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FORE WARD 

The Shi p p i  ngpor t  Atomic Power S t a t  i o n  1 ocated i n Shi pp i  ngpor t  , 
Pennsylvania was t h e  f i r s t  1  arge-scal  e, c e n t r a l - s t a t i o n  nuc lear  power p l a n t  i n  
t h e  Un i t ed  S ta tes  and t h e  f i r s t  p l a n t  o f  such s i z e  i n  th'e wo r l d  operated 
s o l e l y  t o  produce e l e c t r i c  power. Th i s  program was s t a r t e d  i n  1953 t o  c o n f i r m  
t h e  p r a c t i c a l  appl  i c a t i o n  o f  nuc lear  power f o r  l a rge -sca le  e l e c t r i c  power 
generat ion.  It has p rov ided  much o f  t h e  technology be ing  used f o r  des ign and 
ope ra t i on  o f  t h e  commercial, c e n t r a l - s t a t i o n  nuc lear  power p l a n t s  now i n  use. 

Subsequent t o  development and successfu l  ope ra t i on  o f  t h e  Pressur ized  
Water Reactor i n  t h e  DOE-owned r e a c t o r  p l a n t  a t  t h e  Sh ipp inypo r t  Atomic Power 
S t a t i o n ,  t h e  Atomic Energy Commission i n  1965 under,took a research  and 
development program t o  des ign  and b u i l d  a  L i g h t  Water Breeder Reactor co re  f o r  
o p e r a t i o n  i n  t h e  Sh ipp ingpo r t  S ta t i on .  

The o b j e c t i v e  o f  t h e  L i g h t  Water Breeder Reactor (LWBR) program has been 
t o  develop a technology t h a t  would s i g n i f i c a n t l y  improve t h e  u t i l i z a t i o n  o f  
t h e  n a t i o n ' s  nuc lear  f u e l  resources employing t h e  w e l l - e s t a b l i s h e d  water 
r e a c t o r  technology. To achieve t h i s  o b j e c t i v e ,  work has been d i r e c t e d  toward 
ana l ys i s ,  design, component t e s t s ,  and f a b r i c a t i o n  o f  a  water-cooled, thor ium 
ox ide  f u e l  c y c l e  breeder  r e a c t o r  f o r  i n s t a l l a t i o n  and ope ra t i on  a t  t h e  
Sh ipp ingpor t  S ta t i on .  The LWBR c o r e  s t a r t e d  ope ra t i on  i n  t h e  Sh ipp ingpor t  
S t a t i o n  i n  t h e  F a l l  o f  1977 and i s  expected t o  be operated f o r  about 3  t o  4 
years.  At t h e  end o f  t h i s  per iod ,  t h e  core  w i l l  be removed and t h e  spent f u e l  
shipped t o  t h e  Naval Reactors Expended Core F a c i l i t y  f o r  a  d e t a i l e d  
examinat ion t o  v e r i f y  co re  performance i n c l u d i n g  an e v a l u a t i o n  o f  b reed ing  
c h a r a c t e r i s t i c s .  

I n  1976, w i t h  f a b r i c a t i o n  o f  t h e  Sh ipp ingpor t  LWBR c o r e  near ing  
complet ion, t h e  Energy Research and Development A d m i n i s t r a t i o n  e s t a b l  i shed t h e  
Advanced Water Breeder a p p l i c a t i o n s  (AWBA) program t o  develop and d isseminate 
t e c h n i c a l  i n f o r m a t i o n  which would a s s i s t  U.S. i n d u s t r y  i n  e v a l u a t i n g  t h e  LWBR 
concept f o r  commercial-scal  e  appl i c a t i o n s .  The program wi 11 expl  o r e  some o f  
t h e  problems t h a t  would be faced by i n d u s t r y  i n  adap t ing  technology con f i rmed 
i n  t h e  LWBR program. I n f o r m a t i o n  t o  be developed i n c l u d e s  concepts f o r  
commercial-scale prebreeder cores which would produce uranium-233 f o r  l i g h t  
water breeder cores whi 1  e  produc ing e l  e c t r  i c  power, improvements f o r  breeder 
cores based on t h e  technology developed t o  f a b r i c a t e  and opera te  t h e  
Sh ipp ingpor t  LWBR core,  and o the r  i n f o r m a t i o n  and technology t o  a i d  i n  
eva l  ua t  i ng commerci a1 -sca l  e  appl  i c a t  i on o f  t h e  LWBR concept. . 

A1 1 t h r e e  development programs (Pressur ized  water Reactor,  L i g h t  Water 
Breeder Reactor, and Advanced Water Breeder Appl i c a t  i o n s )  have been 
admin is te red  by t h e  D i v i s i o n  o f  Naval Reactors w i t h  t h e  goal o f  develop ing 
p r a c t i c a l  improvements i n  t h e  u t i l i z a t i o n  o f  nuc lear  f u e l  resources f o r  
gene ra t i on  o f  e l e c t r i c a l  energy us ing  water-cooled nuc lear  r eac to r s .  

Technica l  i n f o r m a t i o n  developed under t h e  Sh ipp ingpor t ,  LWBR, and AWBA 
prbogrbams has been and w i l l  con t inue  t o  be pub1 i shed  i n  t e c h n i c a l  memoranda, 
one o f  which i s  t h i s  present  r e p o r t .  
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The DECAG (Deformat ion o f  C l a d d i n g  i n t o  Ax ia l  Gaps) ex - reac to r  t e s t  
program evaTuated de fo rmat ion  o f  ~ i r c a l  oyy4 c l  addi  ng i n t o  a x i  a1 gaps i n 
t u b u l a r  f u e l  elements. These a x i a l  gaps a re  t h e  r e s u l t  o f  c l add ing  
e l o n g a t i o n  and f u e l  s tack shr inkage. The t e s t  program cons i s ted  o f  
t w e l v e  s e r i e s  and subser ies o f  b o t h  f u l l y  r e c r y s t a l l i z e d  and s t r e s s -  
r e l i e v e d  h i g h l y  c o l d  worked t u b i n g  t e s t e d  under pressure- temperature 
combinat ions i n  autoclaves. The t e s t  program a l s o  v e r i f i e d  t h e  v a l i d i t y  
o f  ach iev ing  t e s t  a c c e l e r a t i o n  th rough t h e  use o f . e l e v a t e d  temperatures 
by c o r r e l a t i n g  bo th  o v a l i t y  and diameter change a t  lower  temperatures 
w i t h  t h e  La rson -M i l l e r  Parameter. 

EX-REACTOR DEFORMATION OF EXTERNALLY PRESSURIZED 
SHORT LENGTHS OF FUEL ROD CLADDING 

(LWBR Devel opment Program) 

I.A. S e l s l e y  

1. INTRODUCTION 

1.1 Prob l  em Descr i  p t i  on 

Cladding co l  1  apse and c l add ing  de fo rmat ion  i n t o  shor t ,  unsupported a x i  a1 
gaps t h a t  have occurred i n  pe l  l e t - f i  11 ed, c y l i n d r i c a l  f u e l  e l  ements have 
been documented f o r  commercial reac to rs .  (See Reference 1  f o r  an 
ex tens i ve  rev iew  o f  f u e l  r o d  f a i l u r e s .  ) Al though c e r t a i n .  des ign and 
manufac tu r ing  fea tu res ,  n o t a b l y  use o f  h i g h  d e n s i t y  ox i de  f u e l  pe l  l e t s ,  
reduce t h e  p o t e n t i a l  f o r  f o rma t i on  o f  a x i a l  gaps, mechanisms s t i l l  e x i s t  
which c o u l d  l ead  t o  a x i a l  gap format ion.  These mechanisms i n c l u d e :  (1  ) 
i n- reac to r  d e n s i f i c a t i o n  o f  f u e l  pe l  1  e t s ,  ( 2 )  i r r a d i a t i o n  induced growth 
o f  Z i r c a l  oy c ladd ing ,  and ( 3 )  pe l  l e t - c l a d d i  ng i n t e r a c t i o n s  which can 
i nc rease  t h e  c l add ing  l c n g t h  and dccrcasc t h c  f u e l  p c l l c t  l cng th ,  

Fuel  r o d  a x i a l  gaps a re  undes i rab le  because they  d i s t u r b  l o c a l  neutr 'on 
f l u x  thereby  caus ing power peaking i n  f u e l  p e l l e t s  ad jacen t  t o  t h e  a x i a l  
gap and i n  ad jacen t  f u e l  rods  w i t hou t  a x i a l  gaps. I n  a d d i t i o n ,  by 
d e p r i v i n g  f u e l  r o d  c l add ing  o f  f u e l  pe l  l e t  suppor t ,  a x i a l  gaps can permi t  
l o c a l  de fo rmat ion  o f  t he  c l add ing  i n  f u e l  rods. no t  hav ing f r e e s t a n d i n g  
c ladd ing .  Undesi rab le  p o t e n t i a l  consequences o f  c l a d d i n g  de fo rmat ion  over 
a x i a l  gaps are:  ( 1 )  l o s s  o f  proper  g r i d  support ,  r e s u l t i n g  i n  increased 
f u e l  r o d  v i b r a t i o n  and wear, ( 2 )  i n t e r f e r e n c e  w i t h  ad jacent  f u e l  rods o r  
suppor t  s t r u c t u r e s ,  and ( 3 )  f u e l  r o d  f a i l u r e  (p robab l y  by c rack ing )  if 
c ladd ing  co l l apses  i n t o  t h e  a x i a l  gap. Ax ia l  gaps a r e  p o t e n t i a l l y  l a r g e r  



a t  h i g h e r  f u e l  r o d  e l e v a t i o n s  because f u e l  s tack and c l add ing  s t r a i n s  a re  
cun lu la t i ve  upward f rom t h e  f ue l  r o d  bottom, w i t h  t h e  l a r g e s t  p o s s i b l e  gap 
f o r m i n g  i n  t h e  t o p  plenum r e g i o n  above t h e  f u e l  stack. Because t h e  f u e l  
r o d  plenum i s  i n  a  low neu t ron  f l u x  reg ion ,  c l a d d i n g  de fo rmat ion  t h e r e  
occurs  p r i m a r i l y  by thermal creep. Thus, t h i s  p o r t i o n  o f  t h e  c l add ing  i s  
amenable t o  d i r e c t  ex - reac to r  t e s t i  ng. 

T h i s  r e p o r t  documents t e s t i n g  and a n a l y s i s  o f  data i n  t h e  DECAG 
(Deformat ion o f  Cladding i n t o  A x i a l  Gaps) t e s t  program conducted as a  p a r t  
o f  t h e  L i g h t  ~ a t s r  Breeder ~ e a c t o r  ~ W B R )  f u e l  element development 
program. The t e s t  program i n v e s t i g a t e d  ( I ) de fo rmat ion  (average diameter 
decrease and o v a l i t y  i nc rease )  o f  unsupported c l add ing  over sho r t  a x i a l  
gaps, and ( 2 )  t h e  p o t e n t i a l  f o r  c o l l a p s e  i n t o  these gaps. 

Re1 at.ed Work by Other I n v e s t i g a t o r s  

Several  i n v e s t i g a t o r s  r e c e n t l y  r e p o r t e d  r e s u l t s  o f  t h e i r  t e s t s  on 
Z i r c a l o y  c l a d d i n g  de fo rmat ion  r e s u l t i n g  from ex te rna l  pressure. Some of 
t hese  t e s t s  were used t o  e s t a b l i s h  Z i r c a l o y  p r o p e r t i e s  such as an i so t ropy  
c h a r a c t e r i s t i c s  i n  t e n s i o n  and compression. Others, l i k e  t h e  DECAG t e s t s ,  
were d i r e c t l y  re1  a ted  t o  c l add ing  s t a b i l i t y  quest ions.  Most i n v e s t i g a t o r s  
used i n t e r n a l  p ressure  t e s t s  which a r e  r e l a t i v e l y  e a s i e r  t o  conduct and 
which p rov ide  s i g n i f i c a n t  da ta  on s t r e s s - s t r a i n  r e l a t i o n s h i p s  w i t h o u t  t h e  
compl i c a t i  ng f a c t o r s  of superposed ova l  i t y  and c o l  lapse  tendency 
assoc ia ted  w i t h  e x t e r n a l  pressure t u b i n g  t e s t s .  S i g n i f i c a n t  t e s t s  which 
complement c e r t a i n  aspec ts  o f  t h e  DECAG t e s t  proyrarrl a r e  discussed 
be1 ow. The Z i r c a l o y  t u b i n g  i n  t he  c i t e d  t e s t s ,  as we1 1  as i n  t h e  DECAG 
t e s t s ,  was t e s t e d  i n  two c o n d i t i o n s :  ( 1  ) h i g h l y  c o l d  worked (70 t o  80 
p e r c e n t )  which was s t r e s s  r e l i e f  annealed (SRA) a t  950F f o r  f o u r  hours 
a f t e r  f i n a l  workinq, and ( 2 )  fu1l .y r e c r . y s t a l l i z a t i o n  annealed (KXA) t u b i n g  
which was annealed a t  1200 t o  1250F f o r  f ou r  hours. 

