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SUMMARY 

STRONTIUM HEAT SOURCE DEVELOPMENT PROGRAM 

Work has s t a r t e d  on a t h e o r e t i c a l  ana lys i s  o f  t he  poss ib le  consequences 

o f  a WESF 'OSrF2 capsule rup tu re  i n  an ocean environment. 

ORNL has begun work on sec t i on ing  the  capsules from the 12,000 h r  

c o m p a t i b i l i t y  t e s t s  w i t h  WESF 'OSrF2. Examination o f  t he  Haynes A l l o y  

25 specimens which were exposed t o  WESF 9 0 ~ r ~ 2  f o r  6000 h r  has been 

completed. The 6000-hr specimens suffered much g rea te r  a t t a c k  than t h e  

equ iva len t  1000-hr specimens. The chemical a t t a c k  mechanisms appeared 

t o  va ry  depending on the  exposure temperature, w h i l e  the  a d d i t i o n  o f  Zr  

+ ZrF4 t o  the  'OsrF2 t o  s imula te  decay product  bu i ldup,  produced a 

marked decrease i n  metal a t t a c k .  

The p re l im ina ry  design o f  t he  o u t e r  capsule f o r  the 'OSrF2 heat 

source has been compl eted. Fabr i ca t i on  o f  p ro to type  t e s t  capsul es from 

A I S I  1018 low carbon s t e e l ,  as a s tand- in  f o r  t he rma l l y  aged Haste1 l o y  

S, i s  now underway. The pro to type capsules w i l l  be subjected t o  the  

major 'OSrF2 heat source qua1 i f i c a t i  on t e s t  requirements (1 000-bar 

h y d r o s t a t i c  pressure t e s t ,  impact t e s t ,  and puncture t e s t )  t o  determine 

the  adequacy o f  t he  o u t e r  capsule design. 
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STRONTIUM HEAT SOURCE DEVELOPMENT PROGRAM 

H. H. Van Tuyl,  Program Manager 
H. T. Fullam, P r i n c i p a l  I n v e s t i g a t o r  
D. G. A t t e r i d g e  
F. A. Simonen 

A t  Hanford, strontiwn i s  separated from the high- level  
waste, converted t o  the fluoride, and doubly encapsulated i n  
small, high-integrity containers for subsequent long-term 
storage. The fluoride conversion, encapsulation and storage 
take place i n  the Waste Encapsu Zation and Storage Faci Z i t ies  
(KESF). The encapsulated strontium fluoride represents an 
economical source o f  90sr i f  the  WESF capsule can be licensed 
for heat source applications under anticipated use conditions. 
The object ives  o f  t h i s  program are t o  obtain the data needed 
t o  license g o ~ r ~ 2  heat sources and spec i f ica l ly  the WESF 90SrF2 
capsules. The information needed for licensing can be divided 
i n t o  three general task areas: 

Task 1 - Chemical and Physical Properties of g o ~ r ~ 2  
Task 2 - 9 0 ~ r ~  Compatibility Studies 
Task 3 - Capsu?e Qualif ication and Licensing 

E f for t s  m e  proceeding concurrently on a l l  three tasks t o  
obtain the required information. 

TASK 1  - CHEMICAL AND PHYSICAL PROPERTIES OF ' O S ~ F ~  (H. T. Ful lam) 

Work has s t a r t e d  on a  t h e o r e t i c a l  ana lys i s  o f  t h e  poss ib le  consequences 

of a  ''SrF2 capsule rup tu re  i n  an ocean environment. Two poss ib le  acc ident  

s i t u a t i o n s  are  being considered: capsule r u p t u r e  i n  t h e  deep ocean, and 

capsule r u p t u r e  i n  t h e  sur face laye r .  I n  each case the  accident  i s  assumed 

t o  i n v o l v e  the  r u p t u r e  o f  a  s i n g l e  WESF ''SrF2 i n n e r  capsule con ta in ing  

150,000 C i  o f  'OSr. The d i s s o l u t i o n  r a t e  o f  t he  ''S~F, i s  assumed t o  be 
L 

300 ug Sr/hr-g S r  present,  which i s  t h e  h ighest  d i s s o l u t i o n  r a t e  observed 

w i t h  WESF-produced ''SrF2 i n  seawater i n  d i s s o l u t i o n  r a t e  t e s t s  c a r r i e d  o u t  

a t  PNL. The var ious  models which have been proposed t o  descr ibe p o i n t  source 

d i spe rs ion  i n  an ocean environnient a re  being evaluated and t h e  most appropr i -  

a t e  model w i l l  be se lec ted f o r  eva lua t ing  the  d i spe rs ion  o f  ' O S ~ F ~  i n  each 

acc ident  s i t u a t i o n .  Current  i n d i c a t i o n s  a re  t h a t  t h e  th ree  dimensional model 



proposed by Okubo and P r i t cha rd*  i s  t h e  most l i k e l y  choice. PNL has used a  

mod i f i ed  v e r s i o n  o f  t h e  Okubo and P r i t c h a r d  model t o  eva lua te  seabed d isposa l  

o f  high-1 eve1 r a d i o a c t i v e  waste. 

TASK 2  - ''S~F, COMPATIBILITY STUDIES 

Long-Term Tests 

A l l  o f  t h e  remain ing c o m p a t i b i l i t y  t e s t s  a re  proceeding on schedule. 

No a d d i t i o n a l  ope ra t i ng  problems were encountered d u r i n g  the  r e p o r t  per iod .  

The capsules f rom t h e  12,000-hr t e s t s  w i t h  WESF 'OsrF2 were shipped t o  

ORNL f o r  s e c t i o n i n g  and eva lua t ion .  The capsules have been removed f rom 

t h e i r  Inconel-600 p r o t e c t i v e  jackets ,  and sec t ion ings  o f  t h e  capsules 

w i l l  begin i n  A p r i l .  

ORNL has completed t h e  metal lography on the  Haynes A l l o y  25 specimens 

t h a t  were exposed t o  WESF ' O S ~ F ~  f o r  6000 h r .  Est imates o f  metal  a t t a c k  

based on the  photomicrographs obta ined a re  presented i n  Table 1. The r e s u l t s  

ob ta ined i n  t h e  1000-hr t e s t s  a r e  a l s o  g iven i n  Table 1  f o r  comparison 

purposes. Photomicrographs o f  se lec ted  specimens a r e  shown i n  F igures  1-2. 

