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FOREWORD 

Fuel rod behavior studies are being conducted by the 

Thermal Fuels Behavior Program at the Idaho .National ~ngineering 

Laboratory. This program is conducted by EG&G Idaho, Inc., 

as part of the Nuclear Regulatory Commission's (NRC) Water 

Reactor Safety Research Fuel Behavior Program[a1. Experimental 

data for verification of analytical models developed to 

.predict the behavior of light water nuclear fuel rods under 

normal and postulated accident conditions are being obtained 

from a variety of in-reactor experiments. Some of these 

experiments are being conducted in the Halden Boiling Water 

Reactor (HBWR), located in Halden, Norway, under the NRC's 

participation in the Organization for Economic Cooperation 

and Development Halden Reactor Project. 

One such experiment was instrumented fuel Assembly 226 

(IFA-226) irradiated in the HBWR from November 1971 through 

September 1975. IFA-226 contained twe.lve, mixed plutonium- 

uranium oxide fuel rods arranged in two, six-rod clusters. 

The assembly was designed to study fuel-cladding mechanical 

interaction, fuel thermal response, and fission gas release 

as a function of fuel density, initial fuel-to-cladding gap, 

rod power, and burnup. Data were obtained from fuel rod 

centerline thermocouples, fission gas pressure transducers, 

and cladding elongation sensors. 

An important part of any irradiation test is a thorough 

postirradiation examination (PIE). This report was prepared 

by the Ris$ National Laboratory of the Danish Atomic Energy 

Commission and contains the results of the PIE of the IFA-226 

test rods conducted by Ris$ for EG&G Idaho, Inc. 

--- 
la] United States Nuclear Regulatory Commission, Reactor 

Safety Research Program, A Description of Current and 
Planned Reactor Safety ~esearch Sponsored by the Nuclear ------ - - 
Regulatory Commission's Division of Reactor Safety 
Research, NUREG-75/058 (June 1975). 



Results of both nondestructive and destructive exami- 

nations are presented. The PIE indicated that one fuel rod 

failed during service as a result of internal hydriding of 

the end plug. Circumferential cladding ridges resulting 

from fuel-cladding interaction were present on all of the 

rods, with the largest ridges present on the rod with the 

smallest initial fuel-to-cladding gap. No incipient fuel 

rod failures were detected. Maximum fuel centerline temper- 

atures estimated from fuel grain growth were in general 

agreement with the results from fuel rod thermocouples. Fuel - 

density for high burnup samples decreased several percent 

during irradiation. 

P. E. MacDonald, Manager 
Experiment Specification 
and Analysis 
Thermal Fuels B e h a v i o r  Program 
EG&G Idaho, Inc. 
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1. INTRODUCTION 

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  from t h e  pos t -  

- i r r a d i a t i o n  examinat ion of  IFA-226 performed i n  t h e  Hot C e l l s  

a t  t h e  R i s @  Na t iona l  Labora to ry ,  Denmark. 

The ins t rumented  f u e l  assembly IFA-226 was des igned ,  

f a b r i c a t e d ,  and i n i t i a l l y  i r r a d i a t e d  i n  t h e  Halden B o i l i n g  

Water Reactor  (HBWK) by Nuclear  Fue l  S e r v i c e s ,  I n c . ,  (NE'S) of 

Rockvi l l e ,  Maryland, USA. I n  1974 t h e  assembly and a l l  i t s  

e x i s t i n g  d a t a  w e r e  a cqu i r ed  from NFS by t h e  USNRC. The con t inued  

use  and management o f  t h e  assembly a r e  b e i n g  d i r e c t e d  by t h e  

EG & G under t h e  p a r t i c i p a t i o n  of  t h e  USNRC i n  t h e  OECD Halden 

Reactor  P r o j e c t .  

I r r a d i a t i o n  o f  IFA-226 began on 24.11.1971 and t e rmina t ed  

on 20.9.1975. A t  t h a t  t i m e  i t  had o b t a i n e d  a  c a l c u l a t e d  average  

burn-up o f  approx.  30,000 Jl'CVd/t M e 0 2 .  For t h e  l a s t  two months, 

t h e  assembly was o p e r a t e d  w i t h  one  f a i l e d  f u e l  rod .  

A f t e r  7  months'  c o o l i n g  i n  t h e  r e a c t o r  pond a t  Halden, t h e  

complete assembly,  i n c l u d i n g  t h e  shroud t ube ,  w a s  t r a n s f e r r e d  

t o  t h e  R i s @  Na t iona l  Laboratory  f o r  p o s t - i r r a d i a t i o n  examinat ion 

accord ing  t o  a c o n t r a c t  between t h e  USNRC and R i s @ .  

The purpose  o f  t h e  IFA-226 exper iment  was t o  s t udy  t h e  

e f f e c t s  o f :  

- p e l l e t / c l a d d i n g  mechanical  i n t e r a c t i o n ,  

- f u e l  c e n t r e - l i n e  temperature ,  

- rod  i n t e r n a l  p r e s s u r e  

a s  a f u n c t i o n  o f :  

- i n i t i a l  p e l l e t - t o - c l a d  gap, 

- f u e l  d e n s i t y ,  

- f u e l  power, 

- burn-up 

on U02-Pu02 f u e l .  

The e x t e n t  o f  t h e  p o s t - i r r a d i a t i o n  examina t ion  i s  shown 

i n  Table  1. 



2 .  ASSEMBLY AND ROD DATA 

The ins t rumented  f u e l  assembly IFA-226 c o n s i s t e d  of  a  

v e r t i c a l l y  s t acked  t r a i n  of  two c l u s t e r s  of s i x  f u e l  rods  each.  

Each c l u s t e r  was about  915 mm i n  l eng th  and 70 mm i n  d iameter .  

The rods  w i t h i n  each c l u s t e r  were arranged i n  a  hexagondl 

l a t t i c e .  A diagram of IFA-226 i s  presen ted  i n  F ig .  1 [ l ] ;  and a 

schemat ic  diagram o f  each of t h e  fou r  types  of  t e s t  rod  w i t h i n  

t h e  assembly i s  shown i n  F ig .  2  [ I ; .  

The t e s t  assembly w a s  cooled by n a t u r a l  c i r c u l a t i o n  of  

heavy w a t e r ,  When t h e  assembly w a s  o p e r a t i n g  a t  h igh ,  s teady-  

- s t a t e  power l e v e l s ,  t h e  nominal i n l e t  f low r a t e  of t h e  c o o l a n t  

was about  2 l /s ,  and t h e  c o o l a n t  i n l e t  t empera ture  was about  
0 237 C.  The nominal c o o l a n t  p r e s s u r e  a n d  thca ~ a t u r c l t i o i ~  teruper- 

6 a t u r e  w a s  3.45 10 ~ / m ~  and 240°c, r e s p e c t i v e l y .  

The f u e l  was f a b r i c a t e d  from recyc l ed  plutonium oxide  

powder, which was mechanical ly  mixed wi th  d e p l e t e d  ( 0 . 2 0  w t %  

2 3 5 ~ )  uranium-oxide powder. This  mixed ox ide  m a t e r i a l  (9.5 w t %  

Pu02) w a s  p r e s sed ,  s i n t e r e d  and ground i n t o  p e l l e t  and c l a d  wi th  

Zircaloy-4.  The f i n a l  p e l l e t  and rod dimensions,  except f o r  

l eng th ,  a r e  t y p i c a l  of  t h o s e  of p r e s s u r i z e d  wate r  r e a c t o r  

r e l o a d  f u e l .  The fuel. rod d a t a  a r e  shown i n  Table  2 .  

A l l  f a b r i c a t i o n  data a r e  given i n  [ l l .  

3.1, Reception and Dismant l ing 

A t  r e c e p t i o n  t h e  shroud tube  had some o v a l i t y  a t  t h e  end 

where it was c u t  a t  Halden,and it was s l i g h t l y  b e n t .  The 

d e v i a t i o n  from a  s t r a i g h t  l i n e  was about 10 mm i n  t h e  middle 

of  t h e  shroud tube .  

The shroud tube  was c u t  j u s t  below t h e  lower end of  t h e  

lower rods ,  b u t  because o f  i t s  deformat ion it w a s  imposs ib le  t o  

remove it from t h e  f u e l  bundle .  I t  was, t h e r e f o r e ,  necessary  

t o  r e c u t  t h e  shroud tube  between t h e  upper and t h e  lower bundle 

of  rods .  Even then ,  t h e  shroud could no t  be  removed and sub- 

sequent ly  it w a s  m i l l e d  l o n g i t u d i n a l l y .  

F igures  3  and 4 show t h e  f u e l  bundle a f t e r  removal of t h e  

shroud tube.  



The spacer  s p r i n g s  w e r e  removed and a l l  t h e  rods  excep t  

AK-11 could e a s i l y  be  removed from t h e  space r s .  

Rod AK-11  w a s  f a i l e d  a t  t h e  upper end. The rod expansion 

a t  t h e ' f a i l u r e  l o c a t i o n  was s o  s eve re  t h a t  it was necessary  

t o  c u t  t h e  space r  twice  be fo re  t h e  rod could be  removed. 

F igures  5 and 6 show, r e s p e c t i v e l y ,  t h e  f a i l u r e  b e f o r e  

and a f t e r  t h e  rod w a s  r e l e a s e d  from t h e  space r .  

3.2. Visual  In spec t ion  

I n  gene ra l ,  t h e  rods  appeared l i g h t  grey i n  co lou r .  The 

most pronounced f e a t u r e s  were space r  marks and v i s i b l e  welding 

zones, a s  shown i n  F igu res  7-12. The space r  marks v a r i e d  from 

t h e  l i g h t  one shown i n  F ig .  8 t o  t h e  h e a v i e s t  one shown i n  

Fig .  11. 

3.3. Length Measurements 

The l eng th  of t h e  rods  was measured r e l a t i v e  t o  a  s t anda rd  

l eng th  wi th  a  d i a l  gauge ( 2 0 . 0 1  mm) . 
The measured l e n g t h  was from t h e  t o p  end-plug shou lde r  t o  

t h e  bottom end (outmost  p o i n t )  of t h e  rod.  The r o d s  were 

r o t a t e d ,  and lmax and lmin were found. The r e s u l t s  a r e  shown 

i n  Table 3. 

3.4. Bow Measurements 

Each rod was r e s t e d  on two f i x  p o i n t s ,  one a t  t h e  end, t h e  

o t h e r  near  t h e  mid-point of  t h e  rod.  The rod was r o t a t e d ,  and 

t h e  maximum and t h e  minimum v e r t i c a l  p o s i t i o n s  o f  t h e  f r e e  end 

were measured; t h e  p r i n c i p l e  i s  seen i n  F ig .  13.  Assuming a  

c i r c u l a r  shape of t h e  rod ,  t h e  rod d e f l e c t i o n  i s  found a s  one 

f o u r t h  of t h e  d i f f e r e n c e  between t h e  t w o  r ead ings .  Both ends 

of each rod were measured. The c i r c u l a r  shape of  t h e  rods  seems 

reasonable;  t h e  r e s u l t s  wi th  t h i s  assumption w i l l  probably g i v e  

uppcr l i m i t s  t h e  d e f l e c t i o n .  

The r e s u l t s  a r e  shown i n  t a b l e  4 .  

3 . 5 .  Prof i lomet ry  and Eddy Curren t  T e s t i n g  

Prof i lomet ry  was performed on a l l  1 2  rods .  The measurements 

were performed a long  6 gene ra t ing  l i n e s .  The probe s e t  up f o r  



pro f i l ome t ry  has  s a p p h i r e  rods  of  1 mm d i a . ,  coupled t o  a  

d i f f e r e n t i a l  t r ans fo rmer ,  and t h e  c o n t a c t  p r e s s u r e  of t h e  

s apph i r e s  i s  35 pond. The d i f f e r e n t i a l  t r ans fo rmer  i s  c a l i -  

b r a t e d  a g a i n s t  po l i shed  s t a i n l e s s  s t e e l  normals b e f o r e  each rod 

measurement. The accuracy of  t h e  se t -up  has  been determined on 

po l i shed  s 8 a i n l e s s  s t e e l  t o  be 0.5 - l y m .  The measurements w e r e  

made d i g i t a l l y  a t  l o c a t i o n s  0.3 mm a p a r t  and recorded on 

magnetic t a p e .  

Eddy c u r r e n t  t e s t i n g  was performed on t h e  rods  when 

p o s s i b l e ;  as t h e  technique  adopted a t  R i s B  u t i l i z e s  an enc i r c -  

l i n g  c o i l ,  r ods  w i t h  end p lugs  of a d iameter  l a r g e r  t han  t h e  

rod  i t s e l f  co~.i.l.d not give  sign..i .ficant rneas ur inq  r e s u 1 . L ~ .  
  he r e s u l t s  f o r  each rod a r e  given i n  t h e  fo l lowing  and 

s l ~ m m a s i z e d  i n  t a b l e  5 .  

Rod AA-1, . f i g .  1 4  Mean OD unchanged. 

Some r i d g e - l i k e  d iameter  p a t t e r n s  are observed.  The r i d g e  

l o c a t i o n s  c o i n c i d e  wi th  l o c a t i o n s  of p e l l e t  i n t e r f a c e s .  The 

r i d g e s  a r e  never  r o t a t i o n a l l y  symmetric. 

Two d iameter  v a r i a t i o n s  a t  t h e  bottom a r e  n o t i c a b l e .  On 

t h e  150° g e n e r a t i n g  l i n e  a t  t h e  top of p e l l r L  rru. 2 from t h e  

bottom, t h e  d iameter  change i s  r a t h e r  l a r g e ,  60 ym, and n o t  

symmetrical .  E'ur.ther, it ex tends  over  a  l e n g t h  of  15 mm. 

On t h e  60°, t h e  90° and t h e  120° g e n e r a t i n g  l i n e s  a t  t h e  

l o c a t i o n  of t h e  l a r g e  i n t e r p e l l e t  d i s t a n c e  of about  2 mm, 86 mm 

from the  bottom datum,*) a sma l l  (15 - 20 ym) d iameter  i n c r e a s e  

i s  observed.  I t  does  n o t  resemble r i d g i n g  and might sugges t  a  

weak s p o t  i n  t h e  c l add ing .  