1.2.1 Oak Ridge Na t i ona l  Labora to ry  (ORNL) 

Hobson and co-workers a t  ORNL (References 2 t o  6 )  developed 
c l a d d i n g  creep and dynamic c o l l a p s e  t e s t s  w i t h  unique eddy c u r r e n t  probe 
i n s t r u m e n t a t i o n  t h a t  p e r m i t t e d  cont inuous rneasurement o f  e x t e r n a l l y  
p ressu r i zed  t u b i n g  deformat ions d u r i n g  t e s t i n g  a t  h i g h  temperatures and 
pressures.  The ORNL thermal  creep t e s t s  were conducted ex - reac to r  a t  700F 
i n  t h e  pressure range of 2100 t o  2500 ps ig .  Tubing t e s t e d  was h i g h l y  
co ld-worked m a t e r i a l  w i t h  a  s t r e s s  re1  i e f  anneal (SRA). Tubing specimens 
had 0.430 i n c h  d iameters  w i t h  0.025-inch wa l l  th i cknesses  (OD/t=17.2) 
which r e s u l t e d  i n  a  hoop s t r e s s  range o f  18,000 t o  21,500 ps i .  These 
c o n d i t i o n s  were s i m i l a r  t o  t h e  DECAG-I1 t e s t  c o n d i t i o n s  o f  674F w i t h  hoop 
s t r e s s  o f  about 20,900 p s i .  Tubing specimens w i t h  unsupported a x i a l  
l eng ths  i n  t h e  range 0.4 t o  4.0 inches were t es ted .  These a x i a l  gap 
l e n g t h s  span t h e  range o f  t h e  DECAG-I I t e s t s  (0.525. t o  1.65 inches)  and 
a r e  o f  t h e  magnitude o f  p o t e n t i a l  gaps i n  r e a c t o r  f u e l  elements. Some 
da ta  have been r e p o r t e d  by ORNL (Reference 5) f o r  specimens w i t h  0.4- and 
0.8- inch unsupported l eng ths  and about 1000 hours o f  t e s t  t ime.  Diameter 



and o v a l i t y  changes r e p o r t e d  a re  i n  s u b s t a n t i a l  agreement w i t h  those 
exper ienced i n  t h e  DECAG t e s t s  r e l a t i v e  t o  bo th  magnitude o f  t h e  changes 
and t h e  deformat ion mechanisms. These t e s t s  p rov ide  an impor tan t  
c o n t r i b u t i o n  t o  t h e  understandi  ng o f  c l  addi  ng creep-down over a x i  a1 gaps 
where t h e r e  i s  no support  f o r  t h e  c l add ing ,  and over  f u e l e d  l eng ths  where 
support  i s  ob ta ined  as c l add ing  creeps'  down on to  p e l l e t s .  

ORNL dynamic co l l apse  t e s t i n g  i s  r e p o r t e d  i n  Reference 6. 
Specimens were s i m i l a r  t o  those  descr ibed  above f o r  thermal creep t e s t s ,  
b u t  t he  t e s t  temperature was 800F and t e s t  pressures ranged from 3200 t o  
5000 p s i g  t o  produce r a p i d  co l lapse .  

An e m p i r i c a l  model f o r  p r e d i c t i n g  c o l l a p s e  pressure as a  f u n c t i o n  
of gap leng th ,  specimen hardness, and t e s t  temperature i s  presented i n  
Reference 6. The emp i r i ca l  equa t ion  a p p l i c a b l e  t o  Z i r c a l  oy t u b i n g  
specimens a t  800F and hav ing  a  0.008-inch i n i t i a l  d iarnet ra l  p e l l e t -  
c l add ing  gap i s  g iven  as 

P = 14,700 + G - 183H + 0 . 7 2 9 ~ ~ - 0 . 0 0 0 7 4 ~ ~ - 2 . 0 9 ~  
0.000217G-0.000018 (Eq- 1.1) 

where: P  = c o l l a p s e  pressure ( p s i )  
G = pe l  l e t - t o - p e l  l e t  a x i a l  gap ( i n c h )  

" H = room temperature midwa l l  hardness 
(Diamond Poi n t  Hardness) 

T  = t e s t  temperature ( F )  

1.2.2 H i t a c h i  Research Labora to ry  

Maki and Hara (Reference 7 )  r e p o r t e d  r e s u l t s  o f  t e s t s  on 
c i r c u m f e r e n t i  a1 r i d g i  ng o f  c l  addi ng at '  pe l  l e t - p e l  l e t  i n t e r f a c e s  t h a t  may 
occur  due t o  hourg lass ing  o f  ceramic f u e l  p e l l e t s .  Both cold-worked (SRA) 
and annealed (RXA) Z i r c a l  oy-2 specimens were tes ted .  S imu la t i on  o f  
pe l  l e t  hourg lass ing  was achieved by machi n i n g  c y l i n d r i c a l  s t a i n l e s s  s tee l  
p e l l e t s  i n t o  s p o o l - l i k e  shapes w i t h  r i d g e s  a t  bo th  ends. I n  t h e  o r i g i n a l  
t e s t  (Reference 7) t hese  spools  were 0.83 i n c h  l o n g  w i t h  a  0.79-inch 
unsupported l e n g t h  between r idges .  A d d i t i o n a l  l eng ths  were t e s t e d  
(Reference 8 )  t o  support  t h e  conc lus ions  o f  t h e  f i r s t  t e s t .  Con t ro l  
specimens o f  empty t u b i n g  5.12 inches l o n g  a l s o  were tes ted .  A l l  t u b i n g  
had 0.564-inch ou t s i de  diameter (OD) and 0.032-inch w a l l  t h i ckness  
(UU/t=17.6). 

T e s t i n g  was performed i n  an e l e c t r i c a l  l y  heated pressure vessel 
u s i n g  argon gas f o r  p ressu r i za t i on .  SRA tubes, bo th  ho l l ow  and pel  l e t  
f i l l e d ,  were t e s t e d  i n  p a i r s  i n  n i ne  t e s t s ;  t h e  environmental  c o n d i t i o n s  
were combinat ions o f  t h e  f o l l o w i n g  temperatures and pressures:  

Tes t  temperatures - 572, 662, and 752F 
Test pressures - 790, 1031, and 1273 p s i g  



Tes ts  on RXA m a t e r i a l  were conducted o n l y  f o r  t h e  combinat ion o f  662F, 
1031 p s i g  whereas SRA m a t e r i a l  was t e s t e d  a t  a l l  pressure- temperature 
combinat ions. A l l  pressures a re  lower  than  those  used i n  t h e  DECAG t e s t  
program and correspond t o  hoop s t resses  o f  6950, 9070, and 11,200 ps i .  
The exposure p e r i o d  f o r  each t e s t  was 270 days, w i t h  measurements obta ined 
a f t e r  e lapsed t imes  o f  30, 90, 180, and 270 days. 

L i t t l e  de fo rmat ion  was noted t o r  t h e  low temperature,  low 
p rcssure  combina t ions  (572F a t  730 and 1031 p s i g ) ,  bu t  t e s t s  a t  h i ghe r  
tempera tu re /p ressure  combinat ions produced d i s c e r n i b l e  inc reases  i r ~  
d iameter  over  pe l  l e t  r i dges .  The authors  a t t r i b u t e d  these  d ia lnet ra l  
i n c r c s s c s  t o  bending s t resses  which occurred as  t h e  unsupported p o r t i o n s  
o t  t h e  t u b i n g  deformed i n t o  t h e  spool recesses on e i t h e r  s i d e  o f  t h e  
r i d g e s .  

U n l i k e  t h e  Oak Ridge and DECAG t e s t s ,  which had pe l  l e t - t o - t u b i  ng 
r a d i a l  gaps o f  up t o  0.004 i n c h  a t  t e s t  temperature,  t h e  s t a i n l e s s  s t e e l  
p e l l e t s  i n  these  t e s t s  were designed t o  con tac t  t h e  tubes a t  t e s t  
temperature;  t h a t  i s ,  t h e  r i d g e s  con tac ted  t h e  i n t e r i o r  su r f ace  of t he  
tubes  from t h e  beg inn ing  o f  t h e  t e s t .  Creep de fo rmat ion  o f  t h e  p e l l e t -  
f i l l e d  tubes, as  measured by decrease i n  average diameter a t  m id - leng th  o f  
t h e  unsupported t u b i n g  sec t ions ,  was g rea te r  than  t h a t  o f  t h e  empty 
c o n t r o l  specimens exposed i n  t h e  same environment. Maki and Hara conclude 
t h a t  a  c e r t a i n  l e n g t h  o f  unsupported t u b i n g  i n  t h e  range 0.0 t o  0.8 i n c h  
maximizes e x t e r n a l  pressure creep de fo rmat ion  under t h e  c o n d i t i o n s  o f  
t h e i r  t e s t s .  Th i s  c o n s l ~ l s i o n  was r e i n f n r c ~ r i  i n  c n n t i n ~ r i n g  t w t s  
(Reference 8 )  w i t h  b o t h  s h o r t e r  and 1 onger unsupported l eng ths  (0.43 i n c h  
and 1.46 inches. I n  these  l a t e r  t e s t s  t h e  s h o r t e r  l e n g t h  deformed more, 
and t h e  longer  l e n g t h  deformed l ess ,  than  t h e  0.79- inch gap l e n g t h  
specimens r e p o r t e d  e a r l i e r  i n  Reference 7. The deformat ions noted i n  t h e  
1.46-inch unsupported l e n g t h  specimens were e s s e n t i a l l y  t h e  same as t h e  
deformat ions i n  t h e  empty c o n t r o l  specimens. Th i s  phenomenon i s  discussed 
rnore comple te ly  i n  c o n j u n c t i o n  w i t h  t h e  DECOP t e s t s  (See Sec t i on  2.5). 

1.2.3 K ra f twe rk  Union AG 

U n i a x i a l  and b i a x i a l  t e n s i l e  b u r s t  and c r ccp  t c s t s  wcrc pcrfnrmed 
on Z i r c a l o y - 2  tubes hav ing  0.42-inch o u t s i d e  d iameter  and 0.028-inch w a l l  
t h i c k n e s s  (OD/t=15) (Reference 9) .  The purpose o f  t h e  t e s t  was t o  measure 
mechanical and an i so t ropy  parameters o f  tub ing .  Both cold-worked, SRA and 
RXA t u b i n g  were t e s t e d  w i t h  emphasis on SRA tub ing .  

B i a x i a l  t e s t s ,  us i ng  bo th  i n t e r n a l l y  and e x t e r n a l l y  p ressu r i zed  
tubes,  were conducted i n  a  fu rnace  us ing  he l ium f o r  p ressu r i za t i on .  
Deformat ion measurements were o b t a i  ned by means o f  1  i near v a r i a b l e  
d i f f e r e n t i a l  t ransformers connected t o  t h e  specimens through a  system o f  
k n i f e  edges and qua r t z  tubes. 



O f  p r imary  i n t e r e s t  i n  t h e  present  con tex t  a re  t h e  r e s u l t s  o f  t h e  
b i a x i a l  creep t e s t s  under bo th  t e n s i l e  and compressive s t ress .  The r a t i o  
o f  t e n s i l e  t o  compressive creep r a t e  ( t h a t  i s ,  t h e  r a t e  o f  diameter 
changes f o r  i n t e r n a l  l y  and e x t e r n a l  l y  p ressu r i zed  specimens, r e s p e c t i v e l y )  
was found t o  be g rea te r  than  u n i t y  and t o  inc rease  w i t h  genera l i zed  s t r e s s  
up t o  about 18,000 p s i  b u t  then  t o  decrease. However, because o f  
exper imenta l  u n c e r t a i n t i e s  i n  t h e  t e s t s ,  t h e  authors  s t a t e d  t h a t  d e t a i l e d  
conc lus ions  were no t  j u s t i f i e d .  Nonetheless, a  s t r e n g t h  d i f f e r e n t i  a1 was 
c l e a r l y  revea led  i n  t h e i r  752F t e s t s  f o r  bo th  u n i a x i a l  t e s t s  and b i a x i a l  
t e s t s  w i t h  c losed  end specimens. The creep-down o f  t h e  tubes under 
e x t e r n a l  pressure was l e s s  than  expected f rom t h e  t heo ry  based on t e n s i l e  
o r  i n t e r n a l  pressure t e s t s  alone. These r e s u l t s  h i g h l i g h t  t h e  need f o r  
a d d i t i o n a l  i n f o r m a t i o n  t o  inore comple te ly  c h a r a c t e r i z e  compressive 
p r o p e r t i e s  o f  Z i r c a l  oy ma te r i  a1 . 
P R I O R  BETTIS WORK ON SHORT TUBE COLLAPSE 

P r i o r  t o  t h e  des ign and implementat ion o f  t h e  DECAG t e s t  program ex- 
r e a c t o r  i nvest  i gat  i ons  o f  Z i r c a l  oy c l  addi ng deformat i o n  were conducted ' a t '  
B e t t i s  i n  two areas: ( 1 )  dynamic c o l l a p s e  s tud ies  a t  h i g h  temperature and 
pressure i n  o rder  t o  determine s h o r t  t i m e  m a t e r i a l  ope ra t i ona l  l i m i t s  on 
s t r e s s ,  and ( 2 )  creep de fo rmat ion  s tud ies  under lower  temperature and 
pressure co.ndi t  i ons  inore n e a r l y  s i m i  l a r  t o  r e a c t o r  environments i n  o rder  
t o  determine system ope ra t i ng  margins. 

Dynamic Co l lapse  Tests  

The dynamic c o l l a p s e  t e s t s  were sho r t  term, h i g h  pressure, 
e l eva ted  temperature t e s t s  designed p r i m a r i l y  t o  determine m a t e r i a l  
ope ra t i ona l  margins. Nine dynamic c o l l  apse specimens were f a b r i c a t e d  by 
we ld ing  end p lugs  w i t h  a  0.5-inch l o n g  tapered  s e c t i o n  i n t o  s h o r t  p ieces 
o f  cold-worked (SRA) Z i r c a l  oy-4 t u b i  ng. , Specimen. l eng ths  were se lec ted  so 
t h a t  unsupported sec t i ons  o f  t u b i n g  ranged f rom 0.25 t o  1.50 inches. The 
O D / t  r a t i o  was 17.7. 

The dynamic c o l l a p s e  t e s t s  were conducted a t  700F i n  a  n i t r o g e n  
atmosphere whose pressure was inc reased  a t  300 p s i  per minute.  Specimen 
c o l l  apse was i n d i c a t e d  by c i r c u i t  i n t e r r u p t i o n  when an e l e c t r i c a l  l y  
inst rumented ceramic r i n g  p o s i t i o n e d  around t h e  specimen m id leng th  broke 
due t o  c l add ing  co l lapse .  Co l lapse  pressures ranged f rom 5950 p s i g  f o r  a  
1.5-inch a x i a l  gap t o  9500 p s i g  f o r  a  0.3785-inch gap, corresponding t o  
hoop s t resses  i n  t h e  range 52,700 t o  84,100 p s i .  The 0.25-inch a x i a l  gap 
specimen d i d  no t  c o l l a p s e  a t  a ' t e s t  pressure o f  10,000 ps ig .  

