ .  ( a )  B r i g h t  f i e l d .  ( b )  P o l a r i z e d  
l i g h t .  
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Fig .  3 . 4 4 .  T y p i c a l  Biso-Coated Tho2 P a r t i c l e  - from Batch 5-483 - 
I r r a d i a t e d  i n  Fuel  Rod C-1-1. The rod  w a s  d e c o n s o l i d a t e d  t o  o b t a i n  
l o o s e  p a r t i c l e s .  150x. (a) B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  



F i g .  3 . 4 5 .  T y p i c a l  Biso-Coated Tho2 P a r t i c l e  - from Batch 5-482 - 
I r r a d i a t e d  i n  F u e l  Rod C-2-1. 1 2 5 ~ .  (a) Br igh t  f i e l d .  (b) P o l a r i z e d  
l i g h t .  
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Fig. 3.46. Typical Biso-Coated Tho2 Particle - from Batch 
OR-2266-HT - Irradiated in Fuel Rod A-4-5. 
(b) Polarized light. 

125x. (a) Bright field. 
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Fig .  3 . 4 7 .  Typica l  Biso-Coated Tho2 P a r t i c l e  - from Batch 5-487 - 
I r r a d i a t e d  i n  Fuel  Rod C-2-4. 125x. ( a )  Br igh t  f i e l d .  (b)  P o l a r i z e d  
1 i g h t  . 
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Fig .  3.48.  Tho2 K e r n e l -  from Batch 5-481 - w i t h  No Buf fe r  Coat ing.  
I r r a d i a t e d  i n  f u e l  rod  A-3-1. 1 2 5 ~ .  



78 

rl 
. .  

Y.l 
' A  
A A P 

I 
L 

M t 'A 

F i g .  3.49. Biso-Coated Tho2 Par t ic le  - from Batch 5-481-  w i t h  Cracked 
Coat ings .  
conver ted  t o  a c a r b i d e .  125x. (a) B r i g h t  f i e l d .  (b) P o l a r i z e d  l i g h t .  

I r r a d i a t e d  i n  f u e l  rod  A-3-1. Note k e r n e l  a p p e a r s  t o  have 



5-481 w a s  n o t .  Also ,  p r e i r r a d i a t i o n  r a d i o g r a p h s  of t h e s e  b a t c h e s  showed 

t h a t  a l l  (100%) of t h e  p a r t i c l e s  w e r e  good. Thus, t h e  p re sence  of f e r t i l e  

p a r t i c l e s  w i t h  no b u f f e r  l a y e r s  i n  rod  A-3-1 cannot  b e  exp la ined  a t  t h i s  

t ime. W e  are c o n t i n u i n g  t o  i n v e s t i g a t e  t h i s  problem. 

S i n c e  t h e  meta l lography provided  no d e f i n i t i v e  i n f o r m a t i o n  on t h e  

performance of f e r t i l e  p a r t i c l e s  under  i r r a d i a t i o n ,  conc lus ions  must b e  

drawn a f t e r  a n a l y s e s  by t h e  IMGA system, now i n  p r o g r e s s ,  are completed.13 

Other  s t u d i e s  have shown t h a t  Biso-coated Tho2 p a r t i c l e s ,  which appeared 

t o  b e  i n t a c t ,  had permeable  c o a t i n g s  t h a t  r e l e a s e d  f i s s i o n  g a s e s .  2 o  21 

3 .5 .4  Matrices 

F i v e  m a t r i c e s  w e r e  used i n  t h e  f a b r i c a t i o n  of t h e  f u e l  r o d s  f o r  t h e  

OF-2 c a p s u l e .  They are d e s c r i b e d  i n  Table  1 . 3 .  The e f f e c t  of i r r a d i a -  

t i o n  on t h e  appearance  of t h e  matrices i s  shown i n  F i g s .  3.50 through 

3.54. The i n f l u e n c e  of t h e  m a t r i c e s  on f u e l  rod i n t e g r i t y  and p a r t i c l e  

performance have been d i s c u s s e d  i n  S e c t s .  3.3 and 3 .5 .1 ,  r e s p e c t i v e l y .  

The m a t r i x  shown i n  F ig .  3.50 w a s  made from 7 1  w t  % Ashland A-240 

p i t c h  and 29 vt  % Asbury 6353 f i l l e r ,  and w a s  carbonized  i n  packed A l 2 O 3 .  

Th i s  combinat ion r e s u l t e d  i n  low coke y i e l d s  ( ave rage  - 18.3%) f o r  t h e  

f u e l  rods .  The i n d i v i d u a l  f i l l e r  p a r t i c l e s  w e r e  d i s c e r n i b l e .  

