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ABSTRACT 

The aqueous co r ros ion  behavior, ,of defec ted  f u e l  elemepts ha i n  
I @  21 2" K c&2 LN..Lfer 

U - 2 w/o  Z r  c o r e  with Zircaloy-2 c ladding  has  been s tud ied  

d i f f u s i o n  hea t  t reatment  f o r  7 hours a t  880°C, followed by moderately 

r a p i d  cool ing,  was e s t a b l i s h e d  t o  overcome t h e  e f f e c t  of s u b t l e  d e f e c t s  

i n  15-mil Zi rca loy  cladding.  The development of t h i s  heat  t reatment  was 

c a r r i e d  out  p r imar i ly  wi th  small rod specimens, which were a l s o  used t o  

o b t a i n  d a t a  on a u x i l i a r y  e f f e c t s  of t h e  d i f f u s i o n  hea t  t rea tment .  

hea t  t reatment  has been app l i ed  t o  f u l l  diameter  tubes .  

tubes  was t e s t e d  wi th  s u b t l e  d e f e c t s  and va r ious  s e c t i o n s  have been ob- 

served fol lowing t h e  i n s e r t i o n  of g ross  d e f e c t s .  These observa t ions  have 

shown a d i f f e renFe  i n  t h e  r a t e  of hydrogen evolu t ion  as a r e s u l t  of heat  

t rea tment .  

i n  both f u l l  diameter  tube  s e c t i o n s  and small r- 

A s tandard  R 

The 

One of t h e s e  

I n  add i t ion ,  t h e  hea t  t reatment  changes t h e  na tu re  of f a i l u r e  

',--""- --- -- -- Y I  Y "  . ._-_ 'w -___ _ "  ___- ----- 
The presence of 2 / o  Z r  i n  t h e  co re  reduces t h e  co r ros ion  r a t e  con- 

Comparative q u a n t i t a t i v e  d a t a  are presented f o r  ur-an-i.um. a l l o y s  
e CA 

s i d e r a b l y .  

w i th  va r ious%-hm-%ua  con ten t s  up t o  15 /o\ i1.1 Z'Z'  ( 0  kJ-0 
Zr W t / =  pLT5f, 

yt'rcnfa - 2  N O S  f e . ~ % d  1'v 750 OF S - ~ I M .  I r cc- 
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I. INTRODUCTION 

Corrosion behavior i s  a prime cons ide ra t ion  i n  t h e  des ign  of a f u e l  

element t o  be  used i n  a water-cooled r e a c t o r .  For t h e  c u r r e n t  program, 

a t u b u l a r  f u e l  element w a s  s p e c i f i e d  wi th  a n  OD OE 2.060 inch and an  I D  

o f  1.467 inch.  Both t h e  inne r  and o u t e r  Zircaloy-2 c ladding  have a nominal 

t h i c k n e s s  of 15 m i l s .  

such a high uranium a l l o y  t o  high temperature  water can l ead  t o  s e r i o u s  

consequences, it is  necessary t o  achieve  maximum assurance  of t h e  i n t e g r i t y  

of t h e  c ladding  and t h e  end seals. 

by coext rus ion  have been developed i n  t h i s  labora tory . '  

t e r d i f f u s i o n  hea t  t rea tment  w a s  developed t o  overcome inadequacies  i n  t h e  

c l a d d i n g  of s m a l l  d iameter  rods.  2'3,4 A s tandard  hea t  t rea tment  has  been 

developed and app l i ed  t o  f u l l  diameter  tubes .  Th i s  r e p o r t  inc ludes  d a t a  on 

t h e  rate and n a t u r e  of f a i l u r e  of f u l l  diameter tubes  r e s u l t i n g  from in t en -  

t i o n a l l y  inserted c y l i n d r i c a l  d e f e c t s  i n  t h e  cladding.  Such d a t a  i n d i c a t e  

whether a f a i l u r e  w i l l  be de t ec t ed  e a r l y  enough t o  permit removal of a f u e l  

element be fo re  e i t h e r  s e r i o u s  mechanical damage can occur o r  excess ive  

uranium e n t e r s  t h e  coolan t  as a r e s u l t  of co r ros ion  

The co re  a l l o y s  is U - 2 w/o Z r .  S ince  exposure of 

Methods of producing r e l i a b l e  c ladding  

I n  add i t ion ,  an  in-  

The e f f e c t  of a d d i t i o n  of zirconium t o  t h e  c o r e  has been determined 

w i t h  c l a d  samples wi th  e i t h e r  d r i l l e d  d e f e c t s  o r  wi th  t h e  f l a t  ends of 

t r a n s v e r s e  s e c t i o n s  exposed. Such samples wi th  f l a t  ends exposed are a l s o  

be ing  used t o  advance t h e  understanding of t h e  mechanism of co r ros ion .  
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11, INTERDIFFUSION HEAT TREATMENT 

The purpose of t h e  i n t e r d i f f u s i o n  hea t  t rea tment  i s  t o  overcome 

t h e  e f f e c t  of inadequacies  i n  t h e  c ladding  which might not be de t ec t ed  i n  

r o u t i n e  inspec t ion .  Almost a l l  t h e  information on t h e  a p p l i c a t i o n  of t h e  

hea t  t rea tment  f o r  t h i s  purpose has been obta ined  wi th  s h o r t  specimens 

(about 2 inches) ,  having a diameter  near  3/8 inch. A "subt le"  c y l i n d r i c a l  

d e f e c t  is used, having a diameter of 7 m i l s  and s topping  a t  t h e  core .  Be- 

f o r e  t h i s  d e f e c t  i s  i n s e r t e d ,  t h e  s e c t i o n  of rod has been bored out at t h e  

ends and appropr i a t e  Zircaloy-2 end plugs i n s e r t e d  and Heliarc welded. I n  

s tandard  p r a c t i c e ,  t h e s e  welds are checked by an  overnight  test  i n  650°F 

water. 

The r e s u l t s  of t h e  earlier work are f i r s t  summarized and an  explana- 

t i o n  suggested f o r  t h e  e f f e c t i v e n e s s  of t h e  hea t  t rea tment .  Data are then  

presented  on va r ious  rod samples having t h e  15-mil c l a d  th i ckness  which 

has  been adopted f o r  t h e  f u l l  diameter  tubes .  These d a t a  provide t h e  b a s i s  

f o r  t h e  choice  of t h e  s tandard  hea t  t rea tment ,  app l i ed  t o  t h e  tubes .  Re-  

s u l t s  are then  given f o r  a s h o r t ,  f u l l  diameter  tube  which w a s  hea t  t r e a t e d ,  

checked f o r  c l a d  i n t e g r i t y ,  provided wi th  7 - m i l  d e f e c t s ,  and co r ros ion  

tested.  Various cons ide ra t ions  r e l a t e d  t o  t h e  hea t  t rea tment  are a l s o  d i s -  

cussed.  Unless o therwise  ind ica t ed ,  t h e  co re  composition remained f ixed  

as t h e  U - 2 w/o  Z r  a l l o y .  

A .  E a r l i e r  Work 

Lamartin and Levine2J3 e s t a b l i s h e d  t h a t  a s u i t a b l e  i n t e r d i f f u s i o n  

hea t  t rea tment  overcaame t h e  e f f e c t  of a 7-mil d e f e c t  which would o therwise  

have l e d  t o  r a p i d  f a i l u r e  as a r e s u l t  o f  exposure of t h e  U - 2 / o  Z r  c o r e  

t o  h igh  temperature  water. Even though t h e  d e f e c t  i n s e r t e d  be fo re  o r  a f t e r  

hea t  t rea tment  exposed some of  t h e  core ,  t h e  hea t  treatlment had a p r o t e c t i v e  

e f f e c t .  

e f f e c t ,  even a f t e r  long term exposure, was compaction of a small pocket of 

co r ros ion  product wi th  very  l i t t l e  i f  any deformation of t h e  Zi rca loy  c lad-  

d ing ,  even around t h e  d e f e c t .  

W 

Corrosion d i d  start but  was prevented from spreading.  The n e t  

.Jenkins4 cont inued and extended t h i s  work, 
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i n v e s t i g a t i n g  t h e  ex ten t  t o  which t h e  e f f e c t i v e n e s s  of t h e  hea t  t rea tment  

w a s  a f f e c t e d  by f a c t o r s  such as d e f e c t  diameter  and depth,  c l a d  th i ckness ,  

bond s t r e n g t h ,  d u r a t i o n  a sd  temperature  of hea t  t rea tment .  Thus, i t  was 

c l e a r l y  e s t a b l i s h e d  t h a t  there is  no unique range of temperature  f o r  e f -  

f e c t i v e  hea t  t rea tment .  Various temperatures  can be used i f  s u f f i c i e n t  

t i m e  ( e .ga  2 hours a t  105OOC) is  allowed f o r  t h e  i n t e r d i f f u s i o n  necessary  

t o  provide p ro tec t ion .  The necessary i n t e r d i f f u s i o n  depends on such fac-  

t o r s  as c l a d  th i ckness  and d e f e c t  diameter .  

