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1.0 INTRODUCTION

The High Power  Density D evelopm ent  P ro jec t  i n c lu d e s  a con  . r e h e n s iv e  lue l  development p r o ­
g r a m  a im e d  p r im ar i ly  at deve lop ing  and d e m o n s t r a t i n g  the p e r fo rm a n c e  of a nuc lea r  r e a c to r  
c o r e  having  a high power d e n s i t y ,  long fuel life, and low fuel fab r ica t ion  c o s t .  As part  of the 
p r o g r a m .  Type 304 s t a i n l e s s  s tee l  clad UOg fuel r o d s  a r e  being i r r a d i a t e d  in the Vallecitos  
Boil ing Water Reactor.  The  fuel  development p o r t i o n s  of the High P o w e r  Densi ty  P r o g r a m  a r e  
r e p o r t e d  h e re  and ,«re d e s ig n a t e d  a s  T ask s  IA and IB.

The ob jec t ive  of the T a sk  1A p r o g r a m  is to e v a lu a te  the  feasibil i ty  and s tudy  the pe r fo rm ance  
of a p a r t i a l  r e a c to r  co re  (24 a s s e m b l ie s )  o pe ra t ing  in the VBWR at high p o w e r  density condi­
t ions  u t i l iz ing  fuel m a n u fac tu red  by c u r ren t  f a b r i c a t i n g  p ro cesses .  The fuel  for Task 1A i r ­
r a d i a t i o n  was designed fo r  o p e ra t io n  in the VBWR at 90 Kw 1 average  p o w e r  density ,  425,000

9
Btu. h r - f t  peak surface  heat  f lux ,  and I t  oo0 MWD T average  burnup. I r r a d i a t io n  of Task  1A 
fuel s t a r t e d  in October .  1960.

The  ob jec t ive  of Task IB is to  invest igate  fa b r i c a t io n  p r o c e s s e s  which o f f e r  potentially lower
f a b r i c a t io n  cos t s  than " u r r e n t  p r o c e s s e s ,  and to subsequent ly  fab r ica te  fuel  by these  p r o c e s s e s
for o p e ra t io n a l  test ing in the  VBWR Twelve fuel  a s s e m b l i e s  have been f a b r i c a te d  to date  for

2
o p e r a t io n  in the VBWR at 80 K w / 1 average  power d e n s i ty .  480.000 Btu, h r - f t  peak heat f .u \  
and 10 .000  MWD, T a v e r a g e  e x p o su re .  I r r ad ia t io n  of Task  IB fuel s t a r t e d  in April .  1961

In add i t ion  to the ob jec t iv es  s ta t ed  above. T a s k s  1A and IB include inves t iga t ion  of the f e a s i ­
bi l i ty  of thinning the wall of s t a i n l e s s  s teel  cladding a s  a means of im p ro v in g  the neutron 
eco n o m y  and fuel cycle c o s t s  of s ta in le s s  s tee l  c lad  fuel. Thus ,  a po r t ion  of the p ro g ram  has 
included the test ing of fuel  c l a d  des igns  which r e p r e s e n t  a d epar tu re  f r o m  the  conventional 
" f r e e - s t a n d i n g " *  s t a i n l e s s  s i e e l  clad design to d a te  in opera ting power r e a c t o r s .

During  the months of Apr i l .  J u ly .  August and S e p t e m b e r .  1962. s e r v i c e  f a i l u r e s  in eight 
T a s k  1A type fuel rod° o c c u r r e d  during iperation.  In Sep tember .  1962. the  VBWR was 
shut down for an extended p e r io d  until Jan u a ry ,  1963. Subsequent fuel rod  s e r v i c e  fa i lu re s  
o c c u r r e d  dur ing  the months  of F e b r u a r y .  M ar ch .  A p r i l ,  May and .June in a s s e m b l i e s  from 
both T a s k  1A and IB In J u n e .  1963, the re  w e re  n ine  Task 1A fuel a s s e m b l i e s  and four 
T a s k  IB a s s e m b l ie s  o p e r a t in g  in me VBWR, all o t n e r  a s s e m b l i e s  w ere  e i t h e r  confirmed 
or  s u s p e c t e d  of having fa i led  fuel  rods .

The p u r p o s e  of this p r o g r e s s  r e p o r t  is to d e s c r i b e  the p o s t - i r r ad ia t io n  e x am in a t io n s  p e r fo rm e d  
th ro u g h  June ,  1963. on the  fue l  fa i lu res .  In ad d i t ion ,  the repor t  p r e s e n t s  a p re l im ina ry  an a ly ­
s i s  of fue l  design and o p e r a t io n a l  da ta  perm i t t ing  te n ta t iv e  conclus ions  r e g a r d i n g  possible m e c h ­
a n i s m s  of Type 304 s t a i n l e s s  s tee l  fuei fa ilure .

" F r e e - s t a n d i n g "  r e f e r s  to a  c lad tube thick enough  to withstand coolant  p r e s s u r e  without 
c o l l a p s in g  against  the UO,,.

- 1 -
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2.0  S U M M ARY

The High Power Density Project includes a comprehensive fuel development program which has 
the objective of developing and demonstrating the performance of a nuclear reactor core having 
a high power density, long fuel life, and low fabrication cost. The fuel program is made up of 
two principal tasks. Task 1A consists of irradiation tests in the VBWR of Type 304 stainless 
steel clad. U 09 pellet type fuel rods fabricated by current commercial processes. Task IB  
consists of the investigation ot lower cost fabrication processes and the irradiation testing of 
feel elements fabricated by these processes. Both tasks include the investigation of the feas i­
bility of use of thin-wall stainless steel cladding as a means of improving the neutron economy 
and fuel cycle costs of stainless steel clad fuel.

The design variables for the Task 1A fuel rods include clad wall thickness, pel let-to-clad gap. 
and clad cold work. The Task IB fuel rods, which include variations in clad wall thickness, 
clad cold work, and UC>2 density, are fabricated by the pellet process and by powder compaction 
processes such as hot swaging, cold swaging, vibrational compaction, and tandem rolling.

Irradiation of the Task 1A fuel assemblies in the VBWR was initiated in September. 1960. Sub­
sequently. Task IB  fuel assemblies were inserted in the VBWR as various fabrication processes 
and design concepts were investigated All assemblies operated satisfactorily until A pril. 1962. 
when a fuel cladding fa ilure was experienced in Assembly HPD 2D of the Task 1A fuel assemblies. 
Subsequently, additional failures have occurred in fuel rods in both Task 1 A and IB. At the 
present time 13 assemblies are operational with ali other assemblies classified as containing 
one or more failed rods Of the rods remaining under irradiation, the average burnup in the 
leading rod currently is approximately 9.50C M W D /T. As of this date, cladding failures have 
occurred in twenty-two rods of approximately 700 fuel rods which have been irradiated. Twenty 
of the failures occurred in cold worked tubing and two in tubing procured commei cially as an­
nealed materials

Visual and detailed examination of failed rods indicates the following:

1. The cladding failures are cracks which vary in size from small, barely visible hairline 
cracks to large cracks in which the U 02 is exposed to the reactor coolant

2. In all cases but two, the cracks are longitudinal to the axis of the fuel rod One annealed 
rod in assembly HPD 4E and one in assembly HPD 6S exhibited both circumferential and 
longitudinal cracks

3 Metallugraphic examinations indicate that the cracks are intergranular and start at the 
outside surface. There is evidence of intergranular corrosion, strongly accelerated by 
stress Optical microscopy does not reveal any evidence of sensitization in the grain 
boundaries.

4. In a ll cases, the failures occurred in the high heat flux region of the fuel rods.

- 2 -
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The  mode of f a i lu re ,  i n t e r g r a n u l a r  c rack ing  of non sens i t ized  Type 304 s t a in le s s  s tee l  in a high 
p u r i t y  water e n v i r o n m e n t ,  has  not been r e p o r t e d  to have o c c u r r e d  p rev io u s ly  in an e x - r e a c t o r  
application .  However ,  in addition to the VBWR ex p er ien ce .  s i m i l a r  type fa i lu re s  of highly 
s t r e s s e d  Type 304 s t a i n l e s s  s tee l  have been r e p o r t e d  to have o c c u r r e d  in a p r e s s u r i z e d  w a t e r  
r e a c t o r  environment .

Evalua t ion  of the f a i l u r e s  conducted thus f a r  ind ica tes  the o p e ra t ing  s t r e s s  level in the c l a d  is 
a  significant fac to r  in c au s in g  the c rack ing .  How ever ,  the r e l a t iv e  con t r ib u t io n s  of o t h e r  p o ­
ten t ia l  ef fects  such a s  t im e  at t e m p e r a t u r e  in the coolant e n v i r o n m e n t ,  e f fec ts  of i r r a d i a t i o n ,  
and  effects  of fuel ro d  p o w e r  cycling have not yet been de te rm ined .

At the p resen t  t im e ,  it a p p e a r s  the m ax im u m  l i fe time of s t a in le s s  s t e e l  clad fuel ip. w a t e r  r e a c t o r  
app l ica t ions  can Lie a t t a in e d  by opera ting with a s  low a clad s t r e s s  level  a s  possible .  I n t e r g r a n u l a r

i

s t r e s s - in f lu e n c e d  c o r r o s i o n  c racking of T y p e  304 s ta in le s s  s tee l  c ladd ing  o ccu r s  in fue l  a s s e m ­
b l i e s  with inc reas ing  e x p o su r e  to HPI) tes t  cond i t ions  in the fol lowing o r d e r :

P e l le t  Fuel

1. Swaged pellet fu e l ,  s t a r t in g  with cold w o rk e d  o r  annealed tu b i n g . 8-12 m i l s  thick. F a i l u r e  
range: approx. 4000-5500 MWD, T a v e r a g e ,  exper ienced  by the  D" a s s e m b l i e s  and a s s e m ­
blies  3S and 6S.

2. Swaged pellet fu e l ,  s ta r t ing  with cold w o rk e d  tubing. 14 m i l s  th ick .  F a i lu re  range :  approx . 
5000-8000 M W D /T  a v e r a g e ,  ex p e r ien c e d  by the "G" a s s e m b l i e s .

3. Standairi pellet  f u e l ,  s ta r t ing  with cold w orked  tubings 14 m i l s  th ick  Fa i lu re  ran g e :  approx. 
6000-8500 MWD T a v e r a g e ,  e x p e r i e n c e d  by the "E"  group and a s s e m b l y  2F.

4 Standard peilet  f u e l . s ta r t ing  with an n ea led  cladding. 14 m i l s  th ick .  Fa i lu re :  approx .
8400 MWD T a v e r a g e  (as  of tune 3C 1963). exper ienced  by a s s e m b l y  4E.

5. S tandard  pellet  tue i  s ta r t ing  with cold w orked  or annealed c l ad d in g .  17-20 mils  th ick ,  has  
exper ienced  no f a i l u r e s  ‘a s  of .June 30. 1963). Exposure  r a n g e s  known 4700 to 6700 M W D /T  
average .  *

Powder  Fuel

1 Cold swaged p o w d e r  tuel  witti cold w o rk e d  cladding,  10-16 m i l s  th ick ,  and density of 9 0 -9 4  p e r ­
cent F a i lu re  r a n g e  approx. 3800-4500 M W D/T a v e rag e ,  e x p e r i e n c e d  by a s s e m b l i e s  2S and 
7S.

2 Hot swaged, t a n d e m - r o l l e d . and v i b r a t o r y  compacted  fuel r o d s .  12-16  m i l s  thick,  have  e x ­
per ienced  no f a i l u r e s  (as  of June 30. 1963). Exposure r a n g e s  f r o m  3800 to 4500 MWD T 
av erage

3 -
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3 °  DISCUSSION

The cu rre n t  s t a t u s  of evaluation  of the  m e c h a n ism  of c lad  f a i l u r e s  d o es  not p rov ide  a  fu ll  u n d e r ­
standing of the c o n tr ib u t in g  fa c to rs  and t h e i r  re la t iv e  m a g n itu d e s  of contribution . T h e  in te r -

i
g ra n u la r  e r a  king of the  Type 304 s t a i n l e s s  s te e l  cladding a p p e a r s  to  be caused  by p r e f e r e n t i a l  
c o r ro s io n  of the  g r a i n  boundaries  and a p p e a r s  to be s trong ly  s e n s i t iv e  to the o p e ra t in g  s t r e s s  
level of the c lad d in g . The e ffects  of o th e r  po tentia lly  c o n tr ib u t in g  f a c to r s  such a s  t i m e - a t  - 
l e m p e ra tu re  in a r e a c t o r  w ater  e n v i ro n m e n t ,  rad ia t io n  e f f e c t s ,  m e ta l lu rg ic a l  s t r u c t u r e ,  and 
fuel nxf power c y c l in g  a r e  not known at t h i s  tim e.