The t e s t  r e s u l t s  were compared t o  c a l c u l a t i o n s  us ing  t h e  BUSHL 
computer program (Reference 10)  as t h e  bas i s  f o r  an a n a l y t i c a l  model. I n  
t h i s  comparison t h e  da ta  were bounded by t h e  c a l c u l a t i o n s .  However, t h e  
BUSHL program uses equat ions o f  p l a s t i c i t y  based on H i l l ' s  a n i s o t r o p i c  
t h e o r y  o f  p l a s t i c i t y  t o  determine s t r e s s - s t r a i n  r e l a t i o n s  which a re  not  
general  enough t o  handle t h e  an i so t ropy  o f  Z i r c a l o y .  The form o f  H i l l  
t h e o r y  used r e q u i r e s  compressive and t e n s i l e  y i e l d  s t r eng ths  t o  be equal;  
as no ted  i n  Reference 9, Z i r c a l o y  compressive and t e n s i l e  y i e l d  s t r eng ths  
a r e  r iot  equdl. 



Short-Time Creep Tes ts  

The second phase o f  t h e  s h o r t  tube  c o l l a p s e  t e s t s  cons i s ted  o f  
s h o r t - t i m e  creep t e s t s  a t  a  pressure below t h a t  found f o r  dynamic c o l l a p s e  
o f  t h e  1.5- inch a x i a l  gap specimens. These t e s t s  were conducted f o r  120 
hours a t  700F and an e x t e r n a l  pressure o f  5500 ps ig .  Ceramic r i n g  
i n s t r u m e n t a t i o n  was aga in  used t o  i n d i c a t e  specimen co l lapse .  

Specimens w i t h  gap l eng ths  o f  0.75 and 1.0 up t o  1.5 inches 
c o l l a p s e d  i n  58 hours o r  l e s s ,  w h i l e  those  w i t h  gaps o f  0.875 and 0.63 
down t o  0.25 i n c h  su rv i ved  t h e  f u l l  120 hours. Thus, t h e  c r i t i c a l  gap 
l e n g t h  f o r  c o l l a p s e  under these  c o n d i t i o n s  was i n  t h e  range 0.75 t o  0.875 
i nch .  

BUSHL analyses o f  these  t e s t s ' c o n s e r v a t i v e l y  bounded t h e  da ta  and 
i n d i c a t e d  t h a t  anal  s i s  u s i n g  isochronous s t r e s s - s t r a i n  curves c o r r e l a t e d  R reasonab ly  w e l l  w i t  t h e  t e s t  data, i n  s p i t e  o f  t h e  l i m i t a t i o n s  on BUSHL 
no ted  above. Tubi ng over t h e  ax i  a1 gap was modeled by assuming clamped 
end boundary c o n d i t i o n s  and a1 l owi ng f o r  p rope r t y  an i  sot ropy.  

2.3 Long-Tube Dynamic Co l lapse  Tests  

Empty tubes 12 inches  l ong  were t e s t e d  ex - reac to r  t o  s tudy t h e  
dynamic- i  nstantaneous c o l  1  apse pressure o f  Z i r c a l  oy-4 t u b i  ng a t  700F. 
These t e s t s  were s i m i l a r  t o  t h e  sho r t  t ube  dynamic c o l l a p s e  t e s t s  
d iscussed above except  t h a t  t h e  unsupported l e n g t h  was g rea te r  and b o t h  
RXA tubes  and c o l d  worked, SRA tubes were inc luded.  Instantaneous 
c o l l a p s e  pressures f o r  RXA m a t e r i a l  tended t o  be 10 t o  15 'percent lower  
t h a n  f o r  SRA t u b i n g  w i t h  s i m i l a r  va lues o f  O D / t .  Th i s  r e s u l t  i s  
c o n s i s t e n t  w i t h  t h e  lower  y i e l d  s t r e n g t h  o f  f u l l y  annealed m a t e r i a l .  Th i s  
r e s u l t  a l s o  agrees q u a l i t a t i v e l y  w i t h  t h e  f i n d i n g s  o f  Hobson (d iscussed  i n  
Sec t i on  1.2.1 ) t h a t  t h e  c o l  lapse  pressure i s  exp l  i c i  t l y  a f u n c t i o n  o f  room 
tempera tu re  midwal l  hardness as fo rmu la ted  i n  Equat ion 1.1, a l though 
Equat ion  1.1 over -p red i  c t s  c o l  1 apse pressures exper ienced i n  t h e  B e t t  i s 
1 ong-tube dynamic c o l l  apse t e s t s  by about 25 percent.  

2.4 Ax i  a1 W r i n k l i n g  Tes ts  

A x i a l  w i n k 1  i ng t e s t s  were r u n  t o  s tudy t h e  mechanism o f  a x i a l  
w r i n k l i n g  and subsequent shr inkage of t h e  Z i r c a l o y - 4  c l a d d i n g  around s o l i d  
p e l l e t s .  The t e s t  specimens were e i g h t  inches l ong  and con ta ined  s o l i d  
Z i r c a l  oy-4 pe l  l e t s  o f  va r i ous  d i  ameters t o  p rov ide  ' pe l  l e t - t o - c l  addi ng 
d i a m e t r a l  gaps o f  0.010, 0.008 and 0.006 inch. Tubing w a l l  t h i ckness  and 
d iameter  v a r i a t i o n s  gave O D / t  r a t i o s  o f  22.5, 20.4 and 18.7. These r a t i o s  
i n d i c a t e  non f rees tand ing  c l a d d i n g  when t e s t e d  a t  2200 p s i g  i n  t h e  
tempera tu re  range o f  650F t o  830F. Both RXA and cold-worked SRA specimens 
were tes ted .  Measurements were made a t  cumula t i ve  t imes  o f  10, 100, 500 
and 1000 hours. Comparison o f  r e s u l t s  a t  700F and 2200 p s i g  on RXA and 
SRA specimens showed s i m i l a r  p ropens i t y  toward a x i  a1 w i n k 1  i ng. However, 
RXA m a t e r i a l  showed l e s s  tendency toward diameter creep shr inkage  f o r  
s im i  1  a r  OD/t. Wr ink les  which formed e a r l y - i n - t e s t  on specimens t e s t e d  a t  
830F were i r o n e d  ou t  by end -o f - t es t  as diameter decrease comple te ly  c l osed  
t h e  pe l  l e t - t o - c l a d d i  ng r a d i a l  gap. 



The GAPL-3 computer program, (Reference 11 ) , was used t o  analyze 
l ong  tube  creep c o l l a p s e  and a x i a l  w r i n k l i n g .  C a l c u l a t i o n s  were no t  i n  
good agreement w i t h  t e s t  data. A  major  weakness o f  t h e  GAPL-3 a n a l y s i s  
was t h e  use o f  isochronous s t r e s s - s t r a i n  curves i n  a  s t a t e  p o i n t  a n a l y s i s  
o f  creep deformat ion. Th is  method i s  incapab le  o f  p r e d i c t i n g  t h e  ac tua l  
h i s t o r y  o f  t h e  tube  deformat ion. 

The DECOP Tests 

Another B e t t i s  t e s t  program r e l a t e d  t o  t h e  DECAG program was t h e  
DECOP (DEformat ion o f  Cladding Over P e l l e t s )  t e s t .  Th is  t e s t  
experim=tal l y  eval  uated l o c a l  7 1  adding de fo rmat ion  i n t o  a  v a r i e t y  o f  
unsupported reg ions  i n c l u d i n g  f u e l  p e l l e t  end t ape rs  and chamfers, f u e l  
su r f ace  vo ids caused by ch ipp ing  and c rack ing ,  and i n t e r p e l  l e t  a x i a l  
gaps. The i n t e r p e l  l e t  a x i a l  gaps a r e  o f  p r imary  concern i n  t he  present  
con tex t .  I n  t h e  a x i a l  gap p o r t i o n  o f  t h e  t e s t ,  c l a d d i n g  diameter decrease 
and p rogress ive  oval  i z a t i o n  over a  0.6-inch l o n g  a x i a l  gap were monitored. 

There were f ou r  t e s t  rods,  each about two f e e t  l ong  by 0.506 i n c h  
OD. Each t e s t  specimen was f i l l e d  w i t h  s t a i n l e s s  s t e e l  p e l l e t s  c o n t a i n i n g  
sirnul a t i o n s  o f  va r i ous  p o t e n t i a l  de fec t s  machined i n t o  t h e  pe l  1  e ts .  A x i a l  
gaps 0.6 i n c h  l o n g  were formed i n  two o f  t he  r o d s  (one KXA and one SRA 
t u b i n g  m a t e r i a l )  by reduc ing  p e l l e t  d iameter i n  t h e  cen te r  o f  a  1.0-inch 
l ong  p e l l e t  t o  0.25 inch ,  thus  fo rming  a spool-shaped i n s e r t .  

T e s t i n g  was conducted i n  an au toc lave  a t  2520 p s i g  and 672F. 
P e r i o d i c a l l y  t h e  specimens were removed from t h e  au toc lave  t o  o b t a i n  
measurements c o n s i s t i n g  o f  contour  a x i a l  t r a c e s  on f o u r  or thogonal  t r a c k s  
and c i r c u m f e r e n t i a l  p r o f i l e s  a t  key a x i a l  pos i t i ons .  

F i g u r e  2.1 shows p rogress ive  diameter shr inkage measured over t h e  
0.6-inch a x i a l  gaps o f  bo th  t h e  RXA and SRA rods. A f t e r  1700 hours t e s t  
t i m e  t h e  measured diameter shr inkages were r e l a t i v e l y  l a r g e ,  0.0054 i n c h  
f o r  SRA m a t e r i a l  and 0.021 i n c h  f o r  RXA, compared w i t h  l a t e r  DECAG t e s t s  
i n  which maximum diameter changes were l e s s  than  0.004 i n c h  f o r  longer  
t e s t  per iods.  Maki and l lara (Reference 7 )  r e p o r t e d  s i m i l a r  r e s u l t s  
showing g rea te r  creep de fo rmat ion  f o r  RXA Z i r ca loy -2  t u b i n g  than  f o r  SRA 
t u b i n g  under s i m i l a r  cond i t i ons .  Comparison o f  these r e s u l t s  w i t h  t h e  
DECAG-I and DECAG-I1 t e s t s  (See F igures  4.6 and 4.8) r e v e a l s  an apparent 
anomaly i n  t h a t  t h e  DECAG t e s t s  c l e a r l y  show t h a t  SRA m a t e r i a l  creeps 
f a s t e r  under a  g iven  se t  o f  environmental  c o n d i t i o n s  than  does RXA 
m a t e r i a l .  The apparent anomaly can be exp la ined  by comparing t h e  behavior  
o f  t h e  s t a i n l e s s  s t e e l  spool p ieces used i n  b o t h  t h e  DECOP and H i t a c h i  
t e s t s  w i t h  the, u n i f o r m  Z i r c a l o y  i n s e r t s  o f  t h e  DECAG t e s t s .  

I n  t h e  DECOP and H i t a c h i  t e s t s  t h e  s t a i n l e s s  s t e e l  spool pieces 
con tac ted  t h e  i n t e r n a l  su r f ace  o f  t h e  c ladd ing ,  p o s s i b l y  w i t h  a  smal l  
amount o f  i n t e r f e r e n c e ,  thus  i n t r o d u c i n g  u n c e r t a i n t i e s  concern ing a x i a l  
and t r ansve rse  (hoop) s t r e s s  d i s t r i b u t i o n  i n  t h e  t u b i n g  over t h e  
unsupported reg ion .  I n  t h e  supported r e g i o n  near t h e  spool r i d g e ,  bending 

.. s t r e s s  i n  t h e  c l a d d i n g  r e s u l t i n g  from combined thermal and h y d r o s t a t i c  
f o r ces  can exceed t h e  y i e l d  s t r e n g t h  o f  R X A  m a t e r i a l  b u t  no t  SRA 
m a t e r i a l .  Under these circumstances, RXA m a t e r i a l  i s  expected t o  deform 
f a s t e r .  On t h e  o the r  hand t h e  Z i r c a l o y  i n s e r t s  used i n  t h e  DECAG t e s t s  do 
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n o t  con tac t  t h e  i n t e r n a l  su r f ace  o f  t h e  c l add ing  as do t h e  s t a i n l e s s  s t e e l  
spools ;  thus  t h e  d r i v i n g  f o r ces  f o r  de fo rmat ion  i n  t h e  DECAG specimens a r e  
h y d r o s t a t i c  only.  Wi thout  a  mechanism f o r  i nduc ing  bending s t resses ,  t h e  
genera l i zed  s t resses  a r e  much l e s s  than  t h e  m a t e r i a l  y i e l d  s t r e n g t h  f o r  
e i t h e r  R X A  o r  SRA ma te r i a l s .  Other i n v e s t i g a t o r s  have shown t h a t  creep 
r a t e s  of Z i r c a l  oy-4 fo r  g i ven  tempeature-pressure c o n d i t i o n s  i nc rease  - w i t h  
i n c r e a s i n g  amounts o f  c o l d  work (2eference 12). Thus, under these 
c i rcumstances SRA specimens a r e  expected t o  deform f a s t e r  than'RXA 
specimens f o r  a  g iven  s e t  o f  temperature-pressure cond i t i ons .  

I n  summary, t h e  DECAG specimens deform by thermal creep whereas 
t h e  DECOP and H i t a c h i  specimens y i e l d  p l a s t i c a l  l y  due t o  l o c a l  bending 
s t resses  i n  t h e  v i c i n i t y  o f  t h e  spool r idges .  S ince  SRA m a t e r i a l  creeps 
f a s t e r  than  RXA, de fo rmat ion  r a t e s  w i l l  be g rea te r  i n  DECAG SRA specimens 
t han  i n  RXA specimens. .But SRA m a t e r i a l  has a  h i ghe r  y i e l d  s t r eng th ,  so 
de fo rmat ion  r a t e s  i n  DECOP and H i t a c h i  SRA specimens w i l l  be l e s s  than  i n  
t h e  RXA specimens. 

These arguments a l s o  e x p l a i n  why bo th  s h o r t e r  gap specimens (0.43 
and 0.79 i n c h )  deformed f a s t e r  than  a  longer  gap specimen (1.46 i nches )  i n  
t h e  H i t a c h i  t e s t s .  For some c r i t i c a l  gap leng ths ,  which a re  dependent on 
pressure and temperature c o n d i t i o n s ,  t h e  i n f l u e n c e  o f  t h e  bending 
s t r esses  i s  reduced t o  zero a t  t h e  gap a x i a l  c e n t e r l i n e  and o n l y  thermal 
creep remains as a  d r i v i n g  fo rce .  I n  t h e  H i t a c h i  t e s t s  t h i s  occurs 
between 0.79 and 1.46 inches, which i s  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  
1.46-inch a x i a l  gap specimen had about t h e  same c e n t e r l i n e  deformat ions as 
t h e  empty c o n t r o l  specimens, which were more than  f i v e  inches long. 