I n  c o n t r a s t ,  t h e  matrix shown i n  Fig.  3 .51  w a s  a l s o  made from 

7 1  w t  % Ashland A-240 p i t c h  and 29 w t  % Asbury 6353 f i l l e r ,  bu t  w a s  

ca rbon ized  i n  a g r a p h i t e  t u b e  t o  s i m u l a t e  in-b lock  c a r b o n i z a t i o n .  The 

r e s u l t  w a s  a high-coke-yield m a t r i x  ( ave rage  - 37 .3%) ,  which appeared  

"blocky"; t h e  i n d i v i d u a l  f i l l e r  p a r t i c l e s  w e r e  n o t  d i s c e r n i b l e .  

The matrices shown i n  F i g s .  3.52 and 3.53 bo th  used GA's p r o p r i e t a r y  

m a t r i x  composi t ion  and used s i m i l a r  c a r b o n i z a t i o n  modes - in -b lock  and 

in - tube ,  r e s p e c t i v e l y .  The i r  appearances  and coke y i e l d s ,  as expec ted ,  

w e r e  q u i t e  similar. The i n d i v i d u a l  f i l l e r  p a r t i c l e s  were n o t  d i s c e r n i b l e ,  

and t h e  coke y i e l d s  w e r e  i n  medium range  ( 2 5 3 0 % ) .  

The matrix shown i n  Fig.  3.54 w a s  made from 71.5 w t  % Ashland A-240 

p i t c h  and 28.5 w t  % Asbury 6353 f i l l e r ,  and w a s  carbonized  i n  packed 

g r a p h i t e  f l o u r .  

t h e  f i l l e r  p a r t i c l e s  of which w e r e  b a r e l y  d i s c e r n i b l e .  

The r e s u l t  w a s  a low-coke-yield matr ix  ( ave rage  - 15 .6%) ,  
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3.6 E l e c t r o n  Microprobe Examination 

The e l e c t r o n  microprobe w a s  used t o  de te rmine  t h e  behavior  of 

f i s s i o n  p r o d u c t s  from f i s s i l e  p a r t i c l e s  from b a t c h e s  A-601 and A-611. 

A s  p r e v i o u s  s t u d i e s ’  

WAR p a r t i c l e s  made i n  t h e  s m a l l  l a b o r a t o r y  c o a t e r s ,  w e  needed t o  know 

whether  t h a t  i n f o r m a t i o n  a p p l i e s  t o  p a r t i c l e s  made i n  t h e  0.13-m-diam 

c o a t e r .  

had i n v e s t i g a t e d  t h e  f i s s i o n  product  behavior  of 

3 .6 .1  F i s s i l e  p a r t i c l e  b a t c h  A-601 

A f i s s i l e  p a r t i c l e  from b a t c h  A-601 and which w a s  examined meta l lo-  

g r a p h i c a l l y  i s  shown i n  F i g .  3.55. It w a s  i r r a d i a t e d  i n  f u e l  rod  C-3-3 

and i t s  appearance  w a s  t y p i c a l  of t h e  p a r t i c l e s  from b a t c h  A-601 

d e s c r i b e d  ear l ier .  

The b a c k s c a t t e r e d  e l e c t r o n  image and t h e  d i s t r i b u t i o n s  of uranium 

and c h l o r i n e  are p r e s e n t e d  i n  F i g .  3.56. A s  shown, t h e  uranium w a s  

l o c a t e d  i n  t h e  main k e r n e l  phase and i n  t h e  d e n s i f i e d  b u f f e r .  The 

h i g h e s t  c o n c e n t r a t i o n s  w e r e  i n  t h e  main k e r n e l  phase ,  b u t  some accumula- 

t i o n s  w e r e  l o c a l i z e d  i n  t h e  d e n s i f i e d  b u f f e r .  C h l o r i n e ,  b e l i e v e d  t o  

a g g r a v a t e  f i s s i o n  product  b e h a v i o r  and S i c  c o r r o s i o n , 1 9  w a s  a l s o  observed 

i n  t h e  p a r t i c l e .  However, because  of t h e  r e l a t i v e l y  low c o n c e n t r a t i o n  

of c h l o r i n e  and t h e  a s s o c i a t e d  h i g h  background of t h e  i r r a d i a t e d  sample,  

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

c h l o r i n e  w a s  l o c a t e d  i n  t h e  k e r n e l  and a l o n g  t h e  i n n e r  s u r f a c e  of t h e  

i L T I  c o a t i n g .  

c i a t e d  w i t h  t h e  rare  e a r t h  f i s s i o n  p r o d u c t s  Nd, C e ,  L a ,  and P r .  