In te rg ra n u la r  c r a c k in g  of s tab il ized  a u s te n i t ic  s ta in le s s  s t e e l s  h a s  been rep o r ted  by W anklyr
and Jones*1' and S n o w d e n ^  to have o c c u r r e d  in cau s t ic  so lu t io n s  such  a s  NaOH and KoH.
However, the i n te r g r a n u la r  c rack ing  of n o n sen s it iz ed  Type 304 s t a in le s s  s tee l  in r e la t iv e ly
high purity  w a te r  is  known to have o c c u r r e d  only in a r e a c to r  e n v iro n m e n t .  In add ition  to  the
VBWR e x p e r i e n c e . in te rg ra n u la r  c ra c k in g  of highly s t r e s s e d ,  n o n sen s it iz ed  Type 304 s t a in le s s

(3)s tee l  is re p o r te d  to  have o ccu r red  in a p r e s s u r i z e d  w ater r e a c t o r  env ironm ent. '  H igh s t r e s s  
level a p p e a rs  to be  a  com m on fac to r  in th e  c rack in g  of s t a i r l e s s  s te e l  in both PWR and BWR 
en v iro n m en ts .

Continued in v es t ig a t io n  of the p e r fo rm a n c e  of s ta in le s s  s tee l  c lad d in g  is  n e c e s sa ry  to  d e te r m in e  
the  cause  o r  c a u s e s  of fa i lu re .  It is  e x p e c te d  the p e r fo rm an c e  of o th e r  s ta in le s s  s t e e l  c la d  fuel 
r<xfs in the VBWR1 wi l l  provide u se fu l  add itiona l data

Investigation of the. p o ten tia l  con tribu ting  f a c to r s  has rev ea led  th e  following:

1 Indications  of P r e f e r e n t i al C o r r o s ion Attack

The o b se rv a t io n  that fa i lu re s  have o c c u r r e d  in the g ra in  b o u n d a r ie s  and to a s l ig h t  d e g re e  
along slip  p la n e s  and twin ix iundaries  of the s ta in le s s  s te e l  m ic r o s t r u c tu r e  s u g g e s ts  tha t 
c o rro s io n  a t ta c k  is  taking place T h i s  i s  coupled with the  e v id e n c e  that no s igns  of d e f o r ­
mation l>y y ie ld in g  a r e  p re sen t  S tu d ies  a re  in p ro g r e s s  ex am in in g  the clad s t r u c t u r e  using 
the techn iques  ot e le c t ro n  m ic ro sco p y  D islocation  c o n c e n t r a t io n s  and in te r g r a n u la r  c o n ­
s ti tuen ts .  not d e te c ta b le  by the o p tic a l  m ic ro s c o p e ,  will be sought. Also it is  in tended  to 
e s tab lish  w h e th e r  a c o r ro s io n  p roduc t e x i s t s  in the c r a c k s  a n d .  if p re se n t ,  to iden tify  it.

2 Effect of Clad S t r e s s e s

All but two f a i l u r e s  have o c c u r red  long itud ina lly , no rm al to  th e  highest th e o re t ic a l  s t r e s s  
(hoop s t r e s s )  T en .o le  s t r e s s e s  on the  o u te r  f il le rs  of the c la d  during  opera tion  in the
re a c to r  a re  c o m p o se d  <>| ihe additive s t r e s s e s  re su lt ing  f r o m  in te rn a l  fiss ion  g a s  p r e s s u r e ,  
from  in te r fe re n e e  lielween the clad and |X-llet upon healing io  o p e ra t in g  t e m p e r a tu r e ,  f ro m  
th e rm a l s t r e s s e s  re su lt in g  from  the t e m p e r a t u r e  d rop  a c r o s s  the  c lad ,  and f ro m  th e  r e s id u a l
s t r e s s e s  p re s e n t  in the tubing as r e c e iv e d  fro m  the tubing s u p p l ie r  Recent in v e s t ig a t io n s

(18 31 )made bv L ees .  * * indicate r e s id u a l  s t r e s s e s  p resen t in c o m m e rc ia l ly  an n ea led  and
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cold worked 304 slam less s tee l  can be as high as 20.000 psi and 40.000 p s i .  respectively.
In the commercially annealed m aterial, residual tensile  s tre ss  in the ou ter  fibers of the 
clad m easured between 10,000 psi and 20.00G psi. For cold worked tubing, residual 
tensile  s t r e s s e s  of between 30.000 and 40.000 psi were measured in the ou ter  fibers A 
certa in  level of tensile s t r e s s  will always be p resen t at operating tem pera tu re  in fuel 
cladding when commercially available material is used, unless the m ate r ia l  is given a 
dead anneal heat treatment p r io r  to irradiation. Additional localized tens ile  s t re sse s  can 
be imposed by elastic deform ation of the clad by the external coolant p re s s u re  due to clad 
tube ovality. However, fa i lu re  cannot be attributed to s t re s s  alone because of the inter­
g ranu la r  nature of the c racks  and absence of evidence of plastic deformation and trans- 
g ranu la r  cracking if s t r e s s e s  had been high enough to cause a typical mechanical failure.
The evidence of appreciable ductility in the tensile and burst tests of m ateria l  from 
assem bly  1G supports this view.

The in itia l, as-fabricated pe lle t- to -clad  gap is an important factor in establishing the 
degree  of UO.-clad in terference and resultant clad s t r e s s  tiiat will occur when the fuel 
rod is  brought to operating tem perature . Assuming the t/D  is a measure of clad s tre ss  
for a pa rticu la r  UOg-clad cold gap. a proposed fam ily of curves is shown in Figure 50 
in which lifetime-to-failure is  plotted against t/D  for various initial gap conditions There

l

are  sev e ra l  points with which to  plot the curves for the zero or very sm all gap fuel rods 
These a re  the rods in which IJOj-clad interference s t r e s s e s  are large in magnitude. Inas­
much a s  the number of datum points for the five mil gap. essentially zero  interference 
s t r e s s ,  rods does not permit plotting of curves, they are  assumed at this tim e to be parallel 
to the sm all  gap curves. Additional points are shown for fuel rod types which have had no 
fa ilu res  Until more datum points are obtained, the cu rves in Figure 50 must be considered 
p relim inary  in nature. At th is  point, they tend to confirm  that the t im e-to -fa ilu re  is a 
function of clad s tre ss  level and that the direction fo r  longer fuel life is to reduce the clad 
operating s tre sses

3 Effec t s  of Radiation

The ex|*>sure of the cladding to  fast neutron flux may be a contributing fac to r  in causing 
ciad fa i lu re  However, the high strength and retention of appreciable ductility in the 
uncracked material of the 1G assem bly indicates the d irec t effect of irrad iation  is probably 
a contritxiting bet not a p r im ary  factor

- 5-
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4 Ef fec ts  of T im e  in High T e m p e r a t u r e  Water  E n v i ro n m e n t

It a p p e a r s  that the chem ica l  e n v i r o n m e n t ,  p ecu l i a r  to  the r e a c to r  coolant and  the effects  
of i r r a d i a t i o n ,  is  a s ign if ican t  f a c t o r  in init iat ing and  propagating c o r r o s i o n  a t tack .  The 
i n t e r g r a n u l a r  na ture  of the c l a d  c r a c k s  indica tes  p r e f e r e n t i a l  c o r ro s io n  a t t a c k  with the 
p r e s e n c e  of high s t r e s s e s  being a n e c e s sa ry  o r  a c c e l e r a t i n g  effect .  A te n ta t iv e  c o r r e l a ­
tion is  p roposed  as  shown in F i g u r e  50 combining the  e f fec t s  of s t r e s s ,  c o r r o s i o n  and t ime. 
The v a r i a b l e s  in F igure  50 r e p r e s e n t :

a. T h i c k n e s s - t o - d i a m e t e r  r a t i o  (t /D)

T h i s  p a r a m e t e r  is a ro ugh  m e a s u r e  of the clad s t r e s s  level at ope ra t in g  condi tions ,  
t, D i s  a l so  fa i r ly  r e p r e s e n t a t i v e  of the th ic k n e ss  of clad m a te r ia l  p r e s e n t  to r e s i s t  
a ' c o r r o s i v e ” media.  It i s  f r o m  these  c o n s i d e r a t i o n s  that t i m e - t o - f a i l u r e  might be 
c o r r e l a t e d  with t /D .

b. T i m e - a t - T e m p e r a t u r e  ( H o u r s  Cri t ica l )

F o r  th e  VBWR the n u m b e r  of hours  the luel is  r e c o r d e d  to have been c r i t i c a l  is  a very 
c l o s e  m e a s u r e  of t im e  at t e m p e r a t u r e  This  a l s o  i s  r e p re se n ta t iv e  of th e  actual  t ime 
s u b je c te d  to the e f fec ts  of n e u t ro n  flux and coo lan t  env ironment .  The t i m e  the cladding 
e n d u r e s  peak s t r e s s e s  (or s t r e s s e s  within 10 p e r c e n t  of maximum) m ay  be a s  low as  
10 p e r c e n t  of (he t im e  c r i t i c a l .  T h e  c o r r e l a t io n  d r a w n  applies  to the H P D  fuel exposed 
m the  VBWR. It is  not im p l i e d  that it should apply  to fuel in o ther  r e a c t o r s  with 
d i f f e r e n t  design condi t ions .

A rpcent s u r v e y  indica tes  the i r r a d i a t i o n  (e s t s  conducted in the VBWR c o m p r i s e  the  most e x ­
tensive  i r r a d i a t i o n  test ing e x p e r i e n c e  of Tv|>e 304 s t a i n l e s s  s t e e l  c lad .  UO, fuel  r o d s  under

(3) £‘actu. I w a te r  r e a c t o r  t e m p e r a t u r e  and p r e s s u r e  condi tions .  A very  s ignif icant r e s u l t  thus fa r  
of Hie VBWR fue l  t e s t s  is  the ind ica t ion  of the suscep t ib i l i ty  of austen it ic  s t a i n l e s s  s te e l  c lad to 
fa ilure  by i n t e r g r a n u l a r  c rack ing

At the p r e s e n t  t i m e ,  clad p e r f o r m a n c e  evaluation ind ica tes  the  maximum l i le t im e  of s ta in le s s  
steel  clad tue l  m w ater  r e a c to r  a p p l i c a t io n s  can lie a t ta ined  by opera ting with a s  low a clad 
s t r e s s  level a s  p oss ib le .  This  i m p l i e s  longer fuel life can be  a tta ined with f r e e - s t a n d i n g  
s ta in le s s  s t e e l  c lad  fuel than with th in -w a l le d  clad fuel.