I n  t h e  area 460 - 580 rnrn from the datum p l a n e  a  r eg ion  

wi th  diameter  v a r i a t i o n s  (80 - 9 0  ~ [ m )  i s  observed.  The gene ra l  

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

mechanical damage t o  t h e  rod .  However, t h e  d i s t a n c e  between t h e  

diameter  peaks corresponds t o  t h e  p e l l e t  l e n g t h s .  

Eddy c u r r e n t  measurements c'ould n o t  be made on t h e  rod 

because o f  t h e  end p lug  d iameters .  

Rod AB-2, f i g .  15.  

The average  d iameter  o f  rod AB-2 seems a  l i t t l e  l a r g e r '  

than  the  p r e - i r r a d i a t i o n  average.  However, v a r i a t i o n s  a long  t h e  

i n d i v i d u a l  g e n e r a t i n g  l i n e s  show t h a t  t h e  rod has an o v a l i t y  of 

*) For t h e  d e f i n i t i o n  of  datum s e e  F ig .  2. 



40 pm i n  some p l a c e s .  The rod was measured a f t e r  p i e r c i n g  a t  

t he  plenum end, t h e  r e s u l t  of  which i s  c l e a r l y  shown. A s l i g h t  

tendency t o  r i d g e  format ion i s  observed,  t h e  r i d g e  h e i g h t  being 

only of t h e  o r d e r  of 5 pm. 

Rod AC-3, F ig .  16 .  

An i n c r e a s e  of about  15 pm i n  c l a d  d iameter  i s  observed.  

Like rod 2 ,  a s l i g h t  tendency t o  r i d g e  format ion  i s  noted wi th  

r i d g e  h e i g h t s  of 2.5 - 5 pm. The rod was measured a f t e r  p i e r c i n g  

a t  t h e  plenum end,  t h e  e f f e c t  of which i s  c l e a r l y  shown. 

. Rod AD-4,  f i g .  17.  

No diameter  change compared t o  t h e  p r e - i r r a d i a t i o n  

diameter ;  however, t h e  plenum end appears  t o  have an average 

diameter t h a t  i s  about  1 0  pm g r e a t e r  t han  t h e  a ~ e r a g e ~ d i a m e t e r  

of t h e  r e s t  of t h e  same gene ra t ing  l i n e .  The l a r g e s t  degree  of 

o v a l i t y ,  30 pm, i s  observed i n  t h e  a r e a  50 mm - 250 mm from t h e  

bottom, Like rods  2 and 3 ,  a s l i g h t  tendency t o  r i d g e  format ion 

i s  noted,  t h e  r i d g e  h e i g h t  be ing  o f  t h e  o r d e r  of  2.5 u m .  

Rod AE-5, f i g .  18.  

A gene ra l  i n c r e a s e  of  about  15 - 20 pm i s  observed on a l l  

gene ra t ing  l i n e s  compared t o  t h e  p r e - i r r a d i a t i o n  d iameter .  

Ridging i s  observed f o r  t h e  f i r s t  p e l l e t s  c o n t a i n i n g  t h e  TC. A t  

1 7 0  - 270 mm on t h e  90° t r a c e ,  an  i n c r e a s e  i n  d iameter  of  1 0  - 
15 u m  i s  observed.  This  i s  probably due t o  d e p o s i t i o n  of  

co r ros ion  produc ts  i n  t h e  reac . to r .  

Rod AG-6, f i g .  19.  

No changes a r e  noted i n  t h e  average d iameter  a s  a r e s u l t  

of i r r a d i a t i o n .  The r i d g i n g  i s  very pronounced, w i t h  a max. 

r i d g e  h e i g h t  of 15 - 18 pm. A t  t h e  h o t t e r  end,  t h e  beginning 

of r i d g i n g  r e s u l t i n g  from p e l l e t  c r acks  i s  even observed.  

Rod AH-7, f i g .  20. 

No average d iameter  can be g iven ,  a s  it v a r i e s  a long  t h e  

a x i s  of t h e  rod .  With r e s p e c t  t o  t h e  plenum, t h e  average  

diameter v a r i e s  between 1 0 . 6 9 0  and 10.705 rnm. Regarding t h e  

p e l l e t  s t a c k ,  t h e  diameter  - exc lud ing  t h e  r i d g e s  - fo l lows  t h e  

same p a t t e r n  a s  shown i n  t h e  g r o s s  s can  curve ,  from 10.72 a t  

t h e  h o t t e r  en6 down t o  10.69 mm a t  t h e  c o l d e r  end. The r i d g e s  

a r e  superimposed on t h e s e  d iameters  and have a max. h e i g h t  of 

30 Dm. Both primary and secondary r i d g i n g  a r e  s een .  The eddy 

c u r r e n t  t r a c e  ( f i g .  26) gave no evidence of t h e  e x i s t e n c e  of 

major c ladding  d e f e c t s ,  a l though t h e  presence  of r i d g i n g  t o  t h e  



e x t e n t  observed would t o  some degree  mask such d e f e c t  s i g n a l s .  

Rod AJ-8, f i g .  2 1 .  

No average d iameter  can be given a s  f o r  rod No. 7 ._The  

average d iameter  a t  t h e  plenum i s  10.68 mm. The average diameter  

of  t h e  rod  v a r i e s  a x i a l l y  a long  t h e  f u e l  s t a c k  from 10.68 inm 

a t  t h e  h o t t e r  end of  t h e  s t a c k  t o  10.67 mm a t  t h e  c o l d e r  end of 

t h e  s t a c k  fo l lowing  t h e  t r e n d  of  t h e  power p r o f i l e .  The r i d g e s  

s u ~ e r i m p c s e d  on t h i s  t r a c e  have a  maximum h e i g h t  of 30 pm. The 

primary r i d g i n g  i s  very c l e a r ,  w i th  secondary r i a g i n g  a t  t h e  

h o t t e r  end. The eddy c u r r e n t  t r a c e  ( f i g .  27) does n o t  i n d i c a t e  

major c l add ing  e f f e c t s .  

Rod AO-9, f i g .  22, 

'The average d iameter  i s  unchanged a s  compared t o  t h e  

p r e - i r r a d i a t i o n  d iameter .  Minor r idging i s  observed wi th  max. 

r i d g e  h e i g h t s  of  2.5 - 5  urn. A t  1 1 2  mm from t h e  bottom a  

dec rease  i n  d iameter  of about  20 llm i s  ohserved.  Eddy c u r r e n t  

t e s t i n g  ( f i g .  28) i n d i c a t e s  t h i s  p o s i t i o n  t o  be  t h e  on ly  one on 

t h e  rod where t h e r e  might be a  major c l add ing  d e f e c t .  

Rod AM-10, fig. 23. 

When d i s r e q a r d i n q  t h e  r i d g e s ,  t h e  average rli.anie.l.l-.rt- -i s 

una f fec t ed  by i r r a d i a t i o n .  Primary r i d g i n g  i s  found a long  

a lmost  t h e  whole f u e l  s t a c k ,  whi le  secondary r i d y i n g  i s  on ly  

observed i n  a  couple  of c a s e s .  Maximum r i d g e  h e i g h t ,  30 pm. 

Eddy c u r r e n t  ( f i g .  29)shows an i r r e g u l a r i t y  a t  a  d i s t a n c e  of 

about  175 mm from t h e  bottom e n d .  Nothing unusual  i s  seen  on t n e  

diameter  t r a c e s  a t  t h i s  l o c a t i o n .  

Rod AK-11, f i g .  2 4 .  

The f a i l e d  rod No. 11 shows a  d iameter  i n c r e a s e  of 1 0  - 20 

pm a s  a  r e s u l t  of  i r r a d i a t i o n ;  t h i s  e x p l a i n s  why r i d g i n g  i n  

t h i s  9 6 %  TD p e l l e t  rod i s  n o t  a s  pronounced a s  i n  rod 1 0 .  Max. 

r i d g e  h e i g h t s ,  2.5 - 5  pm.  A number of d e f e c t s  a r e  noted a long 

t h e  rod,  p r i m a r i l y  a t  p o s i t i o n s  50, 70, 130, 150,  185,  215, 405, 

417, 590 and 640 mrn from t h e  bottom:These p o s i t i o n s  a r e  

v e r i f i e d  by t h e  ECT ( f i g .  30) and a r e  probably secondary 

hydr id ing  and c r a c k s .  

Rod B5-12, f i g .  25. 

The average d iameter  i n  t h e  plenum a r e a  i s  unchanged, b u t  

an o v a l i t y  of 30 pm has  developed.  The average d iameter  of  t h e  

remainder of  t h e  rod has  decreased  by about  20  pm. Primary 

r i d g i n g  i s  observed wi th  r i d g e  h e i g h t s  of 15 - 20 pm. 



3.6. Gamma Scanning 

3.6.1. Experimental  and R e s u l t s  

Gamma scanning was performed on a l l  rods  excep t  B5-12. 

Scanning was performed wi th  a nominally 0.5 mm tungs t en  

co l l ima to r  s l i t  g i v i n g  an e f f e c t i v e  s l i t  width  of  0 .54 mm. ?'he 

rods  were run p a s t  t h e  s l i t  by a  step-motor w i th  a  speed of  

1 . 2  mm/min, averaged over  a  r u n  and a  s t o p  pe r iod .  The r a d i a t i o n  

of  t h e  rod was d e t e c t e d  by a n i t rogen-cooled  Ge/Li c r y s t a l .  

Af t e r  proper  a m p l i f i c a t i o n ,  t h e  o u t p u t  was t r a n f e r r e d  t o  a  

s e r i e s  of s ing le -channe l  a n a l y s e r s  connected i n  p a r a l l e l .  Each 

of t h e  i s o t o p e s  ' 0 6 ~ u / ~ h ,  1 3 7 ~ s ,  9 5 ~ r / ~ b  and 1 4 4 ~ e / ~ r ,  a t  

ene rg i e s  512 keV, 662 keV, 756-765 keV and 696 keV, were 

r e g i s t e r e d  by two s ing le -channe l  a n a l y s e r s ,  th.e f i r s t  s e t  on 

t h e  photo-peak, t h e  second on t h e  background b e f o r e  t h e  peak. 

The gross  a c t i v i t y  was r e g i s t e r e d  by one s ing le -channe l  a n a l y s e r .  

The. o~ . l t pu t  of each s ing le -channe l  a n a l y s e r  'was t r a n s f e r r e d  t o  

a  CAMAC s c a l e r  t h a t  was read  and e ra sed  by a  computer f o r  every 

0.5 mm of rod pas s ing  t h e  c o l l i m a t o r .  

Table 6  g ives  t h e  r e l e v a n t  in format ion  about  t h e  i s o t o p e s  

recorded i n  t h e  scanning.  

Table 7  g ives  t h e  form f a c t o r s  c a l c u l a t e d  from t h e  curves .  

Local peaks a r e  neg lec t ed  i n  t h e  c a l c u l a t i o n .  

From t h e  i n t . e g r a t i o n  of t h e  i n d i v i d u a l  gamma scans  given i n  

t a b l e  8 ,  t h e  r e l a t i v e  power of  t h e  rods  i s  c a l c u l a t e d  based on 

d i f f e r e n t  i s o t o p e s  ( t a b l e  9 ) .  

I n  t a b l e  1 0  t h e  l eng th  of t h e  p o s t - i r r a d i a t i o n  f u e l  s t a c k  

ob ta ined  from t h e  gamma scanning i s  given t o g e t h e r  w i t h  t h e  pre-  

- i r r a d i a t i o n  l e n g t h .  

3.6.2. Rod Support  In f luence  on t h e  Curves 

Small d e v i a t i o n s  from t h e  expected i s o t o p e  d i s t r i b u t i o n  

a r e  seen  a x i a l l y  f o r  a l l  t h e  rods .  The d e v i a t i o n s  a r e  p o s i t i v e  

on t h e  g ros s  curves ,  and nega t ive  on t h e  i s o t o p e  curves .  The 

p o s i t i o n s  a r e  given i n  t a b l e  11. The d e v i a t i o n s  were g iven  

g r e a t  c o n s i d e r a t i o n ,  a s  they seemed i n e x p l i c a b l e  from a  f a b r i -  

c a t i o n  and i r r a d i a t i o n  p o i n t  of  view. E a r l i e r  scanning  p r a c t i c e  

wi th  analogue r eco rd ing  has never r evea l ed  s i m i l a r  f e a t u r e s .  

Had they e x i s t e d ,  they would have been masked by t h e  s t a t i s t i c a l  

v a r i a t i o n s  i n  t h e  i s o t o p e  decay. I t  may be concluded t h a t  t h e s e  



d e v i a t i o n s  o r i g i n a t e  from t h e  suppor t s  f o r  t h e  rods  du r ing  t h e  

scanning o p e r a t i o n s .  

The s u p p o r t s  a r e  made of  b r a s s ,  25 mm long  wi th  s t e e l  - 

r o l l e r s .  Approximately 1 0 %  of  t h e  rod volume w i l l  be s h i e l d e d  

by approx. 4 mm of  b r a s s .  The i n f l u e n c e  upon t h e  i s o t o p e  scans  

should be  a lmos t  n e g l i g i b l e ,  a s  confirmed by t h e  curves  f o r  t h e  

s i n g l e  i s o t o p e s ,  b u t  an unexpectedly l a r g e  i n f l u e n c e  due t o  t h e  

r a d i a t i o n  s c a t t e r e d  by t h e  b r a s s  i s  seen  on t h e  g r o s s  curves .  

The i n f l u e n c e  on t h e  t o t a l  counts  i n  t h e  g r o s s  scanning  curves  

i s  about  0 .3%, which does n o t  g i v e  r i s e  t o  c o r r e c t i o n s  of 

e a r l i e r  t a b l e s .  The i n f l u e n c e  upon o t h e r  curves  i s  much less. 