This  work provided s e v e r a l  l i n e s  of evidence, o u t l i n e d  below, t h a t  

t h e  e f f e c t i v e n e s s  of i n t e r d i f f u s i o n  is  due t o  i t s  s t r eng then ing  of t h e  

bond between t h e  c o r e  and t h e  c ladding .  

and zirconium are compatible.  Since no b r i t t l e  compounds are formed, core-  

c ladding  i n t e r a c t i o n  is  l i k e l y  t o  be b e n e f i c i a l , )  

(It is worth no t ing  t h a t  uranium 

1. The e f f e c t i v e n e s s  of t h e  hea t  t rea tment  i s  not due t o  t h e  fo r -  

mation of a c o r r o s i o n - r e s i s t a n t  l a y e r .  P r o t e c t i o n  is found even when t h e  

d e f e c t  exposes c o r e  material beyond t h e  d i f f u s i o n  l a y e r .  Sec t ions  of 

corroded specimens leave  no doubt t h a t  co r ros ion  started e a r l y  i n  t h e  

pe r iod  of t es t .  

2, The e f f e c t i v e n e s s  of t h e  hea t  t rea tment  does depend on t h e  

i n i t i a l  presence of  a good core-c ladding  bond. I f  t h e  bond i n  t h e  f a b r i -  

c a t e d  composite i s  inadequate,  a de fec t ed  sample w i l l  f a i l  i f  given t h e  

hea t  t rea tment  s u i t a b l e  f o r  a w e l l  bonded composite., It may be p o s s i b l e  

t o  overcome the  inadequacy of t he  fabr ica ted  bond by a more severe heat 

t r ea tmen t .  

3 .  Bond q u a l i t y ,  as shown by mechanical tests, is improved by a 

d i f f u s i o n  anneal  when t h e  c o r e  is U - 2 w/o  Z r .  With o t h e r  cores ,  such as 

unal loyed uranium o r  thorium, a d i f f u s i o n  anneal  does not improve t h e  bond 

s t r e n g t h  o r  t h e  co r ros ion  r e s i s t a n c e .  

4 .  The s e v e r i t y  of t h e  d i f f u s i o n  anneal  necessary t o  overcome t h e  

e f f e c t  of a d e f e c t  i nc reases  as t h e  c l a d  th i ckness  decreases. Thinner 

c l add ing  is  less capable  of r e s i s t i n g  stress due t o  expansion of uranium 

on conversion t o  oxide,  and t h e r e f o r e  r e q u i r e s  g r e a t e r  s t r eng then ing  of t h e  
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core-c ladding  bond. 

necessary  cond i t ion  f o r  even t h e  most s eve re  hea t  t rea tment  t o  overcome 

t h e  e f f e c t  of a d e f e c t ,  

t rea tment  even i f  d e f e c t s  p e n e t r a t e  more deeply  i n t o  t h e  co re ,  

A minimum c lad  th i ckness ,  perhaps 10 m i l s ,  may be a 

Thicker c ladding  l eads  t o  s u r v i v a l  a f t e r  hea t  

Bo S e l e c t i o n  of Heat Treatment f o r  15-Mil Claddinq 

Af te r  t h e  c ladding  th i ckness  had been se t  a t  15 m i l s ,  a series 

of experiments w a s  undertaken wi th  3/8- inch rod samples t o  e s t a b l i s h  t h e  

l eng th  of hea t  t rea tment  necessary a t  va r ious  temperatures  t o  a s s u r e  pro- 

t e c t i o n  a g a i n s t  7 - m i l  d e f e c t s  p e n e t r a t i n g  t o  t h e  core .  To place a more 

seve re  demand on t h e  hea t  t rea tment ,  each sample w a s  provided wi th  four  

d e f e c t s  around a circumference a t  t h e  c e n t e r  of t h e  sample. 

s equen t ly  found t h a t  co r ros ion  tes ts  of samples wi th  "borderl ine"  hea t  

treatments led t o  f a i l u r e  a t  only one of  t h e  d e f e c t s . )  

(It was sub- 

The d e f e c t s  were i n s e r t e d  be fo re  hea t  t rea tment  by an  "automatic" 

method developed by R. G o  Jenkins .  A weight i s  a f f i x e d  t o  t h e  s p i n d l e  arm 

of t h e  small d r i l l  p ress ,  s o  t h a t  a cons tan t  load d r i v e s  t h e  d r i l l  through 

t h e  metal. A d i a l  i n d i c a t o r  shows t h e  rate of p e n e t r a t i o n  of t h e  d r i l l  

i n t o  t h e  metal. 

t h e r e  is an  abrupt  decrease  i n  speed as t h e  d r i l l  e n t e r s  t h e  uranium a l l o y  

co re ,  The observer  i s  guided of course  by p r i o r  knowledge of t h e  approxi-  

mate c l a d  th i ckness ,  The depth  of p e n e t r a t i o n  of t h i s  o r  any o t h e r  d e f e c t  

is  checked w i t h  a toolmaker 's  microscope t o  which is  a t t ached  a d i a l  i nd i -  

c a t o r .  

change i s  made from focusing on t h e  r i m  of t h e  d e f e c t  t o  i ts  base.  

success  of t h e  Jenk ins  method of i n s e r t i n g  d e f e c t s  is shown by a s e c t i o n  

through t h e  d e f e c t  (Fig.  1) as w e l l  as by t h e  f a i l u r e  of samples which re- 

ce ived  inadequate  hea t  t rea tments .  

This  rate is s teady  as t h e  d r i l l  bores  out Zi rca loy ,  bu t  

It is  then  p o s s i b l e  t o  measure t h e  motion of t h e  column when t h e  

The 

0 The earlier work had emphasized hea t  t rea tment  above 1000 C .  S ince  

l a r g e  scale ope ra t ion  was expected t o  be f a c i l i t a t e d  at lower temperatures ,  

it w a s  decided t o  e s t a b l i s h  t h e  minimum hea t  t rea tment  times f o r  lower 

temperature .  The 800 t o  900°C range seemed reasonable .  Ear ly  experiments 
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e l imina ted  t h e  lower po r t ion  of t h i s  range because of t h e  coarsening of 

t h e  Z i r ca loy  g r a i n s ,  A t t en t ion  was then  concent ra ted  on 900 and 88OoC,  

t h e  l a t t e r  be ing  near  t h e  maximum ope ra t ing  temperature  of an  i n d u s t r i a l  

salt ba th  whose u s e  was then  contemplated f o r  hea t  t rea tment  of f u l l  s i z e  

tubes  

The r e s u l t s  of t h e  co r ros ion  tes t s  are summarized i n  Table I. The 

test  medium was 650°F ( 3 4 3 O C )  water. 

a f t e r  an  accumulated tes t  per iod  exceeding 1000 hours .  

t h e s e  tests, it  w a s  concluded t h a t  a hea t  t rea tment  f o r  7 hours a t  880 C 

o r  f o r  5 hours a t  900°C was adequate  t o  overcome t h e  e f f e c t s  of 7-mil 

d e f e c t s  t o  t h e  core .  These two hea t  t rea tments  are not  n e c e s s a r i l y  equi-  

v a l e n t  s i n c e  a t  each temperature,  s l i g h t l y  s h o r t e r  hea t  t r ea tmen t s  might 

be adequate.  

T e s t s  were a r b i t r a r i l y  terminated 

On t h e  b a s i s  of 
0 

C. Tests of Sec t ions  from Full-Diameter Tube wi th  7 - M i l  
Defec ts  a f t e r  Heat Treatment 

Other cons ide ra t ions ,  inc luding  t h e  l i m i t e d  s t o c k  of f u l l  d i a -  

meter tubes  (2,060 OD x 1.467 I D ) ,  prevented t h e  t e s t i n g  of such s t o c k  i n  

a manner similar t o  t h a t  used f o r  t h e  small rod specimens d i scussed  above, 

i .e .  i n s e r t i o n  of d e f e c t s  be fo re  hea t  t r ea tmen t ,  A s h o r t ,  f u l l  diameter  

tube  wi th  i n t e g r a l  end seals w a s  a v a i l a b l e ,  however, a f t e r  i t  had been 

hea t  t r e a t e d  f o r  7 hours  a t  880°C,  and then  shown t o  have sound c ladding  

by a 24 hour t es t  i n  750°F ( 3 9 9 O C )  steam. 

s e r t e d  around t h e  o u t e r  c i rcumference of t h i s  tube.  The Jenk ins  "auto-  

matic" d r i l l i n g  method w a s  used but  u n c e r t a i n t y  was introduced by t h e  d i f -  

f u s i o n  band produced by t h e  hea t  t rea tment .  Microscope measurements showed 

t h r e e  of  t h e s e  ho le s  t o  have depths  of 17 m i l s  whi leone measured 16 m i l s .  

(Subsequent meta l lographic  examination of a s e c t i o n  near  t h e s e  ho le s  showed 

t h a t  t h e  c l a d  th i ckness  a f t e r  hea t  t rea tment  was 13 m i l s  and t h e  width of 

t h e  d i f f u s i o n  band, 4 m i l s . )  

hours  i n  600°F (316OC) water and no swe l l ing  of t h e  c ladding  w a s  seen  

around t h e  d e f e c t s .  

Four 7-mil ho le s  were then  in-  

The tube  was then  t e s t e d  f o r  a t o t a l  of 28 
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A second,deeper set  of four  7-mil d e f e c t s  was then  i n s e r t e d  about 

112 inch away from t h e  f i r s t  s e t ,  Three of t h e s e  d e f e c t s  were found t o  

be 20 m i l s  deep; t h e  fou r th  w a s  c l o s e r  t o  19 m i l s . '  I n  a four  hour test 

i n  600°F (316OC) water, s e r i o u s  opening and d i s t o r t i o n  of t h e  c ladding  

occurred around two of t h e s e  holes ,  but  swe l l ing  was very  s l i g h t  around 

t h e  o t h e r  two, e s p e c i a l l y  t h e  one which had measured about 19 m i l s .  

t h i s  a d d i t i o n a l  4 hour test, t h e  f i r s t  se t  of more shal low holes  appeared 

unchanged. A s e c t i o n  through one of t h e s e  ho le s  (Fig.  2)  c l e a r l y  e s t ab -  

l i s h e d  t h a t  t h i s  set  of ho le s  was deep enough t o  permit exposure of t h e  

c o r e  du r ing  t h e  t es t .  

by t h e  hea t  t rea tment  from caus ing  r a p i d  f a i l u r e .  The deeper  ho le s  i n t o  

t h e  c o r e  d i d  l e a d  t o  f a i l u r e  i n  s p i t e  of 7 hour-880 C hea t  t rea tment  f o r  

nominal 15-mil c ladding.  