The 

P r e v i o u s  r e s u l t s ’ ’  have shown t h a t  t h e  c h l o r i n e  i s  asso-  

The d i s t r i b u t i o n s  of t h e  rare e a r t h  f i s s i o n  p r o d u c t s  Nd, C e ,  La,  

and P r  are shown i n  F i g .  3.57. They were observed i n  t h e  k e r n e l ,  t h e  

d e n s i f i e d  b u f f e r ,  a l o n g  t h e  i n n e r  s u r f a c e  of t h e  i L T I  c o a t i n g ,  and a t  

t h e  S i c  c o a t i n g  on t h e  c o l d  s i d e  of t h e  p a r t i c l e .  These r e s u l t s  a g r e e  

w i t h  t h o s e  of p r e v i o u s  s t u d i e s , 1 1 ’ 1 4  which showed t h a t  t h e  r e t e n t i o n  of 

t h e  rare  e a r t h  f i s s i o n  p r o d u c t s  depended on t h e  i n i t i a l  oxygen c o n t e n t  

of t h e  k e r n e l .  

The d i s t r i b u t i o n s  of z i rconium, s t r o n t i u m ,  and barium are shown i n  

F i g .  3.58. Most of t h e  zirconium w a s  l o c a t e d  i n  t h e  main k e r n e l  phase ,  



86 

F i g .  3.55. Batch A-601 F i s s i l e  P a r t i c l e  Examined w i t h  E l e c t r o n  

The r o d ' s  o u t e r  s u r f a c e  i s  
Microprobe. 
l o c a t e d  on t h e  o u t e r  s u r f a c e  of t h e  rod.  
t o  t h e  r i g h t  of  t h e  micrographs.  1 5 0 X .  ( a )  B r i g h t  f i e l d .  
( b )  P o l a r i z e d  l i g h t .  

The p a r t i c l e  w a s  i r r a d i a t e d  i n  f u e l  rod C-3-3 and w a s  



87 

d 

a -  I '? '*A 
OPTICAL 

U MP 
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BSE IMAGE 

L l  L- 

Erom F i s s i l e  Batch A-601. Cold s i d e  of  p a r t i c l e  - 
l o c a t e d  a t  bottom of phot0graph.s. ( a )  O p t i c a l .  B r i g h t  f i e l d .  
(b) Backsca t t e red  e l e c t r o n  image. 
d i s p l a y .  

(c) U MB x-ray d i s p l a y .  (d)  C 1  La x-ray 
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300 urn Ce La  

F i g .  3.57. Par t ic le  from Batch A-601. O r i e n t a t i o n  i d e n t i c a l  t o  t h a t  
o f  F ig .  3.56. 
(d)  Pr La. 

X-ray d i s p l a y s  of ( a )  Nd La, ( b )  C e  La, (c)  La La, and 
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b u t  c o n c e n t r a t i o n s  were a l s o  i n  t h e  d e n s i f i e d  b u f f e r  and i L T I  c o a t i n g .  

On t h e  o t h e r  hand, s t r o n t i u m  had migra ted  o u t  of t h e  k e r n e l  and had con- 

c e n t r a t e d  i n  t h e  d e n s i f i e d  b u f f e r .  S t r i k i n g l y ,  t h e  x-ray d i s p l a y  a l s o  

shows s t r o n t i u m  i n  t h e  i L T I  and S i c  c o a t i n g s .  P r e v i o u s  s t u d i e s  have 

a l s o  d e t e c t e d  s t r o n t i u m  i n  t h e  S i c  c o a t i n g , 2 2  b u t  i t s  m i g r a t i o n  mechanism 

through t h e  Sic  c o a t i n g  i s  n o t  known. Also t h e r e  is  some q u e s t i o n  a s  t o  

t h e  v a l i d i t y  of t h i s  o b s e r v a t i o n  because  of t h e  i n t e r f e r e n c e  between t h e  

s t r o n t i u m  and s i l i c o n  c h a r a c t e r i s t i c  x r a y s .  The barium, l i k e  s t r o n t i u m ,  

had migra ted  o u t  of t h e  k e r n e l  and had c o n c e n t r a t e d  i n  t h e  d e n s i f i e d  

b u f f e r  w i t h  a lower c o n c e n t r a t i o n  i n  t h e  iLTI c o a t i n g .  However, t h e  

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

The d i s t r i b u t i o n s  of t h e  v o l a t i l e  f i s s i o n  p r o d u c t s  cesium and xenon 

are p r e s e n t e d  i n  F i g .  3.59. The cesium, l i k e  t h e  barium j u s t  d i s c u s s e d ,  

migra ted  o u t  of t h e  k e r n e l  i n t o  t h e  d e n s i f i e d  b u f f e r  and i L T I  c o a t i n g .  