P r e l im in a r y  r e s u l t s  of c u r ren t  in v e s t ig a t io n s  conducted a s  a  p a r t  of t i e  superhea t  p ro jec t
indicate i m p r o v e m e n t s  in Ihe p e r f o r m a n c e  of austenit ic  s t a i n l e s s  steel  cladding can  be made by
changes  in im p u r i ty  levels and by the  u s e  of higher nickel a l l o v s  such as  Incoloy. On the bas is

(7)of favorable  p e r f o r m a n c e  r e s u l t s  in i r r a d i a t i o n  te s t s  under  su p e rh ea te d  s team  c o n d i t io n s .  ’
( 8 )tin i r r a d ia t io n  t e s t in g  ol an Incoloy c l a d  fuel a ssem bly  in the  VBWR was init iated r e c e n t l y . '
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The n e u t r o n  economy of Incoioy is only sliyntlv l e s s  favorab le  than that of s t a i n l e s s  s tee l .  F< r  
eq u a l  fuel  exposur* levels.  0 012 inch th ick -w al led  Incoioy clad tubing i s  equivalent in fuel  c y c l e

( Q )

c o s t s  to  0 .015  inch th tc k -w a i l e d  Tvf»e 304 s t a i n l e s s  s tee l  * However,  e x p e r i e n c e  shows that 
e x t e n s iv e  i r rad ia t ion  t e s t s  beyond the points at which  s t a in le s s  s teel  c lad  f a i l u r e s  o c c u r r e d  
m us t  l>e made before the ful l  c ap ao i l i t i e s  of Incoioy c lad  fuel re la t ive  to s t a i n l e s s  s teel  can be 
d e t e r m i n e d

r
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4 FAURICATION A M )  IRRADIATION HISTORY OF HPD FUEL ASSEMBLIES

4 1 Task 1A Fuel

A typical Inch power density VBWR fuel bundle is shown in Figure 1. All Task 1A fuel assem -  
t>! :*‘S contain sintered L'C)0 pellets clad with 304 stainless steel. The basic design features of the 
fuel are summarized in Table I

The basic as-loaded fuel pellet-to-clad gap of 0.005 mil-, has lieen varied in 3C. 4C. group D. 
and gi G i t a  range ut between 0. 002 and 0 003 inches by means of a light swage reduction 
pass A description of the fabrication of Task 1A assemblies is presented in detail in
GFAP-36U9 (10'

4 2 Task IB Fuel

Th< design criteria for the Task IB lue! were basically the same as those used for the Task 1A
l u e l  The Task is niainiy concerned with the development of improved, low cost fabrication
processes and tin* performance in a reactor environment of fuel made by such processes.
S« veral new structures tor support and spacing of the fuel rods have been designed and tested
unri< ' the program. The special powder fabrication processes such as tandem rolling. vibratory
compat lion, and swaging of various Task IB luel assemblies have been reported in topical and
juarterlv i f ports Design features of each of the Task IB

fuel assemblies as originally constituted are presented in Table II. Certain assemblies have
iH'fM Modified is a result of experimental needs responsive to the technical requirements of the

\

procram. These changes are shown in Table IV 

4 3 Fuel Irradiation and Failure History

The Task 1A luel was loaded into the VBWR during Septemlier. 1960. No appreciable irradia­
t e ’ exposure occurred until..January. 1961 The first Task IB fuel (assemblies IS and 2S) 
were loaded m the \ BWR in April. 1961. The remaining Task IB assemblies  (through 10S) 
wer“ loaded during 1961 and up to May. 1962

A l l  Task 1A assemblies operated satisfactorily until the early part of 1962. The operating 
history of all Task 1A assemblies is tabulated in Table III.

Table I\ tabulates the uncrating history of all assemblies in the Task IB group. During the 
months of February. April. July. August, and September. 1962. seven fuel assemblies were 
removed Iron VBWR i>e< ause of indications of high activity release as measured by flux 
ttltinc and sipping techniques Subsequent to this m the early part of 1963 through June addi­
tional failures have occurred in both Task 1A and IB Table V lists the core position at th< 
time of failure and the approximate date of failure. Figure 2 shows in schematic form where 
the aixne failures occurred in-core.

- 8 -
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F i g u r e  1. Typical  High P >wer Density VBWR F u e l  Assembly

- 9 -



G E A P - 4 3 6 0

T A B L E  I

TASK 1A F U E L  DESIGN VARIABLES

F u e l
G ro u p

Rods P e r  
Fuel

Assembly

Total
N um ber

Fuel
Rods

Clad OD 
Inches

Clad
T h ick n e ss

Inches

Clad
Yield S t r en g th

.(a!psi

Nominal
U 0 2-Clad

Gap
F a b r i c a t io n

P r o c e s s

A and B 16 64 0. 420 0. 020 38 ,000 0.005 S t a n d a r d ^
1C 25 25 0 417 0. 017 38 .000 0. 005 S ta n d a rd
2C 25 25 0. 417 0. 017 95 .000 0. 005 S ta n d a rd

3 C . 4C 25 50 0 410 0. 017 95 .000 0.003 Swaged^1 '
D 25 100 0. 398 0. 012 94 ,000 0. 002 Sw'aged
E 25 29 0. 363 0. 014 44.000 0. 005 S ta n d a rd

120 0. 363 0. 014 90 ,000 0. 005 S ta n d a rd
F 25 49 0. 363 0. 014 90 .000 0. 005 S ta n d a rd
G 25 20 0. 360 0. 014 44 .000 0. 002 Swaged

80 0 360 0. 014 90 .000 0. 002 Swaged

(a) The a s - r e c e iv e d  r o o m  t e m p e ra t u re  yield s t r e n g th  of the t ib ing  in a ll  c a se s .  The swaging 
p r o c e s s ,  im posing  a ve ry  light reduc t ion ,  m a k e s  very  s n a i l  c h a n g e s  in mechanical  p r o p e r ­
t ies .  Yield s t r e n g t h s  of 38.000 and 44..000 r e p r e s e n t  c o m m e r c i a l l y  annealed m a te r i a l .
Clad room t e m p e r a t u r e  yield s t ren g th s  of g r e a t e r  than the c o m m e r c i a l l y  annealed m a t e r i a l  
a r e  r e f e r r e d  to a s  c o ld  worked m a te r i a l .

(b) Standard peilet p r o c e s s  u ses  c e n t e r l e s s  g ro u n d  s in te red  U 0 2 p e l l e t s  encased  in 304 s t a i n ­
l e s s  s tee l  clad with welded end plugs.  A s - b u i l t - g a p  is  d e te r m in e d  by the pellet s ize  and 
inside d ia m e te r  of c l a d

(c) Swaged fuel is e s s e n t i a l l y  the sam e  as  the  s t a n d a rd  fuel,  except tha t  ro ta ry  swaging m a c h i n e s  
a r e  used to vary  the  p e l l e t - c l a d  gap.
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TABLE II

TASK IB FUEL DESIGN VARIABLES

Fuel
N o .

Number
Fuel
R<xis

Clad OD 
Inches

p j  j  CTliid
T h ic k n es s  Vi<,W S'ronRth 

Inches psi a

u o 2

Density 
(b) ** ofFuel Fabrication P r o c e s s '  '  Theoretical

I S 2 3 0 4 0 0 0 .  0 1 2 9 4 . 0 0 0
(10)Swaged Pel let' 95

2 0. 4 0 0 0 .  0 1 0 9 5 , 0 0 0 ( 13)Vibratory Compacted Powder' ’ 83

2S 13 0 4 0 0 0 .  0 1 6 9 5 . 0 0 0 Cold Swage Powder1 ^  ’ 1 ^ 9 4

12 0 4 0 0 0  0 1 0 9 5 . 0 0 0 Cold Swage P o w d e r ^ ^ 93

3S 21 0 4 0 0 0  0 1 6 9 0 . 0 0 0 Tandem Rolled P o w d e r ^ 8 8 - 8 9

4 0. 4 0 0 0  0 1 2 8 0 . 0 0 0 Swaged Pellet (Corners) '* ' 95

4S 16 0. 3 6 0 0 .  0 1 4 4 0 . 0 0 0 Standard Pellet Fuel**' 95

9 0. 3 6 0 0 .  0 1 4 8 0 . 0 0 0 Standard Pellet Fuel**' 95

5S 10 0 4 0 0 0 .  0 0 8 9 5 . 0 0 0 Cold Swage Powder***' 9 0 - 9 1

5 0. 4 0 0 0  0 1 0 9 5 . 0 0 0 Cold Swage Powder***' 8 7 - 9 0

10 0. 4 0 0 0  0 1 6 (3 )Hot Swage Powder 95

6S 1 ? 0 4 0 0 0  0 1 0 4 5 . 0 0 0 Swaged Over Unground Pellets**' 95

13 0. 3 9 0 0 .  0 0 8 5 2 . 0 0 0 Swaged Over Unground Pellets**' 95

7S 12 0. 4 0 0 0 .  0 1 2 8 0 . 0 0 0 Cold Swage Powder***' 9 0 - 9 1

13 0. 4 0 0 0 .  0 1 6 9 5 , 0 0 0
( 4 )Vibratory Compacted Powder 8 6 - 8 8

8S 16 0. 4 0 0 0 .  0 1 0 9 5 . 0 0 0 Cold Swage Powder*** ' ^ 9 1 - 9 2

9 b 1 6 0 4 0 0 0  0 1 0 9 5 , 0 0 0 Cold Swage Powder1** 9 1 - 9 2

10S 12 0 425 0  0 1 0 9 5 . 0 0 0 Cold Swage Powder*** **' 8 9 - 9 2

4 0.  425 0  0 1 0 4 0 . 0 0 0 Swaged Pellet (C o rn ers ) * * 1 95

1 I S 4 0 4 2 5 0  0 1 0 4 0 . 0 0 0 Swaged Pellet (Corners) *' 95
1 9
1 4. 0 425 0.  0 1 0 9 5 , 0 0 0 Swaged. Powder***'**' 8 9 - 9 1

(a C l . t d . d u u  . s t r e n g t h  ot 3 p a s s  c o l d s w a g e d  f u e l  is r a i s e d  during process ing  from about 4 5 . 0 0 0

■ i about 95.000 psi AM swaged powder fuel rods  started with c o m m e rc ia l ly  annealed tubing, 

h Numbers  indicate re feren ces  describing fuel p r o c e s s e s  m detail.
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T A B L E  III
TASK 1A FUEL OPERATING HISTORY
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1A 6650 10,600 3 6 1 .0 0 0 80 2600
2A 6650 10.600 3 5 8 .0 0 0 79 2600
JB 6800 10.850 4 0 0 .0 0 0 8 8 . 9 2900
2B 7000 11.250 4 1 7 .0 0 0 92. 9 2950
1C 5200 8,300 .3 8 1 .0 0 0 109. 7 2800
2C 5900 9.400 4 0 0 .0 0 0 108. 2 2900
3C 5000 8.050 40 0 .0 0 0 103. 9 2900
4C 5650 9,000 3 9 3 .0 0 0 109. 3 2900
ID 4950 7.900 40 0 .0 0 0 110. 4 2900
2D 4000 6.450 3 9 9 .0 0 0 111.3 2900
3D 4300 6,850 4 4 0 ,0 0 0 109. 2 3100
4D 1 730 2.850 3 6 0 .0 0 0 113. 8 2600
IE 6250 1 0 , 0 0 0 47 0 .0 0 0 116. 3 2850
2 E 7900 12.700 47 0 .0 0 0 113.9 2850
3E 8700 13,950 4 90 .000 115. 9 3100
4E 8400 13,500 4 62 .000 109. 8 3000
5E 8050 12.850 454 .000 1 1 1 . 6 3000
6 E 7650 12,250 471 .000 117 7 3000
IF 7450 11.900 4 80 ,000 116 2 3050
2 F 6900 11.050 460 .000 i l l  8 3000
1G 6000 9.600 480 .000 118. 8 3050
2G 5600 9.000 488 .000 120. 7 3050
3G 7250 11,600 500 .000 120 5 3100
4G 8100 12.950 488 .000 119. 8 3050
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n
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rs
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ca
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U W 
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3
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X  H ChQ X  (A Vi
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h CQUi

7220 9543 653 230 Operating
7220 9543 653 230 Operating
7220 9543 653 230 Operating
7220 9543 653 230 Operating
5200 6956 462 145 Operating
5827 7635 467 153 Operating
5235 7087 482 146 Operating
6256 8416 562 195 Operating
4912 7022 539 199 Failed Figure 4
3932 5844 439 180 Failed Figure 5
4252 6049 461 138 Failed Figure 6 .
1641 2840 190 80 Failed
4626 6 6 6 6 513 192 Failed Figure 7
6401 8792 648 223 F a i led Figure 8

6401 8792 648 223 Failed Figure 9
6482 8801 601 215 Failed Figure 10
6401 8792 648 223 Failed
5931 7314 486 164 Failed Figure 11

5574 7526 501 180 Operating
5447 6813 484 ' 163 Failed
4716 6803 523 196 Failed Figure 12
4228 6175 467 182 Failed Figure 13
5573 7863 618 211 Failed Figure 14
5983 8306 625 218 Failed

(a) In the ca se  of those a s s e m b l i e s  still operating, exposures  are as of Juno 30. 1963
(b) Maximum experienced during lifetime
(c) A power change from below 4 MWt to above 4 NlWt and back is cons idered  to be one power 

cy c le .
(d) Any s cr a m  occurring above 5 MWt
(e) A verage  for bundle.
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T A B L E  IV
TASK IB F U E L  OPERATING HISTORY
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IS 1800 2851 380,000 8 6 2800 1958 2794 236 1 0 1 R eco n s ti tu ted ,  see  
below

I S M - 1 3800 6100 460.000 95. 2 3150 4408 5604 456 135 13-7S v ib ra to ry  
com pacted  r o d s

4500 7182 380.000 100 2700 4691 6039 486 156 8-3S ta n d em  i oiled  
rods

1800 2850 380.000 86 2800 1958 2794 236 1 0 1 4 - IS v ib r a to r y  com -
pacted ro d s