During 

Thus, t h e  shal low ho le s  t o  t h e  c o r e  were prevented 

0 

P a r a l l e l i n g  t h e s e  tests wi th  t h e  f u l l  diameter  tube,  similar tests 

were performed wi th  two p a i r s  of 3 /8- inch  rod samples, de fec t ed  a f t e r  hea t  

t rea tment .  One p a i r  had four  7-mil d e f e c t s  measuring 16-mils deep and 

presumed t o  have reached t h e  core .  Th i s  p a i r  survived over 1000 hours i n  

650°F (343OC) water. 

One of t h e s e  samples a l s o  survived over 1000 hours  i n  t e s t .  The o t h e r  one 

s u f f e r e d  f a i l u r e ,  apparent ly  a t  only one d e f e c t ,  between 210 and 261 hours 

i n  t h e  65OoF water. 

pends on t h e  d e p t h  of t h e  d e f e c t .  I n  s p i t e  of t h e  d i f f e r e n c e  i n  t i m e  t o  

f a i l u r e  f o r  deeper  d e f e c t s ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  hea t  t rea tment  

is  l i k e l y  t o  overcome shallow d e f e c t s  i n  l a r g e  tubes  as i n  s m a l l  rods .  

I n  t h e  o t h e r  p a i r ,  t h e  d e f e c t s  were 20-mils deep. 

Again, t h e  e f f e c t i v e n e s s  of t h e  hea t  t rea tment  de- 

D. E f f e c t  of Cooling Rate 

The thermal h i s t o r y  a f t e r  t h e  d i f f u s i o n  anneal  may undo t h e  

b e n e f i c i a l  e f f e c t  of t h e  d i f f u s i o n  annea l ,  Previous work ind ica t ed  t h a t  

between 750 and 55OoC, t h e  b e n e f i c i a l  e f f e c t  may be l o s t .  

o f  such a harmful e f f e c t  has  t o  be considered i n  connect ion wi th  two i m -  

p o r t a n t  po in t s .  

rate fo l lowing  t h e  hea t  t rea tment  of f u l l  s i z e  tubes  as i s  obta ined  i n  t h e  

The p o s s i b i l i t y  

F i r s t ,  s t e p s  have t o  be taken  t o  a s s u r e  as r a p i d  a coo l ing  
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so -ca l l ed  a i r  coo l ing  of t h e  rod specimen. ( I n  t h e  a i r  cool ing ,  i t  is 

t h e  sealed Vycor tube  which is r e a l l y  a i r  cooled,  t h e  specimen be ing  l e f t  

i n  t h e  tube  u n t i l  both are near  room temperature . )  

mentary hea t  t rea tment  a t  a temperature  below t h e  d i f f u s i o n  anneal  t e m -  

p e r a t u r e  may be recommended f o r  a n i s o t r o p i c  dimensional s t a b i l i t y  under 

i r r a d i a t i o n .  I n  f a c t ,  it w a s  dur ing  i n v e s t i g a t i o n  of t h e  e f f e c t  of such 

supplementary hea t  t rea tments  t h a t  J enk ins  discovered t h e  harmful e f f e c t  

which may occur a t  temperatures  below t h e  d i f f u s i o n  anneal  temperature .  

Second, a supple- 

Severa l  modi f ica t ions  of coo l ing  were used t o  demonstrate  t h i s  

e f f e c t  and d e f i n e  t h e  c r i t i ca l  temperature  range: 

1. The sample is furnace cooled from t h e  d i f f u s i o n  anneal  t e m -  

p e r a t u r e  t o  650 o r  55OoC and then  a i r  cooled; 

2 .  After a i r  cool ing ,  samples are maintained a t  a f ixed  tempera- 
0 t u r e  (600 C)  f o r  d i f f e r e n t  l eng ths  of t i m e  and then  a i r  cooled aga in ;  

3 .  Samples are t r a n s f e r r e d  from t h e  d i f f u s i o n  anneal  furnace t o  

a furnace  a t  a lower f i x e d  temperature  (69OoC), where they  are held f o r  

d i f f e r e n t  l eng ths  of time and then  a i r  cooled. 

Table  I1 g ives  t h e  r e s u l t s  of such modi f ica t ions  of coo l ing  a f t e r  

t h e  s tandard  7 hour - 800 C hea t  t rea tment  f o r  rods  wi th  nominal 15-mil 

c l add ing ,  The va r ious  modi f ica t ions  of t h e  coo l ing  show t h e  e x i s t e n c e  of 

a s e n s i t i v e  range i n  t h e  neighborhood of 60OoC. 

t a i n  a harmful e f f e c t  a t  600' is s h o r t e r  than  a t  690 C ,  

ing,  t h e  time spent  i n  t h e  s e n s i t i v e  range can be made s h o r t  enough t o  

avoid  j eopa rd iz ing  t h e  b e n e f i t s  of t h e  annea l .  Following t h e  hea t  treat- 

ment of f u l l  diameter  tubes ,  t h e  evacuated s teel  con ta ine r  i s  quenched i n  

water, g iv ing  a cool ing  rate very  similar t o  t h a t  of rod specimens when 

t h e  Vycor con ta ine r  is a i r  cooled.  Confirmation of t h e  adequacy of t h i s  

coo l ing  fol lowing a l a r g e  scale hea t  t rea tment  is obta ined  wi th  t h e  h e l p  

of small de fec t ed  rod specimens. 

l a r g e  tube  dur ing  t h e  hea t  t rea tment ,  subsequent ly  surv ived  over 1000 hours 

i n  t h e  650°F water tes t .  

0 

The time necessary  t o  ob- 

With proper  cool-  0 

These specimens, he ld  i n  con tac t  w i th  a 

The cause of t h i s  s e n s i t i v e  range is t h u s  f a r  unexplained. 
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-crs E. E f fec t  of I r r a d i a t i o n  

A s  i n  o the r  me ta l lu rg ica l  t rea tments ,  cons ide ra t ion  must be 

g iven  t o  t h e  p o s s i b i l i t y  t h a t  t h e  b e n e f i c i a l  e f f e c t  of t h e  d i f f u s i o n  anneal  

may be undone by i r r a d i a t i o n .  

t h i s  po in t ,  but  they  are not a t  a l l  discouraging.  

t h e  then  s tandard  2 hour - 1050°C hea t  t rea tment  were i r r a d i a t e d  by 

Argonne Nat ional  Laboratory i n  t h e  MTR t o  a burxrq  of about 0.1 

sequent  co r ros ion  tests showed t h a t  t h e  p r o t e c t i v e  e f f e c t  of t h e  d i f f u s i o n  

anneal  had not  been impaired by t h e  i r r a d i a t i ~ n . ~  Addi t iona l  samples have 

been submit ted t o  Argonne f o r  h igher  burn-up. 

Only l i m i t e d  d a t a  are a v a i l a b l e  regard ing  

Defected samples given 

a 
/ o .  Sub- 

F. Aux i l i a ry  E f f e c t s  

Severa l  p o s s i b l e  unfavorable  e f f e c t s  of t h e  d i f f u s i o n  anneal  

have t o  be considered:  

extending so  f a r  as t o  produce an  excess ive  concen t r a t ion  of uranium at 

t h e  su r face ;  impairment of t h e  Z i r ca loy ' s  co r ros ion  r e s i s t a n c e ;  and ex- 

c e s s i v e  coarsening  of t h e  Z i r ca loy ' s  g r a i n s .  

show t h a t  d i f f u s i o n  annea ls  even more seve re  than  t h e  s tandard  7 hour - 
88OoC t rea tment  do not  produce any of t h e  unfavorable  e f f e c t s .  

d i f f u s i o n  of uranium i n t o  t h e  Zi rca loy  c ladding ,  

Data given i n  t h e  appendices 
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111. EFFECT OF VARYING ZIRCONIUM ADDITIONS TO CORE ALLOY 

Addit ions of zirconium improve t h e  co r ros ion  r e s i s t a n c e  of t h e  

uranium core .  

l i s h e d  i n  two ways. 

measured, and i n  t h e  second, t h e  behavior  of coextruded rods  wi th  in t en -  

t i o n a l  d e f e c t s  is  s tud ied .  These comparisons were made wi th  four  d i f f e r e n t  

t ypes  of d e f e c t s  whereas o t h e r  tests covered i n  t h i s  r e p o r t  involved e i t h e r  

a "subt le"  7-mil d e f e c t  ( S e c t i o n I I )  o r  a gross  40-mil d e f e c t  w i th  t o t a l  

depth  of 40 m i l s  (Sec t ion  I V ) .  

