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EFFECTS O F  ST01 CH I  OMETRY ON CLADDING 
REACTION IN MIXED-OXIDE FUEL 

L. A.  Lawrence 

I n i t i a l  fuel  stoichiometry (oxygen-to-metal r a t i o ,  O/M) has been es tab l i shed .  

as  one of t he  major parameters influencing t he  character  and ex ten t  of fue'l- 

cladding chemical in te rac t ion  (FCCI) i n  UO2-25 w t %  Pu02 f u e l s  c lad w i t h  20% cold 

worked type 316 s t a i n l e s s  s t e e l .  ( 1 y 2 ' 3 )  This afternoon I wil l  d iscuss  b r i e f l y  
how the  character  of t he  in te rac t ion  changes with i n i t i a l  O/M and t h e  O/M depen- 

dence t h a t  has been establ  ished f o r  t he  depth of in te rac t ion .  ,The'data base f o r  

t h i s  ana lys i s  cons i s t s  of 134 data s e t s  from P-23 s e r i e s  fuel  p ins '  i r r ad i a t ed  
in '  EBR-11. The f i r s t  s l i d e  (SLIDE 1  ) summarizes the  fabr ica t ion  and i r r a d i a -  

t i on  parameters f o r  the P-23 . se r ies  fuel  pins.  As-fabricated O/M1s ranged from 

1.938 t o  1 .984wi th  the  bulk of the  data in t he  range 1.96 t o  1.98. Fuel pins 
operated t o  9.5 atom %, with local cladding inner  surface temperatures t o  725OC, 

f o r  exposure times t o  415 equivalent  f u l l  power days a t  heat  r a t e s  of %400 W/.cm. 

The nature of the  FCCI. was characterized through metal lographic examinations 

of samples removed from i r rad ia ted  fuel  pins a t  numerous axia l  loca t ions .  The 

FCCI was c l a s s i f i e d  a s  predominately matr'ix, evolved .matr ix ,  in te rgranula r ,  o r  

combined matrix and i  ntergranul a r  in teract ion ' .  Examples of t h e  four  types 
of in te rac t ion  a r e  shown i n  the next s l i d e  (SLIDE 2 ) .  In matrix i n t e r ac t i on ,  
the  a t t ack  i s  uniform with no strong preference f o r  a t t ack  'along the  grain  boun- 

dar ies .  In evolved matrix in te rac t ion  there i s  a  d e f i n i t e  segregation of t he  

cladding consl5tuents in  the  react ion product l ayer .  For in te rgranula r  i n t e r -  

a c t i on ,  a t t ack  i s  predominantly along the  grain  boundaries. In te rgranula r  and 

matrix type in te rac t ion  sometimes occur simultaneously with the  in te rgranula r  

a t t a ck  preceeding the  matrix in te rac t ion  in t he  reaction zone. This form of 

in te rac t ion  i s  designated a s  combined in te rac t ion .  Results of t h e  charac te r iza -  

t ion  of t he  in te rac t ion  a r e  sum~arized in  t he  next s l i d e  (SLIDE 3) .  

/----- 



In t he  case  of . the  high O/M fuel  p ins ,  cladding i n t e r ac t i on  occurs above 

.~500"C. For cladding temperatures g r ea t e r  than 675OC intergranu1,ar a t t ack  i s  

predominant a t  t h e  1  ower burnups. The in te rac t ion  changes from intergranul a r  

t o  an evolved matrix type in te rac t ion  a s  burnup increases .  Examples of t he  

i n t e r ac t i on  a t  th ree  burnup leve l s  f o r  an O/M = 1.984 a r e  shown i n ' t h e  next 

s l i d e  (SLIDE 4 ) .  The in te rgranu la r  form of in te rac t ion  has changed t o  an 

evolved matrix type in te rac t ion  a t  t he  moderate burnup of 4.7 a t  .% f o r  cladding 

inner su r face  temperatures of approximately 715°C. 