2S 4500 7100 385.000 92. 7 2800 5271 6806 530 173 Fa iled . (2 r o d s  fa iled .
F igu re  15)

3S 4500 7180 380.000 100 2800 4691 6039 486 156 Failed. (4 c o r n e r  rods  
fa iled , F i g u r e s  16.
17. 18. 19. )

4S 6200 9900 490.000 106 3100 4800 5900 407 119 O perating
5S 3960 6340 425.000 109. 2 3000 4454 5511 404 113 Failed  (su sp e c t)

6S 5270 8440 410.000 106 7 3000 5469 6917 504 168 Failed  (two r o d s  
fa i le d ) (F ig u re s  2 0 , 2 1 )

7S 3800 6100 460.000 95. 2 3200 4408 5604 456 135 F ailed . 13 sound vib­
ra to ry  c o m p a c te d  rods

I placed in 1SM- 1 for
j continued i r r a d ia t io n  

(fa ilu re  b a se d  on visual 
and u l t r a so n ic  r e s u l ts )

8S 3524 r 5638 527.000 101 3500 2741 3363 265 50 Failed  ( s u sp e c t)
9S 4100 6546 490.000 120 3300 3560 4213 270 57 Bundle o p e ra t in g

10S 2120- 3390 450.000 93 3200 2173 2617 181 41 Failed ( su sp e c t)
1 IS - - Proposed  r e c o n s t i t u ­

tion fro m  T a s k  1A
"E "  a s se m b ly  cold 
worked r o d s

(c) 12S 7746 11 .600 490.000 117.7 3100 6100 8200 590 207 R econstitu ted  f ro m
Task 1A " E "  a s s e m b ly

(a) As ol June 30. 1063 a,mealod "><**•
(b) Maximum e x p e r i e n c e d  dur ing  l ifetime
(c ) Average  of all " E "  s e r i e s  rods  placed in a s s e m b ly
(d) A power change f r o m  be low 4 MWt to ab . 've  4 MVVt and back is  c o n s id e re d  to be one p ow er

cycle
(e) Any s c r a m  occui r in g  alxive 5 MWt
( f ) Average  for bundle

- 13 -
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T A B L E  V
CORE LOCATIONS AT TIME OF I AI LU RE

i rnbly No C ore  Posit ion Run No. Date of F a i l u r e *

II) H-9 151 8/ 62
21) H-9 147 4 /2 9 /6 2
31) VI-9 154 3/ 5 63
4D K-8 146 4 / 2 0 /6 2
IF G-8 149 7/ 8 /6 2
2E F-9 158 4, 25 /63  '
3F H - 7 158 4 /2 5 /6 3
4F K-9 159 5 /1 2 /6 3
5E F-7 158 4/ 25/63
6E L- 9 159 6/ 2 /6 3
? F L - 10 158 4 /2 5 /6 3
1G K-9 150 7 /2 4 /6 2
?G K-8 148 6 / 1 2 /6 2
3G K-9 154 3/ 5 /63
4G L-8 155 3 /2 3 /6 3

?S H -U 154 3, 5 /63
3S G-9 155 9/62 and 3 23 /63*  • •
58* • .1-9 158 4 /2 5 /6 3
6S H - 11 156 4/ 4 /63
7S F - 10 158 4 /2 5 /6 3
HS** K-5 158 4 /2 5 /6 3

10S** K - 12 15r 4 25/63

* End-of- run  date
** "Suspec t” f a i l u r e s  have  been proposed  f o r  r e - i n s e r t i o n  in VBWR.
♦••F o l low ing  the in it ia l  f a i lu re  of one c o r n e r  ro d  the a ssem bly  w as  r e i n s e r t e d  in the 

VBWR (after r e m o v a l  of the failed rod).

- 14 -
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HPD f u e l  a s s e m b l i e s  h a v e
FAILED IN THESE LOCATIONS.

Fipurt* 2. VBWR Core Plot L o c a tio n s  Where Failures Have Occurred
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GEAP-4360

fi 0 FAILURF F XAMINATION AND R E SULTS

r) 1 F a i lu re  D e tec t ion  Methods and E x a m m a tion

Fa i lu re  of fu< 1 in the VBW'R is l u  st shown by an i n c r e a s e  in Imth the a i r  e j e c t o r  o f t -g a s  activity 
level and the  r e a c t o r  water  iodine activ ity The o f f -g as  i s  monitored cont inuous ly  and the r e ­
ac to r  w a te r  g r o s s  iodine activ ity  leve l  is m easu red  da i ly .  Severa l  methods  a r e  used  to locate 
a lulled lue l  a s s e m b ly :  (1) Flux t i l t i n g -  peaking o r  d e p r e s s i n g  se lec ted  a r e a s  ol the c o re  by 
control  r<*d manipulatioi  p ro d u c e s  a co r re spond ing  ch an g e  in v e  off -gas  r e l e a s e  r a t e  and in­
d ica tes  the  g e n e r a l  c o re  location . >i the ta i led fuel. (?) T h e  multi tubc in -c o re  s a m p l e r - - t h i s  
unit e n a b le s  one  to  m e asu re  the fi s s ior i  ga s  r e l e a s e  r a t e s  f r o m  individual fuel a s s e m b l i e s  while 
the r e a c t o r  is  at |*>wer. The equ ipm en t  is a r ran g ed  fo r  sam pl ing  ten a s s e m b l i e s  and normal ly
these  a r e  s e l e c t e d  and inse r ted  u n d e r  the sam ple r  it they a r e  " suspec t"  l e a k e r s  o r  for  any

( 22 )reason  a r e  c o n s id e r e d  vu lnerab le  to  f a i lu re .  (3) Sipping - -  suspect a s s e m b l i e s  are isolated 
in a sm a l l  v o lu m e  of coolant and the  amount of active iodine  contaminat ion of t h i s  coolant 
m easu red  and co m p ared  to backg round .  A tabulation of s u ch  data  has been s e l e c t e d  a s  i l lu s ­
t ra t ive  and i s  p re sen te d  m Table  VI fo r  failed and nonfa iled  a s s e m b l ie s .  Subsequent  to the 
sipping a s u s p e c t  a s sem bly  is  v i s u a l ly  scanned e i the r  in the  VBWR pool with an u n d e rw a te r  
L e rm e  p e r i s c o p e  o r  in the RML Ivy m e a n s  of a Kol lmorgen  ce l l  per iscope .  Augment ing  visual 
checks  ( e s p e c i a l l y  In those c a s e s  involving very sm al l  c r a c k s )  u lt rasonic  e x a m i n a t io n s  a r e  used 
in the pool and  in the re l l s .

F igure  3 g i v e s  the identification s y s t e m  and p e rm i t s  loca t ion  of (ailed fuel r o d s  within an a s ­
sembly T o  show the visually d e t e c t a b l e  rod fa i lu r e s ,  the  pho tographs  in F i g u r e s  4 through 21 
show the cond i t ion  of the f a i lu r e s  upon visual examinat ion .

In la ter s e c t i o n s  the exp e r im en ta l  o b s e rv a t io n *  and data  c o v e r in g  those  a s s e m b l i e s  subjected 
to deta i led  hot ce l l  examinat ions  a r e  rep o r ted .

Examination  of F ig u r e s  4 through 21 y ie ld s  the following o b s e r v a t io n s :

1. With the  except ion  of HPD 4E and 6S, all f a i lu re s  have o c c u r r e d  in cold w o rk ed  mate r ia l .

2 With the  excep t ion  of HPD 4E. al l  f a i lu r e s  can l»e o b s e r v e d  as  p r im ar i ly  longitudinal in
nature .

3. All f a i l u r e s  have o c c u r r e d  in th e  peak  heat (lux reg ion  of the  rod.

4 Even w h e r e  the UO., fuel is e x p o se d  to the r e a c to r  e n v i ro n m e n t  . very  sm al l  l o s s  of fuel 
m a te r i a l  h a s  occu r red

5 With the except ion  ol HPD 2S and 7S (powder fuel) a i l  f a i l u r e s  have o c c u r r e d  in pellet
(21)luel. The  f a i l u r e s  ol rods m HPD Assembly  2S a r e  r e p o r t e d  in detail  s e p a r a t e l y

- 16 -
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T A B L E  VI

REPRESENTATIVE SIPPING RESULTS(u)

Ratio Ratio
A ss i  rnbly 1-131 /B ackground 1- 1 32/ Background Ind it  rd ion o f :

■ l A (b| 0 5 1.2 No leak
2A 0. 5 1 2 No leak

1C 1 1 — No leak
2C . 1. 4 16 2 No leak

2E 69 5 — Fai lu re
3E 105 44 F a i lu re
4E 7 7 23 1 Poss ib le  l e a s

5E 3. 7 15. 0 Poss ib le  leak
6E i 71 156 Fa i lu re

I F 1. 4 0. 6 No leak
2F 27. 1 122 Fai lure

5S 1. 30 25 6 Poss ib le  leak
6S 7. 8 43. 2 F a i lu re

7S 1 — No leak
8S 26 30 P oss ib le  leak

9S 1.7 13. 3 No l« ak
10S 0. 9 20. 2 Poss ib le  leak

(a) All s am ples  w ere  t a k en  following Run 158 (May 12, 1963) excep t :
4E. 6E - Sampled  at  the  end of Run 159 ( J u n e 2  1963)
6S Sampled at the  end of Run 156 (April  5,  1963)

(b) A ssem b l ie s  IA and 2 A a r e  tuel fo l low ers  and were  sampled while s t i l l  in co re  without the  
use  ol s ipper  cans .



G E A P -4 360

AS LOADED CONFIGURATION

1̂  PCD ASSEMBLY

• in 3 Loi . i t i o i  Ml I n d i v i d u a l  F u e l  Rods W i t h i n  An A s s e m b ly
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G E/vP -  4360

0. 398 in. 0. 012 in. 304 SS clad U 0 2 0. 002 in. nom ­
inal gap
In i t ia l  clad condition: Cold  worked 94 ,000 p s i  Y. S. 
F a i l u r e  location: P e a k  heat  flux region 
E x p o s u re  at fa i lu re  loca t ion :  7900 MWD/t 
H eat  Flux at fa i lu re  loca t ion :  400,000 B t u / h r - f C

No de ta i led  exam ina t ion  pe r fo rm ed .

F igu re  4. HPD ID  - Pod E Serv ice  F a i l u r e

- 19-



G EA P-4360

Shor t  longitudinal c r a c k s  in luel clad

0. 398 in. > 0. 012 in. 304 SS c lad  U 0 o 0. 002 in. nom­
inal ^ap
Init ial c lad  condition: Cold w o rk ed .  94 .000 ps i  Y. S. 
F a i lu re  loca t ion :  Peak heat flux reg ion  
E xposu re  a t  f a i lu re  location: 6400 MVVD t 
Heat flux at f a i lu re  location: 3 9 9 ,0 0 0  B tu /h r - f t  ’

Detailed ex am in a t io n  p e r fo rm ed

F ig u re  5. HPD 2P - Ihxi A S e r v i c e  F a i lu re

- 20 -



Gfc’AP- 4360

F a i lu r e  o c c u r r e d  8* to 9'  ini hot> ( r u m  bottom end

0 398 in • 0. 012 in 304 SS c lad UC>2 
0 002 in. nominal gap
Init ial c l a d  condition: Cold w o rk e d ,  94 ,000 psi Y S. 
F a i l u r e  locat ion: Peak heat f lux reg ion  
E x p o su r t  at la i iu re  1 na t ion :  ti'.;()0 MWD t 
Heat F lux  at fa i lu re  location: 4 4 0 .000  Btu, h r - l t ‘

No d e t a i l e d  examination  p e r f o r m e d .

C

F i g u r e  6. HPD 3D - Rod V Serv ice  Fa i lu re

- 21 -



GEAP-4360

F a i lu re  o c c u r r e d  iFf to lO^in rhp* f r o m  b ot tom

0 363 v o 014 304 SS clad U 0 2 
0. 00f) inch n o m in a l  gap
Initial clad co n d i t ion :  Cold worked 9 0 .0 0 0  psi  Y.S 
Fa i lu re  lora ti  m: Peak heat flux reg ion
Exposure  at l a i l u r e  location: 10.000 MWD/t  
Heat Flux at f a i l u r e  location: 470 .000  Btu, h r - l t ^

Detailed e x am in a t io n  per fo rm ed

Figure  7 HP1) IE  - Rod E S e rv ic e  F a i lu r e

- 22 -



GEAP-4360

I

Longi tudinal  crack II in ch es  from bottom

0 363 0 014 304 SS clad UOg
0 005 inch nom ina l  ^ap
Init ial c l a d  c o n d i t io n - Cold w o rk e d .  90 .000  ps i  Y S. 
F a i lu re  l o c a t i o n - Peak heat I lux reg ion  
E xposu re  at f a i lu re  l o c a t o r :  1 2 .7 0 0  MWD/t 
Heat flux at t a i lu r e  location: 4 7 0 .0 0 0  BtU/hr-fC

reta i led  examination planned

c

F ig u r e  8. HPD ?E - Rod O S e rv ice  F a i lu re
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G r o s s  fa ilure  10^ to 16 in c h e s  I r o n , notto m .