3.6.3. Comments on r e s u l t s  

When comparing t h e  form f a c t o r s  o r i g i n a t i n g  from 137cs 
I - - 

v a l i d  f o r  t h e  i r r a d i a t i o n  a s  a whole, and Y s ~ r ,  v a l i d  f o r  t h e  

l a s t  few months o f  t h e  i r r a d i a t i o n ,  it i s  observed t h a t  t h e  

burn-up p r o f i l e  becomes f l a t t e r .  This  i s  t o  be  expected because 

of  t h e  o v e r a l l  enr ichment  changes a s  e f u n c t i o n  of burn ing  and 

build-up of Pu. 

T11e pesence  of c e n t r a l  thermocouples, e s p e c i a l l y  i n  rods  

AA-1 and AE-5 a t  t h e  h o t  ends ,  i s  r e f l e c t e d  bo th  i n  t h e  form 

f a c t o r s . a n d  i n  t h e  c a l c u l a t e d  power d i s t r i b u t i o n  between t h e  

rods .  

The form f a c t o r s ,  a s  w e l l  a s  t h e  r e l a t i v e  power d i s t r i -  

bu t ion  among t h e  r o d s ,  ob t a ined  from l o 6 ~ u  and 1 4 4 ~ e  are n o t  

r e a d i l y  expla ined .  I t  appears  t h a t  bo th  f i s s i o n  produc t  

migra t ion  and neu t ron  c a p t u r e  i n  f i s s i o n  produc ts  a r e  r e q u i r e d  

f o r  a  s u i t a b l e  . e x p l a n a t i o n .  

3.7. Neutron Radiography 

3.7.1. Experimental  

Neutron radiography was performed by t h e  t r a n s f e r  method, 

us ing  a  0 . 1  mrn t h i c k  Dysprosium imaging f o i l  and Agfa-Gevaert 

double-coated S t r u c t u r i x  D 4  X-ray f i l m .  

The rods  w e r e  radiographed a t  two pe rpend icu la r  p r o j e c t i o n s  

s t e p  by s t e p  on 1 2  cm long f o i l s  wi th  s u f f i c i e n t  over lapping .  

The end-plug o f  rod 11 w a s  a d d i t i o n a l l y  neutron-radiographed 

a t  oO,  120° and 240° on a  s ing le -coa ted  Kodak SR f i l m .  

Radiography was c a r r i e d  o u t  a t  t h e  r e a c t o r  DH 1 by s i n u l -  



taneous use of two 1 0  x 10 cm beam h o l e s  w i t h  i n t e n s i t i e s  of 
6 2  1.8 x  l o 6  and 1 . 4  x  1 0  n/ (crn 9s) , r e s p e c t i v e l y .  To o b t a i n  

equa l  exposures ,  t h e  exposure t imes were 25 and 30 min t r e spec t -  

i v e l y  . 

3.7.2. Resu l t s  

Rod AA-1. 

Cracks were seen  i n  a lmost  a l l  p e l l e t s .  One p e l l e t  w i th  

more ex t ens ive  t r a n s v e r s a l  c r acks  i s  shown i n  f i g .  4 2 .  

No l o n g i t u d i n a l  c r acks  were observed.  Chips were broken 

I o f f  a  few of  t h e  p e l l e t s .  A c h i p  from p e l l e t  No. 15 from t h e  

top  end had e n t e r e d  t h e  p e l l e t - t o - p e l l e t  gap. One l a r g e r  p e l l e t -  

t o - p e l l e t  gap was seen  c l o s e  t o  t h e  end of t h e  thermocouple, s e e  

f i g .  43. 

Rod AB-2. 

Seve ra l  of  t h e  p e l l e t s  had ex t ens ive  c r a c k s ,  f i g .  4 4 .  

Longi tudinal  c r acks  were a l s o  found, f i g .  45, some o f  them 

extending through s e v e r a l  p e l l e t s ,  f i g .  46. 

Rod AC-3. 

Three p e l l e t s  from t h e  top  of  t h e  f u e l  column were exten-  

s i v e l y  cracked,  f i g .  47. The g e n e r a l  appearance i s  seen  i n  f i g .  

48. A smal l  c e n t r a l  void  i s  seen  i n  t h e  bottom p e l l e t s  (max. 

f l u x  r eg ion )  , f i g .  49. 

Hydrides were observed i n  t h e  end-plug shown i n  f i g .  50. 

Rod AD- 4 .  

Randomly d i s t r i b u t e d  c r acks  of  minor i n t e n s i t i e s  were 

observed.  The p e l l e t - t o - p e l l e t  gap was h igh ly  en l a rged ,  f i g .  51. 

A s l i g h t  gap between t h e  s p r i n g  s l e e v e  and t h e  c l add ing  was 
0 seen a t  t h e  90° p r o j e c t i o n ,  f i g .  52, b u t  n o t  a t  t h e  0  p ro j ec -  

t i o n .  

Rod AE-5. 

Most of  t h e  p e l l e t s  had randomly d i s t r i b u t e d  c r acks .  

Seve ra l  co rne r  ch ips  were observed;  some of  t h e s e  i n  t h e  

p e l l e t - t o - p e l l e t  gap a s  shown i n  f i g .  53. 

Rod AG- 6 .  

The p e l l e t s  were n e a r l y  una f f ec t ed  by t h e  i r r a d i a t i o n ,  as 

can be seen i n  f i g .  54. 



Rod AH- 7 .  - 

T r a n s v e r s a l  c r a c k s  w e r e  o b s e r v e d  i n  a l l  p e l l e t s .  The 

d i s h i n g s  w e r e  a l m o s t  f i l l e d  up a t  t h e  upper  end o f  t h e  r o d ,  

f i g .  55. 

Rod AJ-8. 

Cracks  w e r e  obse rved  c n  a l l  p e l l e t s  e x c e p t  t h e  bot tom one.  

The d i s h i n g s  were a l m o s t  f i l l e d  up a t  t h e  upper  end o f  t h e  r o d ,  

f i g .  56. 

A l l  pe1le t . s  c o n t a i n e d  c rac l t s ,  mos t ly  t r a r i s v e r s e .  The 

d i s h i n g s  were almost f i l l e d  up, f i g .  57.  A w.i t-le [jdp between 

p e l l e t s  5 and 6 from t h e  t o p  end i s  shown i n  f i g .  58.  Chips a r e  

~ h s p r ~ ~ p i i  i n  the gap and a c c i ~ t r c t l  vuid lidd formed c l o s e  Lo t h e  

end o f  t h e  thermocouple .  The c e n t r a l  vo id  e x t e n d s  up t o  2 0 0  mm 

from t h e  t o p  o f  t h e  f u e l  column. 

T r a n s v e r s e  c r a c k s  w e r e  observed on a l l  p e l l e t s  e x c e p t  t h e  

bot tom one.  Only few, s m a l l  l o n g i t u d i n a l  c r a c k s  were  s e e n .  

Rod AX-11. 

Only few, mos t ly  t r a n s v e r s e ,  c r a c k s  were o b s e r v e d .  

Hydr ides  were obse rved  i n  c o n n e c t i o n  w i t h  t.he c r a r k e d  ond- 

-p lug ,  f i g .  59. 

Rod B5-12. 

A l l  p e l l e t s  c o n t a i n e d  c r a c k s ,  mos t ly  t r a n s v e r s e ,  f i g .  60a. 

Genera l  remarks  - 
I n  g e n e r a l ,  t h e  d i s h i n g s  were more c l o s e d  towards  t h e  

h o t t e r  end o f  t h e  r o d s .  Chips  w e r e  o n l y  obse rved  i n  p e i l e t - t o -  

p e l l e t  g a p s ,  never  i n  t h e  p e l l e t - t o - c l a d  gap and no f u e l -  

- c l a d d i n g  i n t e r a c t i o n  w a s  r e v e a l e d .  

No h y d r i d i n g  o f  t h e  c l a d d i n g  was observed w i t h  t h e  excep- 

t i o n  o f  t h e  end-plug i n  r o d  AC-3 and i n  connect . ion w i t h  t h e  

f a i l e d  end p l u q  i n  r o d  A K - 1 1 .  



4 .  DESTRUCTIVE EXAMINATION 

4 . 1 .  P i e r c i n q  and F i s s i o n  Gas A n a l y s i s  

4 . 1 . 1 .  Exper imenta l  

The r o d s  were p i e r c e d  i n  t h e  plenum a r e a  c l o s e  t o  t h e  t o p  

end-plug. The p i e r c i n g  a r e a  was s e a l e d  by a n  O-ring,  and a 

mechanical  p e n e t r a t i o n  was made. The f i s s i o n  and f i l i e r  g a s s e s  

were e x t r a c t e d ,  and t h e i r  volume de te rmined .  The a c c u r a c y  o f  

t h e  d e t e r m i n a t i o n  o f  t h e  amount o f  t h e  e x t r a c t e d  gas  i s  1 . 5 % ,  

cor respond ing  t o  one s t a n d a r d  d e v i a t i o n .  

A f t e r  comple ted  e x t r a c t i o n ,  t h e  rod  was b a c k f i l l e d  w i t h  

he l ium a t  a p r e s s u r e  o f  1 a t a .  The hel ium was e x t r a c t e d  and t h e  

f r e e  volume o f  t h e  rod  he reby  measured. A s  t h e  dead volume o f  
3 t h e  p i e r c i n g  head i s  l e s s  t h a n  0 .5  cm , t h e  a c c u r a c y  o f  t h e  

freevolume d e t e r m i n a t i o n  i s  b e t t e r  t h a n  2 .0%,  c o r r e s p o n d i n g  t o  

one s t a n d a r d  d e v i a t i o n .  

The p r e s s u r e  i n  t h e  r o d s  ( i n  Hot-Cell  c o n d i t i o n )  was c a l c u -  

l a t e d  on t h i s  b a s i s .  The accuracy  o f  t h i s  i s  b e t t e r  t h a n  2 .5%,  

cor respond ing  t o  one  s t a n d a r d  d e v i a t i o n .  

Gas from each r o d  was f i l l e d  i n t o  g l a s s  b u l b s ,  which were 

used f o r  m a s s - s p e c t r o m e t r i c  a n a l y s i s  and f o r  gas-chromatography.  

Through mass-spect r0metr i .c  a r m l y s i s ,  t h e  r e l a t i v e  d i s t r i b u t i o n  

of  H 2 ,  H e ,  N2 + CO,  02t A r ,  C02, CH4 and i s o t o p e s  o f  K r  and X e  

was found. The r a t i o  between N 2  and CO was de te rmined  by gas- 

-chromatography. 
I 

4.1.2. R e s u l t s  

The amount a n d  compos i t ion  o f  t h e  e x t r a c t e d  g a s  a r e  shown 

i n  t a b l e s  12  and 1 3 .  N e i t h e r  CO nor  CH4 was found i n  any 

sample.  R e s u l t s  from AC-3 a r e  exc luded  because  o f  equipment  

f a i l ~ r e ,  and from AK-11  because  t h i s  p i n  was . f a i l e d  and t h e r e -  

f o r e  n o t  examined. Where two numbers appear  i n  t h e  t a b l e s ,  two 

samplcs were a n a l y s e d .  T h e  d i f f e r e n c e  i n  two such  a n a l y s i s  

r e s u l t s  i s  p robab ly  mainly  caused b e  t h e  f a c t  t h a t  t h e  samples  

from t h e  e x t r a c t e d  g a s  w e r e  t a k e n  d u r i n g  t h e  e x t r a c t i o n ,  and 

not from t h e  t o t a l  g a s  volume combined a f t e r  e x t r a c t i o n .  

Tab le  1 4  shows t h e  amount of  e x t r a c t e d  f i s s i o n  g a s  ( K r  + 
X e ) ,  t h e  gas  r e l e a s e  p e r  c e n t ,  t h e  f r e e  volume o f  t h e  r o d s  and 



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

- 4  Mwd x g r a m  from a  g a s  p r o d u c t i o n  e q u a l  t o  0 .3  x  10  cm / ( tMe02  
Meo2) a t  OOC and 760 mm Hg [ 2 ] .  

The burn-up f i g u r e s  r e q u i r e d  f o r  t h e  c a l c u l a t i o n  o f  t h e  

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

d e s t r u c t i v e  i s o t o p e  a n a l y s i s  and 1 3 7 ~ s  s c a n s .  

For  r o d s  s u b j e c t e d  t o  d e s t r u c t i v e  i s o t o p e  a n a l y s i s ,  t h e  

burn-up found was s e t  p r o p o r t i o n a l  t o  t h e  1 3 7 ~ s  a c t i v i t y  a t  t h e  

c o r r e s p o n d i n g  a x i a l  p o s i t i o n ,  from which it f o l l o w s  t h a t  t h e  

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

burn-up. 

For r o d s  n o t  s u b j e c t e d  t o  d e s t r u c t i v e  i s o t o p e  a n a l y s i s ,  t h e  

burn-up v a l u e  was b a s e d  upon t h e  f i g u r e  o b t a i n e d  f o r  r o d  AA-1, 

m u l t i p l i e d  by t h e  r a t i o  ~f t h e  averaqe 137 
C s  activiti~s b ~ t . w n n n  

the rod i n  q u e s t i o n  and r o d  AA-1. 

For r o d  B5-12, n e i t h e r  i s o t o p e  a n a l y s i s  n o r  gamma s c a n n i n g  

w a s  r e q u e s t e d .  The burn-up was chosen a s  t h e  a v e r a g e  burn-up o f  

t h e  remain ing  r o d s  i n  t h e  lower c l u s t e r .  

4.1.3. Comments on I n d i v i d u a l  Rods .. . 

Rod AA-1: High H2-content .  

Rod AB-2: High H2-  and N2-content ;  v e r y  s m a l l  c o n t e n t  o f  

O2  e x c l u d e s  i n l e a k  o f  a i r  d u r i n g  p i e r c i n g .  

Rod AD-4: No remarks .  

Rod AE-5: High N2-content ;  v e r y  s m a l l  c o n t e n t  o f  O2  

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

T o t a l  a b s e n c e  o f  H e  seems u n e x p l a i n a b l e ;  

u n u s u a l l y  low gas  c o n t e n t .  