The e f f e c t  of vary ing  zirconium a d d i t i o n s  has  been e s t ab -  

I n  one way, co r ros ion  rates of t h e  b a r e  a l l o y  are 

A. Bare Alloys 

Transverse  s e c t i o n s  of coextruded rods  ( o r  t ubes )  a r e  con- 

v e n i e n t l y  used f o r  t h e  de te rmina t ion  of co r ros ion  rates. 

is exposed only a t  t h e  f l a t  ends, t h e  exposed area remains cons tan t  as 

long  as t he  c ladding  remains undamaged. 

o b t a i n  co r ros ion  rates at s e v e r a l  temperatures  f o r  a l l o y s  wi th  va r ious  

zirconium con ten t s .  Table  111 summarizes t h e s e  data and compares them 

w i t h  rates repor t ed  by o t h e r  l a b o r a t o r i e s .  

ment may in t roduce  u n c e r t a i n t y  i n  t h e  a b s o l u t e  va lues  of t h e  rates,  t h e s e  

d a t a  are p a r t i c u l a r l y  va luab le  f o r  comparing d i f f e r e n t  a l l o y s  a t  t h e  same 

temperature .  

3OO0C, t h e  a d d i t i o n  of 2 w/o  Z r  reduces t h e  co r ros ion  ra te  by a f a c t o r  of 

about 3 .  Fur the r  a d d i t i o n s  of zirconium have a much smaller e f f e c c  than  

t h e  f i r s t  2 w/o. 

S ince  t h e  c o r e  

Such s e c t i o n s  have been used t o  

Although t h i s  method of measure- 

0 It is q u i t e  clear t h a t  a t  any temperature  from 100 C t o  about 

Anyeffect of t h e  d i f f u s i o n  hea t  t rea tment  on t h e  2 w/o  Z r  a l l o y  is 

so s l i g h t  t h a t  even t h e  d i r e c t i o n  of t h e  e f f e c t  is d i f f i c u l t  t o  determine. 

B o  Defected Samples 

The b e n e f i c i a l  e f f e c t  of t h e  a d d i t i o n  of 2 w/o  Z r  t o  t h e  c o r e  

is shown by comparison of  samples which have been de fec t ed  and tested i n  

a similar manner, but  d i f f e r  i n  core composition. A l l  t h e  samples shown 

i n  F ig .  3 were t e s t e d  i n  t h e  as-extruded condi t ion .  S e t  A, on t h e  l e f t ,  
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had an  unal loyed uranium core ,  whi le  Se t  B, on t h e  r i g h t ,  had a nominal 

U - 2 w/o  Z r  core .  

types  of d r i l l e d  de fec t s :  

The accumulated d u r a t i o n  of tes t  f o r  each specimen is shown i n  t h e  t a b u l a r  

legend accompanying t h e  photograph. The samples wi th  t h e  a l loyed  co re  

are i n  b e t t e r  cond i t ion  a f t e r  15 hours than  those  wi th  t h e  unal loyed co re  

a f t e r  3 hours .  

Samples were t e s t e d  i n  440°F (227OC) water wi th  four  

diameter ,  7 o r  40 m i l s ;  depth 25 o r  40 m i l s .  

Only a l imited number of experiments were performed wi th  rods  whose 

c o r e  contained more than  2 / o  Z r .  These experiments i nd ica t ed  t h a t  even 

up t o  10 w/o Z r ,  t h e  a d d i t i o n a l  zirconium had only a s l i g h t  e f f e c t  on t h e  

c o r r o s i o n  behavior .  

W 
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I V .  PROGRESS OF CORROSION: EFFECT OF HEAT TREATMENT 

Resul t s  on the  progress  of co r ros ion  r e s u l t i n g  from a n  i n t e n t i o n a l  

d e f e c t  a r e  a v a i l a b l e  i n  s e v e r a l  forms, Visual  data on s h o r t  rod samples 

provide a q u a l i t a t i v e  comparison showing t h e  b e n e f i t  of t he  d i f f u s i o n  

h e a t  t rea tment  i n  reducing the  magnitude and a l s o  t h e  p a t t e r n  of f a i l u r e .  

Annealed rod samples were a l s o ' u s e d  t o  fo l low t h e  progress  of co r ros ion  

a t  two d i f f e r e n t  tempera tures .  Quan t i t a t ive  da t a  on t h e  progress  of 

co r ros ion  were obta ined  wi th  s e c t i o n s  from fu l l -d i ame te r  t u b e s ,  

A .  Comparison of Shor t  Rod Samples 

The e f f e c t  of t h e  d i f f u s i o n  anneal  i s  seen  i n  the  samples 

shown i n  F i g .  4, which i s  a r ranged  s i m i l a r l y  t o  F i g ,  3 ;  t h e  as -ex t ruded  

S e t  C on t h e  l e f t  i s  compared wi th  t h e  h e a t  t r e a t e d  S e t  D on t h e  r i g h t ,  

The tes t  temperature  i s  now 530°F (277OC), 

more n e a r l y  equal  than they  were f o r  t h e  comparison shown i n  F i g .  3 .  

Never the less ,  t he  b e n e f i c i a l  e f f e c t  of t he  hea t  t rea tment  i s  seen even 

with 40-mil diameter  d e f e c t s .  I n  a d d i t i o n  t o  reducing the  s e v e r i t y  of 

t h e  f a i l u r e ,  t h e  h e a t  t rea tment  modif ies  t h e  na tu re  of t he  f a i l u r e ,  I n  

as -ex t ruded  material, t h e  c ladding  bulges  and cracks  unevenly and f a i l u r e  

progresses  l o n g i t u d i n a l l y .  Heat t rea tment  seems t o  l o c a l i z e  t h e  f a i l u r e ,  

which develops wi th  r a d i a l  symmetry around the  d e f e c t .  

The lengths  of the  tes ts  were 

S imi l a r  d i f f e r e n c e s  as a r e s u l t  of hea t  t rea tment  were a l s o  seen i n  

shorter tes ts  a t  57Z°F (3OOOC). 

These d i f f e r e n c e s  i n  the  p a t t e r n  of co r ros ion  can be a t t r i b u t e d  

e i t h e r  t o  m e t a l l u r g i c a l  changes i n  t h e  core  and/or  c ladding ,  o r  t o  t h e  

i n t e r d i f f u s i o n .  I f  t he  main e f f e c t  of t h e  h e a t  t rea tment  i s  mod i f i ca t ion  

of t h e  core  o r  t he  c ladding  (due t o  t h e  m a t e r i a l ' s  e n t e r i n g  a new phase 

r eg ion ) ,  s h o r t e r  h e a t  t rea tments  would be expected t o  produce t h e  same 

r e s u l t s  as  the  s t anda rd  i n t e r d i f f u s i o n  t r ea tmen t .  F igure  5 shows t h e  ap-  

pearance of four  sets of samples t e s t e d  f o r  4 hours i n  530°F (277OC) water 

a f t e r  d i f f e r e n t  h e a t  t r ea tmen t s .  From t h e s e  r e s u l t s ,  i t  i s  i n f e r r e d  

t h a t  t he  change i n  the  p a t t e r n  of f a i l u r e  r e s u l t i n g  from t h e  7 hour - 
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88OoC t rea tment  i s  due no t  only t o  t h e  temperature b u t  t o  t h e  d u r a t i o n  of 

t h e  h e a t  t reatment ,  and hence i s  a t t r i b u t a b l e  t o  i n t e r d i f f u s i o n ,  which i s  

a func t ion  of t i m e .  

A l l  t he se  experiments on the  e f f e c t  of hea t  t rea tment  were p e t -  
W formed wi th  samples  conta in ing  2 

uranium, very l i t t l e  i f  any improvement i n  co r ros ion  behavior  w a s  de- 

r i v e d  from t h e  h e a t  t rea tment .  A hea t  t r e a t e d  set  would s t r o n g l y  re- 

semble t h e  as-extruded S e t  A (Fig.  3 ) .  This  d i f f e r e n c e  i n  t h e  response 

of unal loyed uranium has no t  been i n t e n s i v e l y  s tud ied .  Presumably, t he  

Zi rca loy  c ladding  can e x t r a c t  carbon from t h e  unalloyed c o r e  and form a 

zirconium c a r b i d e  l a y e r  6 y 7  which weakens t h e  band, With t h e  unal loyed 

core ,  h e a t  t rea tment  does no t  improve t h e  bond and may even worsen i t .  

/o Z r  i n  t he  core .  With unal loyed 

B. Progress  of F a i l u r e  i n  Small Rod Specimens 

The s t a g e s  i n  t h e  progress  of f a i l u r e  generated by a d e f e c t  can 

be e s t a b l i s h e d  by observing samples which have been i n  co r ros ion  f o r  

d i f f e r e n t  l eng ths  of t i m e .  Rod samples wi th  15-mil c ladding  w e r e  pro- 

vided wi th  d e f e c t s  whose diameter  and depth  were both 40 m i l s .  

s tandard  d i f f u s i o n  anneal ,  a set of 3 samples was run  toge the r  f o r  t h e  

same t i m e  a t  a f ixed  temperature .  S e t s  run  f o r  d i f f e r e n t  l eng ths  of t i m e  

could then be mounted t o  show t h e  s t a g e s  i n  t h e  progress  of co r ros ion .  

Presumably, t h i s  sequence would be seen  i n  a s i n g l e  sample  i f  i t  could be 

observed c o n t i n u a l l y .  This  method of u s ing  s e p a r a t e  samples  f o r  t h e  
d i f f e r e n t  i n t e r v a l s  reduces u n c e r t a i n t y  introduced by co r ros ion  dur ing  

h e a t i n g  and coo l ing  per iods .  The importance of behavior  dur ing  re la-  

t i v e l y  slow hea t ing  t o  f a i r l y  high temperature  i s  seen  i n  t h e  "0" hour 

set a t  570°F (299OC) shown a t  t h e  top of F ig .  8. 

heated t o  the  test  temperature  and cooled wi thout  spending any t i m e  a t  

temperature .  