Another e f f e c t  o f  t h e  s t a i n l e s s  s t e e l  i n s e r t s  which con tac t  t h e  
i n n e r  sur face  throughout  t h e  t e s t  p e r i o d  i s  t o  prevent  c l add ing  
o v a l i z a t i o n  and thus  a s s i s t  i n  m a i n t a i n i n g  s t a b i l i t y  over t h e  s h o r t ,  
unsupported length.  Maximum oval  i ty noted i n  t h e  DECOP t e s t  was o n l y  
about 0.002 inch ;  Maki and Hara r e p o r t  t h a t  no e l l i p t i c a l  de fo rmat ion  
( o v a l i z a t i o n )  was observed i n  t h e  H i t a c h i  t e s t s  on p e l l e t  f i l l e d  
specimens. 

The Need f o r  A d d i t i o n a l  T e s t i n g  

Prev ious  t e s t i n g  a t  B e t t i s  cha rac te r i zed  t h e  p o t e n t i a l  f o r  . 
c l a d d i n g  c o l  1  apse and p rov ided  c e r t a i n  d e t a i l s  concern ing ope ra t i ng  
margins f o r  Z i r c a l o y - 4  c l a d  f u e l  rods,  t h a t  i s ,  t e s t i n g  was p r i r n a r i l y  
concerned w i t h  c l add ing  i n s t a b i l i t y .  It was recogn ized  t h a t  t e s t  
c o n d i t i o n s  i n  almost a l l  cases were much more severe than  would be 
exper ienced i n  ope ra t i ng  reac to r s .  Accord ing ly ,  t h e  DECAG t e s t  program 
was designed t o  more n e a r l y  s imu la te  c o n d i t i o n s  t h a t  ac tua l  f u e l  rods  
might  exper ience i n  o rder  t o  c o n f i r m  no t  o n l y  s t a b i l i t y  b u t  p rogress ive  
de fo rmat ion  o f  c l add ing  over a x i a l  gaps. Also, a  more ex tens i ve  data base 
would be use fu l  i n  improv i  ng a n a l y t i c a l  methods, b o t h  by e m p i r i c a l  f i t t i n g  
o f  t e s t  r e s u l t s  and by t h e o r e t i c a l  a n a l y s i s  u s i  ng computer ized numeri c a l  
met hods. 



3 .  -- DESCRIPTION OF DECAG TESTS .- 

3.1 General D e s c r i p t i o n  o f  A l l  DECAG Tests  

The DECAG (DEformat ion o f  C l a d d i n g  i n t o  A x i a l  Gaps) t e s t  program 
r e p o r t e d  h e r e i n  i s  c E p o s e d  o f  t h r e e  se t s  o t  specimens i n  twe l  ve t e s t  
s e r i e s .  The specimen s e t s  a re  des ignated DECAG-I, DECAG-I1 and DECAG-I11 
on t h e  bas is  o f  specimen t ype :  DECAG-I s e t  i s  composed o f  0.5685-inch 
nominal  OD r e c r y s t a l  1  i z a t i o n  annealed t u b i n g  (RXA) , DECAG-I1 s e t  i s  
composed o f  0.5685-inch nominal OD 78 percent  c o l d  worked t u b i n g  w i t h  a  
s t r e s s - r e 1  i e f  anneal (SRA) , DECAG-I I 1  s e t  i s  composed o f  0.305-inch 
nominal  OD RXA tub ing .  A f t e r  f a b r i c a t i o n ,  specimens were vapor b l a s t e d  
and p i c k l e d  t o  reduce w a l l  th i cknesses  t o  t h e  des i r ed  t e s t i n g  values. 
Tubing f o r  DECAG-I and DECAG-I1 specimens was p i c k l e d  t o  reduce t h e  w a l l  
t h i c k n e s s  t o  a  nominal 0.0255 i n c h  and t h e  t u b i n g  f o r  DECAG-I11 specimens 
was reduced t o  a  nominal  0.020-inch w a l l  th ickness.  

Each DECAG-I and DECAG-I1 specimen was f a b r i c a t e d  by weld ing two 
end p lugs  w i t h  i n t e g r a l l y  machined ex tens ions  i n t o  a  s e c t i o n  o f  tub ing .  
The end p lug  ex tens ion ,  r e f e r r e d  t o  as an " i n s e r t "  on F igu re  3.1, was 
machined t o  a  d iameter  which provided a nomlnal 0.0015-Inch r a d l a l  gap 
between i n s e r t  and c ladd ing .  The t u b i n g  l eng ths  were se lec ted  such t h a t  
when l t ~ e  tubir.ly ar'id erld p l uys  werat! itssrmblecl, .ll~t! clt!sir.ed & x i d l  gaps were 
formed as l e n g t h s  o f  empty, uns~.~pported tuhing.  A m a j o r  advantage of t h i s  
des i  gn as opposed t o  t h e  "spool  " c o n f i g u r a t i o n  used i n DECOP . specimens 
(see  S e c t i o n  2.5) o r  i n  t h e  t e s t s  by Maki, e t  a1 (Reference 7 )  i s  t h a t  
h y d r o s t a t i c  end loads  a r e  unambiguously t r a n s m i t t e d  t o  t h e  gap c l a d d i  ng, 
as i n  a  f u e l  r o d  w i t h  a  gap. 

Each DECAG-I11 specimen was f a b r i c a t e d  by weld ing two end p lugs  
w i t h o u t  i n s e r t s  i n t o  10- inch  l ong  l eng ths  o f  t ub ing .  Three o f  t h e  seven 
specimens were equipped w i t h  f u l l  l e n g t h  spr ings ,  which would norma l l y  be 
i n  a  fue l  r o d  plenum t o  suppress mot ion i n  f u e l  s tacks,  and t h e  remainder 
were empty tubes. 

T e s t i n g  was performed i n  au toc laves  i n  e i t h e r  a  water o r  steam 
environment dependi ng on temperature-pressure c h a r a c t e r i s t i c s .  Axi a1 
temperature d i s t r i b u t i o n  i n  t h e  au toc lave  was ~ n a i  n ta i ned  w i t h  - +10F o f  
nomi n a l  . 

D i  ameter and oval  i t y  measurements were obta ined w i t h  e i t h e r  a  
d i a l  micrometer snap gage (0.0001 i n c h l d i v i s i o n )  o r  a  P r a t t  and Whitney 
Bench Micrometer (0.00001 i n c h l d i  v i  s i on ) .  C i r cumfe ren t i  a1 p r o f i l e  
measurements were ob ta i ned  w i t h  a  Bendix-Cleveland Product-0-Ron 
p r o f  i 1 ometer. (See Appendix 2  f o r  d e t a i  1  s  o f  measurement systems. ) 



FIGURE 3.1 SCHEMATIC 0.F DECAG TEST SPECIMENS 
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DECAG-I Tes ts  

The DECAG-I t e s t  program was designed t o  s tudy creep de fo rmat ion  
and c o l l a p s e  o f  c l a d d i n g  a t  two pressures,  2200 p s i g  and 2600 ps ig ,  and a t  
two  temperatures,  625F and 674F. The specimens were made w i t h  a x i a l  gap 
l e n g t h s  r ang ing  f r om 0.25 t o  2.50 inches  ( F i g u r e  3.1). The i n s e r t  l e n g t h  
was 1.5 inches; t h e r e f o r e ,  t h e  o v e r a l l  t u b i n g  l e n g t h  range was f rom 3.25 
t o  5.50 inches and t h e  t u b i n g  was i n i t i a l l y  unsupported over  t h i s  leng th .  

Tab le  3.1 summarizes t h e  t e s t  h i s t o r i e s  o f  each o f  t h e  t h r e e  
s e r i e s  o f  specimens i n  t h e  DECAG-I program. 

Table  3.1 
Tes t  H i s t o r y  f o r  Three DECAG-I Se r i es  

Se r i es  26674 Se r i es  26625 Se r i es  22674 
C y c l e  Pressure  = 2600 p s i g  Pressure  = 2600 p s i g  Pressure  = 2200 p s i g  
Number Temperature = 674F Temperature = 625F Temperature = 674F 

T o t a l  Time a t  End o f  Cvc le  (Hours) 

3.3 DECAG- I I Test Program 

The i n i t i a l  phase o f  t h e  DECAG-I1 t e s t  program was designed t o  
t e s t  t h e  e f f e c t s  o f  p e r i o d i c  p r e s s u r i z a t i o n  s i m u l a t i n g  p l a n t  h y d r o s t a t i c  
and re1  i e f  va l ve  t e s t i n g .  These t e s t s  were expected t o  be s h o r t  d u r a t i o n  
( 2  G hours )  h i g h  p ressure  t e s t s  (2500 - 2750 p s i g )  a t  ho t  standby 
t . ~ m p ~ r a t . ~ ~ r e  ( 5 534F). Fach q i m t ~ l  a t . ~ r i  hyrlrnzt.at. ic t . ~ $ t .  i n  t h e  pr i rnary 
t e s t  group ( S e r i e s  4 )  would be separated by acce le ra ted  normal o p e r a t i o n  
f o r  500 hours  a t  2000 p s i g  and 674F, w i t h  e l eva ted  temperature as t h e  
acce le ra t i ' on  f a c t o r .  S i x  specimens w i t h  nominal 0.525-inch a x i  a1 gaps a t  
beg i  n n i n g - o f - t e s t  were t o  be p e r i o d i c a l  l y  c u t  apar t ,  remachined and . 
rewelded t o  i n c r e m e n t a l l y  en la rge  t h e  ax i  a1 gap t o  1.65 inches. '(he 



l e n g t h  o f  i n s e r t s  f o r  use i n  DECAG-I1 specimens was increased t o  2.35 
inches t o  p rov ide  machining s tock t o  be removed i n  leng then ing  a x i a l  
gaps. (See F i g u r e  3.1.) Thus, t h e  o v e r a l l  l e n g t h  range o f  t h e . a s -  
f a b r i c a t e d  specimens was 7.175 t o  8.300 inches encompassing specimens 
i n i t i a l l y  f a b r i c a t e d  w i t h  a x i a l  gaps o f  0.525, 0.75, 1.0 and 1.65 
inches. Subsequent t e s t i n g  revea led  a  c r i t i c a l  a x i a l  gap l e n g t h  f o r  
s t a b l e  ope ra t i on  t o  be between 1.00 and 1.65 inches; specimens were 

. f a b r i c a t e d  w i t h  a x i a l  gaps o f  1.2 and 1.4 inches t o  p rov ide  da ta  i n  t h a t  
c r i t i c a l  range. 

Tab le  3.2 summarizes t e s t  h i s t o r i e s  f o r  each o f  t h e  e i g h t  s e r i e s  
and subser ies  compr is ing  t h e  DECAG-I1 t e s t  program; t h e  purposes o f  each 
s e r i e s  f o l  1 ow. 



T a b l e  3.2 
T e s t  H i s t o r y  o f  E i g h t  DECAG-I1 T e s t  S e r i e s  

\ 

S e r i  es 
Number Parameter*  1 - 2 3 A 3B 3 82 - 4 - 5 - - 3A2 .- 

1 Press.  2750 2750 2200 2200 2000 2200 2750 2200 
Temp. 534 . 534 674 645 636 645 534 645 
T i  me 8 8 162 84 9 54 84 24 84 

2 Press.  2750 2750' 2000 2000 2000 2000 2750 2750 
Temp. 534 534 674 6 74 636 6 36 534 534 
T i  me 24 24 386 234 2344 434 48 132 

3 Press. 2750 2750 2000 2000 2000 2000 2500 
Temp 534 534 674 ' 674 636 63G 534 
T i  me 48 48 2086 484 3786 900 84 

4 press .  2500 2500 zuuu zuuu 2000 2000 
Temp. 534 534 674 674 636 

84 2782 
674 

54 Tlme Y Y i '  2604 584 

5 Press.  2750 2750 2000' 2000 2000 2750/2500 
Temp, 450 450 674 674 G36 534 
T i me 104 104 3282 1582 4572 59 0 

6 Press.  2500 2500 2000' 2000 
Temp. 450 450 674 674 
T i  me 114 114 3782 2582 

7 Press.  27 50 
Temp. 534 
Time 268 

8 Press. 2750 
Temp. 5 54 
T i  me 373 

9 Press. 
Temp. 
Time 

10 Press.  
Temp. 
T i  me 

11 Press.  
Tcmp 
T i  me 

12 Press.  
Temp. 
T i  me 

13 Press.  

Temp. 
T i  me 

See n o t e s  on f o l l o w i n g  page. -14- 



Notes t o  Tab le  3.2 ------ 

*Press. = Pressure,  p s i g  ' 

Temp. = Test Temperature, O f  

Time = Accumulated Time t o  End o f  Cycle,  Hours 

' va r i ab l e  gap specimens f rom Se r i es  3A2 and 4 ( f o u r  t o t a l )  combined and 
con t i nued  i n  t e s t ;  ba lance o f  b o t h  t e s t  s e r i e s .  d i scon t inued .  



3.3.1 DECAG-I1 Se r i es  1, 2  and 5  

S e r i e s  1, 2  and 5  were s h o r t  term scoping t e s t s .  Ser ies  1  and 2  
were des i  gned t o  determi  ne t he  e f f e c t s  o f  begi  n n i  ng-of -1  i f e  h y d r o s t a t i c  
t e s t i n g  on c l a d d i n g  de fo rmat ion  i n  order  t o  eva lua te  t h e  proposed t e s t  
program f o r  Se r i es  4. The two t e s t s  were i d e n t i c a l  w i t h  t h e  excep t ion  
t h a t  Se r i es  2 specimens were p l a s t i c a l  l y  deformed (preoval  ed) by 
compressing t h e  t u b i n g  p o r t i o n  o f  t h e  f a b r i c a t e d  specimens i n  a  h y d r a u l i c  
p ress  between f l a t  a n v i l s  t o  p rov ide  approx imate ly  0.005-inch i n i t i a l  
o v a l i t y .  A f t e r  deformat ion, these specimens rece i ved  a  s t r e s s  r e l i e f  
anneal f o r  f o u r  hours a t  950F. I n i t i a l  o v a l i t y  o f  Se r i es  1  specimens was 
U.UUi i n c h  o r  l ess ,  averag ing  0.0007 inch.  