Metal a t t a c k  was much g rea te r  i n  t h e  6000-hr specimens than i n  t h e  cor res-  

ponding 1000-hr specimens. Both the  chemical a t t a c k  and m i c r o s t r u c t u r a l  

changes were much g rea te r  i n  t h e  specimens exposed t o  g o ~ r ~ 2  a t  1000°C than 

i n  t h e  600°C specimens. The a t t a c k  mechanisms a l s o  appeared t o  va ry  w i t h  

temperature (see F igu re  1 ) .  Decreasing t h e  S/V o f  t h e  t e s t  couple r e s u l t e d  

i n  g r e a t l y  increased chemical a t t a c k  a t  each temperature. 

A t  600°C, t h e  t e s t  specimens s u f f e r e d  s i g n i f i c a n t  cheniical a t t a c k  which 

cons i s ted  p r i m a r i l y  o f  general su r face  d i s s o l u t i o n  w i t h  fo rma t ion  o f  an adher- 

e n t  r e a c t i o n  l a y e r .  There was o n l y  s l i g h t  i n d i c a t i o n  o f  g r a i n  boundary a t t a c k .  

The r e a c t i o n  l a y e r  was leached away when t h e  specimens were etched. The spec i -  

mens t e s t e d  a t  600°C showed l i t t l e  i n d i c a t i o n  o f  m i c r o s t r u c t u r a l  changes due 

t o  f l u o r i d e  a t t a c k .  

* A. Okubo and D.  W. P r i t cha rd ,  NYO-3109-40, September 1969. 



TABLE 1. Est imated A t t ack  o f  Haynes A1 l o y  25 Specimens Exposed t o  WESF g o ~ r ~ 2  

Temp. s / v ( ~ )  
" C cm- 1  

D e ~ t h  o f  Metal  A f f e ~ t e d . ' ~ )  m i l s  - - - .  - 

chemical ~ t t a c k  change i n  M i c r o s t r u c t u r e  
1000 H r  6000 H r  1000 H r  6000 H r  

' ~ s t i m a t e d  f rom photomicrographs 
)S /V  - t h e  exposed metal  s u r f a ~ e - t o - ~ ~ ~ r ~ ~  volume r a t i o  of t he  t e s t  couple 
) ~ r  + ZrFa added t o  t h e  WESF ~ O S ~ F ~  t o  s imu la te  10 y r  decay o f  t he  9 0 ~ r  

A t  800°C t h e  t e s t  specimens s u f f e r e d  s u b s t a n t i a l l y  g r e a t e r  a t t a c k  than  

t h e  600°C specimens (see F i g u r e  1 ) .  Chemical a t t a c k  cons is ted  p r i m a r i l y  of 

se lec ted  l each ing  o f  a l l o y  components w i t h  some g r a i n  boundary a t t a c k .  The 

r e a c t i o n  zone conta ined f r e e  g r a i n s  o f  unreacted meta l .  M i c r o s t r u c t u r a l  

changes cons i s ted  o f  a  broad su r f ace  zone i n  which t he  normal g r a i n  boundary 

p r e c i  p i  t a t e s  were p a r t i a l  l y  depleted. 

A t  1000°C t h e  chemical a t t a c k  o f  t h e  Haynes A l l o y  25 specimens con- 

s i s t e d  p r i m a r i l y  o f  ex tens i ve  subsur face v o i d  f o rma t i on  and g r a i n  boundary 

a t t a c k  (see F i g u r e  1  ).  M i c r o s t r u c t u r a l  changes cons i s ted  o f  a  broad surface 

zone i n  which t h e  normal a l l o y  p r e c i p i t a t e s  were a lmost  comple te ly  depleted.  







The a d d i t i o n  o f  Z r  + ZrF4 t o  t h e  WESF ' O S ~ F ~  t o  s imu la te  decay p roduc t  

b u i l d u p  r e s u l t e d  i n  a  marked decrease i n  meta l  a t t a c k  a t  a l l  t h r e e  temperatures 

(see F igu re  2 ) .  Both t he  chemical a t t a c k  and m i c r o s t r u c t u r a l  changes were 

decreased by t h e  a d d i t i o n  of Z r  and ZrF4 t o  t he  f l u o r i d e .  These r e s u l t s  con- 

f i r m  those ob ta ined  w i t h  o t h e r  t e s t  couples i n  which Zr  + ZrF4 was added t o  

t h e  f l u o r i d e .  

Supplemental Screening Tests  

Eva lua t i on  o f  t h e  d u c t i l e  c a s t  i r o n  specimens exposed t o  non rad ioac t i ve  

WESF-grade SrF2 a t  800°C f o r  4400 h r  has been completed. Est imates o f  metal  

a t t a c k  were presented i n  t h e  December r e p o r t  and a r e  a l s o  g iven  i n  Table 2. 

Haynes A l l o y  25 specimens, t e s t e d  as re fe rence  samples, were a l s o  examined 

and showed t h e  a n t i c i p a t e d  l e v e l  o f  a t t a c k , i n d i c a t i n g  no th i ng  unexpected 

had occurred i n  t h e  t e s t  capsules. Micrographs o f  t h e  d u c t i l e  c a s t  i r o n  

t e s t  specimens a r e  g iven  i n  F igures  3-5. The m i c r o s t r u c t u r e s  o f  t h e  as- 

r ece i ved  d u c t i l e  c a s t  i r o n  specimens a r e  shown i n  F igu re  3. The mic ro -  

s t r u c t u r e  o f  t he  f e r r i t i c  anneal d u c t i l e  c a s t  i r o n ,  as rece i ved  f rom t h e  

vendor, cons i s ted  o f  sphe r i ca l  g r a p h i t e  nodules (spheru l  i t e s )  i n  a  m a t r i x  o f  

f ree  f e r r i t e .  The m i c r o s t r u c t u r e  o f  t h e  as-received p e a r l i t i c  anneal duc- 

t i l e  c a s t  i r o n  cons i s ted  o f  sphe r i ca l  g r a p h i t e  nodules surrounded by envelopes 

TABLE 2. Est imated A t t ack  o f  D u c t i l e  Ca t I r o n  Specimens 
Exposed t o  Nonrad ioac t i ve  SrF2 f a )  a t  800°C 

Depth o f  Metal  A f f e ~ t e d , ' ~ )  m i l s  
Change i n  

Chemical A t t ack  M i c r o s t r u c t u r e  
M a t e r i a l  1500 h r  4400 h r  1500 h r  4400 h r  