Af t e r  t h e  

This  s e t  was merely 

Equivalents  of t i m e  l a p s e  photographs, ob ta ined  wi th  samples  t e s t e d  

f o r  un in t e r rup ted  per iods,  are  shown i n  F igs .  6 and 8 f o r  530°F (277OC) 

and 570°F (299OC) r e s p e c t i v e l y .  

t o  s e c t i o n i n g  and po l i sh ing  r i g h t  up t o  t h e  c e n t e r  of t he  d e f e c t ,  so  t h a t  

The 530°F samples r e a d i l y  l e n t  themselves 
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the penetration of corrosion into the core could be observed, as shown in 

Fig. 7. At this temperature, failure is quite slow. The interesting 

pattern of clad distortion, seen for 570°F samples (Fig. 8) is not likely 
to be seen in samples whose clad has a larger radius of curvature. 

"caterpillar" appearance shows, however, how clad distortion proceeds 

through cycles of bulging and splitting. 

The 

C. Progress, of Failure in Defected Sections from Full-Diameter Tubes 

Sections from full diameter tubes have been used to obtain quan- 
titative data on the progress of corrosion from an intentionally inserted 

cylindrical defect. 

cladding and have been used in various laboratories for such studies, 

although there may be some question regarding how realistically they re- 

semble damage likely to occur during reactor service. In this study, hy- 

drogen evolution is taken as the measure of corrosion. 

Such cylindrical holes are readily inserted in the 
9- 12 

Sections about 6-inches long are bored out at the ends and end seals 

are welded in. After a test to check weld integrity, the defect is in- 

serted. In all the tests discussed here, the defect has remained set as 

a cylindrical hole whose diameter and depth are both 40 mils. After the 

autoclave containing the assembly has been brought to the temperature of 

the test, gas is bled periodically from the autoclave. The steam is con- 

densed and the hydrogen passes through a wet test meter, which thus pro- 

vides a record at any time of total hydrogen evolved and, therefore, of 
total uranium converted to oxide. (The consistency of hydrogen evolution 

data with weight loss data was shown in a series of experiments with bare 

end specimens. 

U/liter 5 measured at room temperature is considered sufficiently 
accurate.) Plots of these data as a function of time then represent the 
progress of corrosion. Figures 9 ,  10 and 11 show such plots for runs at 
530'F (277OC) , 570°F (299OC) and 660°F (349OC) respectively. 
were run either as-extruded or folldwing the standard diffusion anneal 

(7 hours at 88OOC). 

A conveniently applied conversion factor of 5 grams 

Samples 
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These p l o t s  can be  used t o  deduce t h e  e x t e n t  of co r ros ion  dur ing  

s p e c i f i e d  i n t e r v a l s  a t  t h e  same temperature  fo l lowing  achievement of a 

co r ros ion  l e v e l  which would be used a s  the  b a s i s  f o r  d e t e c t i o n  of f a i l u r e  

i n  a r e a c t o r .  The s i g n a l  des igna ted  as necessary  f o r  d e t e c t i o n  of f a i l u r e  

may be based on a s p e c i f i e d  t o t a l  weight of uranium converted t o  UO 
Thus,-the p l o t s  a re  used t o  e s t a b l i s h  t h e  t i m e  T 

2.5 or 5 grams has been oxidized.  The p l o t s  may then be read  t o  d e t e r -  

mine how much more uranium i s  converted t o  oxide dur ing  va r ious  i n t e r v a l s  

a f t e r  t he  r e s p e c t i v e  Ts .  Data obta ined  i n  t h i s  way are given i n  Tables  IV 
and V f o r  530°F and 570°F r e s p e c t i v e l y .  

l end  themselves t o  such eva lua t ion  of t he  s i g n a l  t i m e  and of co r ros ion  be- 

havior  a f t e r  r e c e i p t  of a signal.,  

t h e  t i m e  t he  test temperature was reached. 

2 '  
o r  T s(5) a t  which 

s(2.5) 

The 660°F d a t a  of F igure  11 do no t  

Attack was appa ren t ly  w e l l  underway by 

Evaluat ion of t he  d a t a  i n  Tables I V  and V show t h a t  a t  t hese  t e m -  

pe ra tu re s  the d i f f u s i o n  hea t  t rea tment  provides  an added margin of s a f e t y .  

For va r ious  i n t e r v a l s  a f t e r  t he  d e t e c t i o n  of f a i l u r e ,  h e a t  t r e a t e d  ma- 

t e r i a l  undergoes less a t t a c k .  These r e s u l t s  remove one &f t h e  p o s s i b l e  

o b j e c t i o n s  t o  t h e  d i f f u s i o n  anneal .  Fear has been expressed t h a t  a l though 

t h e  anneal  might indeed reduce the  frequency of f a i l u r e ,  i t  might a l s o  con- 

s t r a i n  f a i l u r e  i n i t i a t e d  a t  a d e f e c t  too  l a r g e  t o  be  overcome by t h e  h e a t  

t rea tment .  Corrosion might then proceed slowly and undetected t o  t h e  

p o i n t  where the  c o n s t r a i n t  would be overcome abrupt ly ,  l ead ing  t o  rap id ,  

c a t a s t r o p h i c  f a i l u r e .  The d a t a  presented  here  show t h a t  t h e  suggested 

p a t t e r n  of c o n s t r a i n t  and r a p i d  f a i l u r e  i s  no t  found wi th  t h e  c y l i n d r i c a l  

d e f e c t  a t  t hese  temperatures .  Ins tead ,  h e a t  t rea tment  reduces t h e  damage 

t o  f u e l  elements which remain i n  t h e  r e a c t o r  f o r  va r ious  i n t e r v a l s  a f t e r  

receipt of  a s i g n a l .  The f i r s t  runs  i n  660°F (349OC) water, dep ic t ed  i n  

F ig .  11, i n d i c a t e  t h a t  t he  advantage of h e a t  t rea tment  has been l o s t  a t  

t h i s  temperature  and t h a t  h e a t  t rea tment  may even a c c e l e r a t e  f a i l u r e  some- 

what. 
0 

At 570 F, h e a t  t r e a t e d  tubes  show evidence of an  i n t e r m i t t e n t  type  

of l o c a l  c o n s t r a i n t .  The p a t t e r n  of hydrogen evo lh t ion  i s  a t  times 

e r ra t ic .  Abrupt rises i n  r a t e  a r e  seen, b u t  are  followed by a l e v e l i n g  o f f  
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rather than an acceleration. Some uranium is believed to have undergone 

conversion to hydride by reaction either with the water or with hydrogen 
evolved in corrosion of other uranium. Uranium undergoing such conversion 

to hydride obviously is not releasing hydrogen to the wet test meter. 

After a while, however, a local burst of the cladding may expose this hy- 

drided uranium to water, giving a rapid release of hydrogen, The genera- 

tion of hydrogen then subsides. Further work is necessary on the role of 

hydrogen in the progressive failure, The present method of periodically 

bleeding evolved hydrogen prevents hydrogen from building up, 

role of hydrogen is planned with both defected specimens and with trans- 

verse section having exposed ends. 

Work on the 

The appearance of samples corroded at the three test temperatures 

is shown in Fig. 12, 13 and 14. The marked change in the nature of attack 

as a result of heat treatment is perhaps even more striking than for small 

rod specimens (Figs 4 and 5). In as-extruded material, the main progress 

of corrosion is longitudinal(paralle1 to the axis). The build-up of 

corrosion product causes bulging of the cladding, which ruptures and per- 

mits repetition of the cycle of corrosion, bulging and rupture of the 

cladding farther away. The over-all effect then is damage to the cladding 

over a considerable area. In heat treated material, the bulging is con- 
fined, even at 660 F, to a smaller area around the defect. Corrosion 

penetrates into the core and is more likely to reach the inner cladding 

0 

and even to cause this cladding to bulge inward and rupture. Such 
bulging is not expected to cause significant blocking of flow of coolant 

through the tube, but as-extruded material is likely to become more 

difficult to remove the process tube. 

Do Failure of Exposed Transverse Sectlons .of Tubes 

Tests of transverse sections with the core exposed only at 

the flat ends have been discussed previously for determination of corro- 

sion rates of core alloys. Such sections may be helpful in the study of 

the mechanism of corrosion of clad tubes and of the factors affecting 
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such co r ros ion ,  a l though tests involv ing  such s u r f a c e s  a r e  n o t  l i k e l y  t o  

r e p r e s e n t  any f a i l u r e  occur r ing  du r ing  r e a c t o r  ope ra t ion .  

The p o i n t  of depa r tu re  f o r  such tests i s  a 3 hour test  i n  570°F 

water (299OC) of an end of hea t  t r e a t e d  Tube 9-1,  

p e r i o d i c a l l y  a s  i n  t h e  d e f e c t  tes ts ,  A t  t h e  end of t h i s  t es t ,  t h e  

c ladding  was found i n t a c t .  It looked a s  i f  t h e  c o r e  had been e tched  

o u t  t o  a depth  of 1/8 inch, corresponding t o  an observed weight loss  

of about 2 g/cm /h r  (see Table 111). 

Hydrogen was b l ed  

2 

Fu r the r  work i s  necessary  t o  e s t a b l i s h  whether such p r e s e r v a t i o n  

of c l a d  i n t e g r i t y  can be expected c o n s i s t e n t l y  under these cond i t ions .  

