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REACTIONS OF SELECTED METAL-METAL 

COUPLES AT 1 1 0 0  " C  

L .  J ,  K i r b y  a n d  H. T. F u l l a m  

INTRODUCTION 

Frequently the integrity of multi- 

layered isotopic fuel capsules, fab- 

ricated for high temperature use, is 

endangered by metal-metal reactions 

between dissimilar metals and alloys. 

These reactions can cause embrittle- 

ment or even failure of a liner during 

long-term use. This behavior points 

out an urgent need which exists for 

the characterization and evaluation of 

these metal-metal reactions. This 

report summarizes the results of pre- 

liminary studies of a number of metal- 

metal couples. 

SUMMARY 

Metal-metal couples were studied 

after exposures up to 4000 hr at 

1100 OC to characterize and evaluate 

the reactions which occurred. The 

couples studied included: 

Hastelloy X - rhenium 
- molybdenum/50 rhenium 
- tungsten/25 rhenium 
- tungsten 
- tantalum 

0 Tantalum - rhenium 
- tungsten/2 5 rhenium 
- tungsten 

304L SS - rhenium 
- tungsten/25 rhenium 
- molybdenum/50 rhenium 
- tantalum 
- iridium 
- platinum 

Rhenium - molybdenum/50 rhenium 
- tungsten/25 rhenium 
- platinum 

0 Platinum - tungsten/25 rhenium 

In addition, the reactions of Hastelloy 

X and Hastelloy C with rhenium, tung- 

sten/25 rhenium, and tantalum were 

studied following experiments where 

the temperature was cycled ( 7 0 0  to 

1100 OC). 

Hastelloy X and 304L SS reacted with 

rhenium, molybdenum/SO rhenium, and 

tungsten/25 rhenium to form diffusion 

zones where there was little tendency 

for the individual metals in Hastelloy 

X or 304L SS to migrate preferentially. 
The diffusion zone appeared to approach 

a limiting thickness in long term tests 

of the 304L-rhenium couple. In reactions 

between Hastelloy X or 304L SS and 

tantalum, nickel tended to concentrate 

at the tantalum-rich side of the dif- 

fusion zone. Iron showed a finite but 

lesser tendency to concentrate at the 



tantalum-rich side, while chromium 

showed no tendency toward this prefer- 

ential migration. 

Tantalum reacted very slightly with 

rhenium, tungsten/25 rhenium, and 

tungsten. Platinum reacted extensively 

with rhenium and tungsten/25 rhenium, 

and was totally unacceptable as a liner 

for 304L SS capsules. Iridium behaved 

similarly with 304L SS. Hastelloy C, 

studied only in temperature cycling 

tests with rhenium, tungsten/25 

rhenium, and tantalum, was slightly 

less reactive than Hastelloy X. When 

compared with the static tests, the 

diffusion reactions were generally 

more pronounced for temperature cycling 

tests with Hastelloy X. 

R E S U L T S  A N D  D I S C U S S I O N  

The metals and alloys that were 

studied fall into two groups. The 

first group contained rhenium and 

rhenium alloys, tantalum, tungsten, 

platinum, and iridium. The second 

group contained the alloys Hastelloy X 

and 304L SS and might also include 

other alloys such as Haynes-25, 

Inconel, etc., which have not yet been 

studied. 

plug was then pressed tightly into place 

and the capsule was electron beam welded 

closed. Tantalum capsules were prepared 

in a similar manner. For the temperature 

cycling tests, Hastelloy X capsules were 

machined, metal foils inserted, a Haste1 - 

loy C plug was pressed in place and 

electron beam welded. After welding, 

all capsules were pneumatically impacted 

to assure intimate contact between the 

test metals, and were then sealed in 

evacuated quartz envelopes prior to 

being placed in the furnace. 

Reactions between the couples rhen- 

ium-molybdenum/50 rhenium, rhenium- 

tungsten/25 rhenium, platinum-rhenium, 

and platinum-tungsten/25 rhenium were 

evaluated from multilayered capsules. 

