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SELECTION OF SUPPORT STRUCTURE MATERIALS 
FOR I R R A D I A T I O N  EXPERIMENTS I N  THE H F I R  

AT TEMPERATURES UP TO 500°C" 

K. F a r r e l l  and A. W. Longest 

ABSTRACT 

The key  f a c t o r  i n  the  des ign  o f  capsules f o r  i r r a d i a t i o n  o f  
t e s t  specimens i n  t h e  H igh  F l u x  I s o t o p e  Reactor a t  p r e s e l e c t e  
temperatures up t o  500°C u t i l i z i n g  n u c l e a r  h e a t i n g  i s  a narrow 
g a s - f i l l e d  gap which surrounds t h e  specimens and c o n t r o l s  t h e  
t r a n s f e r  o f  hea t  f r o m  t h e  specimens th rough t h e  w a l l  o f  a con- 
ta inment  tube t o  t h e  r e a c t o r  c o o l i n g  water. Maintenance o f  t h i s  
gap t o  close t o l e r a n c e s  i s  dependent on t h e  ch r a c t e r i s t i c s  of  
t h e  m a t e r i a l s  used t o  suppor t  t h e  specimens an i s o l a t e  them 
f rom t h e  water,  These suppor t  s t r u c t u r e  m a t e r i a l s  must have low 
n u c l e a r  h e a t i n g  r a t e s ,  h i g h  thermal c o n d u c t i v i t i e s ,  and g ~ o d  
dimensional  s t a b i l i t i e s  under i r r a d i a t i o n .  These c o n d i t i o n s  a r e  
s a t i s f i e d  by c e r t a i n  aluminum a l l o y s .  One o f  these a l l o y s ,  a 
powder m e t a l l u r g y  p roduc t  c o n t a i n i n g  a f i n e  d i s p e r s i o n  o f  a lum i -  
num ox ide ,  i s  no longer  manufactured. A new a l l o y  o f  t h i s  type,  
w i t h  t h e  t r a d e  name DISPAL, i s  determined t o  be a s u i t a b l e  
s u b s t i t u t e .  

A s e r i e s  o f  i r r a d i a t i o n s  i s  be ing  conducted i n  t h e  H igh  F l u x  I so tope  
F I R )  under a c o l l a b o r a t i v e  .S.-Japanese t e s t  program. The 

o b j e c t i v e  i s  t o  determine t h e  responses of  v a r i o u s  s t a i n l e s s  s t e e l s  t o  t h e  
combined e f f e c t s  o f  d isplacement damage and h i g h  l e v e l s  o f  n u c l e a r -  
generated he l i um a t  s p e c i f i e d  temperatures i n  the  range o f  60 t o  400"C, 
and p o s s i b l y  t o  500OC. Heat ing  i s  d e r i v e d  f r o m  gamma rays  and t o  a l e s s e r  
e x t e n t  neu t ron  bombardment, and the  chosen temperatures a r e  ma in ta ined  by 
b a l a n c i n g  t h e  r a t e  o f  g e n e r a t i o n  o f  t h i s  n u c l e a r  heat  a g a i n s t  c o n t r o l l e d  
t r a n s f e r  o f  t h e  heat  t o  t h e  c o o l i n g  water  o f  t h e  r e a c t o r .  To ach ieve  t h i s  
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Department o f  Energy under Con t rac t  DE-AC05-840R214QQ w i t h  M a r t i n  M a r i e t t a  
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balance,  t h e  des ign  o f  t h e  i r r a d i a t i o n  capsule suppor t i ng  t h e  t e s t  spec i -  
mens and t h e  cho ice  o f  m a t e r i a l s  f o r  t h e  c o n s t r u c t i o n  o f  t h e  capsules a re  
c r i t i c a l .  T h i s  r e p o r t  o u t l i n e s  t h e  r e q u i r e d  des ign  and m a t e r i a l s  
c h a r a c t e r i s t i c s .  The suppor t  m a t e r i a l s  used i n  t h e  f i r s t  capsules a r e  
descr ibed,  and t h e  r e s u l t s  o f  q u a l i f i c a t i o n  t e s t s  made on a s u b s t i t u t e  
m a t e r i a l ,  a mechan ica l l y  a l l o y e d  aluminurn a l l o y  w i t h  t h e  t r a d e  name 
DISPWL, are: p resen te  

I R R ~ ~ I A T I ~ ~  PROG 

The i r r a d i a t i o n s  a r e  be ing  c a r r i e d  o u t  i n  t h e  new i r r a d i a t i o n  f a c i l i -  
t i e s  i n  t h e  removable p o r t i o n  o f  t h e  b e r y l l i u m  r e f l e c t o r  o f  t h e  HFIR core, 
named "removable b e r y l l i u m  s t a r "  ( R E F )  s i t e s , '  as shown i n  F ig .  1. The 
exper iments a r e  des ignated  HFIR-MFE-RB* t o  s i g n i f y  t h a t  t h e  specimens 
be long t o  t h e  Magnetic Fus ion Energy (MFE) f i r s t - w a l l  m a t e r i a  
The f i r s t  f o u r  HFIR-MFE-RB* capsules w i l l  i r r a d i a t e  MFE mater  
mens a t  temperatures a f  60, 200, 330, and 48OOC. L a t e r  capsu 
a t  500°C. These exper iments p r o v i d e  f o r  removal, examinat ion  
reencapsu la t i on  o f  t h e  MFE specimens a t  i n t e r m e d i a t e  exposure 
r o u t e  t o  a t a r g e t  exposure level o f  30 d isp lacements pe r  atom 

s program. 
a l s  spec i -  
es may run 

l e v e l s  en 
(dpa). Each 

and 

capsule w i l l  h o l d  between 200 and 300 m i n i a t u r e  mechanical p r o p e r t y  spec i -  
mens o f  a u s t e n i t i c  and m a r t e n s i t i e / f e r r i t i c  s t a i n l e s s  s t e e l s .  The shapes 
and s i r e s  o f  these specimens a r e  i l l u s t r a t e d  i n  F i g .  2. 

CAPSULE DESIGN REQUIREMENTS 

Heat genera t i on  r a t e s  a r e  h i g h  i n  t h e  HFIR-RB* p o s i t i o n s ,  up t o  
15 w a t t s  per  gram o f  m a t e r i a l .  For  i r r a d i a t i a n s  a t  60°C (?IOo), a l l  o f  
t h e  n u c l e a r  hea t  generated i n  t h e  specimens and i n  t h e  capsule m a t e r i a l s  
must be t r a n s f e r r e d  e f f i c i e n t l y  t o  t h e  r e a c t o r  c o o l i n g  wa te r ,  which en te rs  
t h e  r e a c t o r  a t  49OC. l h i s  i s  e f f e c t e d  s imp ly  by  h o l d i n g  t h e  specimens 
l o o s e l y  i n  open s lo ts  and ha les  i n  a c y l i n d r i c a l  6061-16 aluminum h o l d e r  
t h a t  i s  i n  d i r e c t  c o n t a c t  w i t h  t h e  f l o w i n g  c o o l i n g  water .  

wa te r  m u s t  be re ta rded  enough t o  r e t a i n  s u f f i c i e n t  heat  t o  m a i n t a i n  t h e  
For  i r r a d i a t i o n  a t  h i g h e r  temperatures,  t h e  hea t  f l u x  t o  t h e  c o o l i n g  
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specimens a t  t h e i r  des ignated  ~ e ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~  
h i g h e r - r e s i s t a n c e  hea t  t r a n s f e r  pa thD The specimens i n  t h e i r  c y l i n d r i c a l  
h o l d e r  a r e  sea led  o f f  f r o m  t h e  water  by a ~ ~ ~ ~ a ~ n ~ ~ ~ t  tube.  T h i s  tube i s  
separa ted  f rom t h e  h o l d e r  by a sy e t r i c  gas-filled gap,  which impedes 
hea t  flow t o  t h e  tube w a l l  and thence t o  t h e  water l  The temperature o f  
t h e  specimen holder  i s  c o n t r o l l e  by t he  wid th  of t h e  gap and t h e  thermal 
c o n d u c t i v i t y  o f  t h e  gas i n  t he  gap. The tube, w 4ch i s  i n  c o n t a c t  w i t h  

the  r e a c t o r  cooling water ,  and t h e  specimen o lde r  shou ld  have good t h e r -  
mal c o n d u c t i v i t i e s .  