S e r i e s  5 specimens were exposed on1.y t o  a  c o r r o s i o n  f i l m i n g  
ope ra t i on ,  2200"ps ig  a t  645F f o r  84 hours, i n  o rder  t o  p rov ide  a  
c o r r e c t i o n  t o ' s e r i e s  4 da ta  i n  which t h i s  ope ra t i on  was no t  provided. 

Se r i es  3  cons i s ted  o f  f o u r  subser ies o f  t e s t s ,  des igndted 3A, 
3A2, 38 and 3B2. These t e s t s  were in tended t o  v e r i f y  a p p l i c a b i l i t y  o f  t h e  
Larson-Mi 1  l e r  Parameter (Reference 13) t o  determi ne an a c c e l e r a t i o n  f a c t o r  
f o r  Se r i es  4 based on temperature*  Because o f  t h e  l ong  t e s t  per iods  and 
t h e  i n c l u s i o n  o f  specimens i n  which t h e  a x i a l  gaps were en larged 
p e r i o d i c a l l y ,  these  t e s t s  p rov ided  much va luab le  i n f o r m a t i o n  r e l a t e d  t o  
c l a d d i n g  deformatdon. Se r l es  3A and 30 each con ta ined  f o u r  spec imer~s: 
t h r e e  w i t h  i n i t i a l  0.525-inch a x i a l  gaps ( i n c l u d i n g  one which was 
p reova led)  and one w i t h  i n i t i a l  1.65 i n c h  a x i a l  gap. Subsequent t e s t i n g  
o f  Se r i es  4 demonstrated t h a t  l ong  term s t a b i l i t y  f o r  a  gap e x i s t i n g  f rom 
beg inn ing -o f - t es t  cou ld  be expected f o r  qap l eng ths  q rea te r  than  1.0 inch ,  
b u t  l e s s  than  1.65 inches.  To f u r t h e r  i n v e s t i g a t e  t h i s  c r i t i c a l  gap 
l e n g t h  range Se r i es  3A2 and 3B2 were i n i t i a t e d ,  each w i t h  e i g h t  p a i r e d  
specimens hav ing  a x i a l  gaps o f  1 * 0 ,  1.2, 1.4 and 1.65 inches. Test 
c o n d i t i o n s  were e s s e n t i a l l y  t h e  same as s i s t e r  t e s t s  3A and 3B except t h a t  
these  specimens r e c e i v e d  p r e t e s t  c o r r o s i o n  f i l ~ n i  ng. 

DECAG-I1 Ser ies  4  

Se r i es  4  was a  l ong  term, acce le ra ted  l i f e t i m e  s imu la t i on ,  
i n c l u d i n g  p e r i o d i c  h y d r o s t a t i c  and r e 1  i e f  va lve  t e s t  operat ions.  
I n t e r m i t t e n t  h y d r o s t a t i c  and re1  i e f  va l  ve t e s t s  were performed i n  r e a l  
t i m e  ( 6  hours t o t a l  t e s t  t i m e  a t  2500 - 2750 p s i g  and 534F). Normal 
o p e r a t i o n  was acce le ra ted  by i n c r e a s i n g  temperatures, w i t h  temperature- 
t ime  correspondence t o  r e a l  t i m e  based on La rson -M i l l e r  Parameter 
equ i  valence. 

The t e s t  cons i s ted  o f  twe lve  specimens: s i x  w i t h  0.525-inch gaps 
and two each w i t h  0.75-, 1  .O- and 1.65-inch a x i a l  gaps. H a l f  o f  t h e  
specimens o f  each s i z e  were as f a b r i c a t e d  f rom LWBR q u a l i t y  t ub ing ,  and . . 

t h e  o the r  h a l f  were preovaled i n  t h e  manner descr ibed  f o r  Se r i es  2  
specimens i n  S e c t i o n  3.3.1. 



3.4 DECAG-I11 Test  

The DECAG-I11 t e s t  was designed as an acce le ra ted  l i f e t i m e  t e s t  
t o  con f i rm t h e  f rees tand i  ng c h a r a c t e r i s t i c  of small d iameter  RXA c l  addi ng 
w i t h  a  l ong  (10 i n c h )  unsupported leng th .  The t e s t  cons i s ted  o f  seven 
specimens, f o u r  of which were empty tubes and t h r e e  o f  which con ta ined  
spr ings.  The t e s t  program i s  presented i n  Table 3.3. 

4. SUMMARY OF TEST RESULTS 

4.1 DECAG-I Tests 

Diameter change and oval  i t y  da ta  f o r  DECAG-I t e s t  specimens a re  
summarized i n  F igu res  4.1 th rough 4.6. Data t a b l e s  f rom which these 
curves were cons t ruc ted  a re  presented i n  Appendix 1. Both diameter and 
o v a l i t y  were measured a t  t h e  a x i a l  gap mid-plane us ing  a  d i a l  micrometer 
snap gage. The f i g u r e s  demonstrate t h a t  diameter changes a re  independent 
o f  a x i a l  gap l e n g t h  whereas o v a l i  ty  i s  a  s t r ong  f u n c t i o n  o f  a x i a l  gap 
l eng th .  Th i s  phenomenon. i s  d iscussed more f u l l y  i n  Sec t i on  5. 

DECAG-I1 Tests 

4.2.1 Scoping Tests  - Se r i es  1, 2 and 5  

As noted i n  Sec t i on  3.3.1, these  s h o r t  scoping t e s t s  were 
conducted t o  determine t h e  e f f e c t s  o f  s imu la ted  b e g i n n i n g - o f - l i f e  t e s t i n g  
on t h e  DECAG-I1 specimens i n  o rder  t o  g a i n  assurance t h a t  t h e  r e l a t i v e l y  
h i g h  t e s t  'pressure, 2750 ps ig ,  would no t  produce e f f e c t s  t h a t  would make 
subsequent t e s t i n g  o f  Se r i es  4  specimens d i f f i c u l t  t o  i n t e r p r e t .  The 
diameter change and o v a l i  ty  data ob ta i ned  i n  these  t e s t s  a re  summarized f n  
Tables A1-7 th rough A1-10. The changes noted a re  smal l  and, f o r  t h e  most 
pa r t ,  w i t h i n  t h e  l i m i t s  o f  measurement accuracy. The b igges t  e f f e c t  is. 
noted i n  t h e  preovaled specimens which exper ienced o v a l i t y  decreases 
(became more n e a r l y  round)  o f  about 0.003 inch. 

The Se r i es  5 t e s t s  demonstrate t h a t  c o r r e c t i o n  i s  not  r e q u i r e d  t o  
begi  nn i  ng-of-1 i f e  t e s t  data f o r  Se r i es  4. Compari son o f  ova l  i t y  changes 
o f  Se r i es  5 specimens (See Table A1-9) a f t e r  84 hours o f  c o r r o s i o n  f i l m i n g  
and an a d d i t i o n a l  48 hours o f  h y d r o s t a t i c  t e s t  s imu la t i on ,  w i t h  ova l  i ty  
changes o f  Ser ies  4  specimens (See Tab le  A1-15) a f t e r  48 hours o f  
h y d r o s t a t i c  t e s t  s imu la t i on ,  r e v e a l s  i n i t i a l  de fo rmat ion  o f  t h e  same smal l  
magnitude. S i m i l a r  compari son o f  d iameter  change data (See Tab1 es A1 -10 
and A1-16) i nd i ca tes -  t h a t  d iameter  changes f o r  Se r i es  4 specimens a r e  
s l ' i y h t l y  g rea te r  t han  f o r  Se r i es  5 specimens. Howcvcr, measurement 
techniques may be r e s p o n s i b l e  f o r  most o f  t h e  changes i n  Se r i es  4. 
I n i t i a l  rneasuretnents were ob ta ined  w i t h  a  d i a l  micrometer snap gage r a t h e r  
than  t h e  more accura te  P r a t t  and Whitney Bench Micrometer (See Appendix 2 )  
used f o r  subsequent Ser ies  4  and a l l  Se r i es  5 data. Ser ies  5  da ta  show 
t h a t  l i t t l e  diameter change i s  t o  be expected as a  r e s u l t  o f  b o t h  
c o r r o s i o n  f i l m i n g  and h y d r o s t a t i c  t e s t  s imu la t i on ;  hence no c o r r e c t i o n  was 
a p p l i e d  t o  Se r i es  4  data. 



Table 3.3 
Test History of DECAG-111 Small Diameter RXA Cladding 

Cycl e Pressure Temperature Cycl e Time Accumulated Time 
Number p s i  g OF I-lours Hour 

*Short t e s t  cycles due t o  autoclave fai lures .  



FIGURE 4..1 
OVALITY OF DECAG-I SPECIMENS 
TESTED AT 2 6 0 0  PSlG AND 674 F 
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FIGURE 4 .2  
CHANGE OF AVERAGE DIAMETER OF DECAG-I 
SPECIMENS TESTED AT 2600 PSlG AND 674 F 
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FIGURE 4.3 
OVALITY OF DECAG-I  SPECIMENS 
TESTED AT 2600 PSIG AND 625F  
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FIGURE 4.4 
CHANGE OF AVERAGE DIAMETER OF DECAG-I SPECIMENS 

TESTED AT 2600 PSlG AND 625  F 
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FIGURE 4.5 
OVALITY OF DECAG -I SPECIMENS 
TESTED AT 2 2 0 0  PSlG AND 674F 
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FIGURE 4.6 
CHANGE OF AVERAGE DIAMETER OF DECAG-I SPECIMENS 

TESTED AT 2 2 0 0  PSlG AND 674F 
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4.2.2 Se r i es  3  and 4  

F i g u r e  4.7 summarizes t h e  t e s t  r e s u l t s  r e l a t e d  t o  o v a l i t y  change 
f o r  Ser ies  3A, 3A2 and 4  as f a b r i c a t e d  specimens ,from t h e  t h r e e  t e s t s ;  
F i g u r e  4.9 p rov ides  a  summary o f  oval  i t y  data f o r  t h e  e i g h t  preoval  ed 
specimens i n  Ser ies  3A and 4; and F igu re  4.8 sum~narizes diameter shr inkage 
da ta  f o r  a l l  Se r i es  3A, 3A2 and 4  specimens. A l l  o f  these specimens were 
t e s t e d  a t  674F. Summaries o f  data f rom t h e  636F t e s t s ,  Se r i es  3B and 382, 
a r e  presented i n  F igures  4.10 and 4.11 f o r  bo th  as f a b r i c a t e d  and 
preoval  ed specimens. 

Each f i g u r e  con ta ins  eng ineer ing  t r e n d l i n e s  which a re  designed t o  
h e l p  c l a r i f y  and i n t e r p r e t  t h e  data. These t r ead1  i nes  r e i n f o r c e  t h e  
f i n d i n g s  o f  t h e  DECAG-I t e s t s  concern ing l a c k  o f  gap l e n g t h  dependence f o r  
diameter changes. 

DECAG-I I I Tests 

RXA c l a d d i n g  w i t h  a  r e l a t i v e l y  small OD/t r a t i o  o f  15 was shown 
t o  be f r ees tand ing  under t h e  t e s t  c o n d i t i o n s  o f  2000 p s i g  and 674F. A t  
t h e  comple t ion  o f  t e s t i n g  (See Table A1-22) average diameter change and 
o v a l i t y  o f  a l l  specimens was near zero, w i t h i n  t h e  1  i m i t s  o f  measurement 
accuracy, i n  c o n t r a s t  t o  a  s t r a i n  o f  0.0033 i n . / i n .  ( a d / d o )  and severa l  
co l l apsed  specimens f o r  SRA DECAG-I1 specimens w i t h  t h e  same exposure. 

5. DISCUSSION OF TEST RESULTS 

5.1 Ax i  a1 Gap S tab i  1  i t y  Against  Col 1  apse 

Prev ious  work a t  B e t t i s  and elsewhere has demonstrated t h a t  
c l a d d i n g  which c o l  lapses i n t o  a x i a l  gaps i n i t i  a1 l y  man i fes ts  a  gradual 
i nc rease  i n  o v a l i t y  u n t i l  an uns tab le  c o n d i t i o n  e x i s t s  and then r a p i d l y  
co l lapses .  Thus, o v a l i t y  can be used t o  q u a n t i f y  c l a d d i n g  s t a b i l i t y .  
O v a l i t y  da ta  f o r  DECAG-I t e s t s  a re  summarized i n  F igures  4.1, 4.3, and 
4.5; data f o r  DECAG-I11 a re  summarized i n  F igures  4.7 and 4.9. T rend l ines  
have been cons t ruc ted  on these f i g u r e s  t o  emphasize t r ends  man i fes ted  by 
t h e  data. 

The t r e n d l i n e s  represen t  approximate upper bounds t o  da ta  f o r  t he  
longes t  a x i a l  gap specimen f o r  which t h e  data show a  1  eve1 i ng o f f  .of t h e  
o v a l i t y  w i t h  t ime. Th i s  permi ts  t h e  s e l e c t i o n  o f  a  maximum s t a b l e  l e n g t h  
f o r  t h ~  c o n d i t i o n s  nf each t.est. 

S t a b l e  gap performance i s  seen i n  those  specimens which manifest  
an i n i t i a l  small i nc rease  i n  o v a l i t y  b u t  then  remain unchanged f o r  l o n g  
pe r i ods  (such  as t h e  1.2-inch specimens on ~ i g u r e  4.7) o r  even show a  
decrease i n  o v a l i t y  (such as t h e  1.0-inch specimens i n  t h e  same f i g u r e ) .  
T h i s  l a t t e r  a c t i o n  i s  g r a p h i c a l l y  demonstrated by t h e  preovaled specimens . 
(See F igu re  4.9) which have i n i t i a l  o v a l i t i e s  o f  0.003 t o  0.006 inch .  A l l  
specimens w i t h  a x i a l  gaps of 1.0 i n c h  o r  l e s s  man i f es t  a  decrease i n  
ova l  i ty th roughout  t h e  t e s t  per iod.  



FIGURE 4.7 
W A L  ITY u3F AS FABRICATED DECAG - 3 SPECIMENS TESTED AT 2000 PSIG, 674F 
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FIGURE 4.8 . .  . 