0 363 m. > 0 . 0 1 4  in 304 SS c lad  U02 
0. l)0f> inch nominal gap
Init ial  c lad  condition: Cold w o rk e d  00 .000 psi  Y. S 
F a i l u r e  location: Peak heat f lux region 
E x p o s u r e  at t a i lu re  location: 13 .900 MWD't 
Heat f lux at fa i lu re  location: 490 .000  B tu /h r - t t "

No detail* d examination p e r f o r m e d .

F i g u r e  9. HPD 3F - Rod X Serv ice  F a i lu re
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G E A P - 4360

F i r s t  c om plete c i r i  j in f e r e n t ia l  c rac jt jn^  found in HPD 
p r o g ram

0. 363 m - 0 014 in. 304 SS f a d  i ; o ?
0. 006 Inch nom ina l gap
Initial clad co n d it io n :  Annealed 44 .000  p s iY '  S. 
F a i lu re  location: P e a k  heat flux reg ion  
Exposure  at t a i lu r e  location : 13.500 M W D 't 
Heat flux at f a i lu re  location: 460.000 Dt u, h r - f t^

S«*e Ap|)endi.\ A fo r  add itiona l views and p h o to m ic ro g rap h s .

F igure  10. H PD  4E - Rod C S e rv ice  F a i lu re
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GEAP-43G 0

0 .363  .!■ 0 0M  in. 304 SS v ad UO.,
0 005 ir.» lit mnaI gap
Init ial  c l a d  fund a  ion: Cold worked 90 000 psi Y S. 
F a i l u r e  location: Peak V a t  I lux region 
E x p o s u re  at la lur«‘ locat ion: '  12.300 MWD/t 
Heat f lux at f a i ’u re  locat ion: 470 000 Btu., h r - f t ‘

No detailed exa nination perfori lt d

F i g u r e  11. HPD 6F - Rod A Service  Fa i lu re

- 26 -
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i
Long i tud ina l Cracking

0. 360 * 0. 014 304 SS c lad  U 0 9 
0. 002 inch nominal gap
Ini t ial  clad condition: Cold worked 90 ,000  p s i  Y.S. 
F a i lu r e  location: P e a k  heat flux region 
E x p o su re  at fa i lu re  locat ion: 9600 MWD/t 
Heat flux at fa i lu re  locat ion :  480,000 B t u ' h r - f t ^

See F ig u r e s  24-34 fo r  m o r e  p ic tu re s  and m e ta l lo g ­
raphy  of 1G.

I
to
T5 F igure  12. HPD 1G - Rod R Serv ice  F a i l u r e

G
E

A
P-4360
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I

A
I r r e g u l a r  longitudinal c r a c k  in peak flux re g io n .

0. 360 in. > 0. 014 in. 304 SS clad UC>2 
0. 002 inch nominal gap.
Init ial  clad condition: Cold worKed. 9 0 .0 0 0  p s i  Y. S. 
F a i lu r e  location: P e a k  heat flux region 
Exposure  at f a i lu re  locat ion: '9000 MWD/t 
Heat flux at fa i lu re  locat ion:  480.000 B i u / h r - f G

Detailed  examinat ion  p e r fo rm ed .

Figure  13. HPD 2G - Hod G Serv ice  F a i l u r e
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a. HPD 3G - Rc B . ,ice  F-i'

b. HPI) 3G - Rod C Service Failure c. HPD 3G - Rod E Service Failure

0. 360 in. x 0. 014 304 SS cladding 
0 002 nominal gap
Initial clad condition: Cold worked, 90,000 psi Y. S.
Failure Location: Peak Flux Region 
Exposure at failure location: 11,600 MWD/t 
Ht-at flux at failure locations. 500,000 BtU/ hr-ft^
No detailed examination performed.

Figure 14. HPD 3G - Rods B. C and E Service Failure
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y

Longitudinal split in Roa Number 437. Rod I Assembly 
HPD-2S. The cladding is Type 304 stainless steel.
0. Oil inch thick. The fuel is fused uranium dioxide 
swaged to a density of 9? j l  percent of theoretical.
Only a sm all  amount of fuel was lost to the reactor 
coolant.

F igure 15 HPD 2S - R<xl I Service Failure

-30-



(a) (b)

0 90

F i r s t  f a i lu re  exp e r i e nced in -bundle - Hod id e n t i c a l to 
t h o s e  in "D” s e r ies  a s s e m b l ie s  of Task  1A.

0 400 in. x 0. 012 in. 304 SS clad U 0 2 
0. 002 in. nominal gap
In i t ia l  c lad  condition: Cold  w orked .  80 .000 ps i  Y .S .  
F a i l u r e  location: Peak hea t  f lux region 
E x p o s u r e  at fa ilure  locat ion :  6200 MWD/t 
Heat f lux at fa i lu re  locat ion :  380.000 B tu /h r - f t ^

D e ta i l ed  examination  p e r f o r m e d .

F ig u r e  16. HPD 3S - Rnd E Serv ice  F a i lu r e
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Longitudinal C r a c k ing

0. 400 in. > 0. 012 in. 304 SS c lad  UO?
0. 002 n o m in a l  gap
Initial c lad  condi t ion :  Cold w o rk e d .  80 .000  psi Y.S. 
F a i lu re  loca t ion :  Peak  heat flux r e g io n  
Exposure  at  f a i l u r e  location: 7200 MWD,t 
Heat flux at f a i l u r e  location: 3 8 0 .0 0 0  F t u / h r - f t ^

Detailed e x a m in a t io n  per form ed .

F igure  17. HPD 3S - Rod A S e r v i c e  Fa i lu re



GEAP-4360

i

Longitudinal Cracking

0. 400 in. x 0. 012 in. 304 SS clad UC>2 
0. G02 nominal gap
Initial clad condition- Cold worked, 80,000 p si Y. S. 
F a ilu re  location: Peak heat flux region 
Exposure at failure location: 7200 MWD/t 
Heat flux at failure location: 380,000 B tu /h r - f t2

No detailed examination perform ed.

c

Figure 18. HPD 3S - Rod U Service F a ilu re

-33-
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G EA P-4360

Longitudinal Cracking

0.400 in. x 0. 012 in. 204 SS clad  UC>2 
0.002 nominal gap
Initial clad cond i t ion :  Cold worked. 1 0 . 0 0 0  usi  Y.S. 
Fa i lu re  locat ion: P e a k  heat flux reg ion  
Exposure  at f a i l u r e  location: 7200 M W D/t  
Heat flux at f a i l u r e  location: 380 .000 B t u / h r - f t ^

No de ta i led  e x am in a t io n  per fo rm ed .

F igure  19. H PD  3S - Rod Y S e rv ic e  F a i lu re



G EA P-4360

0. 390 in. x 0. 008 in. 304 SS c la d  UC^ unground p e l l e t s  
0 to 0. 002 inch nominal gap
Init ial c l a d  condition: Cold w o rk e d .  52,000 psi  Y. S. 
F a i l u r e  locat ion: Peak  heat f lux  region 
E x p o s u r e s  in fa ilure  location: 8450 MWD/t 
Heat f lux in fa i lu re  location: 4 1 0 .0 0 0  B tu /h r - f t ^

Photo ta k e n  with pe r i sco p e  in VBWR Pool - no d e ta i l ed  
e x am in a t io n  planned.

F i g u r e  20. HPD 6S - Rod B Se rv ice  Fa i lu re
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0. 390 in. ’ 0.008 in. 304 SS clad U 0 0 unground p e l l e t s  
0 to 0. 002 inch nominal gap
In i t ia l  clad condition: Cold worked .  52,000 psi Y. S. 
F a i l u r e  location: Peak  heat flux region 
E x p o s u r e s  in fa ilure  loca t ion :  8450 MWD/t 
Heat flux in fa ilure  locat ion :  410.000 B tu /h r - fC '

P h o to  taken with p e r i s c o p e  in Y8VVR Pool - no d e ta i l ed  
e x am in a t io n  planned

F igu re  21. HPD GS - Rod I) Serv ice  F a i l u r e

- 3 6 -
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Several assemblies suspected to contain rods  with leaks are not included in the pictorial sum ­
mary. These have not been linally verified as failures but have been classified as ’ suspect 
fa ilu res"  on the basis  of radiochemical evidence as presented in Table VI. These a ssem b lies ,  
5S, 8S and 10S. will be reinserted  (probably one at a time) in the VBWR under the multi-tube 
sam pler during the la t te r  portion of 1963.

2 Detailed Fuel Failure  Examinations

The extent of post-irrad iation  examination perform ed on fuel a ssem b lies  containing failed fuel 
rods has necessarily varied. In general, examination was more intense on those assem blies  
f i r s t  experiencing fuel rod service failures. In addition, the m acroscopic appearance of the 
failu re , and the type of rod failed, determined to a great extent the degree of detail desired  
in the examination. For example, the recent annealed rod failure (rod C from assembly 4E - 
a s  the firs t  of a kind) is  being examined in deta il. A summary of the post-irradiation exam ina­
tion performed on each fuel assembly and failed rods is presented in Table VII.

5 .2.1 Ultrasonic Testing

The use of ultrasonic testing techniques in locating fuel cladding defects  has been very effective. 
Its  application has been introduced successfully at the VBWR fuel s to rage  pool and in RML ce lls  
a s  a part of the HPD program .

Work has been done at the VBWR storage pool in inspecting the outer segments of fuel e lem ents 
for longitudinally oriented defects. Test equipment used was a focused lithium sulphate 10 me 
transducer on 30 feet of RG 59/U cable driven by a high voltage spike pulser, an M630 wide band 
amplifier, and a Tektronix 3 21 oscilloscope A problem has been the reliability of the inform a­
tion received from the inspection. In several c ase s  defective rods were discovered when bun­
d les  were visually scanned at RML subsequent to ultrasonic testing. Equipment improvements 
a re  in progress for pool work.

The in-cell testing at RML thus far has been more reliable at finding "hard-to-r.ee” flaws than 
the pool inspections. Sensitivity of the equipment is  entirely comparable to a similar tes t run 
outside of the cell. In severa l cases the testing revealed fine hairline cracks not readily visible. 
Upon close visual examination in the areas of strong ultrasonic signals , these cracks were 
identified positively.

Figure 22 is a photograph of the in-cell test set-up as used in the HPD program.

Representative data obtained by ultrasonic testing  in RML is presented in Table VIII This work 
is conducted on individual rods mounted for rotation in a manner essentia lly  duplicating the 
routine testing of as-rece ived  tubing in the APED Manufaoturin^cJJe-ction
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TABLE VII

SUMMARY OF HPD P R O GRAM 

P O S T  - IRRADIATION EXAMINATIONS
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F inure 22. In-Cell Ultrasonic Testing Setup
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TABLE VIII

ULTRASONIC R ESU L TS vs. VISUAL SCANS CONDUCTED AT R M L

Bundle 
Rod (a)

R eflection  L o c a tio n s  
(Inches from  Top)

S ignal 
S tren g th  ^

V e rif ic a tio n
(V isual o r  M eta llu rg ica l)

1G-R 28, 24, 22. 19. 11 L -S V isual an d  d e s tru c tiv e  
e x am in a tio n

1G-D 28. 13, 10. 9 L -S None
1G-N 29. 22. 18. 17. 14 S None
1G-Q 28. 24. 19. 13. 1 1. 7 SM L D e s tru c tiv e  exam ination
1G-C 7. 8. 12. 19 M None
1G-L 28 S None
1G-W 10 M None
1G-V 6 S None
1G -F 24, 8 S None
1G-A 15 S None
1G-Y 6. 8 M None
1G-E 22 S None
2G -G 20 !■ 19. 12. 11. 9 '.  .8 . 