For example, a capsule was assembled by 

stacking foils of rhenium, platinum, 

rhenium, tungsten/25 rhenium, platinum, 

tungsten/25 rhenium, rhenium, and Hastel- 

loy X (primarily as a filler) in a rhen- 

ium-lined 304L SS capsule. Similarly, 

rhenium and molybdenum/50 rhenium were 

layered in a Haste1l.c) X capsule. The 

capsules were electron beam welded, 

pneumatically impacted, and sealed in 

E X P E R I M E N T A L  P R O C E D U R E S  ~ a s t e l l o ~  X 
Couples of Hastelloy X, Hastelloy C, Rhenium Foils (4) 

and tantalum with other metals and al- 

loys were prepared from metal rods and Hastelloy X 

foils. In a typical example (Figure I), 

a shallow Hastelloy X capsule was I+ 1.5 in. OD 4 
machined, four layers of 0.003 in. 

rhenium were inserted, a Hastelloy X FIGURE I. Has te  Z loy  X-Rhenium Couple  



evacua t ed  q u a r t z  t u b e s .  I n  a l l  c a s e s ,  E v a l u a t i o n s  o f  t h e  m e t a l - m e t a l  r e a c -  

s u f f i c i e n t  l a y e r s  o f  e ach  me ta l  f o i l  were 

used  t o  e l i m i n a t e  any masking e f f e c t  

t h a t  might  a r i s e  from an a d j a c e n t  m e t a l .  

Reac t i ons  o f  304L SS w i t h  v a r i o u s  

l i n e r  m e t a l s  were s t u d i e d  by examina-  

t i o n  of  m e t a l - l i n e d  t e s t  c a p s u l e s .  

304L SS c a p s u l e s  were l i n e d  w i t h  a  

m e t a l  f o i l  ( rhenium, t u n g s t e n / 2 5  

rhenium, molybdenum/50 rhenium, t a n t a -  

lum, i r i d i u m ,  o r  p l a t i n u m ) ,  f i l l e d  by 

c o l d - p r e s s i n g  t h e  c a p s u l e  c o n t e n t s  

i n t o  p l a c e ,  e l e c t r o n  beam welded c l o s e d ,  

and p n e u m a t i c a l l y  impacted .  The cap -  

s u l e s  were s e a l e d  i n  evacua t ed  q u a r t z  

enve lopes  f o r  i n - f u r n a c e  p r o t e c t i o n .  

The c r o s s  s e c t i o n  o f  a  t y p i c a l  c a p s u l e  

i s  i l l u s t r a t e d  by F i g u r e  2 .  

I n  o t h e r  e x p e r i m e n t s ,  t h e  e f f e c t  o f  

v o l a t i l i t y  of  304L SS was t e s t e d  on 

s e v e r a l  f o i l s .  Loose f o i l s  o f  rhenium,  

molybdenum/50 rhenium,  o r  t a n t a l u m  were 

s e a l e d  i n  evacua t ed  304L SS c a p s u l e s ,  

and t h e  c a p s u l e s  were t h e n  s e a l e d  i n  

e v a c u a t e d  q u a r t z  e n v e l o p e s .  

t i o n s  and l o o s e  me ta l  f o i l s  were made 

from m e t a l l o g r a p h i c  and e l e c t r o n  m i c r o -  

p robe  a n a l y s e s .  Each c a p s u l e  was s e c -  

t i o n e d  w i t h  an  a b r a s i v e  saw, and a  p o r -  

t i o n  mounted f o r  p o l i s h i n g  and examina-  

t i o n .  A f t e r  p o l i s h i n g ,  t y p i c a l  r e a c t i o n  

c r o s s  s e c t i o n s  o f  t h e  t e s t  c a p s u l e s  and 

m e t a l  specimens were examined and meas- 

u r e d .  The d i f f u s i o n  zones were measured 

from bo th  t h e  photomicrographs  and t h e  

e l e c t r o n  microprobe  s c a n s ,  b u t  t h e  s c a n s  

p r o v i d e d  more p r e c i s e  measurements ,  and 

were u sed  f o r  f i n a l  e v a l u a t i o n  o f  t h e  

r e a c t i o n s .  