The S i c  c o a t i n g  s topped f u r t h e r  m i g r a t i o n .  The xenon a l s o  migra ted  o u t  

of t h e  k e r n e l ,  b u t  i t  c o n c e n t r a t e d  on t h e  p e r i p h e r y  of t h e  d e n s i f i e d  

b u f f e r  w i t h  v e r y  s m a l l  c o n c e n t r a t i o n s  i n  t h e  i L T I .  W e  b e l i e v e  t h a t  

much of t h e  xenon w a s  p r e s e n t  i n  t h e  l a r g e  v o i d  volume c r e a t e d  by t h e  

k e r n e l  and b u f f e r  d e n s i f i c a t i o n .  

Molybdenum and ruthenium were c o n c e n t r a t e d  i n  t h e  main k e r n e l  

phase ,  w h i l e  lower c o n c e n t r a t i o n s  of them w e r e  found i n  t h e  d e n s i f i e d  

b u f f e r  (F ig .  3 .59) .  N o  m i g r a t i o n  of t h e s e  f i s s i o n  p r o d u c t s  i n t o  t h e  

i L T I  c o a t i n g  w a s  d e t e c t e d .  

i n  t h e  k e r n e l  phases ,  w e  expected t h e  molybdenum and ruthenium t o  b e  

e v e n l y  d i s t r i b u t e d  i n  t h e  k e r n e l .  

S i n c e  no meta l l ic  i n c l u s i o n s  were p r e s e n t  

Pa l lad ium had migra ted  o u t  of t h e  k e r n e l  and had accumulated a t  t h e  

S i c  c o a t i n g  on t h e  c o l d  s i d e  of t h e  p a r t i c l e  (F ig .  3 .60) .  These accumula- 

t i o n s  were i d e n t i f i e d  i n  t h e  m e t a l l o g r a p h i c  examinat ion d e s c r i b e d  earlier.  

The rare  e a r t h  f i s s i o n  p r o d u c t s  Nd, C e ,  L a ,  P r  w e r e  a l s o  a s s o c i a t e d  

w i t h  t h e  pa l lad ium accumulat ions.  

3.6.2 F i s s i l e  p a r t i c l e  b a t c h  A-611 

The f i s s i l e  p a r t i c l e  examined from b a t c h  A-611 is  shown i n  F i g .  3.61. 

It w a s  i r r a d i a t e d  i n  f u e l  r o d  C-1-3 and i t s  appearance w a s  t y p i c a l  of 

p a r t i c l e s  from t h a t  ba tch .  
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Fig .  3.59. P a r t i c l e  f rom Batch A-601. O r i e n t a t i o n  i d e n t i c a l  t o  t h a t  
of F i g .  3.56. X-ray d i s p l a y s  of ( a )  C s  L a ,  (b )  X e  L a ,  ( c )  Mo L a ,  and 
(d)  Ru L a .  
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N d  Lff 

F ig .  3.60. P a r t i c l e  from Ba tch  A-bU1. (a) k'd x-ray d i s p l a y  i s  
i n  same o r i e n t a t i o n  as i n  Fig.  3.56. (b) Backsca t t e red  e l e c t r o n  image 
o f  c o l d  s i d e  of p a r t i c l e .  
( d )  Nd La x-ray d i s p l a y  - r e p r e s e n t a t i v e  of o t h e r  rare earths - of c o l d  
s i d e  o f  p a r t i c l e .  

( c )  Pd x-ray d i s p l a y  of c o l d  s i d e  of p a r t i c l e .  
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Fig .  3.61. Batch A-611 F i s s i l e  P a r t i c l e  Examined w i t h  E l e c t r o n  
Microprobe. The p a r t i c l e  w a s  i r r a d i a t e d  i n  f u e l  rod C-2-1 and w a s  
3000 um from t h e  o u t e r  s u r f a c e  o f  t h e  rod .  
r i g h t  of the micrographs.  150x. ( a )  B r i g h t  f i e l d .  (b)  P o l a r i z e d  
l i g h t .  