DIAMETER CHANGE OF DECAG-II 'SPECIMENS. 
TESTED AT 2000 PSlG AND 674 F 
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FIGURE 4.9 
OV4LITY OF PREOVALED ClECPG-11 SPECIMENS 

TESTED AT 2000 RSlG AND 674 F 

34. 

40.0 II I I I I 1 I I I I I I I I I 

- 
DENOTES EFFECT OF 

AXIAL GAP LENGTH 6-HOUR HYDRO 'EST - 
0 1.65 INCH 0 2 7 5 0  PSIG, 5 Z 4 F  
A 1.00 lhCH NUMBERS NEXT TCa 

TREND L INE 
0 0.75 INCH SYMBOLS ARE SPECIMEN 

'OR 1.55" SAP 
0 0 .525  INCH SERIAL NOS. - 

GAP LENGTH, SPECS 3 8 - 
15 CHANGED EACF CYCLE - - 
C -SPECIMEN COLLAPSED - 
IN NEXT TEST CYCSLE - 

- 

I- 
- 

z I1 
0 15 W 5 0  - 

a 
a 
0 1.0 - - 
b 0.8 - 

- - 
- 

> - - 
- .  

TIME AT TEMP AND I ~ E S S .  ( l o 2  HOURS) 

a > 
0 

0.4 

0.2 

0.1 

- - 
- - 

- - 

- - 

I I I I I I I I II I I I I 1 U I 
0 2 4 6 8 10 12 14 16 18: 2C 2 2  2 4  26 2 8  3 0  32 



FIGURE 4.10 
OVALITY OF DECAG - J I  SPECIMENS 

TESTED AT 2 0 0 0  PSI AND 636 O F 

TIME IN TEST ( lo2 HOURS ) 
- 29 - 



FIGURE 4.1 1 
DIAMETER CHANGE OF DECAG - I1 SPECIMENS 

TEST AT 2G00 PSlG A'ND 636 F 
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A p o s s i b l e  exp lana t i on  o f  t h i s  behavior  evo lves from 
cons ide ra t i on  o f  thermal creep which causes a  decrease i n  specimen 
d iameter  as shown i n  F igures  4.2, 4.4, 4.6, and 4.8. The d iameter  
decrease o f  most specimens i s  about 0.003 i n c h - w h i c h  i s  l a r g e  enough t o  
c l o s e  t he  i n s e r t - t o - c l  addi  ng gap and p rov ide  suppor t  f o r  t h e  c ladding.  
Th is  gap c l o s u r e  r e s u l t s  i n ,  t h e  c l a d d i n g  becoming more n e a r l y  round i n  t h e  
reg ions  over t h e  i n s e r t s .  I f  t h e  a x i a l  gap i s  s h o r t  enoug.h, t h e  
unsupported l e n g t h  o f  t u b i n g  i s  r e l a t i v e l y  r i g i d  and bending s t resses  a re  
i n s u f f i c i e n t  t o  cause an inc rease  i n  o v a l i t y  a t  t h e  a x i a l  gap 
c e n t e r l i  n'e. As t h e  a x i a l  gap l e n g t h  increases t h e  :unsupported t u b i n g  
becomes l e s s  r i g i d .  O v a l i t y  increases a t  t h e  a x i a l  gap c e n t e r l i n e  and 
cont inues t o  inc rease  even a f t e r  r a d i a l  gap c l o s u r e  p rov ides  suppor t  f o r  
t h e  t u b i n g  over t h e  i n s e r t s .  The a x i a l  gap l e n g t h  f o r  which c e n t e r l i n e  
oval  i t y  begins t o  show a  con t inued  inc rease  throughout  t e s t i n g  marks t h e  
boundary between stab1 e  and uns tab l  e  performance. 

The t r e n d l i n e s  apply  s t r i c t l y  f o r  a x i a l  gaps e x i s t i n g  f rom 
begi  nn ing -o f - t es t .  But i n - r e a c t o r  gaps a re  formed p r o g r e s s i v e l y  due t o  
fue l  d e n s i f i c a t i o n ,  c l a d d i n g  i r r a d i a t i o n  growth and a x i a l  r a t c h e t t i n g  
( ~ e f e r e n c e  14) d u r i n g  which t ime  c l o s i n g  o f  t h e  r a d i a l  gap can reduce 
o v a l i t y  as t h e  c l add ing  creeps dowrl onto t h e  f u e l  and conforms t o  it. 
From t h i s  more s t a b l e  c o n f i g u r a t i o n  oval  i t y  inc reases  s low ly .  The l o n g  
gap ' i s  more s t a b l e  l a t e - i n - t e s t  than  when i t  e x i s t s  f rom bey inn ing -o f -  
t e s t .  

Several  DECAG-I I specimens were f a b r i c a t e d  w i t h  s h o r t  beginn ing-  
o f - t e s t  a x i a l  yaps (0.525 i n c h )  which were en larged p e r i o d i c a l l y  d u r i n g  
t e s t i n g .  These a re  Specimens 2  and 9  on F i g u r e  4.7, Specimen 15 on 
F igu re  4.9 and Specimen 4  and 10 on F igu re  4.10. ( I d e n t i f i e d  on f i g u r e  by 
numbers bes ide data po in ts .  ) For these  specimens oval  i ty  behav io r  was 
i n i t i a l l y  t h a t  o f  t h e  s t a b l e  gap, t h a t  i s ,  l i t t l e  o r  no inc rease  i n  
ova1it.y. But even a f t e r  t h e  gaps were opened t o  1.65 inches, s h o r t  gap 
behavior  pers is ted .  For example, Specimen 9  (See F igu re  4.7) had o n l y  
0.0012-inch o v a l i t y  a f t e r  3782 hours a t  2000 p s i g  and 674F, i n c l u d i n g  1700 
hours as a  1.65-inch gap specimen. A l l  specimens which had 1.65-inch gaps 
f rom beg inn ing -o f - t es t  co l l apsed  i n  1000 hours o r  l e s s  and a t t a i n e d  h igh  
o v a l i t i e s  i n  a few hundred hours. Thus, t h e  v a r i a b l e  gap t e s t s  suggest 
t h a t  c l add ing  over a x i a l  gaps longer  than  those approxirnated by t h e  
t r e n d l i n e s  e x h i b i t s  l o n g  t e rm  s t a b i l i t y  i f  t h e  a d j o i n i n g  c l a d d i n g  i s  f u l l y  
suppor ted by f u e l .  As t h e  a x i a l  gap grows, t h e  a d j o i n i n g  c l add ing  becomes 
f u l l y  supported due t o  t h e  c l a d d i n g  s h r i n k i n g  onto t h e  f u e l .  

5.2 Larson-Mi 11 e r  Parameter Equi va l  ence 

A major  o b j e c t i v e  of DECAG-I1 Se r i es  3 t e s t s  was t o  p rov ide  data 
f o r  develop ing a  t e s t  a c c e l e r a t i o n  f a c t o r ,  based on temperature,  which 
would r e l a t e  de fo rmat ion  exper ienced by Ser ies  4  specimens ( a t  674F) t o  
t h a t '  which would be exper ienced a t  1 ower temperatures more r e p r e s e n t a t i v e  



o f  l i g h t  water r e a c t o r  opera t ion .  The L a r s o n - M i l l e r  Parameter (LMP) 
(Reference 13)  was chosen as an e m p i r i c a l  f o r m u l a t i o n  f o r  t h i s  purpose. 
The L a r s o n - M i l l e r  Parameter i s  expressed as 

LMP = T (20 + loglot) (eq. 5.1) 

where: T = tempera tu re  ( O ~ a n k i n e )  

t = t i m e  (hou rs )  

The Larson-Mi 11 e r  Parameter p rov ides  a t i rne-temperature re1  a t i  onshi  p  
between two o the rw i se  s i m i l a r  t e s t s  performed a t  d i f f e r e n c e  temper.atures 
on t h e  bas i s  o f  de fo rmat ions  exper ienced i n  bo th  t e s t s .  Thus, i f  t h e  
c o r r e l a t i o n  i s  v a l i d ,  s i m i l a r  specimens t e s t e d  a t  equal pressures w i l l  
exper ience  equal de fo rmat ions  f o r  equal values o f  LMP even though t e s t  
t ~ m p e r a t ~ r r e s  are d i  f f ~ r ~ n t . .  

F i g u r e  5.1 p resen ts  diameter change data f o r  a1 1 Se r i es  3 
specimens as a f u n c t i o n  o f  LMP. Average diameter change and t h e  range o f  
d iameter  changes f o r  each Se r i es  3 t e s t  a re  p l o t t e d  on t h e  f i g u r e .  The 
range o f  diameter change was de r i ved  f rom measurements a t  t h r e e  a x i a l  
l o c a t i o n s  f o r  a l l  specimens o f  a  q iven  ser ies .  Except ions t~ the three- 
measurement c r i t e r i o n  occur  f o r  data w i t h  LMP 326,400. I n  t h i s  range 
d iameter  shr inkage was s u f f i c i e n t  t o  c l ose  r a d i a l  gaps; hence no change i n  
d iameter  would be expected f o r  p o r t i o n s  o f  t he  c l a d d i n g  over  insert.^. 
There fo re ,  only da ta  f o r  unsupported l o c a t i o n s  were p l o t t e d .  The data 
f o l l o w  a common t r e n d  (approximated by t h e  s i n g l e  smooth curve)  t hus  
i n d i c a t i n g  t h a t  these  2000 p s i g  t e s t s  performed a t  674F and 636F can be 
r e 1  a ted  by LMP. 

The same procedure was a p p l i e d  t o  DECAG-I Ser ies  26674 and 26625 
t e s t s  which a r e  2600 p s i g  t e s t s  conducted a t  674F and 625F, 
r e s p e c t i v e l y .  F i g u r e  5.2 p resen ts  d iameter  change versus LMP f o r  these 
t e s t s .  Again, LI s i n g l e  smooth curve  rep resen ts  t h e  common da ta  t rends ,  
w i t h  s im i  1  a r  d i ame t ra l  decreases be ing  exper ienced by b o t h  se t s .  o f  
specimens f o r  equal LMP values. 

Larson and M i  11 e r  (Reference 13)  developed t h e i r  parameter t o  
c o r r e l a t e  cons tan t  s t r e s s  t e s t s  o f  creep r u p t u r e  a t  severa l  
temperatures. The c o r r e l a t i o n  was a p p l i c a b l e  t o  a  v a r i e t y  o f  m a t e r i a l s ,  
and t h e  au thors  suggested t h a t  o the r  types o f  de fo rmat ion  than creep 
r u p t u r e  might be d e f i n e d  i n  terms o f  LMP. I n  t h e  p resen t  con tex t  i t  i s  
d e s i r a b l e  t o  have a c o r r e l a t i o n  r e l a t i n g  o v a l i t y  as a f u n c t i o n  o f  t ime  and 
temperature.  Fiyurte 5.3 i s :  a p1o.t o f  t i l e  l uya r ' i  tl1111 u,T wval i t y  aya,ir,~st LMP 
f o r  1.65-inch and 1.4-inch a x i a l  gap specimens f rom Ser ies  3A2 (674F) and 
3B2 (636F). There a r e  two d i s t i n c t  popu la t i ons  based on a x i a l  gap l e n g t h  
which a r e  each s a t i s f a c t o r i l y  descr ibed  by a s imple l i n e a r  bes t  f i t  l i n e  
o f  t h e  form 

l o g  W = AL + B (Eq. 5.2) 

where W = ova l  i t y  
L = Larson-Mi 11 e r  Parameter 

A&B = f i t t i n g  cons tan ts  
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FIGURE 5.3 
OVALITY OF DECAG -71, SERIES 3A2 AND 382 

SPECIMENS AS A FUNCTION OF 
LARSON- MILLER PARAMETER 



,bus, i t  appears t h a t  t h e  L a r s o n - M i l l e r  Parameter i s  s a t i s f a c t o r y  f o r  
i n t e r p r e t i n g  DECAG-I1 Se r i es  4  t e s t  ova l  i ty  and diameter changes i n  
r e l a t i o n  t o  expected thermal performance o f  f u e l  rods  a t  lower ( o p e r a t i n g )  
temperatures. To es t ima te  t ime  dependent de fo rmat ion  a t  636F based on 
t e s t s  conducted a t  674F, an approximate a c c e l e r a t i o n  f a c t o r  o f  s i x  can be 
a p p l i e d  t o  t h e  t i m e  sca le  o f  F igures  4.7 t o  4.10. 

6. SUMMARY AND CONCLUSIONS 

The DECAG t e s t  program eva lua ted  t he  e f f e c t  o f  r e a c t o r  ope ra t i on  on 
Z i r c a l  oy-4 c l  addi  ng de fo rmat ion  i n t o  p o t e n t i a l  ax i  a1 gaps i n  1  ow f l u x ,  
plenum reg ions  o f  r e a c t o r  f u e l  rods. These a x i a l  gaps r e s u l t  f rom 
c l  addi  ng e longa t ion ,  pe l  l e t  d e n s i f i c a t i o n ,  and a x i  a1 r a t c h e t t i  ng. The 
t e s t  program cons1 s t e d  o f  twe l  ve s e r i e s  and subser ies  o f  t u b i n g  spec i~~ler ls  
c o n t a i n i n g  f a b r i c a t e d  ax i  a1 gaps rang ing  i n  l e n g t h  f r om 0.25 t o  2.50 
inches,  some of which were v a r i e d  i n  increments f rom 0.525 t~ 1.65 inches 
d u r i n g  t h e  t e s t .  Tests  were conducted i n  au toc laves  us ing  e i t h e r  steam o r  
water  as t h e  p r e s s u r i z i n g  medium. Test pressures ranged f rom 2000-2750 
p s i g ;  t e s t  temperatures ranged f rom 534F t o  674F. The h ighe r  temperatures 
were used t o  a c c e l e r a t e  s imu la ted  l i f e t i m e .  Both f u l l y  r e c r y s t a l  1  i z e d  
(RXA) and s t r e s s  r e 1  i eved, h i g h l y  c o l d  worked (SRA) ma te r i  a1 s  were 
t e s t e d .  Specimens were f a b r i c a t e d  bo th  f rom t h i c k  w a l l  (d iameter - to -  
t h i c k n e s s  r a t i o ,  D / t ,  o f  15)  and t h i n  w a l l  (D / t  = 20 t o  22) tub ing .  