S T A T I C  T E S T S  O F  M E T A L - M E T A L  C O U P L E S  

The m e t a l - m e t a l  r e a c t i o n s  obse rved  

from s t a t i c  t e s t s  a t  1100 O C  ( e x c e p t  f o r  

t h e  c o u p l e s  w i t h  304L SS, which a r e  d i s -  

c u s s e d  s e p a r a t e l y )  a r e  summarized i n  

Table  I .  T y p i c a l  photomicrographs  of  

t h e  m e t a l - m e t a l  coup le s  a f t e r  h e a t i n g  

a r e  p r e s e n t e d  i n  F i g u r e s  3  and 4.  The 

microprobe  t r a c e s  o f  H a s t e l l o y  X coup le s  

w i t h  rhenium,  molybdenum/50 rhenium, 

t u n g s t e n / 2 5  rhenium,  and t u n g s t e n  showed 

s i m i l a r  p a t t e r n s  f o r  t h e  d i s t r i b u t i o n s  

of  t h e  i n d i v i d u a l  m e t a l s  a c r o s s  t h e  d i f -  
304L SS Capsule  

f u s i o n  zones .  Examina t ion  r e v e a l e d  a  
Rhenium L i n e r  s h a r p  d e c r e a s e  i n  each  H a s t e l l o y  X a l l o y  
Fue l  Form component measured a t  t h e  edge o f  t h e  

d i f f u s i o n  zone a d j o i n i n g  t h e  H a s t e l l o y  X .  

G e n e r a l l y ,  t h e  i n d i v i d u a l  m e t a l s  r eached  

s l o p i n g  p l a t e a u s  i n  t h e i r  c o n c e n t r a t i o n s  
a3 /4  i n .  O D  i n  t h e  d i f f u s i o n  zone and d e c r e a s e d  r a t h e r  

s h a r p l y  t o  z e r o  a t  t h e  edge o f  t h e  u n r e a c -  

FIGURE 2 .  ~hen iu rn -L ined  3 0 4 L  S S  t e d  rhenium,  molybdenum/50 rhenium,  t u n g -  
Capsule  s t e n / 2 5  rhenium,  o r  t u n g s t e n ;  t h e  l i n e r  



f f f f f I. 
H a s t e l l o y  X Rhenium H a s t e l l o y  X Mo/50 Re H a s t e l l o y  X W/25 Re 

840 h r  840 h r  600 h r  

f f f f f I. 
H a s t e l l o y  X Tungs ten  H a s t e l l o y  X Tanta lum Tanta lum Rhenium 

600 h r  600 h r  743 h r  

FIGURE 3 .  P h o t o m i c r o g r a p h s  of M e t a l - M e t a l  
C o u p l e s  H e a t e d  a t  1100  O C  

Z O O X  

4 f 
Tantalum W/25 Re 

743 h r  l O O X  

f f - f f 
Tantalum Tungs ten  Tanta lum W /  2  5  Re 

743 h r  l O O X  743 h r  500X 

f f f + 
Tantalum Tungs ten  Rhenium / Rhenium 

743 h r  500X P la t i num 
648 h r  l O O X  

f f 
W/25 Re t W/25 Re 

P l a t i num 
648 h r  l O O X  

FIGURE 4 .  P h o t o m i c r o g r a p h s  o f  Meta l -Me t a Z  
C o u p l e s  H e a t e d  a t  1200  O C  
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T A B L E  I .  Metal-Metal  R e a c t i o n s  a t  1200 O C  

Approx ima te  
Hours  D i f f .  Zone 

a t  T h i c k n e s s ,  
Me ta l  Couple  1100 OC i n .  Remarks 

H a s t e l l o y  X-Re 840 0 .0015  "Holes"  i n  rhen ium a p p e a r  due t o  p n e u -  
m a t i c  i m p a c t i o n .  A c t u a l  m e t a l l i c  i n t e r -  
a c t i o n s  a r e  s l i g h t .  No p r e f e r e n t i a l  
d i f f u s i o n  o f  H a s t e l l o y  X componen t s .  

H a s t e l l o y  X-Mo/5O Re 840 0 .0015 No p r e f e r e n t i a l  d i f f u s i o n  o f  H a s t e l l o y  X 
componen t s .  

H a s t e l l o y  X-W/25 Re 600 0 .001  No p r e f e r e n t i a l  d i f f u s i o n  o f  H a s t e l l o y  X 
componen t s .  