Rod's s u r f a c e  i s  t o  t h e  
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The b a c k s c a t t e r e d  e l e c t r o n  image as w e l l  as t h e  d i s t r i b u t i o n s  of 

uranium and c h l o r i n e  are p r e s e n t e d  i n  F i g .  3.62. 

c o n c e n t r a t e d  i n  t h e  k e r n e l  phases  d i s p e r s e d  throughout  t h e  d e n s i f i e d  

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

Although c h l o r i n e  w a s  a l s o  a s s o c i a t e d  w i t h  t h e  k e r n e l  phases ,  none w a s  

observed o u t s i d e  t h e  d e n s i f i e d  k e r n e l  and b u f f e r .  The o b s e r v a t i o n s  

The uranium w a s  h e a v i l y  

a g r e e  w i t h  p r e v i o u s  r e s u l t s .  11 

The rare e a r t h  f i s s i o n  product  d i s t r i b u t i o n s  - Nd, C e ,  La ,  P r  - are 

p r e s e n t e d  i n  F i g .  3.63. They w e r e  p r e f e r e n t i a l l y  l o c a t e d  i n  t h e  k e r n e l  

phase ,  b u t  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  w e r e  observed i n  t h e  d e n s i f i e d  

b u f f e r  and a l o n g  t h e  i n n e r  s u r f a c e  of t h e  iLT1 c o a t i n g .  These r e s u l t s  

resemble p r e v i o u s  s t u d i e s '  

W e  observed no m i g r a t i o n  of t h e  rare e a r t h  f i s s i o n  p r o d u c t s  t o  t h e  S i c  

c o a t i n g .  I n  p a r t i c l e s  w i t h  such a h i g h  i n i t i a l  oxygen c o n t e n t  - t h e  

r a t i o  of oxygen t o  uranium b e i n g  1 .75  - most of t h e  rare e a r t h s  were 

expec ted  t o  remain i n  t h e  k e r n e l .  

of p a r t i a l l y  conver ted  WAR p a r t i c l e s .  

The 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 s  f o r  z i rconium, s t r o n t i u m ,  and 

bar ium are  shown i n  F i g .  3.64. L i k e  t h e  p a r t i c l e  from b a t c h  A-601 j u s t  

d i s c u s s e d ,  t h e  zirconium a l s o  w a s  observed i n  t h e  k e r n e l  phase,  i n  

t h e  d e n s i f i e d  b u f f e r ,  a l o n g  t h e  e n t i r e  i n n e r  s u r f a c e  of t h e  i L T I  c o a t i n g ,  

and i n  t h e  i L T I  c o a t i n g  i n  low c o n c e n t r a t i o n s .  The s t r o n t i u m  w a s  a l s o  

i n  t h e  k e r n e l  phase  and d e n s i f i e d  b u f f e r ,  b u t  i t  appeared p r e f e r e n t i a l l y  

d e p o s i t e d  a l o n g  t h e  i n n e r  s u r f a c e  of  t h e  i L T I  c o a t i n g  on t h e  c o l d  s i d e  

of t h e  p a r t i c l e .  Again s t r o n t i u m  w a s  e v i d e n t  i n  t h e  S i c  c o a t i n g .  Barium 

w a s  p r e s e n t  i n  t h e  k e r n e l  phase,  d e n s i f i e d  b u f f e r ,  and i n  t h e  i L T I  

c o a t i n g  i n  low c o n c e n t r a t i o n s .  

The v o l a t i l e  f i s s i o n  product ,  cesium, had m i g r a t e d  from t h e  k e r n e l  

i n t o  t h e  s u r r o u n d i n g  d e n s i f i e d  b u f f e r  and iLTI c o a t i n g  (F ig .  3 .65) .  N o  

xenon x-ray d i s p l a y  could  b e  made because  t h e  xenon count  ra te  w a s  t o o  

l o w  t o  make a d i s c e r n i b l e  image. Thus, we assume t h a t  much of t h e  xenon 

w a s  o r i g i n a l l y  p r e s e n t  i n  t h e  v o i d  volume. 

The f i s s i o n  p r o d u c t s  molybdenum and ruthenium w e r e  p r e f e r e n t i a l l y  

l o c a t e d  i n  t h e  d e n s i f i e d  b u f f e r  (F ig .  3 .65) .  A t  t h e  s u r f a c e s  of t h e  

k e r n e l  phase ,  n o b l e  metal i n c l u s i o n s  w e r e  i d e n t i f i e d .  E v i d e n t l y  t h e  

molybdenum and ruthenium p r e c i p i t a t e  o u t  of  s o l u t i o n  i n  t h e  k e r n e l  
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Fig.  3.62. P a r t i c l e  from Batch A-611.  Cold s i d e  of p a r t i c l e  i s  
a t  lower r i g h t  c o r n e r  of f i g u r e s .  ( a )  O p t i c a l .  B r i g h t  f i e l d .  (b)  Back- 
s c a t t e r e d  e l e c t r o n  image. 
d i s p l a y .  