The t e s t s  have v e r i f i e d  t h e  usefu lness o f  t h e  La rson -M i l l e r  Parameter i n  
r e 1  a t  i ng oval  i t y  and d i  ameter deformat i o n  data t o  o the r  temperatures. 

A n a l y s i s  o f  t e s t  da ta  p rov ides  e m p i r i c a l  evidence t h a t  s t a b l e  l ong  te rm 
o p e r a t i o n  o f  Z i r c a l o y - c l a d  foe1 rods  w i t h  a x i a l  gaps i n  low f l uence  
r e g i o n s  i s  p o s s i b l e  if a x i a l  gaps do not, exceed c r i t i c a l  l ~ n g t h s .  
C r i t i c a l  l eng ths  a r e  a  f u n c t i o n  o f  temperature and fue l  - t o - c l a d d i  ng r a d i a l  
gap. Cladding w i l l  deform more s l o w l y  a t  lower  temperature and lower  
pressures. The c l  o s i  ng of f u e l  - t o - c l  addi ng r a d i  a1 gaps tends t o  produce 
more s t a b i l i t y  i n  s h o r t  l eng ths  o f  unsupported c l add ing  by reduc ing  
o v a l i t y ,  which i n  t u r n  inc reases  t h e  c r i t i c a l  a x i a l  gap l e n g t h  f o r  s t a b l e  
operal:inn. 
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Table A l -1  
DECAG-I Tes t  - Se r i es  26674 

Snap Gage Ov,al i ty  Measurements 
(A1 1 Tes ts  Cycles Performed a t  2600 p s i 3  674F) 

,. 
P r e t e s t  O v a l i t y  a t  M id leng th  ( l o - "  i n . )  

Oval  i ty  50 139 378 634 840 1098 8440 2051 2870 4276 4923 
Nom. 
Gap 

( I nch )  Sample No. 

11 

15 

( l o - j i  n i  ) hrs .  h rs .  hrs .  hrs. hrs.  hrs.  hrs. hrs. hrs. hrs .  hrs.  

*Specimen . c o l  lapsed d u r i  ng t h i s  t ime i n t e r v a l .  
A 



.) v 

Table A1-2 
DECAG-I Test - Se r i es  26674 

Diameter Changes 

(A11 t e s t  c y c l e s  performed a t  2600 ps i g ,  674F) 

P r e t e s t  Change i n  Average Diameter WRT P r e t e s t  i n . )  
Sam1 e Di  arneter 50 139 378 634 840 1098 1440 2051 4276 4923 - -- r - 

No. ( I nch )  hrs. hrs. hrs. hrs.  hrs.  hrs.  hrs. hrs.  hrs .  h r s  

*Specimen c s l  lapsed d u r i n g  t h i s  t ime  i n t e r v a l .  



Table  .41-3 
DECAG-I  Tes t  - S e r i e s  26625 

Snap Gage Oval i ty Measurement; 
[ : A l l  Tes t  c y c l e s  performed a t  2600 p s i g ,  625F) 

Nom. P r e t e s t  O v a l i t y  3 t  M i d l e n g t h  ( l o - '  i n . )  
Gap Oval  i ty  51 138 375 631 332 1087 1397 2028 2828 4262 5414 

Sample No. ( ~ n c h )  1 : 1 0 - ~ i n . )  h rs .  hrs.  hrs.  hrs.  h r s .  hrs.  hrs.  hrs .  hrs.  hrs .  hrs .  

*Specimen c o l l a p s e d  d u r i n g  t h i s  t i m e  i n t e r v a l .  
- 

i 1 



Table A1-4 
DECAG-I Test - Ser ies  26625 

D i  ameter Changes' 
(A1 1 t e s t  cyc les  performed a t  2600 ps ig ,  625F) 

P r e t e s t  Change i n  Average Diameter WRT P r e t e s t  i n . )  
Sampl e D i  ameter 51 138 376 631 83 2 1087 1397 2028 4262 541-4 

No. ( i nch ) .  hrs. hrs.  hrs. hrs. hrs.  hrs. hrs. hrs.  hrs.  h r s  

"Specimen co l lapsed  du r i ng  t h i s  t ime  i n t e r v a l .  



Table A1-5 
DECAG-I Test  - Se r i es  22674 

Snap Gage * l va l  i ty Yeasurlrnents 
( A l l  t e s t  c yc -es  p2rformed a t  2200 p s i g ,  674F) 

0vali:y a t  M id l eng th  i n . )  
54 160 335 621 218 :513 1/99 2600 4000 4546 P 

hrs.  hrs.  hrs .  hrs .  hrs.  hrs. hrs. hrs.  h rs .  hrs.  hrs.  hrs .  

0.4 0.4 3.6 0.7 0.8 0.9 1.0 1.2 1 .O 0.6 0.1 0.4 

Non. 
Gap 

( I nch )  

P r e t  ?st.  
Ova Sty 

( l o - 3 i  n.) 
Sample 

No. 

*Specimen c o l l  apsed ~hri ng t h i s  t i m e  i n t e r v a l .  
+Specimen c o l l a p s e d  in les:. t han  832 hours. Discovered d u r i n g  i n t e rmed ia te  i n s p e c t i o n  f o r  c o l l  apsed specimens 
on ly .  



Table A1-6 
DECAG-I Test - Ser ies  22674 

Diameter Changes -- 
(A1 1 t e s t  cyc les ,  performed a t  7200 ps ig ,  674F) 

3 , ,, P r e t e s t  Change I n  Average Diameter WRT P r e t e s t  (10 i n . )  
S a m ~ l e  Diameter 54 160 36 5 62 1 753 96 1 1218 1513 1799 2600 4000 4546 

No. ( i n c h )  hrs.  hrs. hrs. hrs.  hrs. hrs. hrs. hrs.  hrs.  hrs. hrs.  hrs.  

'Specimen c o l  lapsed d u r i  ng t h i s  t i m e  i n t e r v a l .  



Table A1-7 
O v a l i t y  o f  DECAG-I1 Se r i es  1 and 2 Specimens 

Tes t  ' Cond i t ions  
Pressure,  p s i g  
Telllperdt;ur-e, F 
Cyc le  Time, Hours 
T o t a l  Time, Hours 

GAP - Loc. * P r e t e s t  Oval i t y  i n c h )  - -- 



Tab le  A1-7 c o n t ' d  

Tes t  Cond i t i ons  
Pressure,  ~ s i q '  - ,  - 
Temperature, F 534 534 534 534 450 450 674 
Cyc le  Time, Hours 8  16 24 36 20 10 150 
T o t a l  Time, Hours.  8 .  24 48 84 104 114 264 

Se r i es / ID  GAP Loc.* P r e t e s t  O v a l i t y  ( l o - '  i n c h )  

*T = top. ,  C = cen te r ,  B = bo t tom w i t h  re fe rence  t o  engraved s e r i a l  numbers 



Table A1-8 
Changes i n  Average Diameter o f  DECAG-I1 Ser ies  1 and 2 Specimens 

Tes t  Con,di t i ons 
Pressure,  p s i g  2750 2750 2750 2500 2750 2500 2000 
Temperature, F 534 534 534 534 450 450 674 
Cyc le  Time, Hours 8 16 24 36 2 0 10 150 
T o t a l  Time, Hours 8 24 48 84 104 114 264 

Se r i es / ID  GAP Loc.* - - O v a l i t y  i nch )  

1 /06 0.525 T ' 0.6 -0.2 -0.3 -0.3 -0.1 -0.3 -0.7 
C 0.9 -0.1 -0.2 -0.2 0.0 -0.1 -0.7 
B 0.6 -0.2 -0.3 -0.1 0.0 -0.1 -0.6 



Table  A1-8 c o n t ' d  

T e s t  Condi t ions  
P r e s s u r e ,  ps i  g 2750 2750 2750 2500 2750 2500 2000 
Temperature 534 534 534 534.  450 450 674 
Cycle  Time, H. 8 16 24 36 20 10 150 
Tota l  Time, Hours 8 24 48 84 104 114 264 

S e r i e s / I D  - GAP - Loc.* O v a l i t y  ( lo- '  i n c h )  

*T = t o p ,  C = c e n t e r ,  B = bottom wi th  r e f e r e n c e  t o  engraved s e r i a l  numbers 



Table A1-9 
O v a l i t y  o f  DECAG-I1 Ser ies  5 Specimens 

Tes t  Cond i t i ons  
Pressure ,  p s i g  
Temperature, F 
Cyc le  Time, hours 
T o t a l  Time, hours 

P r e t e s t  
Gap Ova i t y  3 S e r i e s I I D .  ( i n . )  Loc.* (10- i n . )  O v a l i t y  in . )  

*T = top ,  C = cen te r ,  B = bo t tom w i t h  r e fe rence  t o  engraved s e r i a l  numbers 
+Preoval  ed speci  liens 



Table A1-10 
D i  arneter Changes i n DECAG- I I Ser i  es 5 Specimens 

Test Condi t ions 
Pressure, p s i g  
Temperature, F 
Cycle Time,, hours 
To ta l  Time, hours 

P re tes t  
Gap Ova 3 i t y  Diameter Chan e 

Series/ID. ( in . )  Loc.* (10' in.) WRT Pre tes t  ( lo- '  in . )  

* T = top, C = cen ter ,  B = bottom w i t h  re fe rence t o  engraved s e r i a l  numbers 
+ Preoval ed specimens. 



Test  Cclndi t i ons 
Pressure, p s i g  
Temperature, F 
Cycle Time, Hours 
To ta l  Time, Hours 

Table A?-1 1 
O v a l i t y  of  DECAG-I1 Ser ies  34 Spx imens  

P re tes t  
Gap Oval j t y  

Ser ies/ ID ( i n . ]  Loc.# (10' i n )  Oval i ty ( 1  C I - ~  i n ch )  

+ A x i a l  gaps o f  specimens 9, and 15 were en1 arged by c u t t i n g  specime?, maching i n s e r t  and reweld ing.  
Gap H i s t o r y  - 0.525 inch ,  0-162 hours 

0.75 inch,  162-386 hours 
1.0 inch,  386-2086 hours 
1.65 inch, .2086-end o f  t e s t  

# T = top, C = cen te r ,  B = bot tom w i t h  r e fe rence  t o  engraved s e r i a l  numbers 
** Specimen co l lapse3  i n  t h i s  t ime  i n t e r v z l .  



Test  Cond i t ions  
Pressure,  p s i g  
Teinperat ure, F 
Cyc le  Time, Hours 
T o t a l  Time, Hours 

Ga P 
Ser ies / ID  ( i n . )  Loc.# 

Table A1-12 
D i  arneter Chanye o f  DECAG-I I Ser ies  3A Specimens 

P re tes t  
Di ameter Diameter Chang 
( i n c h )  WRT P r e t e s t  ( lo- '  i n c h )  

*Preoval ed specimen 
+See gap h i s t o r y ,  Table Al-11. 
dT = top ,  C = cen te r ,  B = bottom w i t h  re fe rence  t o  engraved s e r i a l  numbers 
** Specimen co l l apsed  i n  t h i s  t ime  i n t e r v a l .  



Tes t  Cond i t i ons  
Pressure,  p s i g  
Temperature, F 
Cyc le  Time, hours 
T o t a l  Time, hours 

Table A1-13 
O v a l i t y  of DECAG-I1 Se r i es  38 Specimens 

P r e t e s t  
Gap Ova i t y  4 Ser ies / ID .  ( i n . )  Loc.# (10' i n . 1  O v a l i t y  in . )  

3B/33 ' I .  65 'I' 1.1 2.5 0.6 2.1 
C 0.9 12.6 15.2 20.5 
B 0.8 2.3 1 .O 2.3 

*Preoval  ed specimen 
+ A x i a l  gaps of specimens 4 and 10 en la rged  by c u t t i n g  specimen, machin ing 

i n s e f t  and rcwel  d i  ny. 
Gap H i s t o r y :  0.525, 0-954 hours 

0.75, 954-end of t e s t  
# T = t op ,  B = bottom, C - cen te r  w i t h  re fe rence  t o  engraved s e r i a l  numbers. 



Table A1-14 
Diameter Change o f  DECAG-I1 Se r i es  3B Specimens 

Test  Cond i t ions  
Pressure,  p s i  g 
Temperature, F 
Cyc le  Time, hours 
T o t a l  Time, hours 

P r e t e s t  
Gap D i  ameter D i  ameter Change3 

S e r i e s l I D .  ( i n . )  Loc.# ( i n c h )  WRT P r e t e s t  (10 i n c h )  

*Preoval  ed specimen. 
+See gap h i s t o r y ,  Table  A1-13. 
# T = t op ,  B = bottom, C = cen te r  w i t h  r e fe rence  t o  engraved s e r i a l  numbers. 



Table A1-15 
O v a l i t y  o f  UECAG-I1 Ser ies  4  Specimens 

Test  Cond i t i ons  
Pressure, p s i g  
Temperature, F 
Cyc le  Time, Hours 
T o t a l  Time, Hours 

P r e t e s t  
Gap Oval ' t y  

S e r i e s I l O  ( in.)  L0c. l  (10-3 i n . 1  O v a l i t y  i nch )  

*Designates preova l  ed specimens. 
+These specimens were p e r i o d i c a l l y  c u t  apa r t  and remachined t o  o b t a i n  l a r g e r  gaps i n  s imu la t i on  o f  a x i a l  gap growth. 
# T  = t op ,  B = bottom. C - cen te r  w i t h  re fe rence  t o  engraved s e r i a l  number 
++ Specimen co l l apsed  du r i ng  t h i s  t e s t  i n t e r v a l  
**Series 4  terminated.  Specimens 4/02 and 4/03 were combined w i t h  Se r i es  3A f n r  remaining c y c l e s -  



Table A l -16 
Changes i n  Average Oiameter o f  OECAG-I1 Ser ies  4 Specimens 

Test Condi t ions 
Pressure, p s i g  
Temperature, F 
Cycle Time, Hours 
To ta l  Time, Hours 

P re tes t  
Gap Diameter 

Se r i es I ID  j i n . )  Loc.# ( i nch )  

4/02+ 0.525, T 0.5687 
0.75,l.O C 0.5690 
1.65 B 0.5688 

Average Oiamete Change 5 .  WRT Pre tes t  (10- i nch )  

*Designates preovaled specimens. 
+These specimens were p e r i o d i c a l l y  c u t  apa r t  and remachined t o  o b t a i n  l a r g e r  gaps i n  s i m u l a t i o n  o f  a x i a l  gap growth. 
# 'I = top, B = bottom, C - center  w i t h  re fe rence  t o  engraved s e r i a l  number 
++Specimen co l lapsed du r i ng  t h i s  t e s t  i n t e r v a l  
* *Ser ies  4 terminated. Specimens 4/02 and 4/03 were combined w i t h  Ser ies  3A f o r  remain ing cyc les .  