Pear l  i t i c  anneal 
d u c t i l e  c a s t  i r o n  3  4 2  5  
F e r r i t i c  anneal 
d u c t i l e  c a s t  i r o n  3  4  2  
Haynes a1 1  oy 25 ( c )  2  2  3  

( a )  The SrF2 con ta ined  i m p u r i t i e s  s i m i l a r  t o  those found i n  WESF ' O S ~ F ~ .  
( b )  Est imated from photomicrographs. 
( c )  Tested as re ference specimen. 









o f  f r e e  f e r r i t e  i n  a  p e a r l i t e  m a t r i x .  Ag ing o f  t h e  specinlens a t  800°C f o r  

4400 h r  produced o n l y  a  s l i g h t  change i n  t h e  m i c r o s t r u c t u r e  o f  t h e  p e a r l i t i c  

anneal  specimen, b s t  a  marked change i n  t h e  s t r u c t u r e  o f  t h e  f e r r i t i c  anneal  

specimen. The s t r u c t u r e  o f  t h e  aged f e r r i t i c  anneal  specimen was v e r y  s i m i -  

l a r  t o  t h a t  o f  t h e  aged p e a r l i t i c  anneal m a t e r i a l ,  a l t h o u g h  i t  c o n t a i n e d  

somewhat more f r e e  f e r r i t e ,  and t h e  g r a p h i t e  nodu les  were s l i g h t l y  s m a l l e r  

(see F i g u r e  3 ) .  

The d u c t i l e  c a s t  i r o n  specimens exposed t o  SrF2 a t  800°C f o r  4400 h r  

s u f f e r e d  a  l i m i t e d  amount o f  chemica l  a t t a c k  and m i c r o s t r u c t u r a l  changes. 

The a t t a c k  mechanisms were s i m i l a r  i n  each case, wh ich i s  n o t  s u r p r i s i n g  

s i n c e  t h e  m i c r o s t r u c t u r e s  o f  t h e  aged specimens were v e r y  s i m i l a r  (see 

F i g u r e s  4-5) .  Chemical a t t a c k  i n  each case c o n s i s t e d  o f  genera l  s u r f a c e  

d i s s o l u t i o n  w i t h  some p i t t i n g ,  g r a i n  boundary a t t a c k ,  and subsur face  v o i d  

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

l a y e r  wh ich  appeared t o  c o n t a i n  a  h i g h  c o n c e n t r a t i o n  o f  f r e e  f e r r i t e  and a  

na r row i n n e r  zone wh ich  was d e p l e t e d  o f  f r e e  f e r r i t e .  

TASK 3  - CAPSULE QUALIFICATION AND LICENSING (D. G. A t t e r i d g e )  

Capsule Design 

Work has been completed on  t h e  p r e l  i m i n a r y  d e s i g n  o f  t h e  ' O S ~ F ~  h e a t  

source.  The h e a t  source c o n s i s t s  o f  t h e  e x i s t i n g  WESF H a s t e l l o y  C-276 

i n n e r  c a p s u l e  and a  new PNL des igned H a s t e l l o y  S  o u t e r  capsu le .  H a s t e l l o y  S  

was s e l e c t e d  as  t h e  o u t e r  capsu le  m a t e r i a l  f r o m  t h e  f o u r  c a n d i d a t e  m a t e r i a l s  

because o f  i t s  p r e f e r r e d  p r o p e r t i e s  a f t e r  the rma l  a g i n g  a t  e l e v a t e d  tempera- 

t u r e s .  The new o u t e r  capsu le  has been des igned so t h a t  i t  i s  capab le  o f  

mee t ing  t h e  h e a t  source  q u a l i f i c a t i o n  t e s t  requ i rements  i n  b o t h  t h e  a s - f a b r i -  

c a t e d  and t h e r m a l l y  aged c o n d i t i o n s .  The capsu le  was des igned u s i n g  a  combi- 

n a t i o n  o f  a  l i t e r a t u r e  search  f o r  i n f o r m a t i o n  on p a s t  h e a t  source c a p s u l e  

d e s i g n  and computer s i m u l a t i o n  techn iques  t o  s t u d y  t h e  e f f e c t s  o f  t h e  v a r i o u s  

t y p e s  o f  l o a d i n g  sequences t h a t  t h e  capsu le  w i l l  have t o  undergo. 

F. A. Simonen has prepared a  r e p o r t  f o r  ASMP c o n t a i n i n g  t h e  m a j o r  

c a p s u l e  d e s i g n  r a t i o n a l e  and t h e  r e s u l t s  o f  t h e  v a r i o u s  computer s i m u l a t i o n  



programs used t o  eva lua te  t h e  c u r r e n t  des ign.  The r e p o r t  i s  c u r r e n t l y  under- 

go ing  i n t e r n a l  PNL r e v i e w  p r i o r  t o  be ing  sen t  t o  ASMP. It i s  assumed t h a t  t h i s  

r e p o r t  w i l l  be presented i n  a  f u t u r e  q u a r t e r l y  r e p o r t  as soon as ASMP rev iew  i s  

complete.  A  summary o f  i t s  con ten t s  i s  g i v e n  below. 

The work on t h e  capsu le  des ign  d e t e r m i n a t i o n  i s  broken down i n t o  two 

s e c t i o n s .  The f i r s t  o f  t hese  s e c t i o n s  con ta ins  t h e  r e s u l t s  f o r  t h e  s i m u l a t i o n  

o f  t h e  h y d r o s t a t i c  p ressure  t e s t  requ i rement  o f  1000 bars  which e s s e n t i a l l y  

determined t h e  w a l l  t h i c k n e s s  o f  t h e  hea t  source o u t e r  capsule.  The second 

s e c t i o n  con ta ins  t h e  r e s u l t s  o f  t h e  30 f o o t  drop- impact  s i m u l a t i o n s  which 

e s s e n t i a l l y  determined t h e  end c l o s u r e  c o n f i g u r a t i o n .  