Rod AG-6: High N 2  and O2 c o n t e n t s  i n d i c a t e  i n l e a k  o f  a i r  

d u r i n g  p i e r c i n g .  

Unusual ly  h i g h  He-contcnt .  

Rod AH-7: No remarks .  

Rod AJ-8: No remarks .  

Rod AO-9: No rema.rks. 

Rod AM-10: No remarks .  

Rod B5-12: Unusual ly  h i g h  He-content .  



4.2. Metallography, Ceramography and Autoradiography 

4.2.1. Sample Locations 

Rods AA-1, AE-5, AH-7, AO-9 and AK-11 were examined. The 

sample position in these rods is shown in fig. 60b and table 

15. 

4.2.2. Preparation of Samples 

The samples were prepared and examined according to the 

following scheme : 

- cutting 
- vacuum impregnation with araldite 
- mounting in araldite 
- grinding on 600 grit Sic-paper 
- polishing with 7 pm diamond 
- fuel attack polishing in A1203 + Cr03 
- cladding attack polishing in Cr03 + HE' 
- examination in microscope (polished) 
- fuel etching in H2S04 + H202 
- cladding etching in lactic acid + HN03 + HF 
- examination in microscope (etched) 

4.2.3. a-Autoradiography Technique 

A Kodak film, type CA 80-15, was loaded on the sample and 

exposed for - 5 s. The film was developed by a standard pro- 
cedure. - .  

4.2.4. B/y-Autoradioqraphy Technique 

A Kodak film, type 2, high resolution, was loaded on the 

sample and exposed for 3 - 4 min. The film was developed by a 
standard procedure. 

4.2.5. General Observations 

1) The fuel contains two classes of pore; the normal, small 

pores and some very large ones, about 80 pm in diameter. The 

latter are randomly distributed (from fabrication) - see e.g. 
fig. 62. 

2) The fuel appears inhomogeneous. There are several 

examples of larger or smaller areas that have a pore distri- 



bution very different from their surroundings - see e.g. figs. 

169 and 255. 

3) The a- and B/y- autoradiographs generally show a very 

finegrained structure with an increased radiation intensity 

towards the surface of the fuel - see e.g. fig. 63. A skew 

radiation intensity is seen in several samples, probably indi- 

cating a skew flux profile in the reactor - see e.g. figs. 230- 
233. 

4) The hydrides in the cladding are circumferentially 

orientated, except in rod AK-11, where radial hydrides are 

found (the cracked rod). 

5) The measurements of the oxide layer thickness on the 

inner and the outer surface of the cladding, the cladding and 

gap thickness, the estimated hydride content in the cladding, 

the extent of fuel restructuring, and an estimated fuel center- 

line temperature are shown in table 16. 

The hydride content is estimated from the micrographs. 

The estimate of the fuel center1ine.temperature is regarded as 

very rough. The basis for this estimate is the fraction of the 

fuel with columnar grains. A model [31 for this type of grain 

growth (for pure U02) gives the centerline temperature. 

Figure 61 gives a survey of the samples (excl. sa~uple Nos. 

AK-11-2-1 and AK-11-6-1). 

Figures 62-261 show for each sample (with a few exceptiorls) : 

- a macrophotograph of the polished sample 
- a- and B/y-autoradiographs in the same magnification as 
the macro, in polished and in etched condition 

- a radius of the sample in polislied and in etched 

condition (not always the sart~e area) 

- diverse macro- and micrographs, including pictures for 
quantitative metallographic analysis. 

4.2.6. Remarks on Individual Samples 

Sample AA-1-1, fiq. 62-77 

No remarks. 

Sample AE-5-1, fig. 78-90 - 

No remarks. 



Sample AH-7-1, f i q .  91-103 

M e t a l l i c  i n c l u s i o n s  a r e  obse rved  i n  a n  a r e a  w i t h  l a r g e  

f u e l  g r a . i n s  - f i g .  102.  The l a t t e r  c o n t a i n  some sma.11 b l a c k  

" n e e d l e s "  of unknown compos i t ion .  A g rey  zone - f i g .  103 - i s  

observed between f u e l  and c l a d d i n g  o x i d e ;  i t  l o o k s  l i k e  f u e l .  

Sample AO-9-1, f i q .  104-116 

A v e r y  b road  g r e y  zone, a s  i n  sample 7-1, i s  obse rved  - 
f i g s .  115-116. M e t a l l i c  i n c l u s i o n s  and p o r e s  a r e  o f t e n  s e e n  i n  

t h e  columnar g r a i n s  - f i g .  1 1 4 .  No t r a c e s  from TC a r e  obse rved .  

Sample AO-9-2A, f i g .  117-127 

A r e a s o n a b l e  e x p l a n a t i o n  o f  t h e  appearance  o f  t h e  c e n t r e  

void  c o u l d  b e  t h a t ,  a s  a r e s u l t  o f  t h e  l a r g e  p e l l e t / p e l l e t  gap,  

observed i n  t h e  n e u t r o n  r a d i o g r a p h  f i g .  58, some e v a p o r a t i o n  

has  o c c u r r e d  from t h e  h o t t e r  s u r r o u n d i n g s  w i t h  a c o r r e s p o n d i n g  

condensa t ion  a t  t h e  e n d - s e c t i o n .  T h i s  i m p l i e s  t h a t  t h e  l a r g e  

p e l l e t / p e l l e t  gap was p r e s e n t  w h i l e  t h e  r o d  was i n  t h e  r e a c t o r .  

The b l a c k  shadow s e e n  i n  t h e  B/y-autoradiographs - f i g s .  

120-121, and t h e  s h a r p l y  d e f i n e d  m i s s i n g  f u e l  i n  t h e  e t c h e d  

a -au to rad iograph  - f i g .  119 a r e  t h e  r e s u l t  o f  a n  u n d e r l y i n g  

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

I n  t h e  B/y-autoradiographs - f i g s .  120-121 - a r e  s e e n  3 

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

The f u e l  i s  a p p a r e n t l y  d e p l e t e d  i n  B/y-emit t ing e l e m e n t s  n e a r  

t h e  c e n t r e .  The columnar g r a i n s  a p p a r e n t l y  have  s u b g r a i n  

boundar ies  w i t h  s m a l l  p o r e s  - f i g .  126. 

Sample AO-9-5A, f i g .  128-142 

The marks i n  t h e  c l a d d i n g  s u r f a c e  a r e  made f o r  o r i e n t a t i o n  

o f  t h e  sample. 

The s e c t i o n  c o n t a i n s  a secondary  f u e l  c r a c k  - f i g .  128.  

Three zones i n  t h e  B/y-autoradiographs - f i g .  131-132 - a r e  

s e e n ,  a s  i n  sample 9-2A. Not%ce t h e  a r e a  w i t h  v e r y  smal.1 p o r e s  

i n  fig. 140. 

Sample A K - 1 1 - 1 ,  f i g .  143-157 

Th i s  i s  t h e  c r a c k e d  end-plug. 



Along t h e  s i d e s  of  t h e  w i d e s t  c rack  i n  t h e  o u t e r  r i n g ,  t h e  

g r a i n  s i z e  i n  t h e  o u t e r  two-thi rds  i s  l a r g e r  t han  e lsewhere  - 
f i g .  156. 

These l a r g e  g r a i n s ,  t h e  smal l  g r a i n s  a long  t h e  i n n e r  

s u r f a c e  of  t h e  p lug ,  and a  few o t h e r  randomly d i s t r i b u t e d  g r a i n s  

show some twin o r  widmansts t ten s t r u c t u r e .  The s m a l l e r  and 

t h i n n e r  r i n g  c o n t a i n s  some c r a c k s ,  f i g .  157. The hydr i ae  c o n t e n t  

and o r i e n t a t i o n  a r e  shown i n  f i g s .  1 4 4 - 1 4 9 .  

Sample AK-11-2-A, f i g .  158-178 

This s e c t i o n  c o n t a i n s  on ly  des t royed  TC-fragments, mainly 

.in cracks  - f i g s .  16ga170. Severe  a l add ing  a t t - a ck  i s  seen  i n  

f i g s .  165, 166, 174,  175 and 176. 

Some r a d i a l  hyd r ides  i n  t h e  c ladding  a r e  s e e n  i n  f i g .  171. 

Between t h e  f u e l  and t h e  c l add ing  a r e  s een  two l a y e r s ,  t h e  

i n n e r  one be ing  more o r  l e s s  curved and s e p a r a t e d  from t h e  

o u t e r  one by sma l l  po re s ;  t h e  phases look l i k e  Zr02 - f i g .  178. 

There a r e  many whi te ,  sometimes sponge- l ike  s t r i n g s ,  i n  

t h e  c ladding .  Near t h e  i n n e r  s u r f a c e  of  t h e  c l add ing  t h e s e  

s t r i n g s  appear tu conden3c t o  some h a r d  phase - f i g s .  172 and 

173. I n  fig. 173 t h i s  hard  phase l i e s  i n  t h e  same p l ane  a s  t h e  

f u e l ,  whi le  t h e  c l a d d i n g  l i e s  a t  a  lower l e v e l ;  t h e  boundary 

between t h e  hard phase and tile c l add ing  appoaro a s  a. b lack  

zone; a c t u a l l y  t h i s  zone i s  j u s t  a s l o p e  l y i n g  i n  shadow. The 

o r i g i n  and composi t ion of t h i s  s t r a n g e  phase a r e  unknown. 

Sample AK-11-2-1. f i a .  179-194 

This shows a c l a d d i n g  f a i l u r e  - f i g s .  192,  193 a.nd 194; 

n o t i c e  an ox ide  l a y e r  on t h e  crack s u r f a c e  i n  f i g .  192. There 

a r e  smal l  fue l - c l add ing  i n t e r a c t i o n s  i n  t w o  o t h e r  p l a c e s  - 
f i g .  1 9 0 .  The s e c t i o n  c o n t a i n s  on ly  des t royed  TC-fragments, 

mainly i n  c r a c k s  - f i g s .  1 8 6  and 187. Thesc a r e  l a y e r s  between 

t h e  f u e l  and t h e  c l add ing  a s  seen  i n  sample 11-2-A - s e e  he re  

f i g .  1 9 1 .  Some Pu-concentra t ions  are observed - f i g s .  188-189. 

Sample AK-11-3, f i g .  195-210 

The b lack  s p o t  i n  t h e  c l add ing  i s  a f a u l t  i n  p r e p a r a t i o n  

and can be ignored .  

This s e c t i o n  c o n t a i n s  des t royed  TC-fragments on ly ,  mainly 



i n  cracks  - f i g .  209-210. Some sma l l  fue l - c l add ing  i n t e r a c t i o n s  

a r e  observed - f i g .  207. There a r e  l a y e r s  between t h e  f u e l  and 

t h e  c ladding  a s  i n  sample 11-2-A.  

Sample AK-11-6-A, f i q .  211-228 

This shows a  c l add ing  f a i l u r e  - f i g s .  218-219. There a r e  

whi te  s t r i n g s  i n  t h e  c l add ing ,  and l a y e r s  between f u e l  and 

c ladding,  c f .  sample 11-2-A.  A few r a d i a l  hydr ides  a r e  

observed - f i g .  225. There a r e  s e v e r a l  Pu-concentra t ions  - f i g .  

224:. 

Sample AK-11-6-1, f i g ,  229-241 

During p r e p a r a t i o n ,  c r acks  were observed i n  - the  c l add ing ;  

however, no c r acks  were v i s i b l e  i n  t h e  f i n a l  s t a g e  o f  m i -  

croscopy.  Fu r the r  g r i n d i n g  d i d  n o t  r e v e a l  any c r a c k s ,  i n d i -  

c a t i n g  t h a t  t h e  f a i l e d  zone had been removed d u r i n g  p r e p a r a t i o n .  

There a r e  l a y e r s  between f u e l  and c l add ing ,  a s  i n  sample 11-2 -A,  

f i g .  2 4 1 .  Some Pu-concentra t ions  a r e  observed,  f i g .  237. 

Sample AK-11-7, f i g .  242-264 

This shows a  c l add ing  f a i l u r e  -' f i g s .  249, 250, 263 and 

264. Small i n t e r a c t i o n s  a r e  s een  - f i g s .  259-260. A t  two o t h e r  

p o s i t i o n s  - a p a r t  from t h e  f a i l u r e  p o s i t i o n  - t h e r e  a r e  zones 

wi th  hydr ide  c o n c e n t r a t i o n  o r  r a d i a l  hydr ides  - f i g s .  257-258. 

There a r e  l a y e r s  between f u e l  and c l add ing  a s  i n  sample 11-2-A. 

Some Pu-concentra t ions  a r e  observed - f i g .  256. 

4 . 3 .  Q u a n t i t a t i v e  Metallography 

The purpose of t h i s  examination was t o  o b t a i n  an  e s t i m a t e  

of t h e  s i z e  and d i s t r i b u t i o n  o f  t h e  s m a l l e r  pores  i n  t h e  f u e l .  

The examination was performed on s e l e c t e d  a r e a s  of  t h e  samples 

a l r eady  used f o r  ceramography. 

The f u e l  samples conta ined  a  c e r t a i n  number of  po re s  of 

approximately 80 pm i n  d iameter  (from f a b r i c a t i o n ) ;  t h e s e  a r e  

no t  inc luded  i n  t h e  p r e s e n t  examination ( s e e  f i g u r e s  from t h e  

ceramography examina t ion) .  

The a r e a s  were s e l e c t e d  o u t s i d e  f u e l  c r a c k s  and r e p r e s e n t  

d i f f e r e n t  f u e l  d e n s i t i e s ,  b u t  they  have a  uniform d e n s i t y  

w i th in  t h e  i n d i v i d u a l  a r e a s .  



The e x a i m i n a t i o n  w a s  per formed u s i n g  L e i t z  equipment .  

P o s i t i v e  pho tographs  a t  400 t i m e s  m a g n i f i c a t i o n  w i t h  a h i g h  

d e g r e e  o f  c o n t r a s t  w e r e  used .  