T h i s  involves  t h e  use o f  a 
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Fig.  2. Magnet ic f u s i o n  energy m a t e r i a l s  
specimens. 

The w i d t h  o f  t h e  gas gap v a r i e s  w i t h  the  d e s i r e d  i r r a d i a t i o n  tempera- 
ture and must be main ta ined w i t h i n  c l o s e  to le rances  f o r  each temperature.  
S ince t h e  ho lde r  con ta ins  open s l o t s  t o  house many o f  t h e  specimens, 
ach iev ing  a u n i f o r m  gap between t h e  h o l d e r  and t h e  tube w a l l  i s  
i m p r a c t i c a l .  
over  t h e  h o l d e r  and s e t t i n g  the  symnetr ic  gas gap between t h e  s leeve and 

T h i s  problem i s  overcome by s l i p p i n g  a c l o s e - f i t t i n g  s leeve 
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t h e  water -coo led  tube w a l l .  The s leeve a l s o  serves two o t h e r  purposes: 
i t  r e t a i n s  t h e  specimens i n  t h e i r  s l o t s  and p r o v i d e s  a b a r r i e r  between t h e  
gas i n  t h e  gap and another  gas (pure  hel ium) which f l o w s  g e n t l y  through 
t h e  specimen s l o t s  and h o l e s  i n  t h e  ho lder .  
t o  do w i t h  t h e  gas i n  t h e  tempera ture-cont ro l  gap. I t s  f u n c t i o n  i s  t o  

ensure r a p i d  t r a n s f e r  o f  h e a t  f rom t h e  specimens t o  t h e  h o l d e r  and t h e  
s leeve;  i t  does n o t  p r o v i d e  s i g n i f i c a n t  c o o l i n g .  The gas i n  t h e  h o l d e r  
c a v i t i e s  i s  r e q u i r e d  t o  have as h i g h  a thermal c o n d u c t i v i t y  as possible, 
whereas t h e  gas i n  t h e  c o n t r o l  gap needs t o  have a lower  (and variable) 
c o n d u c t i v i t y  t o  p e r m i t  m a n i p u l a t i o n  o f  t h e  gap 's  r e s i s t a n c e  t o  heat  f l o w  
t o  t h e  e x t e r i o r  c o o l i n g  water.  

capsules.  T h i s  capsule,  des ignated  HFIR-MFE-330J-1, is shown in Fig.  3. 
The vasiour; specimens a r e  arranged i n  s l o t s  and h o l e s  i n  a solid, cylin- 
d r l c a l  aluminum a l l o y  specimen h o l d e r ;  those i n  s l o t s  a r e  h e l d  t i g h t l y  
a g a i n s t  t h e  h o l d e r  b y  s p r i n g s  o f  a n i c k e l  a l l o y ,  Incone l  X750. The spec i -  
mens and h o l d e r  a r e  enc losed by a t i g h t - f i t t i n g  s leeve o f  aluma'nurn alloy. 

ecimen s l o t s  and h o l e s  a r e  i n t e r c o n n e c t e d  so t h a t  t h e  h e l i u m  atmos- 
phere o f  t h e  h o l d e r  can t r i c k l e  th rough them. Twenty-one t y p e  K thermo- 
couples a r e  l o c a t e d  th roughout  t h e  specimen h o l d e r  t o  p r o v i d e  cont inuous 
measurement o f  t h e  temperature d i s t r i b u t i o n .  Surrounding t h e  holder- 
s leeve I s  t h e  containment tube, 38.1-mn OD and 3-mn w a l l  t h i c k n e s s ,  made 
f rom aliaminum a l l o y .  The symmetr ical  tempera ture-cont ro l  gas gap between 
t h e  o u t e r  s u r f a c e  o f  t h e  h o l d e r  s leeve and t h e  i n n e r  s u r f a c e  o f  t he  con- 

t tube  i s  0.089 mn (0.0035 in , )  wide a t  t h e  o p e r a t i n g  temperature 
o f  330°C and must be h e l d  t o  t o l e r a n c e  f o r  c o n t r o l  o f  temperature i n  t h e  
ho lder ,  Under t h e  330°C des ign  o p e r a t i n g  c o n d i t i o n s ,  a change i n  the  gap 

w i d t h  of o n l y  .01 mn (0.0004 in . )  w i l l  a l t e r  t h e  temperature o f  t he  spec- 
imens and h o l d e r  by approx imate ly  25". 

The 330°C capsule w i l l  be operated a t  an i n t e r n a l  gas pressure  o f  
207 kPa gage (30 p s i g )  and coo led  w i t h  r e a k t o r  c o o l a n t  water ,  a t  an i n l e t  
temperature o f  49"C, f l o w i n g  downward over  t h e  conta inment  tube sur face.  
The specirnen-holder temperature,  monitored by t h e  thermocouples,  w i l l  be 

I c o n t r o l l e d  by a d j u s t i n g  t h e  compos i t ion  and hence t h e  thermal  c o n d u c t i v i t y  
a f  a f l a w j n g  m i x t u r e  o f  h e l i u m  and neon in t h e  narrow c o n t r o l  gas gap. 

T h i s  h o l d e r  gas ha3 n o t h i n g  

The 330°C capsule des ign2 i s  t y p i c a l  o f  t h e  e l e v a t e d  temperature 
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F i g .  3. Lower h a l f  o f  t h e  HFPR-MFE-330J-1 
capsule. 

The normal f l o w  r a t e  o f  t h e  c o n t r o l  gas m i x t u r e  w i l l  be -0.6 cm3/s.  
C a l c u l a t e d  temperature d i s t r i b u t i o n s Z  i n  t h e  330°C capsu le  i n d i c a t e  t h a t  
specimen temperatures can be main ta ined w i t h i n  25°C o f  330"C, which s a t i s -  
f i e s  t h e  temperature c r i t e r i o n  f o r  these experiments. A t y p i c a l  r a d i a l  
temperature p r o f i l e  c a l c u l a t e d  by  a one-dimensional hea t  t r a n s f e r  code i s  
g i v e n  i n  F ig .  4. I n  t h i s  c a l c u l a t i o n ,  an average n u c l e a r  h e a t i n g  r a t e  o f  
1Q.9 W/g was used. A s  i s  e v i d e n t  i n  t h i s  f i g u r e ,  most o f  t h e  temperature 
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F ig.  4. C a l c u l a t e d  r a d i a l  temperature p r o f i l e  f o r  
t h e  HFIR-MFE-330J-1 capsule. 

d rop  i s  across  t h e  c o n t r o l  gas gap ( f o r  maximum temperature c o n t r o l  
c a p a b i l i t y ) ,  w h i l e  t h e  drops across  t h e  specimen h o l d e r  p l u s  specimens 
(homogenized) and c o n t a i n e r  w a l l  reg ions  a r e  smal l .  
a t i n g  c o n d i t i o n s ,  thermal c o n d u c t i v i t i e s  o f  t h e  h e l i u m  purge gas and con- 
t r o l  gas (0.4 mole f r a c t i o n  He i n  Ne) a r e  0.225 and 0.102 W/(m*K) ,  
r e s p e c t i v e l y .  
be accomnodated by v a r y i n g  t h e  compos i t ion  o f  t h e  tempera tu re -con t ro l  gas 
m i x t u r e  between pure  he l i um and pu re  neon i n d i c a t e d  7.0 W/g f o r  pure  neon 
t o  18.0 W/g f o r  pu re  hel ium. 