Pressure Tes t  Simul a t i o n  Resu l t s  

The 14,500 p s i  e x t e r n a l  p ressu re  requ i rement  d i c t a t e d  a  r e l a t i v e l y  t h i c k -  

w a l l  capsule.  It was, t h e r e f o r e ,  e s s e n t i a l  t o  e s t i m a t e  f a i l u r e  pressures w i t h  

some p r e c i s i o n  so t h a t  an unnecessary p e n a l t y  d i d  n o t  r e s u l t  i n  terms o f  cap- 

s u l e  s i z e  and we igh t .  U n f o r t u n a t e l y ,  des ign  equat ions  f o r  t h i c k - w a l l e d  t u b i n g  

i n  t h e  w a l l  t h i ckness  and p ressure  range o f  i n t e r e s t  a r e  dec ided l y  l a c k i n g ,  as 

a r e  exper imenta l  r e s u l t s  f o r  e x t e r n a l  c o l l  apse p ressures .  Thus, d e t a i  1  ed f i n i t e  

element analyses were per formed t o  e v a l u a t e  geometr ic  and m a t e r i a l  v a r i a b l e s .  

Both t h e  case o f  t h i n - w a l l e d  t u b i n g  c o l l a p s e d  by an e l a s t i c  i n s t a b i l i t y  mode 

and t h e  case o f  t h i c k - w a l l e d  t u b i n g  c o l l a p s e d  a f t e r  a  genera l  w a l l  y i e l d i n g  

were i nves t i  gated. 

The f i n i t e  element computer code ADINA was used t o  s tudy  e x t e r n a l  p ressure  

induced c o l l a p s e  o f  t h e  o u t e r  capsule.  The program a l l owed  e f f e c t s  o f  p l a s t i c  

deformat ion,  s t r a i n  hardening i n  t h e  p l a s t i c  range, and capsu le  out -o f - roundness 

t o  be s t u d i e d .  It was determined t h a t  a  capsu le  w i t h  a  w a l l  t h i ckness  s u f f i -  

c i e n t  t o  w i t h s t a n d  an e x t e r n a l  p ressu re  o f  1000 bars  would f a i l  as a  r e s u l t  o f  

t h e  complete y i e l d i n g  o f  t h e  w a l l ,  as t h i c k - w a l l e d  t u b i n g  i s  known t o  do, and 

n o t  c a t a s t r o p h i c a l l y  t h rough  t h e  f o r m a t i o n  o f  an e l a s t i c  i n s t a b i l i t y ,  as t h i n -  

w a l l e d  t u b i n g  i s  known t o  do. I n  a d d i t i o n ,  i t  was determined t h a t  t h e  w a l l  

th i cknesses  o f  i n t e r e s t  r e s u l t e d  i n  a  capsu le  r e l a t i v e l y  i n s e n s i t i v e  t o  tube  

imper fec t ions ,  such as o v a l i t y ,  f o r  t h e  tube d iameter  o f  i n t e r e s t  f o r  t h i s  a p p l i -  

c a t i o n .  Thus, a  t h i c k - w a l l e d  p e r f e c t l y  syrnmetrical tube  s e c t i o n  was used i n  

de te rm in ing  t h e  r e q u i r e d  capsule w a l l  t h i ckness .  



The w a l l  t h i c k n e s s  des ign  s t a r t e d  o u t  w i t h  a  g i v e n  i n s i d e  d iameter .  The 

d iameter  t h a t  t h e  capsu le  was des igned around was 2.325 i n .  T h i s  i n s i d e  d i a -  

mete r  r e s u l t s  i n  t h e  gap between t h e  hea t  source o u t e r  capsu le  and t h e  i n n e r  

WESF capsu le  be ing  about  one -ha l f  t h e  gap between t h e  e x i s t i n g  WESF i n n e r  and 

o u t e r  capsu le .  The gap r e d u c t i o n  was based on d i scuss ions  w i t h  Rockwell 

Hanford Opera t ions  WESF personnel  who r e p o r t  no problems i n  t h e  assembly o f  

i n n e r  capsules i n t o  o u t e r  capsules.  The proposed gap w i d t h  w i l l  r e s u l t  i n  an 

es t ima ted  tempera tu re  d rop  o f  30°C between t h e  i n n e r  and o u t e r  hea t  source 

capsule,  assuming he l i um i n  t h e  gap. 

Two s e t s  o f  w a l l  t h i cknesses  were determined d u r i n g  t h e  computer s imu la -  

t i o n  i n v e s t i g a t i o n s .  One s e t  corresponded t o  t h e  w a l l  t h i c k n e s s  needed f o r  

complete p r o t e c t i o n  f rom any p l a s t i c  y i e l d i n g  o f  t h e  capsu le  w a l l  w h i l e  t h e  

o t h e r  s e t  corresponded t o  t h e  p o i n t  a t  which t he  complete w a l l  has reached t h e  

p l a s t i c  y i e l d i n g  c o n d i t i o n .  T h i s  l a t t e r  c o n d i t i o n  must be reached i n  t h i c k -  

w a l l e d  tubes b e f o r e  tube  c o l l a p s e .  Both s e t s  o f  r e s u l t s  a r e  g i v e n  i n  Tables 3  

and 4  f o r  t h e  f o u r  cand ida te  capsu le  m a t e r i a l s ,  a l ong  w i t h  t h e i r  assumed room 

temperature y i e l d  s t r eng ths .  It was dec ided  t h a t ,  as t h e  capsu le  w a l l  would 

have t o  be i n  t h e  comp le te l y  p l a s t i c  c o n d i t i o n  p r i o r  t o  n o t i c e a b l e  capsu le  

co l l apse ,  t h e  use o f  t h e  w a l l  t h i ckness  necessary f o r  t h e  f i r s t  p l a s t i c  y i e l d -  

i n g  of t h e  i n n e r  w a l l  would be t o o  conse rva t i ve .  Thus, i t  was dec ided  t o  use 

t h e  complete p l a s t i c  f a i l u r e  c r i t e r i o n  w a l l  t h i ckness  va lues  and t o  add a  

sa fe t y  f a c t o r  on t o p  o f  t h a t  va lue .  The minimum w a l l  t h i c k n e s s  f o r  H a s t e l l o y  S 

by t h i s  des ign  s tandard  would be 0.407 i n . ;  we have designed ou r  capsu le  p r o t o -  

t y p e  u s i n g  a  w a l l  t h i c k n e s s  o f  0.45 i n .  