Pore  s i z e s  w e r e  c l a s s i f i e d  i n  21 c l a s s e s ,  t h e  l o w e s t  

c o m p r i s i n g  p o r e s  w i t h  a d i a m e t e r  < 0.5  ym ( t h e  g r e a t e s t  s e n s i -  

t i v i t y  o b t a i n a b l e ) ,  t h e  i n t e r v a P  0.5 to 8.5 vim b e i n g  i n  s t e p s  

of  1 pm and t h e  i n t e r v a l  8.5 t o  32 .5  pm i n t o  s t e p s  -of 2 pm. 

The a v e r a g e  d i a m e t e r  and t h e  t o t a l  p a r e  a r e a  w e r e  c a l c u -  

l a t e d  f o r  e a c h  sample .  The r e s u l t s  a r e  shown i n  t a b l e  17 and 

18.  

4 . 4 .  F u e l  Dens i ty  D e t e r m i n a t i o n  

The d e n s i t y  o f  t h e  f u e l  was measured by immersion i n  w a t e r  

c o n t a i n i n g  10 mg d e t e r g e n t  ( c a t a n a c )  p e r  l i t e r .  

The s i z e  o f  e a c h  sample was approx.  one  p e l l e t .  However, 

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

d e f u e l l i n g ,  and i n  a l l  f i v e  c a s e s  some o f  t h e  f u e l  was sampled 

a s  c o a r s c  powdcr. 

The r e s u l t s  a r e  shown i n  t a b l e  1 9 .  

According t o  [ l ] ,  t h e  p r e - l r r a d l a t i o n  d e n s i t y  i n  t h e  

t a b l e  i s  e q u i v a l e n t  t o  t h e  d e n s i t y  by immersion. A l l  mass 

measurements were  performed on a n  a n a l y t i c a l  b a l a n c e ,  + 0.01 I R ~ ,  

t h e  w a t e r  t e m p e r a t u r e  was measured w i t h i n  0. ~ O C .  The c o n t r i -  

b u t i o n  t o  t h e  o v e r a l l  u n c e r t a i n t y  from t h e s e  d e n s i t y  measure- 

ments is  n e g l i g i b l e  compared w i t h  t h e  u n c e r t a i n t y  due  t o  t h e  

powdered samples ,  because  i t  was n e c e s s a r y  t o  remove t h e  powder 

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

d e n s i t y  o f  t h e  sample  from r o d  AO-9 may r e f l e c t  t h i s  f e a t u r e ,  

because  t h i s  sample  had t h e  h i g h e s t  powder c o n t e n t  ( approx i -  

ma te ly  5 0 % )  . 

4.5. I s o t o p e  A n a l y s i s  o f  Fue l  

I s o t o p e  f u e l  a n a l y s i s  was c a r r i e d  o u t  on  d i l u t e d  f u e l  

s o l u t i o n s  a l o n g  t h r e e  l i n e s  a s  d e t e r m i n a t i o n s  o f :  

1) Uranium and p lu ton ium i s o t o p e s ;  - 

2 ) 148neodymium; 

3 ) 238plutonium, 241americium, 242 curium, and 244cur ium.  



4.5.1. C u t t i n g  and D i s s o l u t i o n  Procedure  

Each specimen was c u t  a t  t h e  pre-determined p o s i t i o n ,  

hav ing  a  l e n g t h  c o r r e s p o n d i n g  t o  a  p e l l e t  l e n g t h ,  and t h e  

specimen was s t o r e d  i n  a  p o l y e t h y l e n e  c o n t a i n e r .  B e f o r e  

d i s s o l u t i o n ,  t h e  p e l l e t  was e x t r a c t e d  from t h e  p i e c e  o f  

c l a d d i n g  and c r u s h e d  i n  d i s p o s a b l e  equipment .  The s m a l l  p i e c e s  

o f  f u e l  w e r e  weighed i n  t h e i r  c o n t a i n e r ,  w h e r e a f t e r  t h e  f u e l  was 

t r a n s f e r r e d  t o  t h e  d i s s o l u t i o n  f l a s k ,  and t h e  empty c o n t a i n e r  

reweighed.  The f u e l  was d i s s o l v e d  i n  50 m l  o f  c o n c e n t r a t e d  

n i t r i c  a c i d .  The d i s s o l u t i o n  took  a n  a v e r a g e  of  72 h o u r s .  The 

s o l u t i o n  was t r a n s f e r r e d  q u a n t i t a t i v e l y  t o  a weighed p o l y e t h y l -  

ene  b o t t l e ,  and s u b s e q u e n t l y  made up t o  a b o u t  100 g  w i t h  

washing l i q u i d s ,  8 M H N 0 3 ,  and reweighed.  A f t e r  homogene i sa t ion  

by magnet ic  s t i r r i n g ,  a  weighed a l i q u o t  ( a b o u t  0.7 g )  was 

d i l u t e d  w i t h  500.0 g  8 M HN03. T h i s  s o l u t i o n ,  c o n t a i n i n g  0.14- 

0.21 mg f u e l  p r .  g ,  was used a s  t h e  working s o l u t i o n  f o r  t h e  

t h r e e  l i n e s  of  a n a l y s i s .  

4.5.2.  Uranium and Plutonium D e t e r m i n a t i o n  

T h e  i s o t o p e  compos i t ion  and t h e  c o n c e n t r a t i o n s  of  U and Pu 

w e r e  de te rmined  by mass s p e c t r o m e t r y  and i s o t o p i c  d i l u t i o n  mass 

s p e c t r o m e t r y ,  r e s p e c k i v e l y .  U and Pu were f i x e d  on  a  Dowex 

(1 x 8 )  i o n  exchanger  column i n  a  8 M H N 0 3  s o l u t i o n .  F i s s i o n  

p r o d u c t s ,  americium, curium, and e x c e s s  uranium, w e r e  removed 

by washing w i t h  8  M H N 0 3  F i n a l l y ,  U and Pu w e r e  removed by 
233u, 234u, 23SU, 236u 238u 

washing w i t h  0.35 M HNO, and I - J 

2 3 9 ~ u ,  2 4 0 ~ u ,  2 4 1 ~ u ,  and 2 4 2 ~ u  w e r e  d e t e r m i n e d  by mass spec-  

t r o m e t r y .  S p i k i n g  was performed w i t h  2 3 3 ~  and 2 4 2 ~ ~  o b t a i n e d  
23gPu 

from ORNL, c a l i b r a t e d  a g a i n s t  n a t u r a l  uranium and a  

s t a n d a r d  (NBS). I n  t h e  c a s e  of s p i k e d  samples ,  t h e  p lu ton ium 

s p i k e  and t h e  p l u t ~ n i u m  i n  t h e  sample w e r e  a d j u s t e d  t o  t h e  same 

o x i d a t i o n  l e v e l  p r i o r  t o  t h e  i o n  exchange by a n  o x i d a t i o n /  

r e d u c t i o n  p r o c e d u r e  u s i n g  sodium n i t r i t e  and hydroxylammonium 

c h l o r i d e .  

I n  most c a s e s ,  t h r e e  s e p a r a t i o n s  w i t h o u t  s p i k e  and two 

s e p a r a t i o n s  w i t h  s p i k e  w e r e  s u f f i c i e n t  t o  g i v e  s a t i s f a c t o r y  

r e s u l t s .  The s e p a r a t i o n  p r o c e d u r e  i s  d e s c r i b e d  i n  [ S ] .  

Mass s p e c t r o m e t r i c  measurenents  w e r e  per formed on  a mass 

s p e c t r o m e t e r ,  MAT CH-4 ,  u s i n g  rhenium doub le  f i l a m e n t s .  A 



minimum of  t e n  r u n s  f o r  each s e p a r a t i o n  formed t h e  b a s i s  f o r  

t h e  c a l c u l a t i o n .  

4.5.3. Neodymium Determinat ion 

Determinat ion of  1 4 8 ~ d  was c a r r i e d  o u t  by i s o t o p i c  d i l u t i o n  

mass spec t romet ry ,  u s ing  150Nd a s  sp ike .  

The sample w a s  loaded on an  i o n  exchange column, Dowex 

(1 x  4 ) ,  i n  a  methanol - 0.04 M n i t r i c  a c i d  s o l u t i o n .  The 

l an than ides  were s u c c e s s i v e l y  e l u t e d  by a  methanol - 0.0032 M 

n i t r i c  a c i d  so lu t ion . .  The procedure i s  d e s c r i b e d  i n  [61,  

a l though some s m a l l  mod i f i ca t ions  w e r e  made. The s e p a r a t e d  Nd 

s o l u t i o n  was determined mass s p e c t r o m e t r i c a l l y  on a  MAT CH-4 

mass spec t rome te r  us ing  r n e n i ~ ~ m  douhl  e f i l a m e n t s .  The masses 

of t he  neodymium i s o t o p e s  were ana lysed  from a  minimum of  t e n  

runs .  The mass range 140-152 was measured be fo re  and a f t e r  t h e  

t e n  runs .  The absence o f  masses 1 4 0  and 152 was used a s  an  

i n d i c a t i o n  of  s a t i s f a c t o r y  s e p a r a t i o n  of  neodymium from cerium 

and samarium, r e s p e c t i v e l y .  The mass spec t romet ry  r e s u l t s  were 

c o r r e c t e d  f o r  con tamina t ion  wi th  n a t u r a l  neodymium. Double 

de t e rmina t ions  were performed bo th  on unspiked and sp iked  

samples. 

4.5.4. Alpha Spectrometry  

Alpha spec t romet ry  was c a r r i e d  o u t  t o  determine t h e  

concen t r a t i on  o f  t h e  i s o t o p e s  2 3 0 ~ u ,  2411m, 2 4 2 ~ r n ,  and 244cm 

From 5  t o  1 0  drops  of t h e  working s o l u t i o n  were p laced  on 

a  20 mm diameter  d i s c  made of p o l i s h e a  s t a i n l e s s  s t e e l .  The 

d i s c  was d r i e d  under a  i n f r a r e d  lamp and hea ted  t o  8 0 0 ~ ~  on an 

e l e c t r i c  bu rne r .  A f t e r  coo l ing ,  t h e  d i s c  was t r a n s f e r r e d  t o  a  

vacuum chamber, where it was p laced  under a  s i l i c o n  c r y s t a l  

wi th  an a c t i v e  a r e a  corresponding t o  t h e  d i s c  a r e a .  The a lpha  

r a d i a t i o n  was ana lysed  by a  ND mul t ichanne l  a n a l y s e r ,  u t i l i z i n g  

1000 channels  f o r  t h e  energy range between 4.8 and 6.3 MeV. The 

F-dHM of t h e  c r y s t a l  was approximately 20 keV. 

The e v a l u a t i o n  of t h e  spectruin t o  determine t h e  amounts of  

2 3 8 ~ u  + 241h , 2 4 4 ~ m ,  and 2 4 2 ~ m ,  r e l a t i v e  t o  t h e  sum of  2 3 9 ~ u  

and 2 4 0 ~ ~ ,  was performed us ing  t h e  method desc r ibed  i n  [ 7 1 . 
The a n a l y s i s  was r epea t ed  us ing  a  s o l u t i o n  from which 

americium and curium were removed by i o n  exchange ( t h e  same 

procedure a s  desc r ibed  i n  4 .5 .2 ) .  This  a n a l y s i s  gave t h e  amount 

of  2 3 8 ~ ~  r e l a t i v e  t o  t h e  sum of  2 3 9 ~ u  and 24OpU. 



From t h e s e  two a l p h a  s p e c t r o m e t r y  d e t e r m i n a t i o n s ,  and from 

t h e  mass s p e c t r o m e t r i c  d e t e r m i n a t i o n s  o f  2 3 9 i ? u / 2 4 0 ~ u  and 
2 3 9 ~ u / 2 3 8 ~  w e r e  c a l c u l a t e d  t h e  amounts o f  

23BP,, 241m, 242cm 

and 2 4 4 ~ m  r e l a t i v e  t o  2 3 8 ~  a t  t h e  moment o f  a n a l y s i s .  

4.5.5.  Decay C o r r e c t i o n s  

The f o l l o w i n g  i s o t o p e s  were c o r r e c t e d  f o r  accumula t ion  

and/or  d i s a p p e a r a n c e  d u r i n g  t h e  p e r i o d  between shut-down o f  t h e  

r e a c t o r  and t h e  t i m e  o f  a n a l y s i s :  

234u 

2 3 8 ~ u  

2 4 1 ~ u  

241m 
2 4 2 ~ m  
244 

Cm 

2 3 4 ~  was c o r r e c t e d  a c c o r d i n g  t o :  

2 3 8 ~ u  was c o r r e c t e d  a c c o r d i n g  t o  t h e  scheme: 

t a k i n g  i n t o  a c c o u n t  t h e  f a c t  t h a t  some 2 3 8 ~ u  was formed by 

2 4 2 ~ m  and t h a t  t h e  2 3 8 ~ ~  decayed t o  
234u. 

t h e  decay of  

2 4 1 ~ u  was c o r r e c t e d  a c c o r d i n g  Co t h e  e v e n t :  

2 4 1 ~ m  was c o r r e c t e d  a c c o r d i n g  t o  t h e  scheme: 

t a k i n g  i n t o  a c c o u n t  t h e  f o r m a t i o n  o f  241Am from b e t a  decay of 

241?u and t h e  a l p h a  decay of 
241- 

2 4 2 ~ m  and 2 4 4 ~ m  were c o r r e c t e d  a c c o r d i n g  t o :  



4.5.6. R e s u l t s  

S i x  f u e l  samples  w e r e  a n a l y s e d  a c c o r d i n g  t o  t h e  p r o c e d u r e s  

d e s c r i b e d  above.  The r e s u l t s  a r e  shown i n  t a b l e  20; c u t t i n g  

p o s i t i o n s  a r e  i n c l u d e d  i n  t h e  t a b l e  and i n  f i g .  60b. 

The i s o t o p e  v a l u e s  ( e x c e p t  t h e  v a l u e s  f o r  g 2 3 8 ~  p e r  g  

f u e l )  a r e  t h e  r a t i o s  between t h e  number o f  atoms and t h e  number 

of 2 3 8 ~  atoms. Cecay c o r r e c t i o n s  a r e  performed s o  t h a t  t h e  

r e s u l t s  a r e  v a l i d  a t  t h e  t i m e  o f  f u e l  d i s c h a r g e  (20 September 

1 9 7 5 ) .  