3
L D e s tru c tiv e  exam ination

2G-N 30 £ , 29. 28. 27. 21. 12. 9 ML Visual a t 2H inches

(a) All r o d s  in each  assem b ly  w e re  checked Iwt th o se  ro d s  not ind ica ting  any s ig n a l at a ll a r e  
d e le te d  fro m  the tab le . In a l l ,  100 segm ents w ere  ch eck ed  from  th is  g roup .

(b! S - S m a ll s ignal (10 p e rc e n t of wall o r less)
M - M edium  signal ( ■ 10 p e rc e n t  '5 0  pe rcen t of w a ll)
L - I^arge signal ( -50 p e rc e n t  of wall)
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5.2 .2  Dimensional M easurements

The examination of fuel rods for both diametral and longitudinal growth cons is ts  primarily of:

1. The measurement of the CD of the rods along the full length every two (2) inches at 0° 
and 90 .

2. A longitudinal check of length measured from the shoulders of the end plugs.

Post-irrad ia tion  m easurement can be compared with the original fabrication data indications 
of g ro s s  dimensional changes. Table IX sum m arizes  measurements of rod diam eters from 
RML examinations of failed assem blies. Within the range of accuracy, it appears that little 
or no detectable diametral growth or change of length has taken place.

5. 2. 3 M icrohardness Test

M icrohardness tests were perform ed on a remotized Wilson Tukon H ardness T ester using a 
136 deg ree  diamond pyramid indenter with an applied load of 500 gram s. The indentations 
were m easured with a 40X objective lens and a f i la r  eyepiece. M easurem ents are  taken near 
the outside diam eter, cen te r , and inside diameter of the cladding. Figure 23 is a typical 
s e r ie s  of impressions. Table X summarizes the d a ta  taken during the c o u rse  of examination. 
Com parative figures are tabulated for the Diamond Pyram id Hardness (DPH) on clad from the 
same lot of tubing prior to irradiation.

5 .2 .4  Burnup Analysis

Samples for burnup determ inations are taken at RML by cutting sections of the fuel rod at the
peak and average flux locations Following radiochem ical analysis the burnup is then calculated
from the ratio of fission products such as Ce-144, Z r-9 5 . or Cs-137 to uranium . On occasion
as a final check a mass spectrographic analysis is run. In general, the m ass  spectrographic

(23)analysis  has been the most re liab le  method

The burnup data for all rods analyzed is presented in Table XI. The burnup information ob­
tained by physics calculations is  included for com parison and is roughly within 10 percent

5.2.5 F ission Gas Release

The p r o c e d u r e ^ ’ ^  for determining the amount of fission gas release in a rod requires 
sampling in an RML cell followed by special analyses.

1. The plenum of the rod is sealed off in an evacuated system and then punctured.

2. Gamma count samples a re  aliquoted and analyzed for Kr-85

3. Chromotographic sam ples a re  aliquoted for analysis  of Kr. Xe. Nj and O2

The quantities of Xe and Kr re leased  noted in Table XII are  negligibly sm all when considered 
as contributors to internal p re s s u re  in the fuel rod at power.
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T A B L E  IX

POST IRRADIATION MEASUREMENTS OF S E L E C T E D  RODS

O rig ina l
Nominal Minimum M axim um

A sse m b ly  Rod Clad 
N um ber  No. Wall

OD
♦0.002

OD
M easured

L oca t ion  (Indies  
f r o m  Top)

OD
M e a s u re d

Location (Inches 
f rom  Top)

2D A 0.012 0 .  398 0.396 4 . 0 .404 2

2D E 0.012 0. 398 0.396 2. 4. 6.  10. 16. 
18. 22. 26

0 .402 38

2D F 0.012 0. 398 0.397 32 0 .400 2. 12, 14. 18. 
2b. 34. 38

1G B 0.014 0. 356 0.360 All 0 .362 1 4

1G Q 0.014 0. 358 0.356 40 0 361 2

1G R 0 .014 0. 356 0.357 40 0 .367 26
(defect)

1G W 0.014 0. 358 0.359 8. 10, 12 0.361 1 4 and 40

2G B 0.014 0. 358 0.356 20. 22. 26. 28 0. 360 2

2G G 0.014 0. 358 0.358 4. 6, 8, 16. 18. 
20. 34. 36

0. 368 29
(defect)

3S E 0 .012 0 .4 0 0 0.396 2. 37 0.461 12
(delect)

Range of a ccu racy  i s  t 0 .0 0 2  inches on d i a m e t e r  m e a s u re m e n t s .

M ean
OD

M e a s u r e d  

0. 400 

0. 398

0. 39y

0. 3i> 1 

0. 359 

0. 361

0. 360 

0. 366 

0. 362

0. 400
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Etched  100X

Ir rad ia ted  Cladding F r o n i  HPD Fuel

Figure  23. Typical  M i c r o h a r d n e s s  Im p r e s s io n s
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TABLE X

MICRO-HARDNESS DATA
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PH

>0)
£

A b  
>c X L o ca tio n

1G-B 9 2 ,5 0 0 200 Ann 293 9600 93 10 P eak  f lu x  zone

1G-Q 110 ,000 240 Cw 305 9600 8600 65 10 Peak  flux  zone

1G-R 110 ,000 240 Cw 306 9600 6000 66 10 Peak  f lu x  zone

1G-W 9 2 ,5 0 0 200 Ann 284 9600 - - 84 10 P eak  f lu x  zone

2G-G 110 ,000 240 Cw 32b 9000 10500 88 10 Peak  f lux  zone

2G-B 110,000 240 Cw 264 5600 4000 - 24 5 .8 Low flux  zone

2G-G 110.000 240 Cw 271 5600 ... 31 5 .8 Low flux zone

2D-A 112,000 242 Cw 284 4000 2800 42 6 .72 Low flux zone

2D- E 112.000 242 Cw 342 6400 7000 100 10 Peak f lux  zone

2D -A 112,000 242 Cw 308 6400 - - 66 Peak flux  zone

3S-E 112,000 240 Cw. 328 7200 8500 88 10 Peak  flux zone

IE- E 112,000 240 Cw 294 10000 9800 54 10 Peak  flux  zone

(a) F ro m  R e f e r e n c e s  10 and 18.

(b) A verage  of — 15 read ings
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TABLE XI 

BURNUP DATA

ANALYTICAL vs CALCULATED

Bundle Rod
Method of 

M easurem ent'a ^
MWD/t

M easured
MWD/t 

Calculated w*

1G Q Mass Spectrom eter 8700 peak 9600 peak

1G R Mass Spectrom eter 6400 average 6000 average

2G B Ce-144/U 4300 average 5600 average

2G G Ce-144/U ' 11330 peak 9000 peak

2D A Ce-144/U 3100 average 4000 average

2D E Ce-144/U 7800 peax 6400 peak

3S E Ce-144/U 7400 peak 7200 peak

IE E Mass Spectrom eter 9800 peak 10000 peak

(a) B. F. R ider. J .  L. Russell, D. W. H arris , J . P. P e terson , "The D eterm ination 
of Uranium Burnup in MWD/t", GEAP-3373. March 17, 1960.

(b) The portion roughly from 8 to 13 inches from the rod bottom is the peak flux 
region.

*
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T A B L E  XII

FISSION CAS RELEASE 

A v e rag e  Tota l
Maxi’.num C e n t e r -  G as  Aliquot Atoms

1 0 2  line Volume Sample Kr-85

Bundle
A v e ra g e
B u rn u p

Tempt '  r -  
aturf

T  e m p e r -  
a t u r e Rod

R e l e a s e d
(cc)

Volume
(ce)<a)

R eleased  
P e r  Rod 0 2

2G 5800 MWD-1 305 0 'F 1900 F B 3.45 0. 314 3. 71 x
1016

1 . 3

20 B 0.285 9 . 0

2D 4000 MWD t 2900 F 1800 1- F 5.01 0. 350 3. 29 x
1016

1 .4

2D F 0.325 1 .0

(a) C ons t i tuen ts  analyzed * 10"^ + He (added during fab r ica t ion )  = Sample Volume

i

Const i tuen ts  â/ 
Analyzed 
x 10‘ 3 cc

P e rc e n t  
F is s ion  Gas 
Released  of 
F iss ion  Gas 

F o rm edN2 Kr Xe X e / K r

1.9 2 .0  12.9 6 .5 0 .2097

1.9  12.5 6 . 6 0 .2 2 4 7

3. 1 1.2 8 .5 7. 1 0 .152^

3.1 1.1 8 .2 7 .4 0.158%

CO
Ci

G
E

A
P

-
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The curve shown in Figure 24 was f i r s t  published in June, 1963, as part of the Transactions 
of the American Nuclear Society, Volume 6, Number 1.

Although the average burnup achieved for  the HPD fuel is in the range presented on the curve, 
the relatively low average centerline temperature  probably accounts for the low f ission gas 
release. The average centerline tem pera tu res  given is only for those conditions present  at 
maximum reac to r  power (between 30 and 40 MWT). In the case  of HPD fuel the maximum 
power conditions were only present approximately 70 percent  of the time.

5 .2 .6  M etallography of 1G

Selected fuel rcxls from six assemblies  have been examined by metallographic methods as 
noted in Table VII and two more rods a re  in progress. The number of rods checked metal- 
lographically is 13. The metallography performed on Assembly 1G is presented in detail 
since it is considered representative of what has been observed in other HPD rod failures.

The visually observed cracks in HPD 1G are  typical of all HPD failures to date, with the ex­
ception of 4E and 6S. The cracks in annealed rod C in the 4E failure were c ircumferential ,  
while the o thers  were predominantly longitudina’ Assembly 6S displayed a combination of 
circumferential and longitudinal c ra ck s  in two rods. Another distinction may be noted regarding 
macroscopic appearance: 1G shows relatively severe cracking and in general r ep re sen ts  the 
swaged pellet and powder fuel in this respect .  The free-standing fuel rods with few exceptions 
have shown much smaller  cracks, sometimes very difficult to locate. Metallographic speci­
mens are  selected based on the condition of the failure and generally are  t ransverse  c ross  
sections which reveal  the longitudinal cracks.  In a few cases  a longitudinal specimen was cut 
from the rod in question because of the type of failure present . This was done in assembly 3S, 
Rod E. and assembly 4E, Rod C.

The metallographic specimens were prepared in the following manner:

1. Vacuum potted in Bakelite mounts with Hysol epoxy res in .

2. Ground on successive silicon carbide papers through gr i t .

3. Polished: (ai 3/i diamond paste on nylon cloth,
(b) lp diamond paste on nylon cloth.
(c) \ f j .  diamond paste on "MOL" cloth.

4 Cladding etched for carbides using ASTM Special Technical Publication 110 p rocedure.

5. Cladding etched electrolytically with 10 percent oxalic acid to reveal general micro- 
structure.

6 Fuel etched with 10 percent HN03< 20 percent H20 2 (30 percent) and 70 percent  H20.
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(

(

HPD 1G Fa i lu re  Analysis

F o u r  ro d s  wore analyzed in de ta i l .  R>)ds B and W w e re  sound rods  and R and Q were ta i led 
ro d s .  Rod P . *.hr (visually  d e tec ted )  failed rod.  w a s  examined to d e t e r m i n e  the nature  of the 
f a i l u r e .  Rod Q (nothing d e t e c t e d  visually) had l a r g e  u l t rason ic  s igna ls  and  was examined to 
v e r i fy  t h e s e  s ignals  In add i t io n  to the " s t a n d a r d ” ex am in a t io n s ,  t e n s i l e  and  bu rs t  t e s t s  were  
p e r f o r m e d  on all four r o d s .

Rod B . Sound R(>d

A g a m m a  scan .  F igure  ?6 ,  w a s  run on the rod  to  d e t e r m i n e  the exact loca t ion  of the peak flux 
zone.  The  rod was then s e c t io n e d  at th is  zone f o r  a  meta llographic  s a m p l e .

The c r o s s  section of the c l a d  and fuel is  shown in F ig u r e  25 with typical  p h o to m ic ro g rap h s  
ind ica ted .

F i g u r e  28

F ig u r e  29

F ig u re  30 

F ig u r e  31

jMgure 25. Meta llographic  S p e c im e n  f rom  HPD IG. Rod B
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Gamma Scan of HPD 1G. Rod B Figure^ 27. Gamma Scan of HPD 1G, Rod W
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The cladding, prior to irradiation, was in the commercial ly annealed condition. The absence 
of slip-lines in the m icrostructure  shown in Figure 28 is typical of annealed material. The 
narrow zone observable at the inner surface of the clad is believed due to fission fragments 
and is typical of s ta in less  steel cladding studied in the HPD program. The metallographic 
investigations with the optical microscope thus far  have been unable to detect any significant 
sensitization of the clad structure. The small  cold worked dent at the surface of the section 
shown in Figure 28 is of unknown origin

The UC> 2  fuel st ructure is equiaxed and showed essentially no variation in grain size from the 
core  to the interface with the clad. This is observable in Figures 29, 30, and 31. Extensive 
porosity occurred in the UC> 2  matrix pr imarily  at the outer edge of the pellet. At the mid­
radius and the center of the fuel, porosity was visible in the grain boundaries and matrix.