H a s t e l l o y  X-W 600 0 .0005 Very s l i g h t  d i f f u s i o n  a t  H a s t e l l o y  X- 
t u n g s t e n  i n t e r f a c e .  No p r e f e r e n t i a l  
d i f f u s i o n  o f  H a s t e l l o y  X componen t s .  

H a s t e l l o y  X-Ta 600 0 .0025  Three  o r  more s e p a r a t e  l a y e r s  i n  d i f -  
840 0 . 0 0 3 - 5  f u s i o n  zone.  N i c k e l  a p p e a r s  t o  move 

p r e f e r e n t i a l l y  t h r o u g h  t h e  t a n t a l u m ,  
c o n c e n t r a t i n g  ahead  o f  t h e  H a s t e l l o y  X 
components  on t h e  t a n t a l u m - r i c h  s i d e .  
I r o n  may a l s o  do t h i s ,  t o  a  s m a l l e r  
e x t e n t .  

Ta-Re 743 0 .0004 " l lo l e s "  i n  rhen ium a p p e a r  due t o  pneu-  
m a t i c  i m p a c t i o n .  Very s l i g h t  d i f f u s i o n  
a t  t a n t a l u m - r h e n i u m  i n t e r f a c e .  

743 2.0 No d i f f u s i o n  a t  i n t e r f a c e s  d u r i n g  t e s t s .  

743 % O  No d i f f u s i o n  a t  i n t e r f a c e s  d u r i n g  t e s t s .  

840 % O  No d i f f u s i o n  a t  i n t e r f a c e s  d u r i n g  t e s t s .  

648 2.0 No d i f f u s i o n  a t  i n t e r f a c e s  d u r i n g  t e s t s .  

P l a t i n u m  i n t e g r i t y  r a p i d l y  d e s t r o y e d .  
Not d e t e r m i n e d  w h e t h e r  rhenium o r  W/25 
Re, o r  0 t r a c e s  a r e  r e s p o n s i b l e  f o r  
t h e  e f f e z t s  o b s e r v e d .  W/25 Re some-  
what  l e s s  r e a c t i v e  t h a n  r h e n i u m .  

m e t a l s  t e n d e d  t o  m i r r o r  t h i s  e f f e c t .  

Typ ica l  me ta l  d i s t r i b u t i o n s  f o r  t h e  

H a s t e l l o y  X-rhenium c o u p l e ,  normal -  

i z e d  from t h e  e l e c t r o n  microprobe  

t r a c e s ,  a r e  shown i n  F i g u r e  5 .  D i s t r i -  

b u t i o n s  of  t h e  e l emen t s  a c r o s s  t h e  

d i f f u s i o n  zones w i t h  molybdenum/50 

rhenium, t u n g s t e n / 2 5  rhenium, and 

t u n g s t e n  showed s i m i l a r  p a t t e r n s .  

Examinat ion of  t h e  photomicrographs  

u s u a l l y  r e v e a l e d  t h e  p r e s e n c e  of a  

v o i d  space  between t h e  d i f f u s i o n  zone 

and t h e  H a s t e l l o y  X ,  shown on t h e  

t r a c e s  a s  a  s h a r p  i n i t i a l  d i p  t o  z e r o  

f o r  t h e  n i c k e l ,  i r o n ,  and chromium. 

The H a s t e l l o y  X- tan ta lum coup le  

r e a c t e d  i n  a  more complex manner 

Maximum 

1 

N i c k e l  *< Chromium 

Rhenium 

FIGURE 5. Metal  D i s t r i b u t i o n s  for  -- 
H a s t e l l o y  X-Rhenium Couple  (600 h r  a t  
2200 O C )  



(Figure 6). A layered diffusion zone- 

formed between the test metals and 

the electron microprobe traces revealed 

a definite tendency for nickel to 

concentrate at the tantalum-rich side 

of the diffusion zone. Iron also 

showed this tendency, but to a lesser 

extent than nickel. The metal con- 

centrations varied substantially 

from layer to layer across the diffusion 

zone, possibly indicating a tendency 

toward the formation of a number of 

intermetallic compounds with tantalum. 