BU (A/o) i s  t h e  p e r  c e n t  o f  a l l  i n i t i a l  heavy m e t a l  atoms 

t h a t  have f i s s i o n e d ,  i . e .  e q u a l  t o  % FIMA. The burn-up r e s u l t s  

a r e  c a l c u l a t e d  u s i n g  0.0170 a s  t h e  f i s s i o n  y i e ' l d  o f  14a~1d. The 

f a c t o r  8 . 3  l o 3  c a n  be used t o  c o n v e r t  BU (A/O)  t o  ~ ~ d / t  MeG2, 

i . e .  a  BU (A/O) v a l u e  o f  1 i s  e q u a l  t o  8,300 14Wd/t Me02* 

The a c c u r a c y  on  t h e  burn-up r e s u l t s  i s  1-3% de te rmined  

from t h e  p r e c i s i ~ n  on t h e  doub le  d e t e r m i n a t i o n s ,  and on o u r  

e x p e r i e n c e  w i t h  t h e  s t a n d a r d  s o l u t i o n s  i n v o l v e a .  

The r e s u l t s  from t h e  a l p h a  s p e c t r o m e t r i c a l  p a r t  o f  t h e  

a n a l y s i s ,  and e s p e c i a l l y  t h e  d e t e r m i n a t i o n s  o f  241;4m and 244cm, 

have  an  e s t i m a t e d  u n c e r t a i n t y  o f  up t o  1 5 %  ( o n l y  s i n g l e  

d e t e r m i n a t i o n s  w e r e  p e r f o r m e d ) .  T h i s  h i g h  u n c e r t a i n t y  i s  

p r i m a r i l y  due t o  ene rgy  d e g r a d a t i o n  and t o  t h e  r e s u l t i n g  

o v e r l a p  o f  t h e  a l p h a  p e a k s ,  a  problem u s u a l l y  e n c o u n t e r e d  i n  

a l p h a  s p e c t r o m e t r y .  

5.  DISCUSSION 

5.1. Genera l  Behaviour  

The r o d s  appeared  normal b o t h  v i s u a l l y  and d i m e n s i o n a l l y  

r e g a r d i n g  l e n g t h  and bow. The l e n g t h  had i n c r e a s e d  less t h a n  

0 .2%,  and t h e  bow was n e g l i g i b l e  i n  r e l a t i o n  t o  t h e  r o d  l e n g t h .  

Four r o d s  showed a n  i n c r e a s e  i n  a v e r a g e  d i a m e t e r  o f  10-15 

pm (AB-2, AC-3, AE-5 and A K - 1 1 ) .  No e x p l a n a t i o n  can  b e  g iven ;  

i t  i s ,  however, n o t i c e a b l e  t h a t  t h e  f i s s i o n  g a s  a n a i y s e s  f o r  two 



of the rolds., m-2 and AE-5, showed t h e  presence  of a  f a i r l y  

l a r g e  amount of N 2 ;  no gas a n a l y s e s  a r e  a v a i l a b l e  f o r  rod AC-3, 

a s  t h e  p i e r c i n g  o f  t h i s  rod f a i l e d ,  9r f o r  A K - 1 1  t h a t  f a i l e d  i n  

t he  r e a c t o r .  No o t h e r  rods  showed n o t i c e a b l e  amounts of  N2 i n  

t he  plenum gas .  

The r e s u l t s  from t h e  isotope f u e l  a n a l y s i s  seem reasonab le  

when comparing t h e  f i g u r e s  mutual ly  and when comparing them 

wi th  t h e  gamma scans .  There i s  one except ion ,  however. The burn- 

-up r e s u l t s  f o r  sample AO-9-3 may be about  4.5% t o o  h igh ,  a s  

seen from t h e  i s o t o p e  c o r r e l a t i o n  technique and from gamma 

scans .  

The f i g u r e  below shows t h e  c o r r e l a t i o n  between t h e  a tomic 

r a t i o  2 4 0 ~ u  / 2 3 9 ~ ~  and BU (A/O) determined by t h e  l4 8 ~ i d  method . 
Assuming a  l i , nea r  c o r r e l a t i o n ,  

i t  i s  seen  t h a t  t h e  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  f o r  sample AO-9-3 

corresponds t o  a  Bu equa l  t o  4 . 2  A/O; o t h e r  c o r r e l a t i o n s  

i n d i c a t e  a  s i m i l a r  BU f o r  t h i s  sample. Furthermore,  t h i s  BU- 

-value  i s  t o  be  expected from t h e  i 3 7 ~ s  gamma scan  on rod AO-9, 

us ing  t h e  BU-value f o r  sample AO-9-6 a s  a  c a l i b r a t i o n  p o i n t .  

5.3.  Fuel  Behavisur 

From t h e  d i s t r i b u t i o n  of  C s  a s  ob ta ined  from gamma 

scanning,  t h e  r e l a t i v e  d i s t r i b u t i o n  of t empera ture  between the 

f u e l  rods  was e s t ima ted .  S p e c i a l  f e a t u r e s  a t  TC-bores and TC 

f a i l u r e  l o c a t i o n s  were neg lec t ed .  The e s t i m a t e  g ives  f o r  t h e  

upper c i u s t e r  : 



T ~ ~ -  1 be ing  about  1 6 0 0 ~ ~ ~  and f o r  t h e  lower c l u s t e r :  

T ~ ~ -  7 
be ing  abou t  1 6 0 0 ~ ~ .  

I t  should be noted t h a t  rod A K - 1 1  f a i l e d ,  t h e r e f o r e  t h e  

p r i n c i p l e s  f o r  comparison may n o t  be  a p p l i c a b l e  i n  t h i s  ca se .  

These e s t i m a t e s  a r e  i n  good agreement w i t h  t h e  e s t i m a t e s  

ob ta ined  from ceramography ( t a b l e  1 6 ) ,  excep t  f o r  rod AK-11 .  

From t h e  f i g u r e  below i t  nay be concluded t h a t  t h e  f i s s i o n  

gas  r e l e a s e  i n c r e a s e s  w i th  i n c r e a s i n g  p e l l e t  d e n s i t y .  

I n c r e a s i n g  t h e  gap a p p a r e n t l y  i n c r e a s e s  t h e  gas  r e l e a s e  

a t  h igh BU, whereas an unexpected decrease  i s  observed a t  t h e  

low BU; t h i s  o b s e r v a t i o n  may, however, be  i n s i g n i f i c a n t  a s  i t  

i s  based on very  few r e s u l t s  from a r e l e a s e  p roces s  t h a t  i s  

known t o  g i v e  h i g h l y  s c a t t e r e d  r e s u l t s .  

The gas  r e l e a s e  i s  c l e a r l y  h ighe r  f o r  t h e  lower c ius t e r  as 

compared t o  t h e  upper c l u s t e r .  

The i s o t o p e  r a t i o s  ( t a b l e  13)  a r e  f a i r l y  c o n s t a n t  f o r  t h e  

upper and f o r  t h e  lower c l u s t e r  rods .  The r a t i o s  d i f f e r  i n  t h e  

two c l u s t e r s ,  a s  expec ted .  

- 23000 M W d l t  MeOz, 0 - 30000 M W d l t  MeOz 



I t  i s  e v i d e n t  from t h e  ceramographic examinat ion t h a t  t h e  

f u e l  d e n s i t y  v a r i e s  q u i t e  cons iderab ly  w i t h i n  a  s i n g l e  sample; 

neve r the l e s s ,  samples f o r  q u a n t i t a t i v e  metal lography could be 

. s e l ec t ed  fromhomogeneous a r e a s .  To o b t a i n  a  more d e t a i l e d  

p i c t u r e  of  t h e  pore  s i z e  d i s t r i b u t i o n ,  d i f f e r e n t  p o r o s i t y  a r e a s  

were chosen f o r  t h e  examination.  The r e s u l t s  s u g g e s t  t h a t  t h e  

pore s i z e  d i s t r i b u t i o n  i s  independent of t h e  f u e l  d e n s i t y .  Most 

of t h e  pores  were below 4 pm i n  diameter  w i th  an average of  

about 2 um.  I n  samples from rod AK-11 ,  some almost  po re - f r ee  

a r e a s  a r e  observed.  The de r ived  t h e o r e t i c a l  d e n s i t y  of t h e  

examined a r e a s  i s  inc luded  i n  t a b l e  18.  

The measured p e l l e t  d e n s i t i e s  a r e  a l l  lower t han  pre-  

- i r r a d i a t i o n  d e n s i t i e s ,  which might be expected a s  a l l  t h e  

samples a r e  taken from p o s i t i o n s  w i th  a  burn-up of 30000 MJfu/t 

Me02 o r  more. 

5 .4 .  Pelle 'k-clad I n t e r a c t i o n ,  PC1 

Var i a t i ons  i n  i n i t i a l  f u e l  d e n s i t y  caused l i t t l e ,  i f  any 

PC1 a t  an average BU of  23100 MVld/t Me02 i n  rods  having an 

i n i t i a l  gap of  2 1 0  u m  ( rods  AA-1, AB-2,  AC-3 and AD-4 w i t h  

i n i t i a l  d e n s i t i e s  92.06, 91.5, 90.6 and 95.1% TD, r e s p e c t i v e l y )  . 
With t h e  same gap a t  an average BU of  30800 MWd/t Me02, h i g h e r  

i n i t i a l  d e n s i t y  ( rod  AM-10, 94.5% TD:) caused a  l a r g e r  e x t e n t  o f  

PC1 (compared t o  rod AO-9, 9 2 . 1 %  T D ) .  I n  none of  t h e  rods  i n  

ques t ion  was any dec rease  i n  c l add ing  d iameter  observed;  i t  i s  

t h e r e f o r e  assunied t h a t  t h e  observed PC1 i s  s c l e l y  a  f u n c t i o n  of  

swe l l i ng  of t h e  f u e l .  

The bottom ends of rods  AA-1, AB-2, AC-3 and AD-4 ,  having 

a  BU c f  app. 30000 MWd/t Me02, resemble rod AO-9 i n  c l add ing  

behaviour,  i n d i c a t i n g  t h a t  t h e  c l o s u r e  of t h e  2 1 0  pm gap 

occurred c l o s e  t o  30000 MWd/t Me02. 

The changes i n  t h e  f u e l  s t a c k  l e n g t h  of  t h e  rods  a r e  i n  

accordance wi th  t h e  PC1 obse rva t ions .  The low d e n s i t y  rods  

(AA-1, AB-2 and AC-3) have an o v e r a l l  f u e l  s t a c k  s h o r t e n i n g  of 

4-5 mm, t h e  h ighe r  d e n s i t y  rod (AD-4)  a t  t h e  low BU l e v e l  

exh ib i t ed  a  f u e l  s t a c k  s h o r t e n i n g  of only  2  mm, whereas,  a t  t h e  

high BU l e v e l ,  t h e  low d e n s i t y  rod AO-9 showed an  i n c r e a s e  i n  

f u e l  s t a c k  l eng th  o f  about  1 mm and t h e  s t a c k  of  t h e  h igh  

d e n s i t y  rod AM-10 s i m i l a r l y  i n c r e a s e d  2.5 mm. 



The i n f l u e n c e  o f  i n i t i a l  gap s i z e  on c l add ing  behaviour 

was c l e a r l y  demonstra ted a t  308130 MWd/t Me02. With an  i n i t i a l  

d e n s i t y  o f  abou t  94.3% T D ,  r ods  AH-7 (90 pm gap), M - 8  (140 

g a p ) ,  AM-10 (210 u m  gap) , and B5-12 (250 l ~ m  gap) produced 

r idg ing .  Rod AH-7 produced primary as w e l l  a s  secondary r i d g i n g  

a long  t h e  f u l l  s t a c k  l e n g t h  on a c l add ing  t h a t  had had an 

average d i ame te r  i n c r e a s e  t h a t  v a r i e d  i n  accordance wi th  t h e  

power p r o f i l e .  Rod AJ-8 produced primary r i d g i n g  a long  t h e  f u l l  

s t a c k  l e n g t h ,  w i t h  secondary r i d g i n g  a t  t h e  h a t  end,  Also he re  

a d iameter  i n c r e a s e  va ry ing  i n  accordance wi th  t h e  power 

p r o f i l e  was observed.  Rod AM-10 produced primary r i d g i n g ,  w i th  

a few randomly d i s t r i b u t e d  secondary r i d g e s ,  b u t  t h e  qene ra l  

d iameter  i n c r e a s e  ( s een  i n  rods  AH-7 and AJ-8) was absen t .  Rod 

B5-12 produced primary r i d g i n g  on ly .  

A t  23100 MWd/t Me02, rods  AD-4 and AG-6,  having i n i t i a l  

d e n s i t i e s  of 95.1% TD and 94.3% TD, r e s p e c t i v e l y ,  e x h i b i t e d  a 

d i f f e r e n t  c l add ing  behaviour ;  rod AG-6 wi th  an i n i t i a l  gap of 

100 pm showed a pronounced r i d g i n g ,  whi le  rod AD-4 ( 2 1 0  I lm gap) 

on ly  showed a s l i g h t  tendency t o  r i d g i n g .  

5.5. The F a i l e d  Rod A K - 1 1  

Rod A K - 1 1 ,  which f a i l e d  a couple  of months b e f o r e  t h e  

t e rmina t ion  of i r r a d i a t i o n ,  was s e v e r e l y  hydr ided.  The fajl111-e 

i s  supposed t o  have i n i t i a t e d  a t  t h e  upper end-plug where a 

thermocouple passed through.  The c a b l e  i n s u l a t i o n  m a t e r i a l  

(Sauere i se r l ) ,  which i s  composed of water-cjl,ass and s i l i c a g e l ,  

i s  known t o  r e l e a s e  some water  a t  e l e v a t e d  tempera ture .  Such 
water  r e l e a s e d  a t  on-power c o n d i t i o n s  might have i n i t i a t e d  

hydr id ing  of  t h e  end-plug, which, because of  t h e  corresponding 

i n c r e a s e  of volume of t h e  m a t e r i a l ,  would have r e s u l t e d  i n  t h e  

c rack ing  of t h e  p lug .  