TABLE 3. Requi red Capsule Dimensions t o  Avoid Local  P l a s t i c  
Deformat ion a t  Capsule I n s i d e  Diameter f o r  Ex te rna l  
Pressure o f  14,500 p s i  ( I D  = 2.325 i n . )  

Y i e l d  S t r e n g t h  Ou ts i de  Diameter Wall Th ickness 
Ma t e r i  a1 p s i  i n c h  i n c h  

H a s t e l l o y  S 42,000 4.179 

H a s t e l l o y  C-4 48,700 3.644 

I ncone l  625 42,000 4.179 

I ncone l  617 43,000 4.074 



TABLE 4. Required Capsule Dimensions t o  Avoid F u l l y  P l a s t i c  Cond i t ion  o f  
Capsule Wall f o r  Ex terna l  Pressure o f  14,500 p s i  ( I D  = 2.325 i n c h )  

Y i e l d  S t reng th  Outs ide Diameter Wall Thickness 
M a t e r i a l  p s i  i n c h  i n c h  

H a s t e l l o y  S  42,000 3.139 0.407 

H a s t e l l o y  C-4 48,700 3.012 0.343 

Inconel  625 42,000 3.139 0.407 

Inconel  617 43,000 3.117 0.396 

Causule End Imuact Test  Simul a t i o n  Resul ts  

The s i m u l a t i o n  r e s u l t s  f o r  t h e  3 0 - f t  drop-impact t e s t ,  along w i t h  prede- 

termined maximum weld pene t ra t i on  requirements, were used t o  determine t h e  

capsule c l o s u r e  end cap design. The weldment c r i t e r i o n  t h a t  was used i n  t h e  

design o f  t h e  end capsule was t h a t  t h e  weld pene t ra t i on  depth would be l i m i t e d  

t o  0.1 i n .  o r  less ,  which i s  e s s e n t i a l l y  t he  depth o f  weld c u r r e n t l y  used on 

t h e  e x i s t i n g  WESF capsules. Th i s  p e n e t r a t i o n  depth was used as i t  corresponds 

t o  t h e  maximum p e n e t r a t i o n  depth ach ievab le  f o r  T I G  we ld ing  w i t h o u t  t h e  use o f  

f i l l e r  meta l .  The use o f  f i l l e r  metal i n  a  remote c o n t r o l  weld ing ope ra t i on  

such as i n  a  ho t  c e l l  g r e a t l y  compl icates t h e  weld ing procedure and t h e  weld- 

i n g  equipment requirements, and i s  t h e r e f o r e  t o  be avoided i f  a t  a l l -  poss ib le .  

The dec i s ion  t o  use a  p a r t i a l  p e n e t r a t i o n  weld f o r  capsule c losure,  

(a 0.1 i n .  weld used t o  weld a  cap t o  a  0.4.5 i n .  capsule w a l l )  brought up t h e  

problem o f  low impact r e s i s t a n c e  f o r  any o f  t h e  standard capsule c losu re  

designs i n v e s t i g a t e d  i n  our  l i t e r a t u r e  search. The experimental  r e s u l t s  on 

p a r t i a l  p e n e t r a t i o n  c l o s u r e  welds f o r  bo th  f l a t  cap and screw caps showed weld 

f a i l u r e s  and/or gross p l a s t i c  deformat ion o f  t h e  weld du r ing  impact t e s t i n g .  

There fore  i t  was decided t o  design a  new mechan ica l l y  s t a b i l i z e d  capsule 

c l o s u r e  c o n f i g u r a t i o n  t h a t  would a l l o w  a  shal low weld pene t ra t i on  and s t i l l  be 

r e s i s t a n t  t o  deformat ion d u r i n g  impact. I t  was decided t h a t  a  sirnple mechani- 

c a l  i n t e r l o c k i n g  type o f  j o i n t  would s u f f i c i e n t l y  suppress l o c a l  buck1 i n g  

deformation a t  t h e  end o f  t h e  capsule du r ing  impact. A schematic o f  t h i s  

i n t e r l o c k i n g  design i s  shown i n  F igure  6. The impact res i s tance  o f  t h i s  



FIGURE 6.  Schematic o f  Proposed I n t e r l o c k i n g  
Outer  Capsule Cap and Cap Weld 

i n t e r l o c k i n g  des ign,  a l ong  w i t h  t h a t  o f  a  s tandard  des ign  w i t h  t h e  same weld 

p e n e t r a t i o n  b u t  w i t h o u t  t h e  i n t e r l o c k i n g  f e a t u r e ,  was determined th rough 

co~ i ipu te r  s i m u l a t i o n  techn iques .  The performance o f  these  two end c l o s u r e  

des igns under impac t  c o n d i t i o n s  were eva lua ted  u s i n g  t h e  f i n i t e  element com- 

p u t e r  program HONDO. 

The computer s i m u l a t i o n  r e s u l t s  f o r  a  bot tom impact  s i t u a t i o n  f o r  t h e  non- 

i n t e r l o c k i n g  end cap des ign  a r e  shown i n  F i g u r e  7. It can be seen t h a t  con- 

s i d e r a b l e  p l a s t i c  de fo rma t i on  has taken  p l a c e  i n  bo th  t h e  capsule w a l l  and t h e  

c l o s u r e  weld.  I n  f a c t ,  i t  i s  es t ima ted  t h a t  t h e  r e s u l t a n t  p l a s t i c  de fo rma t i on  

p r e d i c t e d  t o  be i n  t h e  weld would be enough t o  cause f r a c t u r e  o f  t h e  weldment 

and t o  p o s s i b l y  r e s u l t  i n  complete f a i l u r e  o f  t h e  weld.  The s i m u l a t i o n  r e s u l t s  

f o r  t h e  i n t e r l o c k i n g  end cap a r e  shown i n  F i g u r e  8. It i s  obv ious t h a t  v e r y  



FIGURE 7. Pred ic ted  Deformation o f  Non- In ter lock ing  
End Cap f o r  End Impact o f  3 0 - f t  Drop 

FIGURE 8. P red i c ted  Deformation of I n t e r l o c k i n g  End 
Cap f o r  End Impact o f  30- f t  Drop 
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l i t t l e  p l a s t i c  deformat ion o f  t h e  c l o s u r e  c o n f i g u r a t i o n  has taken p lace.  I n  

f a c t  t h e  o n l y  n o t i c e a b l e  e f f e c t  was a  s l i g h t  r o t a t i o n  o f  t h e  end cap mechanical 

s t rengthener ,  r e s u l t i n g  i n  a  s l i g h t  r o t a t i o n  o f  the  capsule w a l l .  E s s e n t i a l l y  

no p l a s t i c  deformat ion o f  t h e  c l o s u r e  weld took  p lace.  