A t  these des ign  oper-  

C a l c u l a t i o n s  o f  t h e  range o f  n u c l e a r  h e a t i n g  r a t e s  t h a t  can 
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CAPSULE MATERIALS REQUI EMENTS AND SELECTION 

There a r e  f o u r  c r i t i c a l  parameters i n  t h e  des ign  o f  a success fu l  cap- 
s u l e  f o r  these e l e v a t e d  temperature i r r a d i a t i o n s .  The f i r s t  i s  t h e  mass 
of t h e  capsule (specimens + h o l d e r  + s leeve + c o n t a i n e r ) ,  which determines 
t h e  amount o f  n u c l e a r  heat  generated. The second i s  t h e  w i d t h  o f  t h e  gas 
gap, which must remain cons tan t  a t  t h e  o p e r a t i n g  temperature. The t h i r d  
i s  h i g h  thermal  c o n d u c t i v i t i e s  o f  h o l d e r  and tube m a t e r i a l s  f o r  homogeni- 
z a t i o n  o f  heat  i n s i d e  t h e  capsule and f o r  conduct ing  t h e  heat  r a p i d l y  t o  
t h e  c o o l i n g  wa te r  once i t  has crossed t h e  gas gap. The f o u r t h  i s  t h e  
p r o p e r t i e s  o f  t h e  gas used i n  t h e  gap. 

m a t e r i a l s  no r  d i f f u s e  i n t o  o r  t h r o u  h them. Also,  f o r  easy d i s p o s a l ,  i t  
i s  d e s l r a b l e  t h a t  t h e  gas n o t  be a c t i v a t e d  by  neu t ron  bombardment. 
hea t  c a p a c i t y  i s  n o t  an impor tan t  cons ide ra t i on ,  s i n c e  r e l a t i v e l y  l i t t l e  
hea t  w i l l  be removed f rom t h e  capsule by  t h e  s low- ra te ,  once-through f l o w  
o f  gas i n  t h e  gap. Most o f  t h e  hea t  t r a n s f e r  i s  v i a  conductance across  
t h e  gap. The thermal  c o n d u c t i v i t y  o f  t h e  gas shou ld  be v a r i a b l e  i n  a con- 
t r o l l e d  manner t o  p e r m i t  temperature ad jus tment  d u r i n g  i r r a d i a t i o n .  The 
nob le  gases a r e  t h e  obv iaus choices. 
Argon, f o r  example, becomes a c t i v a t e d  t o  ‘ I A r ,  which emi t s  g a m a  rays  and 
poses a h a n d l i n g  hazard. Hel ium has t h e  h i g h e s t  thermal  c o n d u c t i v i t y ,  and 
when i t  i s  mixed w i t h  neon, t h e  c o n d u c t i v i t y  o f  t h e  m l x t u r e  can be v a r i e d  
by  a d j u s t i n g  t h e  he l i um t o  neon r a t i o  d u r i n g  i r r a d i a t i o n  t o  compensate f o r  
changes i n  heat  genera t i on  ra te .  

needs t o  min imize  t h e  q u a n t i t y  o f  hea t  generated and t o  ensure a p p r o p r i a t e  
t r a n s f e r  o f  t h e  hea t  t o  t h e  r e a c t o r  coo lan t .  These c o n d i t i o n s  a r e  d e t e r -  
mined by  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  m a t e r i a l s  and b y  t h e i r  r a d i a t i o n  
responses. I n  genera l ,  m a t e r i a l s  s e l e c t e d  f o r  t h e  i r r a d i a t i o n  capsule 
shou ld  have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

The hea t  t r a n s f e r  gas must n e i t h e r  r e a c t  chemica l l y  w i t h  t h e  capsule 

I t s  

Bu t  n o t  a l l  a r e  e q u a l l y  s u i t a b l e .  

The c r i t e r i a  f o r  t h e  capsule m a t e r i a l s  a r e  s p e c i f i e d  l a r g e l y  by  t h e  

1. low n u c l e a r  heat  genera t i on  r a t e ,  
2. good d imensional  s t a b i l i t y  a t  t h e  p lanned i r r a d i a t i o n  

c o n d i t i o n s ,  



9 

3.  h i g h  thermal c o n d u c t i v i t y ,  
4. 

5. good m a c h i n a b i l i t y ,  
6. low n e u t r o n  a b s o r p t i o n  f o r  neut ron  economy, and 
7. l ow r e s i d u a l  r a d i o a c t i v i t y  (a  d e s i r a b l e  c h a r a c t e r i s t i c  f o r  

c o m p a t i b i l i t y  w i t h  w a t e r  and w i t h  o t h e r  m a t e r i a l s  i n  t h e  capsule 
and r e a c t o r ,  

d i s p o s a l  o f  used capsules) .  

. 

I m p o r t a n t  p h y s i c a l  and n u c l e a r  p r o p e r t i e s  o f  cand ida te  s t r u c t u r a l  m a t e r i a l s  
f r o m  a v a r i e t y  o f   source^^-^^ a r e  g i v e n  i n  Table 1. 

Table 1. P h y s i c a l  and n u c l e a r  p r o p e r t i e s  
o f  cand ida te  s t r u c t u r a l  m a t e r i a l s  

Thermal A b s o r p t i o n  cross-  
D e n s i t y  Me' point ti ng c o n d u c t i v i t y  s e c t i o n  f o r  
W m 3 )  ( O G )  a t  20°C thermal (2200 m/s) 

CW/(m*K)I neut rons  (barns)  
M a t e r i a l  

E 7 m e n  t s  

Mg 
Be 
A 1  

T i  
Z r  

Fe 
CU 
Ni 

1.74 
1.85 
2.70 

4.51 
6.50 

7.87 
8.90 
8.91 

Magnox A180 -1.8 
606l-T6 A1 2.70 
SAP XAP002 2.74 

304L s t a i n l e s s  
s t e e l  7.9 

I n c o n e l  8.51 

650 
1283 
660 

1660 
1845 

1539 
1083 
1455 

647 

660 
629-650 

1400-1455 
1390-1430 

170 
159 
209 

18 
23.9 

75.3 

92.1 
395 

117 
217 
170 

0 063 
0.0095 
0.23 

-6.0 
0.18 

2.53 
3.85 
4.6 

S i m i l a r  t o  Mg 
S i m i l a r  t o  A1 

0.22 

aAt  100OC. 
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Thermal c o n d u c t i v i t i e s  and t e n s i l e  y i e l d  s t rengths  ( f rom r e f s .  7-14) 
a r e  p l o t t e d  as funct ions  o f  temperature f o r  severa l  elements and a l l o y s  o f  
i n t e r e s t  i n  F i g s .  5 and 6 ,  r e s p e c t i v e l y .  I t  w i l l  be shown s h o r t l y  t h a t  a 
h igh  l e v e l  o f  mechanical s t r e n g t h  i s  n o t  an important  c r i t e r i o n  i n  these 
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F i g .  5. Thermal c o n d u c t i v i t i e s  o f  
cand idate  m a t e r i a l s  as funct ions  o f  
temperature.  
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F i g .  6. Temperature dependencies 
o f  t e n s i l e  y i e l d  s t r e n g t h s  o f  candi -  
d a t e  m a t e r i a l s .  

exper iments.  
important.. 
app rox ima te l y  p r o p o r t i o n a l  t o  i t s  p h y s i c a l  dens i ty .6  

Nuc lear  h e a t i n g  r a t e s  and thermal  c o n d u c t i v i t i e s  _I a r e  