The r o l e  of hydrogen has t o  be cons idered .  Damage t o  t h e  c ladding  may 

occur w i t h i n  3 hours a t  t h i s  temperature i f  excess hydrogen i s  p resen t  o r  

even i f  t h e  generated hydrogen i s  n o t  b led  o f f .  

-63 
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-1 v. SUMMARY AND CONCLUSIONS 

A s tandard  d i f f u s i o n  h e a t  t rea tment  f o r  7 hours a t  88OoC was 

e s t a b l i s h e d  t o  overcome t h e  e f f e c t  of s u b t l e  d e f e c t s  i n  15-mil Z i r -  

caloy-2 c ladding  coextruded over a c o r e  of U-2 

t rea tment  has been found t o  change the  na tu re  of f a i l u r e  r e s u l t i n g  from 

gross  d e f e c t s .  Corrosion of h e a t  t r e a t e d  m a t e r i a l  tends t o  be more con- 

f i n e d  t o  t h e  a r e a  around and under the  d e f e c t .  Q u a n t i t a t i v e  d a t a  on t h e  

progress  of co r ros ion  have been obta ined  by con t inua l  measurement of t h e  

hydrogen evolved. These d a t a  on samples wi th  c y l i n d r i c a l  d e f e c t s  t e s t e d  

i n  water a t  530°F (277OC) o r  570°F (299OC) have shown t h a t  h e a t  t rea tment  

l e a d s  t o  slower co r ros ion  i n  var ious  per iods a f t e r  co r ros ion  has reached 

t h e  l e v e l  necessary  f o r  d e t e c t i o n .  

water, hea t  t rea tment  l e d  t o  more r a p i d  f a i l u r e .  

W 
/ o  Z r .  This  h e a t  

I n  t h e  f i r s t  runs i n  660°F (349OC) 

The hea t  t rea tment  was no t  found t o  produce and adverse e f f e c t s  on 

o t h e r  p r o p e r t i e s  of t h e  Zircaloy-2 c ladding .  The e f f e c t i v e n e s s  of t h e  

h e a t  t rea tment  can be impaired i f  t he  m a t e r i a l  i s  cooled too s lowly a f t e r  

h e a t  t rea tment ,  

avoided a 

Temperatures i n  t h e  neighborhood of 6OO0C have t o  be 

Fur the r  work i s  necessary  t o  e s t a b l i s h  t h e  p a t t e r n  of co r ros ion  re- 

s u l t i n g  from d e f e c t s  o t h e r  than the  c y l i n d r i c a l  ho les  which have been em- 

phasized thus  f a r .  Samples have t o  be t e s t e d  under a set  of cond i t ions  

s imula t ing  those expected i n  a r e a c t o r  shutdown fol lowing r e c e i p t  of a 

s i g n a l .  Work on the  mechanism of  co r ros ion  w i l l  emphasize t h e  r o l e  of  

hydrogen. 
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V I I .  APPENDIX A - E f f e c t  of Di f fus ion  Heat Treatment on Concentrat ion 
of Uranium i n  Zi rca loy  Cladding 

One of t he  undes i rab le  e f f e c t s  which may r e s u l t  from the  d i f f u s i o n  

hea t  t reatment  i s  an  excess ive  inc rease  i n  the  concent ra t ion  of uranium 

a t  and near  t he  su r face  of t he  Zi rca loy  c ladding .  

The uranium concent ra t ion  i n  the  c ladding  was determined by ana ly-  

s i s  of success ive  l a y e r s  of Zi rca loy  ch ips  machined (o r ,  i n  some cases ,  

p i ck led )  from d i f f e r e n t  rod samples, a s  extruded and a f t e r  hea t  t rea tments  

longer  than those necessary f o r  p r o t e c t i o n  a g a i n s t  s u b t l e  d e f e c t s .  
1 

me t r i c  method was used f o r  a n a l y s i s .  To inc rease  the  s e n s i t i v i t y  of t he  

method t o  about 1 ppm, t he  sample s i z e  was increased  t o  the  0.5-gram range 

by inc reas ing  e i t h e r  t he  length  of t he  sample o r  t h e  th ickness  of the  

analyzed l a y e r .  ( I t  should be noted t h a t  f o r  rods with a diameter i n  the  

0.3-0.4 inch range, a one-mil l a y e r  from a one-inch length  weighs about 

0 . 1  gram.) Thus, i n  a d d i t i o n  t o  ind iv idua l  one-mil l a y e r s ,  samples com- 

b in ing  the  4 outermost m i l s  were taken ,  

A f l u o -  
1 

The da ta  i n  Table V I  were obtained i n  t h i s  way f o r  samples from two 

d i f f e r e n t  rods .  

c r ease  i n  uranium concent ra t ion  above a re ference  m a t e r i a l  such a s  some 

Z i rca loy  s tock  ( i n  t h i s  case,  SMZ-556), Absolute determinat ion of t he  

uranium content  i n  o the r  Zi rca loy  s tock  (SMZ-387) was at tempted with the  

d i e t h y l  e t h e r  e x t r a c t i o n  method used by Westinghouse (WAPD-CTA(GLA)-431). 

This  de te rmina t ion  ind ica t ed  t h a t  SMZ-387 extruded s tock  contained 3-5 ppm U .  

Analysis  of SMZ-387 r e l a t i v e  t o  SMZ-556 showed the  l a t te r  t o  con ta in  about 

2 ppm U l e s s  than SMZ-387, l ead ing  t o  the  in fe rence  t h a t  SMZ-556 contained 

1-3 ppm U. Since the  rods T and U ,  l i s t e d  i n  Table V I ,  were prepared from 

SMZ-387, i t  i s  apparent  t h a t  t he  s u r f a c e  of t hese  rods had e s s e n t i a l l y  the  

The a n a l y t i c a l  method i s  a r e l a t i v e  one, g iv ing  the  i n -  

same uranium concenqration a s  t he  SMZ-387 s tock  used i n  t h e i r  p repa ra t ion .  

The da ta  of Table V I  provide no evidence t h a t  h e a t  t reatment  i nc reases  t h e  

uranium concent ra t ion  i n  the  outermost four  m i l s  of Z i r ca loy .  

1. Freder ick  A .  Centanni,  Arthur  M .  Ross, and Michael A .  DeSesa, t lF luor i -  
me t r i c  Determination of Uranium?? i n  Ana ly t i ca l  Chemistry, Vol 28, 
p .  1651, November, 1956. 
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Attempts t o  c a l c u l a t e  t he  s u r f a c e  concen t r a t ion  of uranium were 

made by Kenneth B. Larson a t  NMI. He used d i f f u s i o n  c o e f f i c i e n t s  r epor t ed  

elsewhere and a l s o  ex t r apo la t ed  a n a l y t i c a l  data obta ined  he re  f o r  Z i r ca loy  

l aye r s  c l o s e r  t o  t h e  c o r e .  A d i f f e r e n c e  by a f a c t o r  of about  s i x  between 

two d i f f u s i o n  c o e f f i c i e n t s  r epor t ed  f o r  uranium i n  zirconium l e d  t o  widely 

d i f f e r e n t  va lues  f o r  t h e  su r face  concen t r a t ion .  Ex t r apo la t ion  of a n a l y t i -  

c a l  da t a  showed t h a t  t he  inc rease  i n  s u r f a c e  uranium concen t r a t ion  r e s u l t -  

ing from a n  8-hour h e a t  t rea tment  a t  900 C was i n  the  range of s e v e r a l  

t e n t h s  of a p a r t  pe r  m i l l i o n .  

0 
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V I I I ,  APPENDIX B - E f f e c t  of Di f fus ion  Heat Treatment on Corrosion 
Resis tance of Zi rca loy  Cladding 

Two sets  of experiments demonstrated the  absence of any adverse 

e f f e c t  of d i f f u s i o n  h e a t  t reatment  on t h e  Zi rca loy  c ladding ' s  cor ros ion  

r e s i s t a n c e .  The e a r l i e r  s e t  gave q u a l i t a t i v e  r e s u l t s  on s h o r t  rod Sam- 

p l e s  with welded end plugs,  s i m i l a r  t o  those  used f o r  d e f e c t  t es t s .  

t r e a t e d  samples had a s a t i s f a c t o r y  appearance fol lowing 750°F steam (1500 

p s i )  tes ts ,  b u t  t h e  heavy cor ros ion  around t h e  welds prevented e v a l u a t i o n  

on t h e  b a s i s  of r e l a t i v e  weight ga ins .  To o b t a i n  a q u a n t i t a t i v e  evalua-  

t i o n  of c ladding  cor ros ion  r a t e s  r e s u l t i n g  from h e a t  t rea tment ,  a s e t  of 

c l a d  rods about  8 inches long was coextruded with i n t e g r a l  end s e a l s ,  e l i -  

minat ing the  need f o r  welding p r i o r  t o  cor ros ion  tes t s .  

were obta ined  p e r  e x t r u s i o n .  The weight gains  (Table V I I )  and t h e  black 

cor ros ion  f i l m  f o r  bo th  t h e  c l a d  rods and s e c t i o n s  of Zi rca loy  cropped 

between the  uranium a l l o y  core  p o r t i o n s  show t h e  absence of any adverse  

e f f e c t  due t o  hea t  t rea tment .  