( c )  U MB x-ray d i s p l a y .  (d)  C 1  L a  x-ray 
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Fig .  3 .63 .  P a r t i c l e  from 
t h a t  of F i g .  3 . 6 2 .  X-ray d i s p  
and (d) P r  Lu.  
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. tch A-611.  
’s of (a) Nd La, (b)  C e  L a ,  ( c )  La L a ,  

O r i e n t a t i o n  i s  i d e n t i c a l  t o  
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Fig.  3 . 6 4 .  P a r t i c l e  from Batch A - 6 1 1 .  O r i e n t a t i o n  i d e n t i c a l  t o  t h a t  o f  F i g .  3 . 6 2 .  X-ray - Lx 
l i n e  - d i s p l a y s  of  (a) zirconium, ( b )  s t r o n t i u m ,  and ( c )  barium. 
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(presumably a n  oxide)  and m i g r a t e  o u t .  These r e s u l t s  resemble chose 

of  p r e v i o u s  s t u d i e s .  

Pa l lad ium a g a i n  had migra ted  o u t  of t h e  k e r n e l  and accumulated a t  

t h e  S i c  c o a t i n g  on t h e  c o l d  s i d e  of  t h e  p a r t i c l e  n e a r  t h e  k e r n e l ' s  p o i n t  

of a t tachment  t o  t h e  i L T I  c o a t i n g  (F ig .  3 . 6 6 ) .  However, u n l i k e  p a r t i c l e  

b a t c h  A-601, i n  t h i s  case the rare e a r t h  f i s s i o n  p r o d u c t s  w e r e  n o t  

a s s o c i a t e d  w i t h  t h e  pa l lad ium accumulat ions.  

E l e c t r o n  microprobe a n a l y s i s  showed t h a t  t h e  behavior  of f i s s i o n  

p r o d u c t s  from p a r t i a l l y  conver ted  WAR p a r t i c l e s  depends on t h e  i n i t i a l  

oxygen c o n t e n t  of t h e  k e r n e l .  

coa ted  i n  t h e  0.13-m-diam c o a t e r  resemble t h o s e  on p a r t i a l l y  conver ted  

WAR p a r t i c l e s  coa ted  i n  0.025-m-diam and 0.063-m-diani c o a t e r s .  '' There- 

f o r e ,  many p r e v i o u s  r e s u l t s  on f i s s i o n  product  behavior  i n  WAR p a r t i c l e s  

a p p l y  t o  p a r t i c l e s  c o a t e d  i n  t h e  0.13-m-diam c o a t e r .  

The r e s u l t s  on the f i s s i l e  WAR p a r t i c l e s  

Pd La 

R75462 

BSE Image 

Pd La 

Fig. 3.66. P a r t i c l e  from Batch A-611.  ( a )  Pd La  x-ray d i s p l a y  i n  
same o r i e n t a t i o n  as i n  F ig .  3 . 6 3 .  (b) B a c k s c a t t e r e d  e l e c t r o n  image of  
c o l d  s i d e  of p a r t i c l e .  ( c )  Pd La x-ray d i s p l a y  of c o l d  s i d e  of p a r t i c l e .  
(d) Nd L a  x-ray d i s p l a y  - r e p r e s e n t a t i v e  of t h o s e  of o t h e r  rare e a r t h s  - 
on c o l d  s i d e  of p a r t i c l e .  



4 .  CONCLUSIONS 

The OF-2 c a p s u l e  t e s t e d  v a r i o u s  HTGR f u e l  t y p e s  under a wide range  

of i r r a d i a t i o n  c o n d i t i o n s .  These inc luded  Tr i so-coa ted  f i s s i l e  p a r t i c l e s  

and Biso-coated f e r t i l e  p a r t i c l e s .  

Tr i so-coa ted  WAR p a r t i c l e s  coa ted  i n  t h e  0.13-m-diam c o a t e r  w i t h  

a f r i t t e d  g a s  d i s t r i b u t o r  showed good i r r a d i a t i o n  performance. However, 

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

had h i g h  f a i l u r e  f r a c t i o n s .  The f a i l u r e s  w e r e  a t t r i b u t e d  t o  t h e  an iso-  

t r o p y  of t h e  pyrocarbon l a y e r ,  a c . h a r a c t e r i s t i c  of t h e  c o a t i n g s  made by 

t h e  cone g a s  d i s t r i b u t o r .  The f i s s i l e  p a r t i c l e s  chosen f o r  t h e  F o r t  S t .  