Table A1-17 
Oval i t y  o f  DECAG- I I Ser i  es 3P.2 Speciinens 

Test Cond i t ions  
Pressure, p s i  
~ e m ~ e r a t u r e ,  F 
Cyc ie  Time, Hours 
T o t a l  Time, Hmx~rs 
L a r s o n - M i l l e r  Parameter 

P re tes t  
Gap Ova l  j t y  

Se r i es / ID  ( i n )  Lee.# (10' i n . )  Oval i ts ( l ~ - ' ~  i nzh) 

* The r e p l i c a t e  specirnen w i t 1  1.2 inch gap was de fec t i ve ;  no data a r e  repor ted .  
+ Col lapsed d u r i n g  t h i s  t e s t  cyc le .  
# T  = top ,  C = c e n t e r ,  B = bot to-n w i t h  r e fe rence  to '  e ig raved  s e r i a l  numbers. 



Tes t  Cond i t ions  
Pressure, p s i  
Temperature, F 
Cyc le  Time, Hours 
T o t a l  Time, iHours 
L a r s o n - M i l l e r  Parameter 

c .- - 

Table A1-18 
Di ameter Change o f  DECAG- I  I Ser ies  3A2 specimens 

P re tes t  
D i  a~neter  Diameter Change 
( i n c h )  WRT P r e t e s t  i nch) 

* The r e p l i c a t e  specimen w i t h  1.2 i n c h  gap was de fec t i ve ;  no data a re  repor ted .  
+ C o l l  apsed dur:ng t h i s  t e s t  
# T = top ,  c = cen te r ,  B = b o t  'Yc om l i i t h  r e fe rence  t o  engraved s e r i a l  numbers. 



Table A1-19 
C v a l i  ty o f  DECAG-I1 Se r i es  3B2 '5pecinens 

Tes t  Cond i t ions  
Pressure,  p s i  
Temperature, F 
Cyc le  Time, Hours 
T o t a l  Time, Hsurs 
L a r s o n - M i l l e r  Parameter 

P r e t e s t  
Oval j t y  
(10- i n . )  Ove: i t j  i n c h )  

Gap 
Se r i es / ID  ( i n )  L0c.f 

3B2155 1.65 T 0.7 0.8 0.6 0.6 
C 0.3 2.9 5.3 i3.8 
B 0.7 1.7 1.7 8.5 

*T = top,  C - cente?,  B = ibot~orn w i t h  ref-rrznce t o  engraved s e r i a l  n u ~ b e r s .  
-- L - 



Tes t  Cond i t ions  
Pressure,  p s i  
Temperature, F 
Cyc le  Time, Hours 
To ta l  Time, Hours . 
Larson-Mi 11 e r  Parameter 

r 

-Table  A1-20 
Diameter Change o f  DECAG- I  I Ser i es  3B2 Specimens 

P r e t e s t  
Gap D i  ameter Di  ameter Change 

Ser ies110 ( i n )  Loc.* ' ( i n c h )  WRT P r e t e s t  i n c h )  

* T = t op ,  C = cen te r ,  B = bot tom w i t h  r e fe rence  t o  engraved s e r i a l  numbers. 



Table A1-21 
O v a l i t y  o f  DECAG-I11 Small Diameter RXA Test  Specimens 

Tes t  Cond i t ions  27501 
Pressure,  p s i  2200 2500 2000 2000 2000 2000 2000 
Temper a t  ure,  F 645 534 674 674 674 674 674 
Cyc le  Time, Hours 84 48/36 358 500 300 500 300 
T o t a l  Time, Hours 84 168 526 1032+ 1338+ 1838 2138 

P r e t e s t  
Oval j t y  

I D  - Loc.# (10- in . )  O v a l i t y  i n . )  

*Specimens w i t h  s p r l n g  i n  plenum. Others a r e  e111pty tubes. ' 

+Data f rom examinat ions a f t e r  h y d r o s t a t i c  and r e l i e f  va l ve  t e s t i n g  no t  shown 
T o t a l  hours c o r r e c t  pe r  Table 3.3 o f  t e x t .  

#T = top ,  C - cen te r ,  B = bot tom w i t h  r e fe rence  t o  engraved s e r i a l  numbers. 



Table A1-22 
Changes i n  Diameter o f  DECAG-I11 Small Diameter RXA Test  Specimens 

Tes t  Cond i t ions  27501 
Pressure,  p s i  2200 2500 2000 2000 2000 . 2000 2000 
Temperature, F 645 534 674 674 674 674 674 
Cyc le  Time, Hours 84 48/36 358 500 300 500 300 
To ta l  Time., Hours 84 168 526 1032+ 1338+ 1838 2138 

P r e t e s t  
D  i amet e r  Diameter Change 

ID - Loc.# ( i n c h )  WRT P r e t e s t  ( 1 0 ' ~  i n . )  

"Specimens w i t h  s p r i n g s  i n  plenum. Others  a re  empty tubes. 
+Data f rom examinat ions a f t e r  h y d r o s t a t i c  and r e l i e f  t e s t i n g  no t  shown. 

lo ta ' l  hours c o r r e c t  per  Table 3.3 o f  t e x t .  
#T = top ,  C = cen te r ,  B = bot tom w i t h  r e fe rence  t o  engraved s e r i a l  numbers. 



Appendix 2  
Measurement Techniques Used i n  

DECAG Test Program 

O v a l i t y  and d iameter  o f  t h e  DECAG specimens were measured a f t e r  each t e s t  
cyc le .  These data were compared w i t h  p r e t e s t  dimensional  data and r e p o r t e d  as 
average diameter change and o v a l i t y .  

Maximum and minimum diameters  a t  s p e c i f i e d  a x i a l  l o c a t i o n s  were ob ta ined  
w i t h  a  P r a t t  and Whitney s tandard measuring machine, F i g u r e  A2-1. Th is  
machine c o n s i s t s  o f  a  master bar ,  a  d i v i d i n g  screw p r o v i d i n g  d i r e c t  and 
v e r n i e r  readout  t o  .00001 inch,  and a  means o f  c o n t r o l l i n g  measuring pressure, 
a l l  mounted on a  r i g i d  bed. The master bar  was not  used f o r  diameter 
measurements b u t  t h e  d i v i d i n g  screw sca le  was c a l  i b r a t e d  w i t h  c e r t i f i e d  
Johansen b locks.  The d i v i d i n g  screw which i s  operated by a  handwheel moves 
t h e  heads tock .sp ind le  i n  and ou t  over a  one- inch t r a v e l  and subd iv ides  t h e  
i n c h  i n t o  hundred thousandths o f  an i n c h  (.00001 i nch ) .  The measuring 
pressure i s  c o n t r o l l e d  by an E l e c t r o l i m i t  pressure t a i l s t o c k  which has a  range 
o f  f rom one t o  two and one h a l f  pounds. Measurements o f  DECAG specimens were 
ob ta ined  w i t h  a  one pound f o r c e  l i m i t  i n - o r d e r  t o  m in im ize  t h e  de fo rmat ion  
i n h e r e n t  i n  p ress ing  on t h i  n-wal.led tubes. S p e c i f i e d  a x i a l  l o c a t i o n s  
i d e n t i f i e d  i n  Appendix 1  as "T",  " C " ,  and "B"  mean t op ,  cen te r ,  and bottorn 
l o c a t i o n s  w i t h  r e fe rence  t o  a  sc r i bed  mark d e f i n i n g  t h e  " t o p "  o f  t h e  
specimen. The T  and B  l o c a t i o n s  a re  l o c a t e d  over t h e  i n s e r t s  b u t  a r e  
s u f f i c i e n t l y  i s o l a t e d  from bo th  t h e  weld area and t h e  unsupported a x i a l  gap. 
The C l o c a t i o n  i s  a t  t h e  c e n t e r l i n e  o f  t h e  a x i a l  gap. 

Maximum and minimum diameters  were o b t a i  ned by r o t  a t  i ng t h e  specimens 
between t h e  a n v i l s  o f  t h e  head and t a i l s t o c k s  w h i l e  m a i n t a i n i n g  a  " ze ro "  
r ead ing  on t h e  E l e c t r o l i m i t  pressure meter. Th i s  assured t h a t  un i for rn  f o r c e  
was a p p l i e d  f o r  each measurement. The 0.375 i n c h  diameter of t h e  a n v i l s  
assured t h a t  a l l  measurements were on specimen diameters.  R e p e a t a b i l i t y  of 
measurements us ing  t h i s  machine was found t o  be 2.0002 in .  f o r  d i f f e r e n t  
opera to rs .  

Data ob ta ined  f rom t h i s  process a re  r e p o r t e d  i n  Appendix 1  as ( 1 )  
"Average OD", which i s  t h e  average o f  t h e  maximum and minimum diameters  
ob ta ined  i n  t h e  measuring process, and ( 2 )  a s  " O v a l i t y " ,  which i s  t h e  
d i f f e r e n c e  between maximum and minimum diameters.  

Oval i t i e s  were ob ta ined  a1 so w i t h  a  Bendi x-Cl eve1 and Model PT-1033 
Product-0-Ron, F i g u r e  A2-2. It i s  a  shop ins t rument  designed f o r  t h e  
p r e c i s i o n  measurement o f  roundness and o the r  a t t r i b u t e s .  I n  opera t ion ,  t h e  
specimen i s  p o s i t i o n e d  on a  work t a b l e  c a r r i e d  by a  v e r t i c a l  s p i n d l e  i n  a  
f i x t u r e  e s p e c i a l l y  designed t o  assure c o n c e n t r i c i t y  and p e r p e n d i c u l a r i t y .  The 
specimen i s  r o t a t e d  past a  s t a t i o n a r y  e l e c t r o n i c  gage head, t h e  t o p  of which 
i s  i n  ~ Q r l t a c t  w i t h  the wnrk st.!rface and connects w i t h  t h c  r cco rde r  th rough  a 
1  i near amp1 i f  i e r .  The reco rde r  t a b l e  i s  mechanical l y  connected t o  t h e  work 
s p i n d l e  by a  p o s i t i v e  d r i v e  t i m i n g  b e l t  which ma in ta ins  cons tan t  angular  
p o s i t i o n  of t h e  reco rde r  w i t h  r espec t  t o  t h e  s p i n d l e  a t  a l l  t imes. Mutor 
d r i v e  f o r  s p i n d l e  and reco rde r  i s  p rov ided  by a  4 rpln cons tan t  speed '3C 



motor.  A  r e c o r d  o f  t he  i n s p e c t i o n  i s  ob ta ined  on an e l e c t r i c  w r i t i n g  c h a r t  
v i a  a  5-ma galvanometer connected t o  t h e  l i n e a r  a m p l i f i e r .  The a m p l i f i e r  
p rov ides  200X a m p l i c i a t i o n  on t h e  coarse sca le  and l O O O X  a m p l i f i c a t i o n  on t h e  
i n t e r m e d i a t e  sca le  when used w i t h  t h e  app rop r i a te  sens ing t i p  on t h e  gage 
head. T h i s  system was g e n e r a l l y  c a l i b r a t e d  t o  p rov ide  .0001 i n c h  per  c h a r t  
d i v i s i o n  ( . l  i n c h )  on t h e  i n t e r m e d i a t e  sca le  u s i n g  Johansen b locks  as 
s tandards.  Examples o f  Product-O-Ron ou tpu t  a re  shown i n  F i g u r e  A2-3 and 4. 

O v a l i t y  i s  de f ined .  here  as t h e  d i f f e r e n c e  between t h e  d iameters  o f  t h e  
s m a l l e s t  c i r cumsc r i bed  c i r c l e  and t h e  l a r g e s t  i n s c r i b e d  c i r c l e  on t h e  Product -  
O-Ron t r aces .  This.  q u a n t i t y  a l s o  may be i n t e r p r e t e d  as t h e  d i f f e r e n c e  between 
t h e  maximum and minimum diameters,  hence a v a i l  a b l e  f rom the  p r e c i s i o n  d iameter  
rneasurements desc r i bed  e a r l i e r .  Comparative t e s t i n g  has st~own t h a t  t h e  P r a t t  
and Whi t n e y  measurements a r e  more accura te  and more repea tab le  - f o r  de te rmin ing  
ova l  i t y  than  a r e  the '  Product-O-Ron data. Accord ing ly ,  bo th .d i ame te r  and 
ova l  i t y  . i n f o r m a t i o n  r e p o r t e d  i n  Appendix. 1  and analyzed i n  t h e  t e x t  o f  t h i s  
r e p o r t  wWc! ca l  r : ~ l  a l ed  rr%oni maximum and minimum d i  ametor measurements ob ta ined  
w i t h  t h e  P r a t t  and Whitney measuring machine. Product-O-Kon tTaces were used 
t o  mon i t o r  de fo rmat ion  p a t t e r n s  such as t h e  m u l t i - l o b e  p a t t e r n  o f  F i gu re  A2-3. 



Figure A2-1 
Pra t t  and Whitney Standard Measuring Machine 

Used f o r  Diameter Measurements 



Figure A2-2 
Bendix Cl eve1 and Product -0-Ron 
Used f o r  Oval i ty  Measurements 



Figure  A2-3. 
product-0- on-oval i t y  Measurement 

Example o f  mu1 t i l o b e  d i s t o r t i o n  pa t te rn  

Specimen 4/25, 1.0 inch ax i  a1 gap 
cc O v a l i t y  a t  end of t e s t  (2000 hours) = .0008 inch 



Figure A2-4 
product-0- on-oval i t y  Measurement 

Example o f  two-1 obe d is tor t ion  pattern 

Specimen 3A.2155, 1.65 inch ax i  a1 gap 
Oval i t y  a t  2520 hours = 0.01 05 inch 
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