Heat- 

Two such rods 

These r e s u l t s  a r e  c o n s i s t e n t  with a r e c e n t  r e p o r t  of a sys temat ic  

s tudy  of t h e  e f f e c t  of h e a t  t reatment  on t he  cor ros ion  r e s i s t a n c e  of Zirc- 

aloy-2. '  

1900°F. 

a l s o  found t h a t  t h e  b e s t  cool ing  t reatment  i s  a i r  cool ing;  t h e  worst  i s  

furnace c o o l i n g ,  Goodwin's conclusions i n d i c a t e  t h a t  t he  d i f f u s i o n  t reat-  

ment a t  88OoC (1616'F) w i l l  no t  adverse ly  a f f e c t  t he  Zircaloy-2 a s  such 
( l e a v i n g  uranium d i f f u s i o n  o u t  of c o n s i d e r a t i o n )  

0 
Heating temperature was v a r i e d  i n  s t e p s  of 100 F from 1400 t o  

0 The b e s t  temperatures were found t o  be 1400 and 1600 F .  It was 

1. J .  G o  Goodwin, "The E f f e c t  of Heat Treatment on t h e  Corrosion Resis- 
tance  of Zircaloy-2 and Zircaloy-3", Report WAPD-BT-6, Bettis Tech- 
n i c a l  Review, January,  1958. 
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I X  m APPENDIX C - E f f e c t  of Di f fus ion  Heat Treatment on Micros t ruc ture  
of Zi rca loy  

Heat t reatment  of Zi rca loy  a t  temperatures high i n  the  alpha region 

o r  low i n  the  alpha-beta  region causes coarsening of t he  Zi rca loy  g r a i n s .  

I n  a d d i t i o n ,  slow cool ing  causes excess ive  p r e c i p i t a t i o n  of zirconium 

i n t e r m e t a l l i c s  with the  a l l o y i n g  elements .  

a f f e c t  t he  Z i r ca loy ' s  cor ros ion  behavior ,  

Such p r e c i p i t a t i o n  can adverse ly  

F igures  15 and 16 show photomicrographs of s e c t i o n s  from tube 9-1 

and tube 12. (The d i f f e r e n t  magni f ica t ions  i n  the  two f i g u r e s  should be 

no ted . )  Tube 9-1 was p a r t  of a tandem ex t rus ion  and was h e a t  t r e a t e d  ver- 

t i c a l l y .  Tube 1 2  was a f u l l - l e n g t h  tube and was hea t  t r e a t e d  h o r i z o n t a l l y .  

The d i f f e r e n c e  i n  g ra in  s i z e  f o r  t he  Zi rca loy  i n  the  two tubes bears  no 

obvious r e l a t i o n  t o  the  method of hea t  t rea tment .  This  d i f f e r e n t  may be 

due t o  a d i f f e r e n c e  in composition, such a s  i n  hydrogen c o n t e n t ,  Even i n  

tube 12 ,  however, coarse  gra ins  a r e  seen near  t he  core-cladding i n t e r f a c e  

but  n o t  near  t he  s u r f a c e .  Coarse gra ins  do no t  extend ac ross  the  f u l l  

width of t he  c ladding ,  

In t e rg ranu la r  p r e c i p i t a t i o n  of i n t e r m e t a l l i c s  i s  not  heavy and 

appa ren t ly  has not  impaired cor ros ion  behavior (Appendix B ) .  The samples 

shown he re  resemble one shown by Goodwin' ( h i s  Figure 9 )  f o r  a 1600°F 

(871OC) h e a t  t reatment  followed by a i r  cool ing ,  

1. J. G .  Goodwin, "The E f f e c t  of Heat Treatment on the  Corrosion Resis-  
tance  of Zircaloy-2 and Zircaloy-3",  Report WAPD-BT-6, B e t t i s  Tech- 
n i c a l  Review, January,  1958* 
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X. TABLES AND FIGURES 

Table I 

E f f e c t  of D i f f e r e n t  Heat Treatments On I n t e n t i o n a l l y  Defected Spkcimens 

Corrosion Test i n  650°F (343OC) Water 

Each sample con ta ins  four  7-mil diameter d e f e c t s  d r i l l e d  through Zircaloy-2 
c l add ing  t o  IJ - 2 / o  Z r  co re ;  a l l  samples a i r - coo led  a f t e r  hea t  t r ea tmen t .  W 

Heat 
Treatment 
Temp., C 0 

825 

880 

900 

Duration of 
Heat Treat- 

ment;, H r  

9 

12 

16  

25 

Samples F a i l e d  

Number 

1 
1* 
1 

1 
1 

1 

1 

1 

4 
1 

1 

*Only one d e f e c t  i n  specimen 
**Also see d a t a  of Table I1 

I n t e r v a l  of 
Fa i lure ,  H r  

4 - 44 
8 - 77 

726 - 936 

66 - 279 
936 - 1099 

84 - 102 

4 - 265 

0 - 4  

0 - 4  

0 - 4  

0 - 67 

Number of samples which 
completed more than  1000 h r  

i n  tes t  be fo re  withdrawal 

1* 

2* 

3 

4 

4 

9 

lo** 
7 

4 

3 

10 

19 

6 
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Table I1 

Ef fec t  of D i f f e r e n t  Thermal H i s t o r i e s  Af t e r  t h e  7-Hour 88OoC Dif fus ion  Treatment 

Corrosion T e s t  i n  650°F (343OC) Water 

Each sample con ta ins  four  7-mil diameter  d e f e c t s  d r i l l e d  through 
Zircaloy-2 c ladding  t o  U - 2 w / o  Z r  core .  

A i r  cooled from 88OoC t o  
room temperature  

Furnacg cooled from 88OoC 
t o  650 C;  a i r  cooled 

Furnace cooledifrom 880 C 
t o  60OoC; a i r  cooled 

Furnace cooled from 88OoC 
t o  55OoC; a i r  cooled 

Airocooled; 114 h r  a t  
600 C; a i r  cooled 

A i r  cooled;  112 h r  at 
6OOOC;. air cooled 

A i r  cooled;  1 h r  a t  
60OoC; a i r  cooled 

Trans f e r r e d o t  o 69OoC furnace;  
1 h r  a t  690 C ;  a i r  cooled 

Transfer red  t o  69OoC furnace;  
2 h r  a t  69OoC; a i r  cooled 

Transfer redoto  69OoC furnace;  
4 h r  at 690 C; a i r  cooled 

Transfer red  t o  69OoC furnace: 
6 h r  a t  69OoC; a i r  cooled 

A i r  cooled;  furnace  cooled 
from 55OoC 

0 

Samples 
which Fa i l ed  

T-26; U-26 

T-23; T-25 

T-31 

T-10 

T-8; U - 8  

T- 9 
u- 9 

I n t e r v a l  of 
Fa i lu re ,  H r  

4 - 78 

0 - 4  

4 - 78 

4 - 121 

4 - 121 

4 - 121 
0 - 4  

Samples which completed 
more than  1000 h r  i n  

t es t  be fo re  withdrawal 

T-27; U-27" 

T-22; T-24 

T-30; U-30 

T-32; U-32 

U-31 

T-7; U-7 

u-10 

T-33; U-33 

Jrfhese samples were not  included i n  Table  I. 



0.0013 
( h e  s ) 

0.16 

1.0 

I 

0.0007 I 0.0003 

0.5 0.36 

1 .o 0.7 

0.003 
0.0017 
(Ames- 

153)- 
(WASH- 

0.001 

7.0 6.0 

Table I11 

Corrosion Rates of Uranium-Zirconium Alloys 
p l c d l h r  

. -Unalloyed U Temp e 

-I , CRDC- 646 
(from CT-3047 
and CT-3055) Oc I OF cmc- 

646 NMI BMI-998 NMI 
< 

= 
0.001 

BM*-1156 I NMI I NM1 BMI - 11 56 NMI 

0.000051 

0.001 
( b e s  1 

0.06 

0.003 0.003 100 212 1 
0.036 + 0.036 

0.23 

0.6 0.7 

2 ,  

0.9 

I 
260 500 

277 530 * 299 570 

1.4 1.0 

1.3 -+ 2.0 
c 

2.0 

5.0 

10.0 
5-10 
(BMI- 
1156) 

3.0 
r 1 

5.0 

- 
6.0 10.0 I 2;5 

1 I 

w 
N 



Table IV 

S e r i e s  

Spec i- 
men - 
3-10-A 
3-10-B 
3-10-C 
3 - 10-D 

Condition Material Temperature 

_ _  

7-H2-A 
7-H2-B 
7-H2-c - 

3-10-8 
3-10-B 
3-10-C 
3-10-D 

1 Z O  1 As Extruded I - wlo Zr 

c l a d  wi th  15 m i l s  of Zircaloy-2 Heat Treated 

7-H2-A 
7-H2-B 
7-H2-c 

530'F ( 2 7 7 O C )  

Tests of I n t e n t i o n a l l y  Defected Tube Sec t ions  
Defectt 40 m i l s  d iameter ;  40 m i l s  depth 