A check o f  t h e  i n t e r l o c k i n g  end c losu re  r e s i s t a n c e  t o  an ex te rna l  hydro- 

s t a t i c  l oad ing  o f  1000 bars us ing  t h e  computer program ADINA was a l s o  c a r r i e d  

ou t .  The r e s u l t s  o f  t h e  s in iu la t i on  i n d i c a t e d  t h a t  s t r e s s  a t  t h e  c losu re  weld 

l o c a t i o n  w i l l  n o t  exceed 10,000 p s i ,  which i s  w e l l  below t h e  y i e l d  s t r e n g t h  o f  

t h e  m a t e r i a l .  Thus, i t  i s  p r e d i c t e d  t h a t  t h e  heat source capsule w i l l  f a i l  by 

w a l l  b u c k l i n g  p r i o r  t o  any p l a s t i c  deformat ion o f  t he  c losu re  welds. 

Pro to type Heat Source Outer Capsule Desiqn 

The p ro to t ype  capsule design e s s e n t i a l l y  incorpora ted  the  0.45 i n .  w a l l  

th ickness  determined f o r  t h e  H a s t e l l o y  S  a l l o y  by the  h y d r o s t a t i c  t e s t  simu- 

l a t i o n  and t h e  i n t e r l o c k i n g  end c losu re  design determined t o  be r e s i s t a n t  t o  

impact load ing .  F igu re  9 shows t h e  f a b r i c a t i o n  drawings f o r  t h e  p ro to t ype  

capsule. The capsule e s s e n t i a l l y  cons i s t s  o f  a  20.7 i n .  long tube w i t h  an 

i n s i d e  d iameter  o f  2.325 i n .  and a  w a l l  th ickness  o f  0.45 i n .  The end cap 

i s  e s s e n t i a l l y  an 1.0 i n .  t h i c k  i n t e r l o c k i n g  cap which w i l l  be TIG welded t o  

t h e  capsule body. No f i l l e r  metal  w i l l  be used i n  the  weld ing opera t ion .  A 

comparison o f  t h e  new heat  source o u t e r  capsule dimensions w i t h  those o f  t he  

c u r r e n t  WESF capsule i s  g iven i n  F igu re  10. 

Capsule Design Tes t  Proqram 

PNL i s  p lann ing  t o  conduct a  near- term impact and ex te rna l  pressure t e s t  

program d i r e c t e d  towards capsule design assurance. The o b j e c t i v e  o f  t he  pro-  

gram i s  t o  assure as much as poss ib le  t h a t  t h e  chosen capsule design w i l l  meet 

a l l  l i c e n s i n g  t e s t  requirements a f t e r  long-term e levated temperature ag ing  o f  

t h e  p ro to t ype  H a s t e l l o y  S  capsules. It was decided t h a t  the  program would use 

f u l l  s i z e  capsules f a b r i c a t e d  o u t  o f  a  ma te r i a l  t h a t  e x h i b i t s  room temperature 

y i e l d  s t r e s s  and impact energies near those expected t o  be found i n  t h e  Haste1 

l o y  S  a f t e r  10 years  o f  se rv i ce  a t  800°C. A IS I  1018 low carbon s t e e l  was 

chosen f o r  t h i s  a p p l i c a t i o n .  It i s  expected t o  have a  y i e l d  s t r e s s  o f  between 

40 and 50 k s i  and an impact energy c lose  t o  30 f t - l b  a t  room temperature. I n  
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FIGURE 9. P ro to t ype  Pressure Tes t  Capsule Having a 0.45 i n .  Wal l  
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FIGURE 10. Proposed Outer Capsule for  the g o ~ r ~ 2  Heat Source 

addition i t  i s  available in heavy-walled tubing, and one can change i t s  impact 

resistance over a considerable range by a change in temperature (see Figure 11 ) . 
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I t  was decided tha t  three different  wall thickness capsules were needed in 

order t o  evaluate the capsule high pressure collapse prediction model. These 

included a wall thickness of 0.5 in.  (close t o  the predicted capsule thickness) 

and one thicker and one thinner wall, 0.6 in. and 0.4 in . ,  respectively. I t  i s  

planned tha t  these capsules will be tested in 1000 psi pressure steps from 

10,000 psi t o  20,000 psi ,  with a leak and dimensional check between each pres- 

sure s tep.  These capsules will be used t o  check out the val idi ty of the pres- 

sure collapse model. In addition, one 0.5 in .  wall capsule will be tested a t  

1000 bars in order t o  allow an in-depth destructive as well as nondestructive 

analysis of a capsule tested a t  the required qual if icat ion t e s t  pressure. 

Several capsules with a wall thickness of 0.5 inch will a lso be used t o  

WALL THICKNESS. 
l NCH 

OUTS1 DE DIAMETER, 
l NCH 

TOTAL LENGTH, INCH 

TOTAL CAP THICKNESS. 
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C-276 STAINLESS STEEL 

0.120 0.120 

2.250 

19.500 

2.625 

20.100 

0.400 0.400 
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FIGURE 11. Charpy Impact Energy as a Func t ion  o f  Tes t  
Temperature f o r  A IS I  1018 Low Carbon Stee l  

determine t h e  impact and punc ture  r e s i s t a n c e  o f  t h e  capsule design. We a r e  

c u r r e n t l y  i n  t h e  process o f  developing a t e s t  m a t r i x  t h a t  w i l l  a l l o w  e v a l u a t i o n  

o f  t he  impact r e s i s t a n c e  o f  t h e  t e s t  capsule design as a f u n c t i o n  o f  m a t e r i a l  

impact  r e s i s t a n c e  and weld depth pene t ra t i on .  

The A I S I  1018 low carbon s t e e l  capsules r e q u i r e d  f o r  t h e  t e s t  programs 

have been machined. I n  a d d i t i o n ,  severa l  sma l l e r  specimens f o r  weld parameter 

de te rm ina t i on  and mechanical p r o p e r t y  e v a l u a t i o n  a re  c u r r e n t l y  being machined. 

As soon as t h e  we1 d i  ng parameters a r e  developed, t h e  capsul es w i  11 be we1 ded and 

t e s t i n g  w i l l  begin. 