The appearance of the cladding and fuel in th is  rod is typical of sound pellet type fuel rods 
after  irradiation to approximately 8,000 MWB/t.

Rod _W

Rod W exhibited the sam e appearan.e metallographically as Rod B. A gamma scan of Rod W 
is shown in Figure 27.

Rod R and Q

These rods revealed c ra ck s  in the peak flux region. Prior  to i rradiat ion the cladding was in a 
cold-worked condition in both rods.

Rod Q showed two deep c racks  (Figure 33) in the cladding with a penetration of ~90 per cent 
of the cladding thickness and were first detected by ultrasonics (Tabl? VIII). A possible 
growth pattern of the cracking process is il lustrated by Figures 32a. 32b, 32c from a pit in 
the surface to cracks of different degrees of penetration. These photomicrographs are of 
different locations on a single cross section. The cracking pattern in both specimens was 
definitely intergranular.

Figure 34 is a macrophoto of the cross section of cladding and fuel examined from Rod R (the 
main cracked region) and shows the location of multiple cracks and part ial  cracks. Figure 35 
is a photomicrograph of one of these large c racks .

The many cra '  ks in the section of cladding i l lustra te  the severity of failure. See Figure 12 for 
the macroscopic view' of the failed rod.

Corrosion Product in Cracks

Inspection of Figure 36 reveals a sizeable "nugget" of what is assumed to lie an oxide c o r ro ­
sion product. Figure 37 shows a similar appearing oxide along the c ra ck  interface. Analysis 
will be attempted o! the nugget material. These observations of oxide have not always been
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O u te r
S u r fa ce

of
Clad

8623-05 Etched 2 5 0>

Init ially A nnealed  Mate ria l

F i g u re  2 8 . C r o s s  Section of C la d  f r o m  HPD 1G. Rod B

Inner
Sur face

of
Clad
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' F igu re  29. T y p i c a l  UOg Fuel - Clad I n t e r f a c e  F igure  30. T y p ica l  UOg Fuel at M id -R ad ius  F igure  31.  Typical  UC^ Fuel a t  Center.  

H PD  1G. Rod B HPD 1G, Rod B HPD 1G, Rod B
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32a 22b 32<

8624-11 P o lish e d 500- 8624-06 Polished 500- 8624-12 Polished

i '  F igure  32L A ssum ed Mode of C r a c k  Propagation  f ro m  O u ts id e  Surface T o w a rd  Inside Surface of C lad
P h o to m ic ro g rap h s  A re  of Different S e c t io n s  of Same Polished S p e c im e n .  A ssem bly  1G. Rod Q

.

G
EA
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Cold-worked structure and intergranular attacK

V

■ )

F ig u r e  33 C ra ck s  in C lad  of K.>d g. HPD 1C
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«625-Ol 
IG - Rod It 
Clad Fuci Spi^ ' in ien 
As  Po l i shed

F i^ u f f  34 Cr»«t» Section o! Ciaddiau .it F a i lu r e  L o c a t io n  Rod R ol MPI) 1C

F i g u r e  35. I n te rg r a n u la i  C ra c k s  m Init ial ly Cold Worked Cl add mg F r o m  Rod R. 
A ssem bly  1(J, (Peak Flux Loca t ion .  2 5 0 ' )
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250-

Figure 3t> Section <»{ Poet H HIM* Hi Showing Su^^'! >1 (' »ri*'>j»i.»n product Near Mul-
T hickness <>i (.’laiio»'u.

250 >

Figure 37. Section of Rod R Hl*f» 1G. Reveals I ' l i t l o r m  1 a v e r  it C o r r o s i o n  Product  in F r a c t u r e
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maoe  in the -.as*- <>i m o s l  o ther met a l l o g r a p h s  .specimens of c r a c k e d  cladding. It is  not known 
how type  al mm-H **«•; .•••«*>»/ g r o s s  quanti t ies  of v . .no*lo*. pr.kluct a r e  in ‘.he many fuel f a i l u r e s  
However inasmuch * Sr t ime o( fo rm a t io n  of the t rack  r e l a  tve to r e m o v a l  of the fuel ro d  
f r o m  (tie r e a c to r  is  not known, it is  poss ib le  f o r  buildup of c o r r o s i o n  pr<»ducts to occur  d u r in g  
ciHitinued i r r ad ia t io n  >1 t le < racked  fuel rod It is  a iso  possib le  that  thp co r ro s io n  product is  
lot  m« d dut teg s to ra g e  p r  »r to examination

5 2 7 T e n s i l e  Test ing 1G

S am p le s  f rom  the c ladd ing  f ro m  Rods P .  . R and Q were p r e p a r e d  f o r  e levated t e m p e r a t u r e  
t e n a i l e  test ing Two s p e c i m e n s  e a rn  were  cut f r o m  the peak and a v e r a g e  flux regions  of e a c h  
r*»d The L'O^ vk.»s r e m o v e d  mechanical ly  tak ing  c :ire ttiat the c ladd ing  c u rv a tu re  re m a in ed  
u n d is tc rb ed  T e s t s  w e r e  coi duc ted  with a T i n i u s  Olsen 60 000 pound e lec t ro m a t i c  te s t ing  m a ­
chine  at a t e m p e r a t u r e  ni 025 F *15 F C r o s s  head movement was t r a n s m i t t e d  f rom  an O ls en  
1)2 def lec t o m e t e r , and w a s  keot lie low C. 020 inch  per  minute

91
T h e  data  m Table  Xlll ind ica te  that at a last  f lux exposure  of 10-' n v t . the 625 F yield s t r e n g t h  
>» initia ls annealed c l a d  . at* it 100.000 |*si atid cold work clad ».s about 118.000 psi.  The  

d a t a  a lso  show that at J ' C '  nvt he vseld s t r e n g t h  of the annealed m a t e r i a l  is approx imate ly  
dnubli  that in the u n i r r a d i a t e d  tonditioi .  F i g u r e  38 shows the typ ica l  t ens i le  sp ec im en s  a f t e r  
test* »g at 625 F P ho tos  *.f the ensii» test  equ ipm ent  a id f ix tu re s  develop*. 1 for the HPD p r o ­
g r a m  a n  shown in I . g u r e s  J9.  **0 and 41

fSffects of ir rad ia t to j i  on C lad  Yield S t r e ngth

T h e  i n c r - a s e  ii yield s t r e n g t h  of ius temtic  s t a i n l e s s  s tee l ,  which n o r m a l l y  o c cu r s  under i r -  
r a d ia l io n .  .s  an im por tan t  cunairk ration. A s e a r c h  has been made (A  the  l i t e ra tu re  for work 
i \ the  a n  a of high t e r n p e r a t u i c  ir  -adiatioii f i d  hti,h t e m p e ra tu re  t e s t i n g  uf s ta in le s s  s tee l  
T h e  sca rc i ty  ol data  a v a i l a b b  is apparent when »he cu rve  in F igu re  42 : s  examined Included 
a r e  data trot*1, ttit* AEC I ue i  C y c l e  p r o g r a m 1̂  ' and HAPO'1' as  well a s  that f rom  the HPD 
|>r. tgl a in

In g e n e r a l  work done f:i th e  a r e a  ol i r r ad ia t io n  ha rden ing ,  mainly at low t e m p e r a t u r e  i r r a d i a ­
t ion  tends to indicate tha t  the magnitude ol the  i n c r e a s e  of yield s t r e n g t h  d e c r e a s e s  with in- 

rea-ung i e \ e i s  •■! m i d  a o k Fu i n  42 c o r r o b o c a t e s  this  by the a p p e a r a n c e  of tax* s e p a r a t e  
m r e  * me tor cold * i rk  m a te r i a l  ■•! the • e v < i ,i>.*d in tl * HPD s e r i e s ,  and one for the c o m ­
m e r c i a l l y  annealed m a t e r i a l .  The l imited da ta  ava i lab le  do not r e v e a l  what happens as  
e x p o su r e  ■! the e t a d  goes  Iw y o n d  10“ nvt i mev It is  possib le  that a level ot equi l ibr ium 
may develop whereupon tto e d i c t s  n( r e c o v e ry  at opera ting t e m p e r a t u r e  and continued i r r a d i a ­
t i o n  hardening rna* tend to  conipcirntte In the event  that this o c c u r s  the  two levels of cold 
w o rk  p resen ted  on tin.*, c h a r t  might c ither  a p p r o a c h  each other  at s o m e  h igher  exposure  level 
>r r e m a n  separa ted  by approx im ate ly  the s a m e  d i f f e r en c e  in yield s t r e n g t h  that o c cu r s  at 

l o w e r  exposu res
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t a b l e  X II I

ELEVATED T E M P E R A T URE (825 ' F)  TEN SILE  PROPERTIES OF

IH RA DI AT ED 304 STAINLESS FUEL C L A D  F ROM AS8E M BLY 1G

Sample 
Identity ' a '

0 .2  Oifset 
Yield 

Strength
of

Initial 
Clad tnCondition db

Clad
Exposure 

(nvt 1 Mev 
> 10~21)

0.2 Offset 
Yield  

Strength 
(psi)

Ultimate
Tensile

Strength
(psi)

Elongation 
C? in 0 .8  
inches)

B 3 45.000 Ann 1.0 90,900 97,400 8 .0

B- 3 45.000 Ann 1.0 104,000 104,000 6.1

B- 1C 45,000 Ann 0.6 75,000 84, 200 6.6

B- 1C 45.000 Ann 0.6 71.200 85.500 6.8

W-3 45.000 Ann 1.0 99, 000 99.400 4:4

W-3 45, 000 Ann 1.0 107,200 108,300 2.8

W - 1 45,000 Ann 0.6 76, 300 81,700 5.5

W - l 45.GOO Ann 0 .6 76.200 87. 500 7.8

Q-5 94.000 Cw 1.0 117,000 118.000 1.4

Q-5 94.000 Cw 1.0 120.000 121.000 2.3

Q-2 94.000 Cw 0.6 91 . 100 98,600 4 .0

Q-2 94.000 Cw 0.6 111.900 118,700 3.9

R-5(c) 94,000 Cw 1.0 72, 500 72.500 2.5

R- 5(c) 94.000 Cw 1.0 39,700 40,900 3.8

R- i 94,000 Cw 0.6 112,408 115,000 4.0

R - » 94.000 Cw 0.6 104, 300 108,000 3.8

(a) Letter indicates fuel rod

(b) Ami - annealed. Cw - cold work, properties at room temperature

(c) Samples contained longitudinal cracks
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Irrad iated  (*  10  ̂  ̂ nvt) 
In itia lly  Annealed Clad (Rod B)

p 1
Irrad iated  (*  10 nvt) 

In itia lly  Cold Work Clad (Rod Q)

91
Irradiated (x lO1- nvt)

In itially Cold Work Clad (Rod R) 
Sample Contained Longitudinal Cracks

Figure 38. Photographs of Tensile  Specimens A lter Testing at 625 F
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F ig u re  30. M icro -Spec in ie r  C u t t e r

Figure  40. Tes t  Setup m Tensile  T e s t in g  Machine
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F ig u r e  41. Tens i le  G r ip s  and  Tem pla te
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5. 2 8 B u r s t  Tes t ing  1G

E le v a te d  t e m p e r a t u r e  b u r s t  t e s t ing  was run on s a m p l e s  taken f rom  two an n ea led  rods  (B and W) 
and two cold worked ro d s  (Q and R) f rom  HPD 1G a s se m b ly .  Fuel rod s e g m e n t s .  5. 25 inches  

* in length ,  were removed f r o m  peak and av e rag e  f lux  reg ions  of the r o d s .  Tes t ing  was done on
two s e g m e n t s  f rom each ro d .