6 .  CONCLUSION 

One o u t  o f  t h e  twe lve  r o d s  f a i l e d  ( r o d  A K - l l ) ,  presumably 

from r e a s o n s  unconnected  w i t h  f u e l / c l a d  d e s i g n  o r  i r r a d i a t i o n  

c o n d i t i o n s .  T h i s  r o d  was found t o  have a  l e a k  and t o  be  f a i l e d  

a t  t h e  end-plug,  w h i l e  s e v e r a l  (presumably s e c o n d a r y )  f a i l u r e s  

were obse rved  i n  it. 

Ridging e x i s t e d  on a l l  r o d s .  The s m a l l e s t  i n i t i a l  gap 

caused t h e  l a r g e s t  r i d g i n g s .  . 
With t h e  p o s s i b l e  e x c e p t i o n  o f  r o d  AO-9 ( E C - s i g n a l ) ,  no 

s i g n s  of  p o t e n t i a l  f a i l u r e s  were obse rved  i n  s p i t e  o f  p e l l e t -  

- c l a d  i n t e r a c t i o n .  

I n  a  few c a s e s  a n  i n c r e a s e  i n  g e n e r a l  d i a m e t e r  of  up t o  1 5  

pm was obse rved  and a  d e c r e a s e  o f  20 pm was measured i n  one  

c a s e  ( r o d  B5-12) . 
The o x i d e  f o r m a t i o n  and t h e  h y d r i d e  c o n t e n t  i n  t h e  c l a d d i n g  

a g r e e s  w i t h  t h e  a c t u a l  burn-up a s  c a n  b e  e x p e c t e d  f o r  wa te r -  

-reactor fuel r o d s .  

The normal maximum f u e l  t e m p e r a t u r e  e s t i m a t e d  from c e r a -  
0 

mography was 1850-2000 C ;  samples from r o d  AO-9 have e x p e r i e n c e d  

a  h i g h e r  t e m p e r a t u r e ,  presumably caused  by a  TC-react ion  o r  

sone  f u e l  i r r e g u l a r i t y .  

I n  t h e  h o t t e s t  a r e a s  of  t h e  f u e l ,  t h e  d i s h i n g s  w e r e  p rac -  

t i c a l l y  f i l l e d  o u t .  

The Pu was d i s t r i b u t e d  homogeneously a s  a  f i n e - g r a i n e d  

s t r u c t u r e .  

The d i s t r i b u t i o n  of t h e  p o r e  s i z e  was found t o  be  independen t  

of  t h e  i n i t i a l  f u e l  d e n s i t y ,  w i t h  most  of  t h e  p o r e s  below 4 pm 

i n  C iamete r .  

The f u e l  d e n s i t y ,  measured o n l y  on samples  i n  t h e  h i g h  

burn-up a r e a s ,  showed a  d e c r e a s e  o f  l e s s  t h a n  t h r e e  p e r  c e n t .  
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Table 1 

Extent of the post-irradiation examination 

~ 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
Rod AA AB AC AD AE AG AH AJ A0 AB1 AK B5 

Visual inspect. x x x x x x x x x  x x % 

Length measurem. x x x x x 

Bow measurement x x x  x x 

Profilometry x x x x x x x x x  x x x 

Gamma scznning x x x x x x x x x  x x 

Eddy current 
testing 

Neutron 
radiography 

X X X  X X 

X X X X X X X X X  X X X 

Piercing x x x x x x x x x  x x x 

Metallography x x x x x 

Autoradiography x 

Quantitative 
metallography x 

Fuel density x 

Burn-up ; 
isotope analysis x 



Table 2 

FUEL ROD DATA FOR IFA-226 (as fabricated, cf. [I:) 

* FCT = Fuel Centerline Thermocouple, hole diameter = 1.73 rum * 
PT = Pressure ~ransducer 

k 
a 

k +, 
aJ tn 

2 
3 U 

k 

0 4 

* ES = Elongation Sensor 

Danish cladding [ "uel [bl 

Rod ref. ~ a ~ [ ~ ~  Instrumentation * 
No. OD ID Density [c] Diameter Stack Length (mm) 

(mm) (mm) (%theoretical) (mm) (mm) 

AA 1 10.69 9.51 92.06 9.30 657 -I 0.21 FCT , PT 
AB 2 10.64 9.52 91.50 9.30 6 50 0.21 PT 

AC 3 10.66 9.51 90.58 9.30 650 0.21 PT 

AD 4 10.65 9.52 95.10 9.30 663 0.21 PT 

AE 5 10.68 9.51 91.64 9.26 655 0.25 FCT , PT 
P!G 6 10.68 9.50 94.33 9.40 663 0.10 ES 

AH 7 10.69 9.49 94.46 9.40 60'; 0.09 ES 

AJ 8 10.67 9.50 94.43 9.35 61C* 0.14 ES 

AK 11 10.66 9.51 95.94 9.31 607 0.20 FCT , ES 
AM 10 10.68 9.50 94.52 9.30 607 0.20 ES 

A0 9 10.66 9.52 92.11 9.30 615 0.21 FCT, ES 

B5 12 10.67 9.51 94.18 9.26 61; 0.25 - 

[a1 All cladding made of zircaloy-4 
[b] Fuel pellet length = 15.0 mm, Dish depth = 0.33 mm, Dish shoulder = 1.70 mm, 

Dish spherical radius = 6.79 mm 
[c] The values listed here are measured geometric densities (that is, weight divided by volume). The 

density of a limited number of fuel samples was also measured by immersion techniques. The 
i~ rsion (true) densities were found to be &bout 3/4% highez at all Sensity levels. 

[dl B' Iill helium pressure = 1.01 x lo4 ~ / m ~ .  



Table 3 

Eesuht s  of the length measurements. 

The pre-irradiation length was specified 

to be 824 - + 0.5 m. 

R O ~  'min. 1 max . 
(mm) (mm 1 

AG-6 824.26 824.28 824.27 

AH-7 825.22 825.25 825.24 

AJ-8 824.97 825.02 825.00 

AM- 10 825.09 825.10 825.10 

B5-12 825.12 825.17 825.15 

Table 4 

Results of the bow measurements 

Rod Max. bowing [a 1 
(mm) 

AG- 6 .7 

AH-7 .5 

AJ-8 1.0 

AM- 10 1.2 

BS-12 1.0 

[a] The values are - + 0.1 mrn 



Table  5 

Summary of  t h e  p ro f  i l o m e t r y  

Rod 
As f a b *  Changes i n  o u t e r  

gzP d i a m e t e r  Ridging Remarks 
( v m )  

AA- 1 210 NIL S l i g h t  tendency Ridg ing  n o t  
r o t a t i o n a l l y  symmetric  

AB- 2  210 10-15 pm i n c r e a s e  S l i q h t  tendency O v a l i t y  max. 40 urn 

AC-3 210 1 5  v m  i n c r e a s e  S l i g h t  ten,dency; - 
h e i g h t  2.5-5 ym 

AD- 4 210 NIL S l i g h t  t endency ;  O v a l i t y  max. 30 ym 
h e i g h t  2.5-5 pm 

AE- 5  250 15  pm i n c r e a s e  Only a t  TC p e l l e t s  - 
AG- 6' 100 NIL Pronounced; i3eginning of  secondary  

h e i g h t  15-18 ym r i d g i n q  a t  h o t  end 

AH- 7 90 see t e x t  Pronounced; Secondary r i d g i n g  
h e i g h t  30 p m  a l l  a l o n g  the s t a c k  

AJ-8 140 s e e  t e x t  P.ronounced ; Secondary r i d g i n g  
h s i g h t  30 ym a? h o t  end 

AO-9 210 NIL.  S l i g 5 t  tendency;  - 
h s i g h t  2.5-5 pm 

AM- 10 200 NIL Pronounced; F e w  secondary  r i d g e s  
h e i g h t  30 pm 

A K - 1 1  200 15  ym i n c r e a s e  S l i g h t  tendency;  R3d f a i l e d  
h e i g h t  2.5-5 pm 

B5-12 250 20 pm d e c r e a s e  Pronounced; O v a l i t y  max. 30 pm 
h e i g h t  15-20 ym 



Table 6 

Data concerning isotopes registered in 

the gamma scanning 

Fission yields % 
Isotope Half-life 

235u 23gpU IPU 

Table 7 

Form factors calculated from the respective 

isotope gamma scans 

Isotope 
Rod 1 3 7 ~ s  l o 6 ~ u  1 4 4 ~ e  " ~ r  Gross 



Table 8 

'~otal number of counts accumulated in the gamma scans. 

The results of the digital integration are given in 

total counts 

Isotope 137~s l o 6 ~ u  144~e 9 5 ~ r  Gross 
Rod 

Table 9 

Power distribution among the rods relative to rod AM-7, 

the distribution is based upon total number of counts 

(table 8) 

Isotope 
Rod 137~s l o 6 ~ u  144~e 95zr Gross 



Table 10 

Determination of fuel stack length changes 

from gamma scanning 

Post-irradiation Pre-irradiation Change in fuel 
Rod stack length stack length stack length* 

(mm) (mm) (mm) 

* To give the change in fuel stack length, the post-irradiation 

fuel stack length was corrected as best possible for inter- 

pellet spaces obtained from neutron radiography. 

**  These figures should be taken with caution because all the 
calculations performed to obtain a verification of the stated 

pre-irradiation length failed. For rod AG-6, the "pellet 

position in fuel stack" sheet in the fabricatio-n report in- 

dicates the presence of 43 pellets in the stack, but both 

gamma scanning and neutron radiography only showed 42 pellets. 

Two pellet numbers - 29 and 34 - are reported twice in the 
stack. Five pellets - 4, 14, 21, 20, 19 - are reported as 
originating from the loading pellets intended for rod AH-7, 

but they .are also reported to be present in rod AH-7. 



T a b l e  11 

P o s i t i o n s  o f  rod  s u p p o r t s  d u r i n g  t h e  i n d i v i d u a l  

scann ing  o p e r a t i o n s  

Rod Suppor t  p o s i t i o n s *  

"measured i n  m from the datumJbottom end 



T a b l e  1 2  

R e s u l t s  of f i s s i o n  gas a n a l y s i s *  

E x t r a c t e d  
Rod C X e  C K r  

gas 

AB- 2  

4 7 . 2  2 . 1 3  AE- 5  1 2 . 2  0  0  4 9 . 9  . 10  . 7 4  
6 1 . 1  2 . 6 5  3 5 . 4  . 0 6  . 80  0  

8 3 . 8  7 7 . 0  4 . 3 8  1 6 . 2  . 47  . 9 5  . 0 6  . 4 6  . 4 2  AO- 9  7 5 . 3  4 . 2 5 .  1 7 . 0  . 50  1 . 2 4  . 0 8  .. 4  7  . 47  

AM- 1 0  8 7 . 2  7 4 . 0  4 . 0 2  2 1 . 0  0  . 6 6  . 0 1  . 29  . 0 3  

*Two n u m b e r s  refer t o  t h e  r e s u l t s  f r o m  t w o  s a m p l e s  

* * P r e s u m a b l y  a n  i n l e a k  of a i r  o c c u r r e d  d u r i n g  t h e  p i e r c i n g  

***at OOC a n d  1 a t .  



Table 13 

Mass spectrometric determinations of Xe- and Kr isotope ratios* 

Xe isotopes Kr isotopes 

AA- 1 0 .348 .533 .742 .361 .626 .I31 18.0 
0 .344 .529 ,740 . 358  6 2 4  .I29 17.7 

AG- 6 0 

*mean values of 10 ceterminations **  from table 12 
C Kr 



Piercing resul t s  

P r e s s u r e  i n  Extracted F i s s i o n  g a s  F r e e  v o l u m e  rods in Hot 
Rod f i s s i o n  g a s  release 

(cm3) * o f  r o d  
3 C e l l  c o n d i t .  

AA- 1 

AO- 9 68.4  1 7 . 1  
6 6 . 8  1 6 . 7  

AM- 1 0  68 .0  1 7 . 3  1 5 . 5  6 . 3  

*at  OOC a n d  1 a t a .  



Table 15 

Sample positions for metalloqraphy/ceramctgraphy 

Position from 
Rod-sample da tum/bottom Motivatio~ for choice of sanple position* 

end (m) 

TC, max. flux 

TC, max. -flux 

Max. flux 

TC, max. flux 

Anomaly frcm NR 

Cracke3 end-plug 

Mex. flux, EC- and P-signal 

Kax. flux, EC- and P-signal 

TC, max. flux 

EC- and P-signal 

EC- and P-signal 

P-signal 

next to BU 

- - - 

- - - - - - -- - - - - 

*TC - thermocouple, BU - hurn-up sample, NR - neutron-radiography, 
EC - eddy current, P - profilometry 



Table 16 

Evaluation of ceramography and metallography 

Rod- Thickness Thickness Cladding Gap Estimated Radial Outer ra- Estimated 
of oxide on of oxide on thickness hydride fraction of dial frac- fuel centre sample outer sur- inner sur- ' content fuel with tion of temperature 
face of face of columnar fuel with 
cladding cladding grains equiaxed 

( pm) (u m) (pm) ( pm) (ppm) grains (Oc) 

AA-1-1 0 -14 4-7 555-560 29-67 50 0 .77 < 1600 
discont . cont . surf. 

80-90 
AE-5-1 0-6 0-6 575-595 21-55 55-65 .36 .75 1850 

discont . discont . 
AH-7-1 5-13 5-13 580-595 0 60-70 0 .72 < 1600 

discont. discont . 
AO-9-1 5-20 0-10 560 24-48 40 .68 .86 2600 

cont. discont. 
AO-9-2A 10 5 560 38 15 .62 .82 2350 

discont . discont . 
AO-9-5A 12 10 553 38 35-40 .37 .68 1850 

discont . discont. 
AK-11-2-A 5-53 4-26 570-590 0 50 .48 .71 2000 

discont . cont . surf. 
90-100 

AK-11-2-1 0-14 11-18 580-590 0-10 50 .35 .66 1850 
discont . discont. surf. 