T e n s i l e  Tes t  Resu l ts  f o r  H a s t e l l o y  S and C-4 A1 l o y s  

The S t e l l i t e  D i v i s i o n  o f  Cabot Corpora t ion  supp l i ed  PNL w i t h  a s e r i e s  o f  

f a i l e d  t e n s i l e  specimens f rom m a t e r i a l s  (Haste1 l o y  S and Haste1 l o y  C-4) t h a t  

had been aged a t  va r i ous  temperatures (800 t o  1600°F) f o r  va r i ous  t imes (1,000 

t o  16,000 h r ) .  The S t e l  l i t e  t e n s i l e  specimens had gauge s e c t i o n  diameters of 

112 -in. and were a1 1 t e s t e d  a t  room temperature. PNL took t h e  o r i g i n a l '  f a i l e d  

t e n s i l e  specimen halves and machined two se ts  o f  subsize t e n s i l e  specimens 



f rom them. The re1  a t i o n s h i p  between t h e  o r i g i n a l  S t e l  1  i t e  specimens and t h e  

subsequent PNL specimens i s  shown i n  F igu re  12. PNL then t e s t e d  these subsize 

t e n s i l e  specimens a t  a  v a r i e t y  of t e s t  cond i t i ons .  

- ORIGINAL STELLITE 
TENS l LE S PEC I MEN 

1- 518" .-d TENS I LE S PEC I MEN 

I 1 318" I 

FIGURE 12. Schematic Showing t h e  Re la t i onsh ip  Between a  
S t e l l i t e  F a i l e d  T e n s i l e  Specimen and t h e  PNL 
Specimen Subsequently Machined from It 

A  complete s e t  o f  specimens was t e s t e d  a t  t h e  t e s t  temperature t o  which 

i t  was exposed. The specimens i n  t h e  remain ing s e t  were t e s t e d  under t h r e e  

d i f f e r e n t  c o n d i t i o n s .  One s e r i e s  was t e s t e d  a t  800°C t o  determine t h e  e f f e c t  

o f  long- term in te rmed ia te  temperature exposure p r i o r  t o  f u l l  a c t i v a t i o n  o f  

t he  heat  source. Another se r i es  was t e s t e d  a t  room temperature t o  assure 

t h a t  t he re  were no gross d i f f e r e n c e s  between t h e  r e s u l t a n t  p r o p e r t i e s  o f  t h e  

S t e l l i t e  and PNL specimens. The r e s t  o f  t he  specimens were t e s t e d  a t  t h e i r  

o r i g i n a l  exposure temperature t o  assess t h e  r e l i a b i l i t y  o f  t he  evaluated 

temperature da ta  generated i n  t h e  t e s t i n g  o f  t h e  f i r s t  s e t  of specimens. 

Table 5 presents t h e  r e s u l t s  of t h e  e levated temperature t e s t i n g  done a t  

PNL on t e s t  specimens of Has te l l oy  C-4 and S  m a t e r i a l  supp l i ed  by t h e  S t e l l i t e  

Corpora t ion .  It can be seen t h a t  t h e  e levated temperature da ta  a t  and below 

1200°F show good agreement between d u p l i c a t e  specimens w h i l e  those t e s t e d  a t  

1400 and 1600°F show cons iderab le  s c a t t e r  f o r  se lec ted  t e s t  c o n d i t i o n s .  The 

upper temperature t e s t  specimens e x h i b i t e d  very l i t t l e ,  i f  any, work hardening 



TABLE 5. Elevated Temperature Tensi le  Test  Results f o r  Haste1 loy S 
and Hastelloy C-4 

Exposure S t r e s s ,  ksi % Elongation 
and Test  Exposure % Reduction 

Temperature Hours Yield LI1 t imate Uniform Total of Area 

Haste1 loy S 



Exposure Stress,  k s i  % E longat ion  
and Test  Exposure % Reduct ion 

Temperature Hours Y i e l d  U l t i m a t e  Uniform To ta l  of Area 

Has t e l l  oy C-4 

) ~ e s t e d  a t  a s t r a i n  r a t e  of 0.926 cm/rnin 

2 2 



c a p a b i l i t y  w i t h  t h e  r e s u l t  t h a t  t h e i r  mechanical p r o p e r t i e s  a re  more c o n t r o l l e d  

by smal l  changes i n  sur face contour,  g r a i n  s t r u c t u r e ,  and o t h e r  de fec ts  

such as r e s i d u a l  c a s t i n g  de fec ts ,  than t h e  lower temperature specimens. Thus, 

i t  i s  n o t  t o o  s u r p r i s i n g  t h a t  these smal l  subsized specimens e x h i b i t e d  

cons iderab le  data s c a t t e r  i n  g iven instances.  The o v e r a l l  da ta  t rends vary  

l i t t l e  f rom t h e  e levated temperature t e s t  r e s u l t s  presented p r e v i o u s l y  i n  t h e  

July-September 1977 q u a r t e r l y  r e p o r t .  

The l i m i t e d  t e s t i n g  performed on specimens t e s t e d  a t  800°C a f t e r  be ing  

sub jec ted  t o  t h e  maximum e m b r i t t l i n g  lower temperature exposure c o n d i t i o n s  

(see Table 6 )  i n d i c a t e s  t h a t  they  a c t  almost as i f  they had never rece ived 

t h e  low temperature exposure a f t e r  a  s h o r t  1/2 hour soak p r i o r  t o  t he  800°C 

t e s t i n g .  The data i n  Table 7  show t h a t  t h e r e  i s  r e l a t i v e l y  good agreement 

between t h e  room temperature data f rom t h e  PNL specimens and t h e  S t e l l i t e  

specimens. 

TABLE 6. 800°C T e n s i l e  Tes t  Resu l ts  f o r  H a s t e l l o y  S and Has te l l oy  C-4 

Exposure Exposure Stress,  k s i  % E longat ion  % Reduct ion 
Temperature Hours Y i e l d  U l t i m a t e  Uni form T o t a l  o f  Area 

Haste1 l o y  S 

Has te l l oy  C-4 

800" F 1,000 40.7 53.0 10 52 70 



TABLE 7 .  Room Temperature T e n s i l e  Tes t  Resul t s  
f o r  Has te l loy  S and Has te l loy  C-4 

Exposure 
Temperature 

Exposure 
Hours 

Specimen Stress, k s i  
Si ze Y ie l d  U l t ima te  

% E longat ion 
Uniform To ta l  

% Reduction 
o f  Area 

Standard 55.5 129.9 
Subsize ( l )  66.8 139.4 

Standard 108.2 180.8 
Subsize 117.0 196.5 

Standard 56.4 125.8 
Subsize 67.0 138.4 

Standard 60.0(2) 128.8 
Subsize 78.4 145.9 

Standard 113.7 191.9 
Subsize 115.7 203.3 
Standard 113.0 194.6 
Subsize 121.3 215.6 
Standard 116.1 197.0 
Subsize 120.7 208.9 

Standard 82.9 156.1 
Subsize 88.2 167.8 

( ' )s tandard 0.5 i n .  diameter specimens t es ted  by t h e  S t e l l i t e  D i v i s i o n  o f  t he  
Cabot Corporat ion; subsize 0.11 i n .  diameter speciments t es ted  by PNL. 