The presence of a void space, probably 

formed during the cooling period after 

the test couples were removed from the 

furnace, was also evident at the left 

of the nickel, iron and chromium traces. 

Other reactions of tantalum during 

the relatively short test times recorded 

were very slight. In the cases of 

tantalum-tungsten/25 rhenium and tanta- 

lum-tungsten, a very slight reaction 

zone was noted at only one side of the 

foil layer. The minimal reaction noted, 

(Figure 4) may have been caused by im- 

proper cleaning or assembly of the test 

couples, or by entrapment of traces of 

air during capsule preparation. This 

reaction needs to be rechecked. 

Maximum - /--'--- 

FIGURE 6 .  Me t a l  D i s t r i b u t i o n s  f o r  
H a s t e l l o y  X-Tantalum Couple (600  h r  a t  
2200 " C )  

Platinum reacted very extensively 

with rhenium. The tungsten/2S rhenium 

alloy was somewhat less reactive with 

platinum, but it is obvious from exam- 

ination of the photomicrographs (bottom 

of Figure 4) that platinum would not be 

a suitable liner or outside container 

for either of these metals. As will be 

shown later, this high reactivity of 

platinum was also noted with 304L SS, 

as well as with the samarium sesquioxide 

fuel form stand-in. 

T E M P E R A T U R E  C Y C L I N G  T E S T S  OF M E T A L - M E T A L  

C O U P L E S  

Reactions with Hastelloy X and Has- 
telloy C from temperature cycling tests 

at 700 to 1100 OC are summarized in 

Table 11. Comparison of the data in 

Tables I and I1 for the reactions of 
Hastelloy X with rhenium, tungsten/25 
rhenium, and tantalum demonstrates viv- 

idly the effect of temperature cycling, 

which may complicate capsule design 

problems. Must less time was required 

to produce the same thickness diffusion 

zone when the temperature was cycled. 

Photomicrographs of the metal-metal 

couples after the temperature cycling 

tests are presented in Figure 7. Al- 

though the reactions proceeded much 

farther with temperature cycling, the 

distributions of the various metals 

across the diffusion zones followed the 

same general patterns (Figures 5 and 6). 

The step-like diffusion zones were ob- 

served for the Hastelloy X or C-rhenium 

and Hastelloy X or C-tungsten/25 rhen- 

ium couples. There was no preferential 

diffusion of a Hastelloy X or Hastelloy 

C component through rhenium or tungsten/ 

25 rhenium. Layering of the diffusion 



TABLE I I .  Metal-Me t a  Z R e a c t i o n s  w i t h  T e m p e r a t u r e  Cyc Zing 

Metal Couple 

Hastelloy X-Re 
Hastelloy X-Re 
Hastelloy C-Re 
Hastelloy C-Re 

Approximate 
Total Total Diff. Zone 

hr hr Thickness, 
700 OC* 1100 O C *  in. 

130 223.5 0.002 
126.5 306.5 0.002 
130 223.5 0.002 
126.5 306.5 0.002 

Remarks 

"Holes" in rhenium appear 
due to pneumatic impaction. 
Metallic interactions are 
small, but more noticeable 
than for static tests. No 
preferential diffusion of 
Hastelloy X or Hastelloy C 
components. 

Hastelloy X-W/25 Re 144.5 308.5 0 -0015 Metallic interactions more 
Hastelloy X-W/25 Re 142.5 212.5 0.0015 noticeable than for static 
Hastelloy C-W/25 Re 144.5 308.5 0.001 tests. No preferential dif- 
Hastelloy C-W/Z5 Re 142.5 212.5 0.001 fusion of Hastelloy X or 

Hastelloy C components.. 

Hastelloy X-Ta 179.5 290.5 0.006 There were at least six dis- 
Hastelloy X-Ta 161.5 266.5 0.0065 tinct layers in the diffu- 
Hastelloy C-Ta 179.5 290.5 0.006 sion zone. Nickel appears 
Hastelloy C-Ta 16 1.5 266.5 0.0055 to move preferentially 

through the tantalum, concerr 
trating ahead of other Has- 
telloy X or Hastelloy C com- 
ponents on the tantalum-rich 
side. Iron may also do this, 
to a smaller extent. 