Vra in  E a r l y  V a l i d a t i o n  Testsz3 w e r e  c o a t e d  by t h e  f r i t t e d  gas  d i s t r i b u t o r  

i n  t h e  0.13-m-diam c o a t e r .  

HTGR i r r a d i a t i o n  c o n d i t i o n s .  

We b e l i e v e  t h e y  w i l l  perform w e l l  under  a c t u a l  

During t h e  m e t a l l o g r a p h i c  examinat ion,  w e  could  n o t  c o n f i d e n t l y  

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

and t h o s e  by f a s t - n e u t r o n  damage. Most c o a t i n g  f a i l u r e s  occurred  i n  t h e  

oLTI c o a t i n g  on t h e  Tr i so-coa ted  p a r t i c l e s .  

w a s  observed among t h e  Biso-coated p a r t i c l e s . )  The m o s t  impor tan t  

p r o p e r t y  of t h e  oLTI c o a t i n g  w a s  i t s  a n i s o t r o p y .  Those f u e l  p a r t i c l e s  

w i t h  a n  oLTI Bacon Aniso t ropy  F a c t o r  of less than  1.069 appear  t o  have 

performed b e s t .  Also impor tan t  w e r e  t h e  p i tch-coke  y i e l d s  of  t h e  matrices 

and t h e  amount of  open p o r o s i t y  of t h e  pyrocarbon.  

y i e l d s  above 30% had s i g n i f i c a n t l y  more oLTI-coating f a i l u r e s  t h a n  d i d  

matrices w i t h  y i e l d s  below 30%. 

(Only one c o a t i n g  f a i l u r e  

Matrices w i t h  pi tch-coke 

The Biso-coated Tho2 p a r t i c l e s  w e r e  c o a t e d  under v a r i o u s  c o n d i t i o n s  

of g a s  c o n c e n t r a t i o n ,  d e p o s i t i o n  ra te ,  d e p o s i t i o n  tempera ture ,  and b a t c h  

s i z e  ( s e e  T a b l e  1 . 2 ) .  From t h e  l i m i t e d  r e s u l t s  o b t a i n e d  d u r i n g  meta l lo-  

graphy,  t h e  i r r a d i a t i o n  behavior  of a l l  t h e  p a r t i c l e s  except  one appeared 

e x c e l l e n t .  That  e x c e p t i o n  had t h e  l o w e s t  r u p t u r e  l o a d  ( 2 2 . 4 2  N ,  5.40 l b ) ,  

b u t  none of t h e  c o a t i n g  c o n d i t i o n s  d i s t i n g u i s h  i t  from p a r t i c l e s  from 

t h e  o t h e r  b a t c h e s .  

d u r i n g  i r r a d i a t i o n ,  f u r t h e r  tests of t h e  i r r a d i a t i o n  performance are  

b e i n g  pursued.  

Because t h e  p a r t i c l e  c o a t i n g s  may have been permeable 
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The Tr i so-coa ted  WAR p a r t i c l e s  w i t h  s t o i c h i o m e t r i e s  ranging  from 0 

t o  100% conver ted  performed as expected.  The high-oxygea-content par- 

t ic les  (0% conver ted)  showed amoeba of t h e  kerne.1 up t h e  tempera ture  

g r a d i e n t .  I n  t h e  low-oxygen-content p a r t i c l e s  (100% conver ted)  t e s t e d  

p r e v i o u s l y ,  * high-y ie ld  rare e a r t h  f i s s i . o n  p r o d u c t s  accumulated a t  t h e  

S i c  c o a t i n g  on t h e  c o l d  s i d e  of t h e  p a r t i c l e .  However, t h i s  accurriu1.a- 

t i o n  w a s  n o t  observed i n  t h e  par t ic les  i n  OF-2. T h i s  d i f f e r e n c e  resul. ted 

from i r r a d i a t i o n  tempera tures  lower t h a n  1150°C - ( 1 4 2 3  K)  f a c i n g  these 

p a r t i c l e s .  W e  expec,t t h a t  100%-converted p a r t i c l e s  from f.Iagazi.tie E w i l l  

show rare e a r t h  m i g r a t i o n  down t h e  tempera ture  g r a d i e n t  I Magazine I3 had 

a h i g h e r  a v e r a g e  tempera ture  [1350°C (1623 K)] t h a n  d i d  Magazine. A .  