( ' l ~ e s t e d  a t  a s t r a i n  r a t e  o f  0.926 cm/min. 

Oxidation of Has te l loy  S and Has te l loy  C-4 

Long-term t e s t s  t o  measure the ox ida t ion  of Has te l loy  S and Has te l loy  C-4 

i n  a i r  a t  600-800°C a r e  now underway. The tests w i l l  l a s t  u p  t o  10,000 hr. 
I n i t i a l  r e s u l t s  from t h e  tests,  u p  t o  994 hr exposure, i n d i c a t e  t h a t  ox ida t ion  

of t h e  two a l l o y s  fo l lows a pa rabo l i c  r a t e  r e l a t i o n s h i p  a s  expected based on 
2 e a r l  ier  shor t - te rm t e s t  r e s u l t s .  In Figures 13-14 Am (where A m  i s  the  weight 

change/uni t  s u r f a c e  a r e a )  i s  p l o t t e d  versus  exposure time,and the s t r a i g h t  l i n e  

r e l a t i o n s h i p  i n d i c a t e s  adherence t o  the pa rbo l i c  r a t e  law. Oxidation of t h e  

Has te l loy  C-4 i s  more r ap id  than t h a t  of Has te l loy  S throughout  the tempera ture  

range s tud ied .  Both a l l o y s  form very adherent  oxide l a y e r s  a t  600-800°C. A 

number of  t h e  t e s t  specimens were sub jec t ed  t o  meta l lographic  examinat ion,  and 

micrographs of the oxide-a l loy  i n t e r f a c e  of  s e l e c t e d  specimens a r e  shown i n  



F igures  15 t o  17. A t  600 t o  800°C t h e  H a s t e l l o y  S  forms a  r e l a t i v e l y  u n i f o r m  

adherent ox i de  l a y e r ;  however, t h e r e  i s  some i n d i c a t i o n  t h a t  p r e f e r e n t i a l  g r a i n  

boundary a t t a c k  may have occur red  a t  600 t o  700°C. Some p i t t i n g  was e v i d e n t  

i n  t h e  specimens exposed t o  a i r  a t  800°C. A d d i t i o n a l  examinat ion o f  t h e  spec i -  

mens i s  planned t o  determine i f  g r a i n  boundary a t t a c k  had occurred.  

FIGURE 13. Ox ida t i on  o f  H a s t e l l o y  S a t  Var ious Temperatures 
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FIGURE 14. Ox ida t i on  o f  H a s t e l l o y  C-4 a t  Var ious Temperatures 
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Seawater Cor ros ion  o f  H a s t e l l o y  S  and H a s t e l l o y  C-4 

Long-term t e s t s  a r e  underway t o  measure t h e  c o r r o s i o n  o f  H a s t e l l o y  S  and 

H a s t e l l o y  C-4 i n  seawater. The t e s t s  a r e  be ing  c a r r i e d  o u t  a t  t he  B a t t e l l e  

F a c i l i t y  a t  Sequim, WA and w i l l  l a s t  up t o  10,000 h r .  The t e s t  specimens a r e  

exposed t o  f l o w i n g  seawater, taken f rom t h e  S t r a i t  o f  Juan de Fuca, on a  once- 

through bas i s  i n  a  covered po l ye thy lene  tank.  T e n s i l e  specimens and pre-  

s t ressed specimens a r e  be ing  eva lua ted  as w e l l  as s t a n d a r d  c o r r o s i o n  s t r i p s .  

The t e n s i l e  specimens used a r e  s i m i l a r  t o  t h e  0.113" d ia .  ASTM subsize spec i -  

mens used i n  t h e  ' O S ~ F ~  c o m p a t i b i l i t y  s tud ies .  The s t ressed specimens were c u t  

from a l l o y  p l a t e  i n  bo th  t h e  l o n g i t u d i n a l  and t ransve rse  d i r e c t i o n s .  The 

c o r r o s i o n  s t r i p s  were c u t  f rom the  same p l a t e s  as t h e  s t ressed specimens. The 

nominal t e s t  per iods  a r e  250, 500, 1,000, 2,500, 5,000, 7,500, and 10,000 h r .  

Four H a s t e l l o y  S  and t h r e e  H a s t e l l o y  C-4 c o r r o s i o n  s t r i p s  a r e  be ing  t e s t e d  f o r  

each t ime  per iod ,  w h i l e  f o u r  t e n s i l e  specimens o f  each a l l o y  a r e  under t e s t  

f o r  each o f  t h e  l a s t  f i v e  t ime  per iods .  

The i n i t i a l  r e s u l t s  f rom t h e  t e s t s  (250 h r  exposures) i n d i c a t e  ve ry  1  i t t l e  

a t t a c k  o f  t h e  two a l l o y s .  The H a s t e l l o y  S specimens s u f f e r e d  an average we igh t  
2  2  l o s s  o f  0.004 mg/cm w h i l e  t h e  H a s t e l l o y  C-4 specimens l o s t  0.068 mg/cm . 

Microscopic  examinat ion o f  H a s t e l l o y  S  specimen sur faces  showed no i n d i c a t i o n  

o f  p i t t i n g ,  g r a i n  boundary a t t a c k ,  o r  sca le  fo rmat ion .  The H a s t e l l o y  C-4 spec i -  

mens e x h i b i t e d  a  r u s t - c o l o r e d  s c a l e  which was e a s i l y  removed w i t h  a  b r i s t l e  

brush and soapy water .  Microscopic  examinat ion o f  t h e  specimens showed no e v i -  

dence o f  p i t t i n g  o r  g r a i n  boundary a t t a c k .  A t tack  o f  t h e  H a s t e l l o y  C-4 was 

g r e a t e r  than  one would p r e d i c t  fro111 e a r l i e r  sho r t - t e rm t e s t s ,  and t h i s  i s  t h e  

f i r s t  t ime  a  sca le  l a y e r  has been observed w i t h  H a s t e l l o y  C-4 specimens exposed 

t o  seawater. 
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