* F r e q u e n c y  of c y c Z i n g  approxt imateZy 24 h r  

+ I. + I. f + 
Hastelloy X Rhenium Hastelloy C Hastelloy X W/25 Re Hastelloy C 

f f I. 
Hastelloy X Tantalum Hastelloy C 

FIGURE 7 .  ~ h o t o m i c r o g r a p h s  of Meta Z -  
M e t a l  CoupZes C y c l e d  a t  7 0 0  t o  2 2 0 0  OC 



z o n e s  f o r  t h e  H a s t e l l o y  X o r  C - t a n t a l u m  l o y  X c o u p l e s  ( F i g u r e s  3  and  4 ,  page  

c o u p l e s  was g r e a t l y  a c c e n t u a t e d ,  h o w e v e r ,  4 )  shows t h a t  s i m i l a r  r e a c t i o n s  a r e  

a n d  t h e  e l e c t r o n  m i c r o p r o b e  t r a c e s  r e -  o c c u r i n g  f o r  t h e  two a l l o y s  w i t h  

v e a l e d  up t o  s i x  d i s t i n c t  p e a k s  compared  v a r i o u s  p o t e n t i a l  l i n e r s .  The e l e c t r o n  

w i t h  t h r e e  f o r  t h e  s t a t i c  t e m p e r a t u r e  m i c r o p r o b e  t r a c e s  r e v e a l e d  t h a t  the r . e  

t e s t  [ F i g u r e  6 ) .  A g a i n ,  n i c k e l  and i r o n  was no t e n d e n c y  f o r  p r e f e r e n t i a l  d i f -  

t e n d e d  t o  c o n c e n t r a t e  a t  t h e  t a n t a l u m -  f u s i o n  o f  any  304L SS component  i n  

r i c h  s i d e s  o f  t h e  d i f f u s i o n  z o n e s .  t h e  c o u p l e s  o f  304L SS w i t h  r h e n i u m ,  

molybdenum/50 r h e n i u m ,  t u n g s t e n / 2 5  4 

M E T A L - M E T A L  REACTIONS IN L A Y E R E D  CAPSULES r h e n i u m ,  i r i d i u m  o r  p l a t i n u m .  N i c k e l  

R e a c t i o n s  w i t h  304L SS f rom s t a t i c  and i r o n  c o n c e n t r a t e d  s l i g h t l y  a t  t h e  

t e s t s  a t  1100  O C  a r e  summarized i n  T a b l e  t a n t a l u m - r i c h  s i d e  o f  t h e  304L SS-  

111 .  Some o f  t h e  d a t a  f o r  t h e  304L SS- t a n t a l u m  c o u p l e .  I r i d i u m  r e a c t e d  w i t h  

rhen ium r e a c t i o n ,  p l o t t e d  i n  F i g u r e  8 ,  t h e  304L SS componen t s  i n  a  u n i f o r m  

i l l u s t r a t e  t h a t  t h e  d i f f u s i o n  zone f o r  b u t  e x t e n s i v e  manner ,  and  p l a t i n u m  

t h i s  c o u p l e  t e n d s  t o  a p p r o a c h  a  l i m i t i n g  r e a c t e d  r a t h e r  d e s t r u c t i v e l y  w i t h  t h e  

t h i c k n e s s  i n  l o n g - t e r m  r e a c t i o n s .  Pho-  304L SS. I t  i s  c e r t a i n  t h a t  p l a t i n u m  

t o m i c r o g r a p h s  o f  t y p i c a l  m e t a l - m e t a l  c o u l d  n o t  b e  u s e d  t o  l i n e  304L SS c a p -  

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

s e n t e d  i n  F i g u r e  9 .  i r i d i u m  s h o u l d  p r o b a b l y  n o t  b e  c o n -  

Comparison o f  t h e  p h o t o m i c r o g r a p h s  s i d e r e d  w i t h o u t  v e r y  e x t e n s i v e  t e s t i n g  

i n  F i g u r e  9 w i t h  t h o s e  f o r  t h e  H a s t e l -  t o  a s s e s s  t h e  e f f e c t s  o f  t h e  r e a c t i o n  