90-100 
AK-11-3 0,- 1 4 10-14 575-585 0-20 30-40 .36 .72 1850 

discont. cont. 
AK-11-6-A 4-11 10-16 570-580 10-15 40 0 .63 < 1600 

discont . discont . 
AK-11-6-1 2-13 12-18 585-590 0-30 40 0 .67 < 1600 

discont. discont . 
AK-11-7 6-11 0-9 570-580 0-30 60-75 0 .63 < 1600 

discont. discont. 



Table 17 

Data from quantitative metallography 

Class Number Number Number Number Number Number 
midpoint of of of of of of 
( ~ n )  pores pores pores pores pores pores 

Fig. 69 Fig.70 Fig.71 Eig.72 Fig-87 Fig.88 

Fig.89 Fig. 90 Fig. 98 Fig. 99 FigJOO FigJ01 



Table  17 cont inued 

C la s s  Number Number Number Number Number Number 
midpoint  of of of of  of of 
(,urn) pores  pores  pores  pores  pores  pores  

F,ig. 2.21 F.ig.220 F ig .  222 F ig .  251 F.ig. 252. F ig .  253 



Table 18 

Evaluation of quantitative metallography 

Avcrage 
Rod- Fig. Position pore Area of Theoretical 
sample No. (fraction diam- pores densityz 

of radius eter ( % I  TD 
from ( vm) ( % I  

X 
Calculated by the method given in [ 4 ]  



Table 19 

Fuel dens.ity 

Rod- Sample pos. from Post-irradiation Pre-irradiation Change in 

sample the datum/bottom density (b) density (c) density 

end (a) (mm) ( %  TD) ( %  TD) ( %  TD) 

AA- 1- 3 120.8 - 136.8 91.61 

AE-5-3 99.8 - 114.8 91.01 

AH-7-3 509.2 - 525.2 92.14 

AO-9-4 509.0 - 525.2 92,59 

AK-11-5 515.5 - 531.7 93.93 

(a) See also fig. 60b 

(b) By immersion 

(c) From [I], geometric + 0.75% on actual pellets 



Table 20 

Results of isotope analysis of fuel. The isotopes are rel.ative to 238u 

Sample position from 
the datum/bottom end 104.0-119.7 83.8-98.3 542.0-556.8 526.4-541.3 387.3-401.0 533.1-549.0 

(mm) 

(a) Corrected to 20 September 1975 



A - A  

Foilurc Mmttar 
St- Sampler 

outkt Thermo*es 

Outlet Turbtne 
Flowmeter 

4 Cloddlng E longo t~on  
Sensor 

5 Pressure Sensors 

6 Fuel Rods 

IS- Current Neutron 
Detector ( ND8) 

3 P -  Current Neutron 
Detectors ( NDS, ND6, ND7) 

Fuel Centerllne Thermocouples 

, 8 

1 - 1  

6 Fuel Rods % *  % 

_ +  . . I' 

r 
Fuel Centerline Thwmocouples B- 8 

. 3 p-Current Neutron 
Detectors ( ND2, ND3, ND4 ) AHO l OAJ ND" ND2 

0 AK 

B- Detectors Current ( Neutron ND I ) 2: o:\ ND4 

5 cloddlng E~~~~~~~~~ Note: An I n s t r u m e n t  L e a d  Tube 
Sensors Of  16-mm OD IS Locoted Through 

T h e  Center o f  Both Rod Clusters 
Inlet Thermocouples Thls Tube  IS Not Shown Here. 

8 .  

lnlet Turblne Flowmeter - - - -  .-. 
- 7 -  -- - --. 

Colibrotlon Volve 

Fig. 1 Diagram of Instrumented Fuel Assembly 226. 



Datum 

a53 mm - +- 135mm+ 

Rod AA 

Bottom Rod AC 

I 

Datum 
t-- 601mm - 252 mm 

; Rod AK 

Dat- Rod 85 

I ' 

Fig. 2 Schematic diagram of four types of IFA-226 test rods:' 

' ' T h e  datum plane i s  defined for upper cluster roda as shown for rods AA and AC, 
for lower cluster rods as shown for rods AK and BS. ,l)i , , I 

I 8 



B i g .  3 Wpper end of the fuel bundle, as  received. 



Fig. 5 Plenum end of rod AK-11 
before removal from the spacer. 

F i g .  6 Rod AK-11 afker removal from 
the spacer. 

Frig. 7 -  Red AA-5. spaeer mark and 
welding zone at the plenum 
end. 

Fig .  8 Rod AA-1 Spacer mark at the 
lower end. 



Fig. Y Rod AB-2. Spacer mark at the 
plenum end. 

Fig. lo Rod AB-2. Crack in the oxide 
layer 220 to 244 mm from the 
top end. 

Fig. 11 Rod AD-4. Spacer mark and 
welding zone at the uppel: 
end. 

Fig. 12 Rod AH-8. Typical rod sur- 
face with a small handling 
mark. 



Rod deflection r A 
Rod length = I 

Fig. 13. Principle of bow measurements. 



m-3 
, , a m 9  2. -. ..,3.B 

-1-I to, $0.- :: ..10.72 

I / ..lO.bB 
ODI. LIW (PB LEO. 1c.m -. ..,o.m 

..90.w . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  . . . : . . . .  ;... . . : . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0. m 

Fig. 14 Profilometry on rod AA-1, together with gross gamma scan. 
Top to the left. 
Each div. on axial scale equals 5 mm. 
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Fig. 15 Profilometry on rod AB-2, together with gross gamma scan. 
Top t o  the l e f t .  
Each div. on ax ia l  scale  equals 5 mm. 
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Fig. 16 Profilometry on rod AC-3, together  with gross gamma scan. 
Top t o  the  l e f t .  
Each div. on a x i a l  sca le  equals  5 mm. 
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Fig. 18 Profilometry on 'rod AE-5, together with gross ganrma scan. 
Top to  the l e f t .  
Each div. on axial  scale equals 5 mm. 
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Fig. 19 Profilometry on rod AG-6, together  with gross gamma scan. 
Top t o  the  l e f t .  
Each div.  on a x i a l  sca le  equals  5 m. 
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Fig. 2 0  Profilometry on rod AH-7, together with gross gamma scan. 
Top t o  the l e f t .  
Each div. on ax ia l  scale  equals 5 mm. 



ROT m. OY) 
& 

-8 
A 

m  w  21 12 m  1o.m 
to.- :: - 0 A 

..10.m 

W I L O E I P I  LO1 10.58 
..13.M ..10.86 

m. LIE, m. :s:g :. ..10.64 

10.80 .+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..10.62 10.m 

ROT m. m1 

%-a t 

ROT m. m2 
-8 

m w z t m m  t o . m l  

PWlUrCrpI LO1 1g.E 2 
m. L I E  tqa 000. :g:g 7 . . . . . . . . . . . . . . . . . . . . . . . .  $0.- $ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 

Fig. 2 1  Profilometry on rod AJ-8, together with gross gamma scan. 
Top t o  'the l e f t .  
Each div.  on ax i a l  scale  equals 5 mm. 
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Fig. 22 Profilometry on rod AO-9, together  with gross gamma scan. 
Top t o  the  l e f t .  
Each div.  on a x i a l  sca le  equals 5 m. 
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Fig. 23 Profilometry on rod AM-lo, together with gross gamma scan. 
Top to  the l e f t .  
Each div. on axial  scale equals 5 mm. 
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Fig. 24 Profilometry on rod AK-11, together  with gross gamma scan. 
Top t o  the  l e f t .  
Each d iv .  on a x i a l  sca le  equals  5 mm. 
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Fig. 25 Profilometry on rod B5-12, together with gross gamma scan. 
Top t o  the l e f t .  
Each div. on axial  scale equals 5 mm. 
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Fig. 26 Eddy current trace, rod AH-7. 
Upper trace: phase curve. 
Lower trace: amplitude curve 
K Washer position 
Length of broken l ine loo mm. 
Top to the right. 



Fig. 27 Eddy current trace, rod AJ-8 
Upper trace: phase curve 
Lower trace: amplitude curve 
n Washer position. 
Length of broken l ine loo mm. 
Top to the right. 



Fig. 28 Eddy current trace, rod AO-9 
Upper trace: phase curve 
Lower trace: amplitude curve 
x Washer position. 
Length of broken l ine loo mm. 
Top to the right. 





Upper trace: phase curve 
Lower trace: amplitude curve 
x Washer position. 
Length of broken l ine loo mm. 
Top to the right. 
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Fig. 31 Gamma scanning rod AA-1 
Isotopes from top downwards 
106 R U / R ~ ,  137 CS, 95 ~r/Nb, 144~e/Pr, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 



ROT PO. aa 
m. 2 

x a, 12 $1  m 
-I= 

l P  CS 

ROT m. 010 

m-2 

x m l 2 I l m  

-1Ki 

B S m  

ROT m. 011 

m-2 

ig w (2 $1  m 

ROT m. 012 

.a-2 

i g w t 2 t t m  

Fig. 32 Gamma scanning, rod AB-2 
Isotopes from top downwards 
106 R U / R ~ ,  137 C s ,  95 Zr /Nb ,  144 Ce/Pr,  gross scan. 
Top to  the l e f t .  
Each division on axial  scale equals 5 m. 
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Fig. 33 Gamma scanning, rod AC-3 
Isotopes from top downwards 
106 R U / R ~ ,  137 Cs, 95 Zr/Nb, 144 Ce/Pr, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 
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Fig. 34 Gamma Scanning, rod AD-4 
Isotopes from top downwards. 
106 R U / R ~ ,  137 C s ,  95 Zr/Nb, 144 Ce/Pr, gross  scan. 
Top t o  the  l e f t .  
Each d iv i s ion  on a x i a l  sca le  equals  5 mm. 
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Fig. 35 Gamma scanning, rod AE-5 
Isotopes from top downwards 
106 Ru/Rh,  137 Cs, 95 Zr/Nb, 144 Ce/Pr, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 
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Fig. 36 Gamma Scanning, rod AG-6 
Isotopes from top downwards 
106 Ru/Rh, 137 Cs, 95 Zr/Nb, 144 Ce/Pr, grgss scan. 
Top to the left. 
Each division on axial scale equals 5 m. 
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Fig. 37 Gamma scanning, rod AH-7 
Isotopes from top downwards 
106 ~u/Rh, 137 Csr 95 Zr/Nb, 144 Ce/~r, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 
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Fig. 38 Gammascanning, rodAJ-8 
Isotopes from top downwards 
106 R U / R ~ ,  137 C s ,  95 Zr/Nb, 144 Ce/Pr, gross  %an. 
Top t o  the  l e f t .  
Each d iv i s ion  on a x i a l  sca le  equals  5 mm. 



Fig. 39 Gamma scanning, rod AO-9 
Isotopes from top downwards 
106 Ru/Rh, 137 Cs, 95 ~ r / ~ b ,  144 Ce/Pr, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 
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Fig. 40 Gamma scanning, rod AM-lo 
Isotopes from top downwards 
106 RuLRh, 137 C s ,  95 Zr/Nb, 144 Ce/Pr, gross  scan. 
Top t o  the  l e f t .  
Each d iv i s ion  on a x i a l  sca le  equals 5 mm. 
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Fig. 41 Gamma scanning, rod AK-11 
Isotopes from top downwards 
106 RU/R~, 137 Cs, 95 Zr/Nb, 144 ~e/Pr, gross scan. 
Top to the left. 
Each division on axial scale equals 5 mm. 



Fig. 42. Rod AA-1 

Fig. 44. Rod AB-2 

Fig. 45. Rod AB-2 



Fig. 46. Rod AB-2 

Fig. 47. Rod AC-3 
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Fiy.  48. R o d  AC-3 

Fig. 49. Rod AC-3 

Fig. 50. Rod AC-3 



Fig. 51. R o d  AD-4 

Fig. 52. Rod AD-4 

Fig. 53. R o d  AE-5 

Fig. 54. Rod AG-6 

Fig. 55. Rod AH-7 



Fig. 56. R o d  AJ-8 

Fig. 57. L.vJ AO-9 

Fig. 58. R o d  AO-9 

Fig. 59. R o d  AK-11 

Fig. 60 a R o d  B5-12 



Distance from datum 1 bottom end, Imml 

t 

Rod 

Rod @ 

Upper 
cluster 

Lower 
cluster 

0 Metallo- Iceramography, cross section 
0 I ,  

,, , longitudinal 
Density-. 
Isotope analysis 
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Sample 1-1 

Fig. 63, a-auto., polished S 10 

Fig. 64, a-auto., etched 
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Fig. 73    Outer oxide layer, polished, x 400
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Fig. 94, B/y-auto., po l i shed  
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Fig. 118, a-auto., polished 
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Fig. 130, a-auto., etched 
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Fig. 132, B/y-auto, etched X 10 
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Fig. 161, B/y-auto., polished X 10 
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Fig. 165 Polished, X 30 

v 
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Sample 11-2-1 

Fig. 180, a-auto., polished 
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Fig. 182, R/y-al-__-, ,_lished X 10 
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Fig. 184, polished, X 30 Fig. 185, etched, X 30 
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Fig. 187 Polished, pol. light, X 30

same area as in fig 186
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Sample 11-3 

F i g .  196, a-auto., polished 

Fi,. --., , --LO., etched X .., 



Sample 11-3 

Fig. 198, B/y-auto., polished 

Fig. 199, B/y-auto., etched X 10 
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Fig. 212, a-auto., polished 

Fig. 213, a-auto, etched 



Sample 11-6-A 

Fig. 214, B/Y-auto., polished X 10 
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Fig. 230, a-auto., polished X 10 
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Sample 11-7
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Fig. 257 Etched, X 100
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Fig. 259 Outer oxide layer,
polished, X 400
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Fig. 260 Inner oxide layer , polished, X 400



Sample 11-7 

Fig. 261 Polished, X 400 

Fig. ~ 6 2  Polished, pol. light, X 400 



Sample 11-7
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Fig. 263 Polished, X 30
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