The n u c l e a r  h e a t i n g  r a t e  o f  a m a t e r i a l  f r o m  gama rays  i s  
There fore ,  t h e  
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l i g h t w e i g h t  m a t e r i a l s  - M , Be, and A1 - w i l l  genera te  t h e  l e a s t  n u c l e a r  
heat. These m a t e r i a l s  ha e good thermal  c o n d u c t i v i t i e s ,  too. Other  can- 
d i d a t e  m a t e r i a l s  f a r e  p o o r l y  i n  these combined p r o p e r t i e s .  Oxygen-free, 
h i g h - c o n d u c t i v i t y - g r a d e  copper, w i t h  t h e  h i g h e s t  thermal  c o n d u c t i v i t y ,  has 
a h i g h  n u c l e a r  h e a t i n g  r a t e ;  i t  i s  a l s o  undes i rab le  f o r  use i n  t h e  HFIR 
because copper i o n s  i n  t h e  c o o l i n g  wa te r  may a c c e l e r a t e  c o r r o s i o n  o f  a l u -  
minum components o f  t h e  HFIR. S t e e l s  and Z i r c a l o y  have h i g h  h e a t i n g  r a t e s  
and low thermal  c o n d u c t i v i t i e s .  T i t a n i u m  o f f e r s  low c a n d u c t i v i t y  and poor  
neu t ron  economy. S ince  t h e  h i g h  s t r e n g t h s  a f  these l a t t e r  m a t e r i a l s  a re  
n o t  o f  b e n e f i t  t o  these exper iments,  we can e l i m i n a t e  t h e  f r o m  f u r t h e r  
cons ide ra t i on .  The f i e l d  o f  contenders i s  thus  reduced t o  Mg, Be, and A l .  
We s h a l l  soon see t h a t  unacceptable r a d i a t i o n  responses r u l e  a u t  Mg and 
Be, l e a v i n g  A1 as t h e  p r e f e r r e d  m a t e r i a l .  Desp i te  i t s  low d e n s i t y ,  an 
aluminum h o l d e r  s t i l l  makes a cons ide rab le  c o n t r i b u t i o n  t o  t h e  heat  load. 
To accomnodate t h e  l a r g e  number o f  t e s t  specimens, a r e l a t i v e l y  l a r g e  
volume o f  suppor t  m a t e r i a l  i s  requ i red ,  e.g., a 32-m-diam b a r  i n c l u d i n g  
s leeve,  which p rov ides  about  75% o f  t h e  heat  l o a d  i n  t h e  capsule. 

d u r i n g  i r r a d i a t i a n .  Small changes, de tec ted  by  p e r t u r b a t i o n s  i n  t h e  
recorded temperatures o f  t h e  specimen ho lde r ,  can be compensated f o r  dur -  

i n g  t h e  exper iments by a d j u s t i n g  t h e  compos i t ion  ( c o n d u c t i v i t y )  o f  t h e  gas 
i n  t h e  gap. 
25% leeway fflay seem l a r g e ,  b u t  i n  f a c t  t he  a c t u a l  d imensional  changes a r e  
ve ry  small because t h e  gas gaps a r e  smal l ,  e s p e c i a l l y  f a r  t h e  200°C 
i r r a d i a t i o n .  The c y l i n d r i c a l  gas gap f o r  t h e  200°C capsule i s  o n l y  
8.029 m M i d e  w i t h  an o u t e r  d iameter  o f  32.2 mn. A 25% change i n  t h e  
w i d t h  o f  t h i s  gap i s  a mere 0.00725 m, o r  0.045% o f  t h e  i n t e r n a l  r a d i u s  
o f  t h e  c o n t a i n e r  tube. Fac to rs  t h a t  m igh t  conce ivab ly  a f f e c t  t h e  s t a b i l -  
i t y  o f  these smal l  3aps a r e  creep f l o w  and r a d i a t i s n - i n d u c e d  s w e l l i n g .  

A l t e r a t i o n  o f  t h e  gas gaps by  creep f l o w  o f  t h e  suppor t  m a t e r i a l s  i s  
n o t  a problem i n  these i r r a d i a t i o n s .  The s t resses  on t h e  system a r e  low, 
and as an e x t r a  safeguard, c r e e p - r e s i s t a n t  m a t e r i a l s  a r e  used. The s t r e s s  
on t h e  h o l d e r  s leeve,  assuming i t  bears t h e  f u l l  l o a d  o f  t h e  specimens 
p l u s  h o l d e r  p l u s  t h e  we igh t  o f  a s t a i n l e s s  s t e e l  r a d i a t i o n  s h i e l d  p l u g  
i r rmed ia te ly  above t h e  r a d i a t i o n  zone, i s  o n l y  about  0.15 MPa (22.5 p s i ) .  

The w i d t h  o f  t h e  gas gap a t  temperature must n o t  change s u b s t a n t i a l l y  

Changes g r e a t e r  than about  25% may n o t  be t o l e r a b l e .  A 
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Al though t h i s  s t r e s s  i s  minor ,  i t  shou ld  be remembered t h a t  most aluminum 
a l l o y s  l o s e  t h e i r  s t r e n g t h  s h a r p l y  a t  temperatures o f  about 100°C and a r e  
n o t  recomnended f o r  p ro longed use under l o a d  a t  temperatures above about 
2OOOC. An excep t ion  i s  t h e  c l a s s  of powder m e t a l l u r g y  a l l o y s  Con ta in ing  a 
mechan ica l l y  e n t r a i n e d  d i s p e r s i o n  o f  f i n e ,  s t a b l e  aluminum o x i d e  
p a r t i c l e s 1 2 - 1 4  known g e n e r i c a l l y  as s i n t e r e d  aluminum p roduc ts  (SAP).  SAP 
alloys a r e  l a b e l l e d  w i t h  v a r i o u s  manu fac tu re rs '  t r a d e  names. Those w i t h  
A I , &  con ten ts  i n  t h e  range o f  6 t o  8 w t  '% have names l i k e  XAP002, 
and SAP930, depending on t h e i r  source. The a l l o y  XAP002, wh ich  was used 
t o  make t h e  h o l d e r  and s leeve f o r  t h e  330°C capsule,  was manufactured many 
y e a r s  ago by  ALCOA C o r p o r a t i o n  u s i n g  S A P 9 3 0  (7% Al,O,)  powders p rov ided  by 
Mon teca t in i -Ed ison  S t A ,  I t a l y .  SAP a l l o y s  have good r e s i s t a n c e  t o  creep 
a t  temperatures up t o  500°C, as  shown f o r  t h e  a l l o y s  M583 and SAP930 i n  
Fig. 7*13 A t  500°C, t h e y  o f f e r  a 1000-h ru t u r e  l i f e  a t  s t r e s s e s  as h i g h  