A h y d ro s ta t i c  p r e s s u r e  t e s t i n g  device  using s i l i c o n e  ru b b e r  O - r in g s  and P a r b a k  backup r ings  
( fo r  s ea l in g  was designed and  fabr ica ted  for th is  w o rk .  (See F igure  43. ) An a i r -o p e ra te d

S p r a g u e  hydraulic  pump p ro v id e d  p r e s s u r e s  in con junc t ion  with an 0 -10  mil l ivolt  r e c o r d e r  and 
p r e s s u r e  read ings  were  o b ta in ed  a f te r  the c o m p le t io n  of the t e s t s .  The a c c u r a c y  of p r e s s u r e  
m e a s u r e m e n t s  was within i500  psi.  A specia l  f i r e  r e s i s t a n t  hydraulic f iu id  of t r i a r y l  p h o sp h a te s  
wa*: u s e d  for the t e s t s .  An e l e c t r i c  c i rcu la t ing  a i r  type  oven was used t o  p rov ide  the sou rce  of 
heat  The oven was adap ted  so  that the burs t  f i x t u r e  could be ro lled  in and  out for each test .  
T e m p e r a t u r e  m e a s u r e m e n t s  w ere  obtained th rough  (2) c l ip-on  c h ro m e l  a lu m e l  thermocouple  
l e ad s  which were a ttached to  the  spec im ens  p r i o r  to each  test  Tes t  t e m p e r a t u r e  m e a s u r e m e n t s  
w e r e  a l l  within the range  of m inus  5F .  plus 20F.

F i g u r e s  44 through 49 r e v e a l  that apprec iab le  d u c t i l i ty  is  present  in the i r r a d i a t e d  cladding 
‘a v e r a g e  exjxisure  6 .000  MWD t and maximum e x p o s u r e  9 .600 MWD t).

It i s  ev ident f rom  Table  XIV tha t  the percen t  ch an g e  in d ia m e te r  c o r r o b o r a t e s  the quali ta t ive  
v i s u a l  observa t ion  made al*>ve that the m a te r ia l  h a s  re ta ined  good duc t i l i ty .  The hoop s t r e s s  
(T ab le  XV) at burs ting a g r e e s  reasonably  with th e  t e n s i l e  breaking s t r e n g t h  repor ted  in 
T a b le  XIII. Note that the t e n s i l e  t e ^ t s  were p e r f o r m e d  at 625 F .  so m ew h a t  higher  than the 
b u r s t  t e s t s  which were  con d u c ted  at 550 F and 600 F.

5. 2. 9 C ru d  A na lys is

All r o d s  in the VBWR have a re d d ish  oxide fi lm on t h e i r  su r face s  a f te r  i r r a d i a t i o n  Table  XVI 
p r e s e n t s  the r e s u l t s  of the c h e m i c a l  ana lys is  on s e v e r a l  rods  sampled  a f t e r  being s to red  in the 
VBWR p*'ol. Additional a n a l y s e s  of the crud  fi lm taken f rom  rods  in the VBWR will be made to 
e l i m i n a t e  the possibil i ty  that  any e r r o r  is in t roduced  by exposure  to d i f f e r e n t  purity water.

(
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*

F ig u r e  43 H ydros ta t ic  P r e s s u r e  F ix tu re  With Hurst  Sample in P l a c e
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F ig u r e  44 Burs t  Te it S a m p le .  Annealed HPD. Rod B . 1 G

Figu re  45. Burst  Test Sam ple .  Annealed HPD. Ri»d B P e a k .  1 G

- 6 6 -
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Figure  47. B urs t  T e s t  Sample.  Cold W orked  HPD. Rod R Avg. . 1 G
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F i g u r e  48. Burs t  Tes t  S a m p le ,  Annealed HPD. Rod W Avg. . 1 G

F i g u r e  49. Burs t  Tes t  S a m p le ,  Annealed HPD. Rod W Peak, 1 G
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T A B L E  XIV

DUCTILITY OF BURST TEST SAMPLES

S a m p l e ^ O. Du (bl O. D j (c) O. D2 (d) ADC(e)

1 G - B - P 0. 359 0. 419 0. 413 15.0
1G-B-A 0. 358 0. 419 0. 414 15.6
1G -W -P 0. 359 0. 423 0. 412 14.8
1C.-W-A 0. 359 0. 449 0. 434 20. 9
1 G - R - P 0. 360 ... - -
1G-R-A 0. 361 0. 440 0. 439 21.6
1 G -Q -P 0. 860 - - & - -
1G-Q-A 0. 361 0. 408 0. 398 10. 2

(a)
(b)
( c )

( d )

(e)

Bundle, rod,  peak  o r  a v e r ag e  flux, B and W w ere  annealed; R an1 Q cold worked.
Orig inal d i a m e te r
D iam ete r  a c r o s s  r u p t u r e  region
Diameter  at  90° f r o m  ru p tu re  region

x 100
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T A B L E  XV

STRENGTH OF BURST TEST SAMPLES

S a m p l e ^
Identity

Bui .-a
T e m p e r a t u r «■• 

(°F)

Burst
P r e s s u r e

(psi)

C ircum fe ren t ia l  
Hoop S t res s  

(psi)

For C o m p a r i s o n - - 
Ult imate  Tensile  S t r en g th  

psi  at 625 F f rom  
Table XIII

1G -B -P 550 8700 111.000 101,000
1C-B-A 600 7500 95. 900 84.800
1G-W -P 500 8400 108, 000 103.800
1G-W-A 600 7100 91,000 84.600
1G -R-P 600 (b) — —
1G-R-A 600 8400 108,000 112.500
1G-Q-P 550 (b) - - - 119,500
IG-Q-A 600 (c) — 108.600

(a) Bundle, rod,  peak  o r  av erage  ilux, B and W were  annealed: R and Q were cold worked
(b) P r e s s u r i z e d  at 19 ,0 0 0 -2 0 .0 0 0  psi.  but f luid  did not penetra te  the  fuel  compact
(c) The sam ple  b u rs t  at an unknown p r e s s u r e  at --20,000 psi p r e s s u r e  d rop  a c r o s s  the fuel 

compact  was hemp, r e c o rd e d
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TABLE XVI 

CRUI) ANALYSIS

Assembly  and 
R.rI No. mg Fe m g Sample pg Cl mg Sample

> Top Bottom Top Bottom

2(1 0 4030 3850 4 14
2( j  ( , 510 410 8 6

IK 4 94 0. 32*

2D A 210 16
21) K 30 20

* 320 ppm

(
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5 6 7 8 9
HOURS CRITICAL (THOUSANDS OF HOURS)

I i^urr* 50 Fuel 1 Uptime (h »urs critic al) vs
I D for Operating Furl and Fail 'd  F. ■
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Additional P ic tu re s  
Annealed Rod C, Assembly 4E
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Circumferential  cracks appear to ne at or near 
pellet interfaces. This suggests that axia l  s t r e s s  con­
centrations may have been present at these  locations.

A metallographic section revealed that the cracks 
are  intergranular. See Figures 52. 53. 54. 55 and 
56.

Figure 51. Circumferentia l  Cracks in R<xi C. HPD 4E
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0 036 in. * 0. Oi4 in. SS c lad  l -Q ,  pelle ts  
0 005 nom ina l  gap
Init ial  c lad  condition: Annealed  40.000 pM Y S. 
F a i l u r e  location: Peak heat f lux region  
E x p o s u r e  in fa i lu re  location: 13 .500 MWD/t 
Heat f lux  in fa ilure  locat ion: 460 .000  Btu, hr - f t^

C o m p le t e  d e s t ru c t iv e  e x am  in p r o g r e s s .

<

F ig u re  52 C i rc u m fe re n t i a l  C r a c k s  in Rod C. HPD 4E

A-2
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250x 8794-03

0. 036 in. x 0. 014 in. SS c!ad U 0 9 p e l l e t s  
0 005 n o m in a l  pap
Init ial clad  condi t ion :  Annealed 4 0 , 0 0 0  ps i  Y. S. 
F a i lu re  loca t ion :  Peak heat flux r e g io n  
Exposure  in f a i l u r e  location: 13 ,500  MWD/t 
Heat flux in f a i l u r e  location: 46 0 ,0 0 0  B tu /h r - l t ^

Comple te  d e s t r u c t i v e  exam in p r o g r e s s .

F igure  53. C i r c u m f e r e n t i a l  C r a c k s  in Rod C. 11PD 4E

A - 3
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250x ’ 3794-04

0. 036 in. x 0. 014 in. SS clad U 0 2 p e l le t s  
0. 005 nominal gap
Init ial  clad condi t ion:  Annealed 40 .000 p s i  Y .S  
Fa i lu re  location: P e a k  heat fiux reg ion  
Exposure  in f a i l u r e  locat ion: 13,500 M W D/t  
Heat flux in f a i l u r e  locat ion: 460.000 B tu / 'h r - f t ^

Comple te  d e s t r u c t i v e  exam  in p r o g r e s s .

A - 4

F igu re  54 . C i r c u m f e r e n t i a l  C rap k s  in Rod C .  HPD 4E
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250x 8794-05

0. 036 in. x 0. 014 in. SS c lad  UO2 p e l l e t s  
0. 005 no m in a l  gap
Initial clad  condi t ion:  Annealed 4 0 .0 0 0  psi  Y. S. 
F a i lu re  loca t ion :  Peak heat flux r e g io n  
Exposure  in f a i l u r e  location: 13 ,5 0 0  MWD/t 
Heat flux in f a i l u r e  location: 4 6 0 ,0 0 0  B tu /h r - f t ^

Comple te  d e s t r u c t i v e  exam  in p r o g r e s s .

A - 5

Figure  55. C i r c u m f e r e n t i a l  C r a c k s  in Rod C, HPD 4E
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2 5 0 > 8794-16

0. 036  in. * 0. 014 in. SS c l a d  UC^ p e l l e t s  

0. 005 n o m i n a l  gap

I n i t i a l  c l a d  c o n d i t i o n :  A n n e a l e d  4 0 . 0 0 0  p.si Y. S. 

F a i l u r e  loca t io n :  P e a k  h e a t  f lux  r e g i o n  
E x p o s u r e  in f a i l u r e  l o c a t i o n :  1 3 .5 0 0  \1WD t 

H e a t  f i ux in f a i l u r e  l o c a t i o n :  4 6 0 ,0 0 0  B t u / h r - f t ^

C o m p l e t e  d e s t r u c t i v e  e x a m  in p r o g r e s s .

•4

F i g u r e  56. C i r c u  i f e r e n t i a i  C r a c k s  in Hod C .  H P D  4E

) ■r
A - (>'
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The appearance of intergranular cracking i« shown. Notice the appearance of 
the large oxidf "nugget ' in photo on lower right. The appearance of this nug­
get ib very similar to tin* one shown in Figure 35

Figure 57 Cladding Defects in HPD IE - Hod E

B-l
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Appendix ,,C”

Pre - i r radiation Chemical Analysis of Task 1A

Constituents
Analyzed

Sample Number
1 2 3

h 2 10 ppm 40 ppm 5 ppm

N 2 10 ppm 10 ppm 28 ppm

° 2 150 ppm 780 ppm 155 ppm
w 100 ppm 100 ppm 100 ppm
Ti 500 ppm 500 ppm 500 ppm
V 100 ppm 500 ppm 500 ppm
Mg 100 ppm 100 ppm 100 ppm
A1 100 ppm 100 ppm 100 ppm
C 0. 045*7 0.11% 0. 047'*
Mo 0. 16'? 0. 18% 0. 17%
Cu 0.09% 0.11% 0. 13%
Si 0. 37% 0.37% 0.45%
Mil 0.60% 0 . 6 6 % 0. 72%
Cr oc © *

*
 J 18.0% 18. 0%

Ni 9. 1% 9 . o * ; 9.0%

Samples: (1) Cold work 12 mil
(2) Annealed 14 mil
(31 Cold worked 14 mil

Fuel Cladding

No trace of the following 
elem ents were found: Be,
B, Ca, Zn, Ga, Ge, As, Y, 
Ag. Cd, In, Sn, Sb. Ba, La, 
Ta, Pb, Bi, Ce.

C - l
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Append ixJ_'D"

Pre-irradiation Chemical Compositions of 304 SS Cladding Used in Task IB

Sample
Identity C VIn P S Si Ni Cr

8 mil .05 1 .54 .029 . 019 ' .45 10. 03 18.95
Cold Wiirked

10 mil .05 1. 54 .029 . 019 .45 10. 03 18.95
Cold Worked

15 mil .022 1. 57 .017 .015 .70 9. 30 18. 16
Cold Worked

20 mil . „10 1. 21 .022 .013 .55 9. 39 18.95
Cold Worked

The above da ta  a r e  taken from v e n d o r s ’ ce r t i f i ed  r e p o r t s .
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