2- 

= t i  

I I I I f 

I 1 I I I I I 

7.0 
7.5 
7.5 

1 1 I I L 

10.3 18.5 
12.0 17.5 23.8 
10,5 17.5 25,O 66.3 

Date - 
41 8 
41 9 
41 16 
4/22 

4/11 
41 18 
41 21 

41 8 
41 9 
41 16 
41 22 

4/ 11 
41 18 
4 /21  

- 
2.0 
1.8 
2,3 

7.75 
6.30 

10.50 
4.80 

4.0 
3.0 
4.8 

6.00 
6.00 
5,30 

10 50 
6.65 

11,75 
5.10 

G r a m s  Uranium a f t e r  T hr s(5.0) i- 

23.5 

7.40 
8.40 
6.75 

Tt (hr)** 

12.25 
7.75 

15.25 
8 .OO 

14.00 
19.75 
25.50 

- l l - r l l  12.25 7.75 

15.25 
8.00 

14 00 
19.75 
25.50 

Tt - T 
S 

4.5 
1.5 
4.8 
3.2 

8 , O  
13.8 
20.2 

1.8 
1.1 
3.5 
2.9 

6 ,6  
11.4 
18.8 

4 

w 
w 

*WL = t e rmina t ion  t ime of test. 
L 



Table V 

S e r i e s  

4 

7H2 

- _  

Spec i- 
men 

4B 
4c 
4D 

Condition Material Temperature 

As Extruded U - 2 "/o.zr c l a d  wi th  

Heat Treated 
I i 15 m i l s  of Zircaloy-2 570°F (299OC) 

7H2D 
7H2E 
7H2F 

3.75 
1.9 
3.2 

4B 
4c 
4D 

13.0 46.0 100,O 
17.5 67.0 
17.5 87.5 

7H2D 
7H2E 
7H2P 

4.0 
3.5 
3.4 

Tes t s  of I n t e n t i o n a l l y  Defected Tube Sec t ions  
Defect: 40 m i l s  d iameter ;  40 m i l s  dep th  

3.25 32.5 41.5 51.0 71.3 93.4 
3.0 7.0 13.25 19,O 43.5 106,5 
3.25 18.0 25.0 32.0 76.5 

4/  29 
4/ 23 
51 2 

512 
515 
4 /  23 

4/29 
4 /  23 
51 2 - 

Tt (hr)"* 

7.25 
4.40 
5.75 
12 75 
11.75 
9.67 

7.25 
4.40 
5.75 
12.75 
11.75 
9.67 

Tt - T S 

4 
2.8 
3 

9,6 
9.2 
7.4 

3.5 
2.5 
2.5 

_ _  \ = time a t  which a s i g n a l  is rece ived  corresponding t o  ( x x )  grams of t o t a l  
s(xx' uranium oxidized 

*Wt = t e rmina t ion  t i m e  of t e s t .  

8.8 
8.2 
6.3 

W c 



e 

8 hr/900°C 

12.32 

6,49 

Table VI 

As Extruded 9 hr/880°C 

889.0 1.88 

0,30 1.92 

Increase in Uranium Concentration (ppm) in Successive Layers 
of Zircaloy-2 from As-Extruded and Heat-Treated Rod Samples 

76 

15 

Depth of Zircaloy 

0 

0 

Outermost mil 

Second 

Third 

Fourth 

Fifth 

Combined sample from 
outermost four m i l s  

0 

08 

Reference Material SMZ-556 

0.33 

0.26 

As Extruded 

8.87 

0.92 

6.79 

0.33 

3.43 

1.99 

T 

9 hr/ 88OoC 

20 13 

5.81 

2.82 

1.37 

1.15 

0.98 

U 

1 

2 

0044 I 0073 I 
1.04 I OE8O I 18.84 

6 hr/ 900°C 

1,19 

2.11 

i.46 

0.91 

3.15 

1.39 

w 
bl 



36 

Table VI1 

Corrosion Tests  i n  750°F Steam of Zircaloy-2 Claddinq 
From Clad Rods With In tegra l  End Seals  

Zircaloy-2 Stock SMZ-387 

As Extruded 

9 h r /  88OoC, 
a i r  cooled 

8 h r /  900°C, 
a i r  cooled 

2 Weight Gains, mg/dm i n  750°F Steam 

3 Days 14 Days 

Zircaloy Cropped I Clad Rods I Zircaloy Cropped 
'lad Rodsl Between Cores Between Cores 

18; 18 18; 20 31;31 27;28  

13; 14 24 27;24 35 

18; 22 23 32 ; 35 31 



37 

Fig. 1 - "Automatic" k i l l i n g .  7 - m i l  defect through 30-mil 
Zircaloy. (Defect drilled in as-extruded rod.) 
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lOOX A- 2045-1 

Fig. 2 - Section through Defect No. 2 of Tube 9-1. 
Defect: diameter, 7 mi l s ;  original depth, 

Tested 32 hours in  600°F (316OC) water. 
16 m i l s .  

Note accumulation of corrosion product 
(black) around base of de fec t .  
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I '  

Set  A 

RF-5392 

Set B 





40 

I 

RF-5397 

Set C Set D 



c: c 

? _. - .- 

A s  Extruded 

- -  . . . .  . - _- . . .  .. . . 

Heat Treated - 10 min/800°C 

I 
I 

_ _ - -  - 

Heat Treated - 15 min/880°C 

Heat Treated - 7 hr/880°C 

F ig .  5 .. Effect of Various Heat Treatments on Corrosion. 
Defect Diameter - 40 m i l s .  oDepth - 40 m i l s .  
Corrosion Tested - 4 hr/530 F .  Nominal length 
of each sample, 2 inches. RF-5701. 



c 

1 hr 

2 hr 

4 hr 

6 hr 

t 

RF-5546 

Fig .  6 - Progress of Corrosion a t  530°F (277 0 C). 
Defect Diameter - 40 mils. 
40 m i l s .  
2 inches.  

Depth - 
Nominal length of each sample, 



2 hr 4 h r  1 hr 

c 

. .  

RF -5555 

6 hr 

0 0 

See Fig.  6 .  
Fig.  7 - Section Through Defect of Samples Corroded'at  530 F (277 C ) .  

Defect Diameter - 40 m i l s .  
Magnification approximately 3X. 

Depth - 40 m i l s .  

c w 



0 hr 

112 hr 

1 hr 

1-112 hr 

2 hr 

7 
c 

I 

RF-5576 
0 0 

Fig. 8 - Progress of Corrosion at 570 F (299 C). 
Defect Diameter - 40 m i l s .  Depth - 
40 m i l s .  
2 inches. 

Nominal length of each sample, 
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35 

30 

25 

20 
13 
W > 
J 

W 
B 
2 15 

tn 
K 
W 
I- 
zi 

IO 

5 

-63 0 

FIG. IO 
CORROSION RATE AT 570° F 
OF TUBULAR SECTIONS WITH 
CYLIND, DEFECTS. 

(299O C) 

. DIA.40 MILS-DEPTH 40MlLS 
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30 

25 

20 

15 

IO 

5 

0 

4 175 

150 
FIG. I1 
CORROSION RATE 
AT 660° E (349OCJ 
OF TUBULAR 
SECTIONS WITH 

125 CYLIND. DEFECTS. 

100 

75 

50 

DIA. 40MILS, 
DEPTH 40 MILS 

25  4 
I 2 3 4 5  

p, " . HOURS AT TEMP. 66OOF. ( 3 4 9 O C l )  
CYLIND. DEFECT 'U '4 .I c: L td '  
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RF-5651 

As Extruded 

12-1/4 hr a t  530°F 
3-10-A 

=7-3/4 hr 
s ( 2 . 5 )  4 . 5  hr a f t e r  T 

1 . 8  hr a f t e r  T =lo-1/2 hr 
s (5) 

RF-5653 

Heag Treated 

19-3/4 hr a t  530°F 

7 hr/880 C - A i r  Cooled 
7 -H2 -B 

s (2 .5)=6 hr 1 3 . 8  hr a f t e r  T 

11 .4  hr a f t e r  T 
s (5)=8 *4 hr 

0 
F i g .  12 - TubeoSections Tested i n  Water a t  530 F 

(277 C ) .  See Table IV and Fig. 9 for  
corrosiOn data. Original diameter i s  
2 inches.  



49 

! 

RF-5731 

As Extruded 

7-1/4 h r  a t  570°F 
4-B 

~ ( 2 . 5 ) ' ~ ' ~  hr 4 h r  a f t e r  T 

3 .5  h r  a f t e r  T 
s (5 )=3*75  hr 

RF-5732 

Heat Treated 
7 hr/880°C - A i r  Cooled 

12-3/4 h r  a t  570°F 
7 -H2 -D 

~ ( 2 . 5 ) ' ~ ' '  hr 9 .6  h r  a f t e r  T 

8 . 8  h r  a f t e r  T (5)=4 . O  h r  

F i g .  13 - Tube Sec t ions  Tested in Water a t  570°F (299OC) 
Defect diameter - 40 m i l s .  
See Table V and F i g .  10 f o r  cor ros ion  d a t a .  
Or ig ina l  diameter is 2 inches .  

Depth - 40 mils. 
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m-5737 
A s  Extruded 

3 h r  at  660 F 
4-A o 

RF-5738 
H q t  T rea t ed  

7 hr/8@ C - Air Cooled 

3/4 hr a t  660 F 
12-2-D O 

0 0 

Fig .  14  - Tube S e c t i o n s  Tes ted  i n  Water a t  660 F (349 C )  . 
See Fig .  11 f o r  cor ros ion  data. O r i g i n a l  
diameter i s  2 inches.  
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150X B t .  L t .  A-2.Q41-2a 

150X Pd. 2 04 1 -2b 

F i g .  15 - Microstructure of Zircaloy-2 Cladding of 
Tube 9-1 After Standard Diffusion Heat 
Treatment. 
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lOOX Bt. Lt. A-2152-a 

~~~ ~~ 

lOOX Pd. Lt. A-2152-b 

Fig. 16 - Microstructure of Zircaloy-2 Cladding of 
Tube 12 After Standard Diffusion Heat 
Treatment . 
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