Pa (5  k s i ) .  Thus, t h e  use o f  a l l o y  AP002 f o r  t h e  h o l d e r  
s leeve  o b v i a t e s  any q u e s t i o n  o f  creep de fo rma t ion  o c c u r r i n g  a t  t h e  low 
s t r e s s e s  on t h e  capsu le  suppor t  m a t e r i a l s  a t  a l l  temperatures up t o  500*C. 
The containment tube opera tes  a t  o n l y  about 60°C. 
t h e  tube from t h e  pressure  of the r e a c t o r  c o o l a n t  wa te r  i s  about 3 NPa 
(440 p s i ) ,  which produces a compressive s t r e s s  i n  t h e  tube w a l l  o f  about 
21 MPa (3 k s i ) .  
s t r e s s  do n o t  r e q u i r e  t h e  use o f  a s p e c i a l  a l l o y  l i k e  SAP. They can be 

l e d  adequate ly  by a more comnon aluminum a l l o y ,  6061-T6, f r o m  which 
many o f  t h e  components of t h e  HFIR  a r e  b u i l t  and which has t h e  b e s t -  
e s t a b l i s h e d  i r r a d i a t i o n - r e s p o n s e  p a t t e r n  f o r  t h e  HFIR c o n d i t i o n s .  The 
6061. a l l o y  i s  a h e a t - t r e a t a b l e  m a t e r i a l  c o n t a i n i n g  1% Mg and 0.5% S i ,  
which i n  the quenched-and-tempered c o n d i t i o n  (T6) has a 10,000-h creep 
s t r e n g t h  exceeding 250 MPa (about 36 & s i )  a t  60°C, as i l l u s t r a t e d  i n  
Fig,  8.15 I s r a  i a t i o n  r a i s e s  t h e  creep s t r e n g t h ,  g i v i n g  a g r e a t e r  margin 
of creep res i s tance ,  

p a r t i c u l a r l y  i f  t h e  s w e l l i n g  i s  unequal i n  d i f f e r e n t  components o f  t h e  
capsu le  and e s p e c i a l l y  a t  t he  lower  o p e r a t i n g  temperatures where t h e  gas 
gaps a r e  narrower. I f  t h e  tube s w e l l s  and t h e  h o l d e r  does n o t  swe l? ,  t he  

gap w i l l  ensue from j u s t  0.13% s w e l l i n g  o f  t h e  containment tube. I n  

The e x t e r n a l  s t r e s s  on 

These containment tube c o n d i t i o n s  o f  temperature and 

Rad ia t i on - induced  s w e l l i n g  poses a g r e a t e r  t h r e a t  t o  t h e  gas gaps, 

w i l l  enlarge. I n  t h e  200°C capsule a 25% inc rease  i n  t h e  w i d t h  o f  t he  



14 

14 

12 

10 

<1 
0 
rl 
X 

In 

v 

In 
IJJ 

E 6  
e7 

a@@ 752. 812. 912'F. RlSO (SAP 9301 

@.A 752.932'F RlSO ISAP 930) 
SPECIMENS MELD AT 1112'F IN VACUUM FOR 24 hf)  

1 
0 

100 

90 

80 

70 

60 

50 g 
U 

40 

30 

4 

loo 10 l o 2  i o 3  i o 4  

RUPTURE TIME (Hi?) 

F ig .  7. S t r e s s - r u p t u r e  p r o p e r t i e s  of SAP a l l o y s  M583 and SAQ930. 

aluminurn, s w e l l  i n g  a r i s e s  f rom t h r e e  d i f f e r e n t  sources: p r e c i p i t a t e s  o f  
t ransmutat ion-groduced silicon, vo ids ,  and gas bubbles. The d i f f e r e n t  
temperature dependencies o f  these phenorne a may l e a d  t o  unequal degrees o f  
s w e l l i n g  i n  d i f f e r e n t  components o f  t h e  capsule. 

S w e l l i n g  f rom t ransmutat ion-produced s i l i c o n  i s  a r e s u l t  o f  t h e  reac-  
t i o n  o f  thermal neut rons  w i t h  aluminum n u c l e i .  The r e a c t i o n  c ross -sec t i on  
i s  0.23 barns for  2200 m / s  neutrons,  and about  0.1 w t  % S i  i s  generated 
f o r  every thermal  neu t ron  f l u e n c e  o f  4 x loz5 n/m2. S i l i c o n  i s  essen- 
t i a l l y  i n s o l u b l e  i n  aluminum, and t h e  tsansmutat isn-produced s i l i c o n  
develops i n t o  p r e c i p i t a t e s  o f  s i l i c o n  t h a t  a r e  l e s s  dense than aluminum 
(2.3 Mg/m3 vs 2.7 Mg/m3)  and take  up more space, Each 1% s i l i c o n  causes 
about  0.16% s w e l l i n g .  The f l u x e s  o f  thermal  neut rons  i n  t h e  RB* p o s i t i o n s  
a r e  l a rge .  But  I n  these U.S.-Japanese exper iments,  hafn ium l i n e r s  i n  t h e  



15 

RNL-DWG 89M-7070 

IRRADIATION CONDl TION 

m m w 
E- 
t- m 

1. 1.38 
2. 2.77 
3. 0.67 
4. 1.34 
5. 1.28 
6. 2.15 
J .  5.03 
a. 6.44 
9. 6.92 

10. 7.34 

126 
126 
111 
111 
50 
50 
5Q 
50 
50 
50 

TEST 
TEMPERATURE 

UNlRRAOiATEQ IRRADIATED 
4D 

ec) 
50 0 
100 a m 
150 A A 

400 60 

55 

50 

45 

40 

35 

350 

300 

250 

200 

- a a 
E 

Fig.  8. Greep-rupture l i v e s  f 6061-T6 alloy a t  
50 t o  150°@, before and a f t e r  i r r a d i a t i o n .  

RB* h o l e s  w i l l  reduce t h e  f l u x e s  o f  thermal  neut rons  on t h e  exper iment  
capsule and i t s  contents .  Nevertheless, t h e  specimens will s t i l l  r e c e i v e  
thermal n e u t r o n  f l u e n c e s  o f  about  8 x IOZ5 n/m2, r e s u l t i n g  i n  g e n e r a t i o n  
o f  about  0.2 w t  % s i l i c o n ,  which w i l l  cause about 0.03% s w e l l i n g .  Thus, 
t h i s  t y p e  o f  s w e l l i n g  i s  smal l  i n  t h i s  case. ore i m p o r t a n t l y ,  i t  i s  

independent o f  temperature.  Therefore,  t h e  amounts o f  s i l i c o n  swelling i n  
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t h e  h o t  specimen h o l d e r  and i n  t h e  r e l a t i v e l y  cool tube w i l l  be t h e  same 
and w i l l  n o t  a l t e r  t h e  gas gap. O f  course, t h i s  c o n c l u s i o n  h o l d s  o n l y  i f  
bo th  holder- and tube a r e  made f rom aluminum. The use o f  aluminum compo- 
nents  i n  c o n j u n c t i o n  w i t h  non-aluminum components w i l l  l e a d  t o  d i f f e r -  
e n t i a l  s w e l l i n g  and must be avoided i n  capsules w i t h  smal l  gas gaps 
s u b j e c t e d  t o  h i g h  thermal neut ron  f luences,  

b o t h  cases, which means t h a t  t h e  amount of s w e l l i n g  f rom these sources 
w i l l  be d i f f e r e n t  i n  t h e  h o t t e r  h a l d e r  than i n  t h e  c o l d e r  tube. Bubble 
s w e l l i n g  i s  due t o  d i f f u s i o n  and agglomerat ion o f  t ransmutat ion-produced 
gases, p r i n c i p a l l y  h e l i u m  and hydrogen, and i s  most p r e v a l e n t  a t  tempera- 
t u r e s  above about  h a l f  o f  t h e  a b s o l u t e  m e l t i n g  temperature (Tm) where d i f -  
f u s i o n  i s  rap id .  For  aluminum, 0.5 Tm i s  about  200"C, so t h i s  t y p e  o f  
s w e l l i n g  m i g h t  be encountered f o r  a l l  t h e  h igh- temperature h o l d e r s  b u t  n o t  
i n  t h e  containment tubes, where t h e  temperature i s  t o o  low. Not enough i s  
known about bubble s w e l l i n g  t o  a l l o w  p r e d i c t i o n  o f  t h e  degree o f  s w e l l i n g .  
I t  i s  known, however, t h a t  such s w e l l i n g  i s  min imized i f  bubble caales-  
cence i s  r e t a r d e d  by t r a p p i n g  t h e  h e l i u m  on a f i n e  s c a l e  a t  p a r t i c l e -  
m a t r i x  i n t e r f a c e s .  Few p r e c i p i t a t e  p a r t i c l e s  remain s t a b l e  i n  aluminum 
a l l e y s  a t  400°C. I n  6061-T6 aluminum, f o r  example, t h e  g 2 S i  p r e c i p i t a t e s  
r e s p o n s i b l e  f o r  i t s  h i g h  s t r e n g t h  a r e  d i s s o l v e d  a t  400'C. One phase t h a t  
r e s i s t s  thermal d i s s i p a t i o n  i s  aluminum ox ide,  and aluminum a l l o y s  con- 
t a i n i n g  f i n e l y  d ispersed f l akes  o f  A1203 have good r e s i s t a n c e  t s  r a d i a t i o n  
d a r n a g ~ ' ~ , ' ~ , ~ ~  and t o  bubble for rnat ion. ls  I n  a d d i t i o n ,  they  d i s p l a y  h igh-  

p e r n t u r e  creep r e ~ 1 s t a n c e . ~ ~  F o r  these reasons, t h e  XAP002 alloy was 
chosen f o r  t h e  h o l d e r  and s leeve m a t e r i a l s .  