For moderate O/M fuel pins (SLIDE .5) ..the .thresh01 d temperature f o r  the  
t. i n t e r ac t i on  was somewhat higher and t h e  in te rac t ion  was genera l ly  matrix except 

a t  the  higher burnup f o r  the  higher temperatures where t h e  i n t e r ac t i on  i s  p r e - ,  

dominantly combined. For t he  moderate burnup range t he  number of samples 

examined' a t  cladding ' temperatures - >650°C were too 1  i m i  ted.  t o  es tab l  ish whether 

combined or  matrix type i n t e r ac t i on  was the  dominant form of i n t e r ac t i on .  Examples 

of the  i n t e r ac t i on  a t  3 burnup l eve l s  f o r  an O/M = 1.966 .are  shown i n  t h e  next 

s l i d e  (SLIDE 6 ) .  In t h i s  O/M and temperature range matrix type i n t e r ac t i on  i s  

the  predominant form o f . i n t e r a c t i o n  f o r  burnups u p  t o  9 .5  a t . % .  The depth of 

i n t e r ac t i on  i s  increasing w i t h  burnup but the  type of i n t e r ac t i on  i s  not changing.' 

I t  should be noted t h a t  an O/M = 1.97 i s  generally considered t o  be t h e  upper 

end of most cur ren t  fuel  O/M spec i f i c a t i ons .  

For t he  lowest O/M range, no i n t e r ac t i on  was observed f o r  temperatures t o  

%700nC f o r  burnups t o  ~3 a t . %  (SLIDE 7 ) .  As burnup increased,  a  shallow i n t e r -  

granular  form of i n t e r ac t i on  was observed a t  lower cladding temperatures. 

Examples of t h e  in te rac t ion  a t  3 burnup leve l s  f o r  ,an O/M = 1.948 a r e  shown i n  

t he  next s l i d e  (SLIDE 8 ) .  In t he  case  of low burnup t h e  etched cladding shows 

a  very s l i g h t  react ion a t  t h e  cladding surface  on t he  order  of 2-3 microns i n  

depth. A shallow in te rgranu la r  type of i n t e r ac t i on ,  t o  a  depth of 10 microns 

t o  12 micr*orrs, was the  predominant form of i n t . ~ r a c t i o n  a t  a  moderate burnup of 

6.7 a t . %  f o r  cladding temperatures of 650°C. As burnup progress t he  types of 

i n t e r ac t i on  changes from shallow in te rgranu la r  t o  a  combination of shallow i n t e r -  

granular  and matrix. 



The s i g n i f i c a n t  i n f l u e n c e  of O/M on t h e  ' charac ter  and e x t e n t  o f  i n t e r a c t i o n  

i s  i l l u s t r a t e d  i n  t h e  nex t  s l i d e  (SLIDE 9)  f o r  O/M's = 1.984 ( h i g h )  and 1.966 

(moderate) a t  a  peak burnup o f  k9  a t . %  f o r  a  peak c ladd ing  temperature o f  2675OC. 

I n  t h e  case o f  t h e  h ighe r  O/M fuel  t h e  evolved m a t r i x  type i n t e r a c t i o n  charac- 

t e r i z e d  by t h e  m e t a l l i c  r e a c t i o n  product  l a y e r  i s  very  un i fo rm on t h e  c i rcumference 

o f  t h e  sample.and t h e  maximum c ladd ing  th ickness  l o s s  due t o  FCC1 i s  65 microns. . 

Th is  compares t o  a  somewhat i n t e r m i t t e n t  m a t r i x  i n t e r a c t i o n  on t h e  c i rcumference 

of  t h e  sample a t  t h e  lower O/M. The maximum depth o f  i n t e r a c t i o n  f o r  t h e  lower 

O/M fue l  was 33 microns which i s  h a l f  t h a t  o f  the  h ighe r  O/M f u e l .  