The p a r t i a l l y  (15%--75%) conver ted  WAR p a r t i c l e s  showed good i r r a d i a -  

t i o n  performance. N o  amoeba m i g r a t i o n  w a s  observed.  However, some rare 

e a r t h  f i s s i - o n  product  rnigrati .on t o  t h e  S i C  c o a t i n g  w a s  observed i n  

p a r t i c l e s  from Magazine C which had r e l a t i v e l y  h i g h  tempera tures  (a 

maximum of 2.35O”C, 1623  K). The p a r t i a l l y  m n v e r t e d  WAR p a r t i c l e s  froin 

Magazine A showed no evidence  of ra re  e a r t h  m i g r a t i o n  (maximum ternpera- 

t u r e  of 1150°C, 1423 K ) .  

‘]’he f u e l  r o d s  were e a s i l y  removed from t h e i r  r e s p e c t i v e  magazines.  

‘l.’his i n c l u d e d  f u e l  rods carbonized  in-block and out-of-block. I n  pre- 

v ious  tests t h e  f u e l  r o d s  had been d i f f i c u l t  t o  remove a f t e r  in-block 

c a r b o n i z a t i o n .  However, t h e  pi tch-coke y i e l d s  of t h e  r o d s  c.arbonized in-  

b l o c k  i n  OF-2 w e r e  v e r y  much lowex (%25 v e r s u s  ~ ~ 4 0 % ) ,  so v e r y  l i t t l e  

bonding between t h e  r o d s  and the g r a p h i t e  occurred .  

T h e  f i n d i n g s  from t h e  p o s t i r r a d i a t i o n  examinat ion we d e s c r i b e d  i n  

t h i s  r e p o r t  are t y p i c a l  of t h e  p r e v i o u s  c a p s u l e  tests. Most of t h e  

o b j e c t i v e s  of t h e  OF-2 c a p s u l e  test  w e r e  ach ieved .  However, t h i s  capsu1.e 

test i n d i c a t e s  t h a t  more a n a l y s e s  are needed t o  de te rmine  p a r t i c l e  

performance so as t o  q u a l i f y  a f u e l  f o r  l i c e n s i n g .  Conventi.onal methods 

do  n o t  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n .  For  example, v i r t u i d . l y  a l l  t h e  

Uiso-coated Tho;, p a r t i c l e s  appeared t o  b e  i n  good c o n d i t i o n  a f t e r  7-rradia- 

t i o n .  These p a r t i - c l e s  were used t o  demonst ra te  t h e  i r r a d i a t i o n  behavior  

of v a r i o u s  c o a t i n g  m i c r o s t r u c t u r e s  a r i s i n g  from a v a r i a t i o n  of t h e  

c o a t i n g  p r o c e s s  c o n d i t i o n s .  However, o t h e r  tests19, 2 3  have shown t h a t  



i n t a c t  Bi-so-coated Tho2 p a r t i c l e s  may have permeable pyroc-arbon c o a t i n g s ,  

which can l e a k  f i s s i o n  gases .  Such p a r t i c l e s ,  t - t ierefore ,  are  a c t u a l l y  

f a i l e d .  Addit ional .  P I E ,  i n  t h e  foriii o t  %MGA a n a l y s i s  and i n t e r n a l  gas  

p r e s s u r e  measurements,  will. he  performed on t h e s e  Biso--coat:ed Tho2 

p a r i A c l e s  and r e p o r t e d  l a t e r .  l 3  

r e q u i r e d  t o  a s c e r t a i n  whether  t h e  performance of fuel. parti-cles i s  

adequate .  

d e . f i n i t i v e  number of o b s e r v a t i o n s  t o  do t h i s .  The re fo re ,  a d d i t i o n a l  u s e  

of  t h e  IMGA system t o  s t a t i s t i c a l l y  deter ixtne f u e l  p a r t i c l e  performance 

a t  h igh  conf idence  1-evels wil.l. be done, l 3  

completed,  a l l  t h e  o b j e c t i v e s  of t h e  OF-2 c a p s u l e  i r r a d i a t i o n  tes t  r ~ i . 1 1 -  

have been m e t :  e 

I n  a d d i t i o n ,  many o b s e r v a t i o n s  are 

Metal.1ographic examinat ions  do not  p r o v i d e  a s t a t i s t i ca l . 1 .y  

When the TMGA a n a l y s i s  is  
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