Void s w e l l i n g  i s  assoc ia ted  w i t h  an exce5s o f  rad ia t ian-produced 
vacancies and i s  c o n f i n e d  t o  a homologous temperature range o f  about 0.2 
t.0 0.5 Tm, i.e., below 200°C f o r  aluminum. Therefore,  v o i d  s w e l l i n g  i s  
p o s s i b l e  o n l y  i n  t h e  tube m a t e r i a l  i n  these exper iments.  The excess 
vacancies are  produced l a r g e l y  by f a s t  neut ron  damage. S w e l l i n g  i n  v a r i -  
ous aluminum a l l o y s  i r r a d i a t e d  a t  55°C i s  shown i n  F ig .  9 as a f u n c t i o n  of 

f a s t  neut ron  f 1 ~ e n c e . l ~  T h i s  s w e l l i n g  i s  measured f r o m  changes i n  d e n s i t y ;  
i t  i n c l u d e s  s w e l l i n g  f r o m  v o i d s  and f rom t ransmutat ion-produced s i l i c o n ,  
t h e  l a t t e r  i n d i c a t e d  by t h e  dashed l i n e .  S w e l l i n g  f rom v o i d s  a lone i s  
o b t a i n e d  b y  s u b t r a c t i n g  t h e  s i l i c o n  s w e l l i n g .  The f a s t  f l u e n c e  goal  o f  

S w e l l i n g  from v o i d s  and f r o m  gas bubbles a r e  temperature-dependent i n  
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Fig. 9. S w e l l i n g  i n  aluminum a l l a y s  d u r i n g  
neu t ron  i r r a d i a t i o n  a t  55OC. 

t h e  U.S.-Japanese exper iments i s  about  2 x n/m2. I t  i s  obv 
F ig .  9 t h a t  pure  aluminum and t h e  1100 a l l o y s  display unaccepted 

uus f rom 
y h i g h  

v o i d  s w e l l i n g  a t  t h i s  f luence.  The 6061-T6 and 5052-0 a l l o y s  have t h e  
g r e a t e s t  r e s i s t a n c e  t o  s w e l l i n g .  When t h e i r  s w e l l i n g  curves a r e  c o r r e c t e d  
f o r  t h e  e f f e c t s  o f  s i l i c o n ,  these two alloys show l i t t l e  o r  no v o i d  
s w e l l i n g  a t  t h e  goal f luence.  * 

The d a t a  i n  F ig.  9 were ob ta ined  for  i r r a d i a t i o n s  i n  t h e  HFIR t a r g e t  
r e g i o n  and a r e  expected t o  be r e p r e s e n t a t i v e  o f  unmodified RE* positions 
as w e l l ,  s i n c e  t h e  neu t ron  spec t ra  i n  t h e  two s i t e s  a r e  s i m i l a r ,  The us6 
o f  Hf l i n e r s  i n  t h e  RB* p o s i t i o n s  w i l l  reduce t h e  c o n t r i b u t i o n s  from 
s i l i c o n  s w e l l i n g  by a lmost  a f a c t o r  o f  10. T h i s  will reduce t h e  over -  
a l l  s w e l l i n g  i n  Fig. 9. Such r e d u c t i o n s  a t  t h e  goal  f l u e n c e  will be 
i n s i g n i f i c a n t  except  for t h e  6061 and 5052 alloys. 

* 
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There a r e  i n s u f f i c i e n t  da ta  t o  compi le  a s w e l l i n g  curve  f o r  ox ide-  
d i s p e r s i o n  a l l o y s  o f  t h e  XAP002 type. However, t h e  few s w e l l i n g  measure- 
m e n t ~ ~ ~  and t h e  l a r g e  concen t ra t i ons  o f  s t a b l e  o x i d e  p a r t i c l e s  i n  such 
a l l o y s ,  wh ich  w i l l  t r a p  and recombine p o i n t  d e f e c t s ,  s t r o n g l y  suggest t h a t  
XAQ002-type a l l o y s  w i l l  have h i g h  r e s i s t a n c e  t o  v o i d  swe l l i ng .  
There fore ,  i n  p r i n c i p l e ,  oxide-dispersion-hardened aluminum a l l o y s  would 
be a near - i dea l  conta inment  tube m a t e r i a l  f o r  these i r r a d i a t i o n s .  
U n f o r t u n a t e l y ,  comnerc ia l  p r o d u c t i o n  o f  SAP a l l o y s  has ceased, and n o t  
enough was on hand t o  make conta inment  tubes. The 5061-T6 a l l o y  was read- 
i l y  a v a i l a b l e ,  and s i n c e  i t  i s  s t r o n g e r  than t h e  5052-0 a l l o y  a t  t he  
coo l i ng -wa te r  temperature and i t s  mechanical p r o p e r t i e s  a r e  less degraded 
by  i r r a d i a t i o n , 1 7  i t  was s e l e c t e d  f o r  t h e  tube m a t e r i a l .  