The depth o f  i n t e r a c t i o n  was obta ined us ing  t o t a l  c l add ing  th i ckness  measure- 

ment techniques. D e t a i l s  o f  t h e  measurement and c o r r e l a t i o n ,  which I do n o t  

p l a n  t o  cover  i n  t h i s  p resen ta t i on ,  can be found i n  t h e  summary and t h e  paper 

presented a t  t h e  recen t  Monterey Conference on Fast Breeder Reactor Fuel Pe r fo r -  

mance. ('I The nex t  s l i d e  (SLIDE 10) summarizes t h e  measurements of  maximum depth 

o f  i n t e r a c t i o n .  Resul ts  were grouped by O/M ranges ' t o  i 11 u s t r a t e  t h e  e f f e c t s  

o f  O/M on depth o f  i n t e r a c t i o n ,  expressed as a  r a t e ,  t o  p lace  a l l  t h e  da ta  on 

t h e  same r e l a t i v e  p l o t .  

Several models (SLIDE 11) were se lec ted  f o r  t h e  O/N dependence and each was 
\ 

f i t  t o  t h e  data us ing  standard non l i nea r  s t a t i s t i c a l  techniques. A combinat ion 

o f  O/M and burnup was a l s o  se lec ted  f o r  t h e  c o r r e l a t i o n  r e f l e c t i n g  t h e  i nc rease  

i n  f u e l  O/M t h a t  accompanies an increase i n  f u e l  burnup. A l i n e a r  dependence 

was found t o  f i t  the  da ta  bes t .  

. . The. c o r r e l a t i o n  o f  depth. o f  i n t e r a c t i o n  (SLIDE 10) p r e d i c t s  no c l  ad.ding . . ., . 

i n t e r a c t i o n  f o r  an O/M - <1.942. The o t h e r  terms i n  t h e  equat ion  such as t h e  

development o f  t h e  f a c t o r  K f o r  t h e  confidence l e v e l s  f o r  maximum depth o f  a t t a c k  

a r e  discussed b r i e f l y  i n  t h e  summary f o r  t he  paper and were discussed i n  d e t a i l  

a t  t.he Manterey Conference., ( 1  1 



The measured and predicted depths of in te rac t ion  a r e  compared i n  t h e  next 

s l i d e  (SLIDE 13) f o r  the  d i f f e r en t  O/M1s i n  the  data base. The d i f fe rences  

between t h e  measured and predicted depths of in te rac t ion  a r e  ra ther  evenly d i s -  

t r i bu t ed  about zero indicat ing t h a t  the  simple l i n e a r  dependence i s  a  good s t a t i s -  

t i c a l  approximation f o r  the  data base. This summary p lo t  a l so  i l l u s t r a t e s  t h e  

number of data s e t s  f o r  any given O/M i n  t h e  data base. The l a r g e s t  number of 

data s e t s  occur f o r  the  higher O/M's (O/M = 1.97 and g r e a t e r ) .  

The depth of in te rac t ion  was calcula ted fo r  a  typical  breeder reac tor  fuel  

pin operating a t  a  peak cladding inner surface  temperature of 700°C t o  a  peak 

burnup of 8 atom % (SLIDE 14).  Axial burnup and cladding temperature p r o f i l e s  

a r e  shown i n  t h e  upper curves. The maximum depth of i n t e r ac t i on  i s  %50 microns 

a t  t he  95% confidence level ( K  = 12.23) f o r  an O/M = 1.97,  considered t o  be the  

upper end of most fuel spec i f i ca t ions .  The maximum depth of a t t ack  occurs approxi- 

mately 3/4 of  the way up t h e  fuel co1 umn where a combination of burnup (o r  heat 

r a t e )  and cladding temperature produces the  most severe condit ions.  For an i n i t i a l  

O/M = 1.95 t h e  maximum depth of in te rac t ion  i s  in the  range of 10 microns t o  15 

microns, which i s  a  f ac to r  of %4 reduction i n  depth of in te rac t ion  compared t o  