Ear l i e r ,  magnesium and b e r y l l i u m  had been e l i m i n a t e d  f r o m  f u r t h e r  
c o n s i d e r a t i o n  w i t h o u t  a f u l l  exp lanat ion .  Now t h a t  t h e  e f f e c t s  o f  s w e l l -  
i n g  on t h e  gas gap have been d iscussed,  t h e  j u s t i f i c a t i o n  f o r  d i sm issa l  o f  
these t w o  me ta l s  can be presented  i n  b e t t e r  pe rspec t i ve .  Magnesium and 
i t s  alloys a r e  r e j e c t e d  p r i m a r i l y  because o f  u n c e r t a i n t y  about  t h e i r  
s w e l l i n g  response under i r r a d i a t i o n .  There a r e  no d a t a  f o r  i r r a d i a t i o n s  
i n  c o n t a c t  w i t h  c o o l i n g  water  a t  55°C o r  so. I r r a d i a t i o n s  have been made 
i n  sea led  capsules where t h e  temperatures a r e  es t ima ted  t o  be 75 t o  
12Q°C.’8*-2Q Under these c o n d i t i o n s ,  pure  magnesium s w e l l s  more than pure  
a1 urninurri, l 8  and a t  h i g h  f l uences  i t  becomes t w i s t e d  and d i s t o r t e d  
because o f  a n i s o t r o p i c  growth i n  g r a i n s  o f  d i f f e r e n t  o r i e n t a t i o n s . 2 0  
Magnes-a’um alloys undergo r a d i a t i o n - a s s i s t e d  phase changesz1 t h a t  cause 
s w e l l i n g s  o f  8.2 t o  0.3% a t  f a s t  f l uences  o f  2 t o  3 x IOz6 n/m2. The 
p r o p e n s i t y  f o r  bubble s w e l l i n g  a t  h i g h e r  temperatures i s  expected t o  be 
g r e a t e r  i n  magnesium than i n  aluminum because t h e  r a t e  o f  helium produc- 
t i o n  f rom (n,a) r e a c t i o n  with magnesium i s  f o u r  t imes and t h e  
r e a c t i o n  a l s o  produces equal q u a n t i t i t e s  o f  neon gas i n  t h e  magnesium. 
B e r y l l i u m  i s  r e j e c t e d  because, i n  a d d i t i o n  t o  be ing  b r i t t l e ,  t o x i c ,  expen- 
s i ve ,  and r e l a t i v e l y  d i f f i c u l t  t o  machine, i t  d i s p l a y s  an unacceptable 
s t r u c t u r a l  i n s t a b i l i t y  under i r r a d i a t i o n .  Transmuta t ion  r e a c t i o n s  i n  
b e r y l l i u m  generate l a r g e  q u a n t i t i t e s  o f  i n s o l u b l e  h e l i u m  and hydrogen 
iso topes .  Accomodat ian  o f  these gases imposes severe i n t e r n a l  s t resses ,  
which ar-r r e l i e v e d  i n  the  b r i t t l e  b e r y l l i u m  by ~ p a l l i n g . ~ ~  M a i n t a i n i n g  a 
cons tan t  gas gap would be imposs ib le  w i t h  b e r y l l i u m .  
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I n  sumnary, c e r t a i n  aluminum a l l o y s  o f f e r  t h e  b e s t  o v e r a l l  p r o p e r t i e s  
f o r  suppor t  m a t e r i a l s  f o r  specimens r e q u i r i n g  i r r a d i a t i o n s  a t  temperatures 
up t o  400°C i n  t h e  RB* p o s i t i o n s  o f  the HFIR u t i l i z i n g  n u c l e a r  h e a t i n g  and 
gas gap temperature c o n t r o l .  
s leeves  i s  t h e  oxide-dispersion-hardened SAP t ype  because o f  i t s  s u p e r i o r  
mechanical s t a b i l i t y  a t  e l e v a t e d  temperatures and i t s  good r e s i s t a n c e  t o  
r a d i a t i o n  s w e l l i n g .  SAP would a l s o  be a good cho ice  f o r  t h e  containment 
tubes, a l t h o u g h  6061-T6 a l l o y  i s  s a t i s f a c t o r y .  SAP a l l o y s  a r e  c u r r e n t l y  
i n  s h o r t  supply,  and ou r  reserves  f o r  f u r t h e r  exper iments o f  t h e  t ype  
desc r ibed  h e r e i n  a r e  inadequate. A p o t e n t i a l  s u b s t i t u t e  m a t e r i a l  has been 
l o c a t e d ,  and i n  t h e  f o l l o w i n g  s e c t i o n  a b r i e f  assessment o f  i t s  s u i t a b i l -  
i t y  i s  descr ibed.  

The p r e f e r r e d  a l l o y  f o r  t h e  h o l d e r s  and 

EVALUATION OF AN A ~ T ~ ~ ~ A T I ~ E  
~ X I D E - ~ I S P E ~ S I O ~ - H A ~ Q ~ ~ E ~  ALUMINUM ALLOY 

SAP a l l o y s  a r e  no l o n g e r  manufactured i n  t h e  U n i t e d  S t a t e s  a l though  
t h e r e  a r e  r e p o r t s  o f  a resurgence o f  i n t e r e s t  I n  them and good p o s s i b i l i -  
t i e s  o f  a r e i n t r o d u c t i o n .  I n  t h e  meantime, a West German producer,  
S i n t e r m e t a l l w e r k  Krebslige GMBH, i s  marke t ing  a p r o d u c t  trademarked DISPAL 
th rough i t s  U.S. subs id ia ry .2 '  DISPAL m a t e r i a l s  a r e  v e r y  s i m i l a r  t o  SAP 
a l l a y s  i n  t h a t  t hey  t o o  a r e  mechan ica l l y  a l l a y e d  p roduc ts  made by  b a l l -  
milling o f  a lu  inurn powders and c o n s o l i d a t i o n  by e x t r u s i o n .  T h e j r  manu- 
f a c t u r e r  c la ims  t h a t  D I S P A L  a l l o y s  have f i n e r  i s p e r s i o n s  o f  oxide and 

c a r b i d e  phases and hence b e t t e r  and more r e p r o d u c i b l e  p r o p e r t i e s ,  Carbon 
becomes e n t r a l n e d  i n  b o t h  SAP an QISPAL alloys as a r e s i d u e  from o r g a n i c  
l u b r i c a n t s  used i n  m i l l i n g  o f  t h e  aluminu powders. DISPAL alloys a r e  
a v a i l a b l e  i n  a wide range o f  s tandard  p roduc t  forms and as  custom-made 
shapes, w i t h  oxygen con ten ts  i n  t h e  range -4.  t o  2.5 w t  % (0.83 t o  
5.3 w t  % A1,0,) and carbon l e v e l s  i n  t h e  range 0 t o  3 w t  %. A t e c h n i c a l  
r e p o r t  on DISPAL a l l o y s 2 5  shows impress ive  p r o p e r t i e s  a t  temperatures up 
t o  500'C. 
MFE exper iments,  we ob ta ined  a p i e c e  o f  ex t ruded DISPAL b a r s t o c k  and e v a l -  
ua ted  i t s  p r o p e r t i e s  w i t h  respec t  t o  those o f  s imr ' l a r  ba rs  o f  two SAP-type 
alloys, XAP002 and XAP004. 

To assess t h e  s u i t a b i l i t y  o f  DISPAL f o r  use i n  t h e  U.S.-Japanese 



The DISPAL b a r  was 39 rmn d iameter  and was des ignated  by  t h e  manufac- 
I t  was s p e c i f i e d  as hav ing  a minimum carbon conten t  

Chemical analyses were made by  QRNL's 

t u r e r  as D I S P A L  Q.2. 
o f  0.2 w t  % and an oxygen con ten t  o f  1.0 t o  1.5 w t  X ,  e q u i v a l e n t  t o  an 
A1203 con ten t  o f  2.1 t a  3.2 w t  %. 
A n a l y t i c a l  Chemist ry  D i v i s i o n  and a r e  shown i n  Table 2. The carbon 
exceeds t h e  s p e c i f i c a t i o n ;  t h e  oxygen matches t h e  s p e c i f i e d  l e v e l .  
Xla.POO2 and XAP004 a l l o y s  were 38-m-diam ba rs tock  rece ived  f rom t h e  

a r c h i v e s  of a long-defunct  ORNL research  program. 
t o  p r o v i d e  t h e  h o l d e r  and s leeve p ieces  f o r  t h e  330°C capsu le  desc r ibed  
e a r l i e r .  These two a l l a y s  have s p e c i f i e d  A12Q3 con ten ts  o f  6 t o  8 and 13 
t o  15 w t  %, r e s p e c t i v e l y .  T h e i r  chemical analyses i n  Table 2 g i v e  va lues 
a f  9% and 15%. 

The 

The XAPOOZ b a r  was used 

F l a t  t e n s i l e  specimens, 25 l o n g  w i t h  gage s e c t i o n s  o f  0.75 x 

1.5 m, were  machined f rom t h e  bars  o f  a l l  t h r e e  a l l o y s  i n  l a n g i t u d i n a l  
and t ransve rse  d i r e c t i o n s .  These specimens were t e s t e d  t o  f a i l u r e  i n  
vacuum i n  an I n s t r a n  machine a t  temperatures up t o  500°C and a t  a s t r a i n  
r a t e  o f  1 x 10-3/s.  The r e s u l t s  o f  these t e s t s  are  shown i n  F igs.  10-12. 
The da ta  for  t h e  XAP002 and XAP804 a l l o y s  compare v e r y  f a v o r a b l y  w i t h  pub- 
l i s h e d  t e n s i l e  da ta  f o r  these m a t e ~ i a l s , ~ ~ , ~ ~  i n d i c a t i n g  t h a t  t he  use o f  
m i n i a t u r e  t e n s i l e  specimens i n  t h e  p resen t  t e s t s  has n o t  compromised t h e  
data. The XAPOB4 a l l o y  i s  s t r o n g e r  and l e s s  d u c t i l e  than t h e  XAP002 a l l o y  
a t  a l l  temperatures,  as expected f rom i t s  h i g h e r  o x i d e  content .  The 
XAPO04 a l l o y  i s  weaker i n  t h e  t ransverse:  d i r e c t i o n  than i n  t h e  l o n g i t u d i -  
n a l  d i r e c t i o n ,  whereas t h e  XAP002 a l l o y  appears t o  have no d i r e c t i o n a l  
dependence. 
wea%er i n  the t r ansve rse  d i r e c t 1 0 n . l ~  The DISPAL 0.2, d e s p i t e  i t s  much 
lower  ox fde  l e v e l ,  d i s p l a y s  s t r e n g t h  p r o p e r t i e s  i n  t h e  l o n g i t u d i n a l  d i r e c -  
t i o n  equal t o  those o f  t h e  XAPOOZ a l l o y .  
D I S P A L  0.2 has s l i g h t l y  lower  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) va lues  b u t  
s i m i l a r  y i e l d  s t reng ths .  
o f  XAP002 a t  temperatures below 300°C i n  b o t h  t r ansve rse  and l o n g i t u d i n a l  
d i r e c t i o n s .  To t e s t  t h e  s t a b i l i t y  o f  t h e  DISPAL 0.2 p r o p e r t i e s ,  we heat -  
t r e a t e d  severa l  specimens i n  a i r  f o r  24 h a t  500°C b e f o r e  t h e  t e n s i l e  
t2st.s. The r e s u l t s  a r e  g i v e n  i n  Table 3. The hea t  t rea tmen t  d i d  n o t  
a l t e r  t h e  t e n s i l e  p r o p e r t i e s  s i g n i f i c a n t l y .  

Reference da ta  show t h a t  b o t h  XAP004 and XAP002 a r e  u s u a l l y  

I n  t h e  t ransve rse  d i r e c t i o n ,  

The d u c t i l i t y  o f  DISPAL 0.2 i s  g r e a t e r  than t h a t  
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OWNL-DWG 88-9301 

LONGITUDINAL 

TRANSVERSE 

F i g .  18. Temperature dependencies o f  t e n s i l e  
p r o p e r t i e s  o f  aluminum a l l o y  XAPOO2 i n  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 .  

'Ihe m i c r o s t r u c t u r e s  o f  t h e  XAP002 and DISPAL 0.2 a l l o y s  were examined 
by t r ansmiss ion  e l e c t r o n  microscopy. Examples a r e  presented  i n  Fig.  13. 
I n  b o t h  cases, t h e  g r a i n  s i z e s  were smal l ,  0,5 t o  2 pm. The. XAP002 con- 
t a i n e d  a larger  volume f r a c t i o n  of second-phase p a r t i c l e s ,  many o f  them 
be ing  c igar-shaped and up t o  0.5 urn long. I n  t h e  DISPAL 6.2, t h e  
e n t r a i n e d  p a r t i c l e s  were g e n e r a l l y  much sma l le r ,  more equiaxed, and more 
u n i f o r m l y  d i s t r i b u t e d ;  many were  sma l le r  than about  20 nm. 
a l l o y s ,  some o f  t h e  p a r t i c l e s  e x i s t e d  i n  r e l a t i v e l y  l a r g e  clumps of 0.5 pm 
or more. 

I n  b o t h  

These s t u d i e s  co r robo ra te  t h e  manu fac tu re r ' s  c la ims  f o r  DISPAL 
a l l a y s z 5  and demonstrate t h a t  t h e  t e n s i l e  p r o p e r t i e s  o f  DISPAL 6,2 a r e  
s i m i l a r  t o  those o f  t h e  XAP002 a l l o y  o f  h i g h e r  ox ide  conten t .  T h i s  
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Fig.  l l J  Temperature ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e s  o f  t e n s i l e  
p r o p e r t i e s  o f  aluminum alloy ~~~~~~ i n  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 ,  

equ iva lence can be exp la ined  by t h e  f i n e r  distribution o f  t h e  d ispersed 
p a r t i c l e s  i n  the DISPAL 8.2 alloy. 
t h i s  e v a l u a t i o n ,  b u t  g i ven  t h e  similarities o f  t h e  e leva ted- tempera ture  
t e n s i l e  p r o p e r t i e s  o f  t he  DISPAL 

Creep roperties were not measured i n  

.2 and Xb9Pfl02 alloys, we expec t  t h e  
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* BROKE AT GAUGE MARKS AFTER REACHING UPS 
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Fig .  12. Temperature dependencies o f  t e n s i l e  
p r o p e r t i e s  o f  aluminum a l l o y  D I S P A L  0.2 i n  l o n g i t u d i n a l  
and t r a n s v e r s e  d i r e c t i o n s .  

c reep- rup tu re  p r o p e r t i e s  o f  t h e  D I S P A L  0.2 t o  be l i k e  those o f  t h e  
XAPBQ2-type a l l o y s  shown i n  F ig,  7. These p r o p e r t i e s  a re  more than 
adequate f o r  suppor t  m a t e r i a l  a p p l i c a t i o n s .  Observa t ions  made d u r i n g  
mach in ing  o f  t h e  a l l a y s  i n d i c a t e d  t h a t  t h e  XAP002 and DISPAL 0.2 gave 
smooth sur faces ,  a l l o w i n g  c l o s e  to le rances  t o  be achieved. The XAP004 
a l l o y  gave compara t i ve l y  rough sur faces ,  judged less s a t i s f a c t o r y  f o r  
a t t a i n m e n t  s f  small gas gaps. 

s t i t u t e  f a r  t h e  XAP002 a l l o y  f o r  use  as suppor t  s t r u c t u r e s  i n  t h e  
U.S.-Japanese MFE i r r a d i a t i o n s .  An o r d e r  has been p laced  f o r  a s u f f i c i e n t  
q u a n t i t y  o f  DISPAL 0.2 t o  s a t i s f y  our  fo reseeab le  needs. 

I n  our  op in ion ,  t h e  DISPAL 0.2 a l l o y  shaerld rnakr? an acceptab le  sub- 



Table 3. E f f e c t s  of annealing DISPAL 0.2 f o r  24 h a t  500°C 

'low UTS Total eiong. Uni form elong. Condition 
( M W  (%I (16) 

s t r e s s  Test temp. 

( M W  ( " C I  
ID marks 

Long i tud ina 1 

DL08 22 148.0 194.3 16.6 9.0 No anneal 
DL1 1 22 147.5 190.6 18.0 8.3 Annealed 
DL05 300 88.7 117,4 10.1 2.0 No anneal 
DL12 300 99b1 112.3 12.5 1.7 Annea 1 ed 

Transverse 

DX04 22 153.8 166.9 9.0 8.5 No anneal 
DXOZ 22 114.9 159 . 3 8.0, 7.0, Annea 1 ed 
DX07 300 56.4 81.4 1.5 0.8 No anneal 
DX03 300 69.5 89.9 4.3 2.5 Anneal ed 

h) 
VI 

aBroke a t  gage mark a f t e r  reaching UTS. 
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t 

Fig. 13. Typical microstructures o f  ( a )  XAPOOP and ( b )  DISPAL 0.2 
a l l o y s ,  showing f i n e r  p a r t i c l e s  (arrowed) i n  the DISPAL 0.2 a l l o y .  

e 
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