In summary, (SLIDE 15) substant ia l  reductions i n  t he  extent  of i n t e r ac t i on  

have been es tabl  ished f o r  corresponding reductions i n  i n i t i a l  fuel  O/M. S imi la r ly ,  

s i g n i f i c a n t  changes i n  character  and temperature f o r  i n i t i a t i o n  of FCC1 were 

observed t o  accompany reductions i n  O/M. 
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CHARACTER1 ZATI ON OF INTERACTION 
-- - ____ 

* NUMBER OF FUEL PINS EXAMINED WITH INDICATED O/M's 
AND BURNUPS 

** CLADDING INNER SURFACE TEMPEWTVRE 

(SLIDE 3) 
- .  
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i BURNUP 

o/M LOW MODERATE HIGH 
(0-3 at.%) (3-6 at,%) (6-10 at .%) 

>675ke*  INTERGRANULAR >675OC EVOLVED MATRlX 
>500°c EVOLVED MATRIX 

t 5 0 0 " ~  NO FCC1 
~ 5 0 0 ' ~  N O  FCC1 

< 5 5 0 ' ~  N O  FCCI < 5 5 0 ~ ~  N O  FCC! < 5 2 5 ' ~  N O  FCC1 

> 6 2 5 ' ~  SHALLOW 
>700°c SHALLOW MATRIX INTER GRANULAR INTERGRANULAR 

< 625 '~  1\10 FCC1 
AND MATRIX 

< 600'~ NO FCC1 

* NUMBER OF FUEL P b l S  EXAMINED WITH INDICATED O/M's 
AND BURNUPS ,$ 

** CLADDING INNER S~RFACE TEMPERATURE 

(SLIDE 5)  
-- - --- - - 
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BURNUP 

o /)A LOW MODERATE HIGH 
(0-3 at .%) (3-6 at,%) (6-10 at .%) 

>675D~*x INTERGRANULAR >675 '~  EVOLVED MATRIX 
> 5 0 0 ~ ~  EVOLVED MATRIX 

~ 5 0 0 " ~  NO FCC1 
t 500°C N O  FCC1 

< 5 5 0 ' ~  N O  FCC1 < 5 5 0 ' ~  N O  FCC1 < 5 2 5 ' ~  NO FCC1 

r 7 0 d o c  SHALLOW MATRIX INTERGRANULAR INTERGRANULAR 
AND MATRIX < 6 2 5 ' ~  NO FCC! < 600'~ NO FCC1 

* NUMBER OF FUEL PINS EXAMINED WITH INDICATED O/M1s 
AND BURNUPS i'. 

** CLADCING INNER SURFACE TEMPERATURE 

(SLIDE 7) -"-- - - - 



--- 
Peak Burnup a 2 . 3  a t . %  6 . 7  a t . %  8 . 3  a t . %  

Shal low Intergranul a r  Shall ow Intergranul a r  (25 microns 
Interaction and Matrix Interaction I 1 

CLADDING INNER SURFACE TEYPERATURE =650°C 
7; 

(SLIDE 8) 
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EFFECTS OF O I M  ON FCC1 -" - - - -- - - - .&-- 

FUEL CLADDING 

< 

Peak Cladding Innee Surface Temperature of %675=C. Peak Burnup - 90.0 MWcf/kgM. 
. .n; --- .+. . _ _ _  _ I __ - -.__ _ _ ___.__.. __-- (SLIDE 9)  

2 - 



RE
AC

TI
ON

 R
AT

E,
 
(D
IB
),
 

M
IC

RO
NS

 \A
TO

M%
 





CORRELATION OF DEPTH O F  I N T E R A C T  I Ofl 
: ,  

D = ,4521 (E + K) (O/M - 1,942) (T - 728) FOR B ) I)) 0/p! > 1,942, T > 228 

D = DEPTH OF INTERACTION (MICRONS) 

3 = LOCAL FUEL BURNUP ( A T ~ M  

K = CONSTANT (FUNCTION OF CONFIDENCE LEVEL FOR 

PIAX, D:PTM OF INTERACTION) 
O/M = INITIAL FUEL OXYGEN-TO-METAL RATIO 

T = LOCAL TIME AVERACED CLADDING' INNER 
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