TABLE III. Metal-Metal Reactions at 1100 OC 

Hours  
a t  

Me ' t a l ,  C o u p l e  1100 O C  

304L-Re 840 
304L-Re 1576  
304L-Re 2184 
304L-Re 3016 
304L-Re 4000 

Approx imate  
D i f f .  Zone 
T h i c k n e s s ,  

in. Remarks  

0 . 0 0 2  No p r e f e r e n t i a l  d i f f u s i o n  o f  any  304L SS 
0 . 0 0 3 5  componen t .  
0 .004  
0 .005  
0 . 0 0 5  

304L-Mo/50 Re 8  4  0  0 . 0 0 2  No p r e f e r e n t i a l  d i f f u s i o n  o f  a n y  304L SS 
304L-Mo/SO Re 1 5 7 6  0 . 0 0 3  componen t .  
304L-Mo/50 Re 2184 0 .004  
304L-Mo/5O Re 3744 0 . 0 0 5  

304L-W/25 Re 840 0 . 0 0 0 5  No p r e f e r e n t i a l  d i f f u s i o n  o f  any  304L SS 
304L-WL25 Re 1 5  76 0  - 0 0 0 8  componen t .  
304L-W/25 Re 3024 0 . 0 0 1  
304L-W/25 Re 3744 0 .0015  

304L-Ta 8 8 6  0 .0015  P r e f e r e n t i a l  d i f f u s i o n  o f  n i c k e l  a n d  p o s -  
304L-Ta 1 5 1 2  0 . 0 0 3  s i b l y  i r o n .  
304L-Ta 3576 0 . 0 0 4  

3 0 4 L - I r  816 0 . 0 0 6  I r i d i u m  r e a c t e d  c o n t i n u a l l y .  D i f f .  zone  
a p p e a r e d  s t r u c t u r a l l y  s o u n d .  

304L-P t  1512  0 .004 P l a t i n u m  r e a c t e d  d e s t r u c t i v e l y  w i t h  o u t e r  
c a p s u l e  a n d  w i t h  f u e l  fo rm.  
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FIGURE 9 .  P h o t o m i c r o g r a p h s  o f  M e t a l -  
M e t a l  C o u p l e s  H e a t e d  a t  1100  OC 



on 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  meta l  

and a l l o y .  

T y p i c a l  m e t a l  d i s t r i b u t i o n s  a c r o s s  

t h e  304L-rhen ium c o u p l e  a r e  i l l u s t r a t e d  

i n  F i g u r e  1 0 .  D i s t r i b u t i o n s  a c r o s s  

t h e  304L SS -molybdenum/50 rhen ium and 

3 0 4 L - t u n g s t e n / 2 5  r h e n i u m  c o u p l e s  had  

t h e  same g e n e r a l  f e a t u r e s .  M e t a l  d i s -  

t r i b u t i o n s  a c r o s s  t h e  304L S S - t a n t a l u m  

c o u p l e  a r e  i l l u s t r a t e d  i n  F i g u r e  11. 

T h e s e  d i s t r i b u t i o n s  d i f f e r e d  marked ly  

I r o n  
-Chrornlurn 

N i c k e l  

- Rhenlurn  

w i t h  t h o s e  f o r  t h e  H a s t e l l o y  X o r  C -  

t a n t a l u m  c o u p l e s ,  w i t h  t h e  o n l y  s imi-  F I G U R E  1 0 .  M e t a l  D i s t r i b u t i o n s  f o r  
l a r i t y  b e i n g  t h e  n i c k e l  and i r o n  p e a k s  304L SS -Rhen ium C o u p l e  ( 3 0 1 6  h r  a t  

a t  t h e  t a n t a l u m - r i c h  s i d e  o f  t h e  d i f -  
1200  OC) 

f u s i o n  z o n e .  M e t a l  d i s t r i b u t i o n s  a c r o s s  

t h e  304L S S - i r i d i u m  c o u p l e  ( F i g u r e  1 2 )  

h e l p  o n e  t o  u n d e r s t a n d  why t h e  a p p e a r -  >iaximum 

a n c e  o f  t h e  c o u p l e ,  a s  judged  from t h e  

p h o t o m i c r o g r a p h  i n  F i g u r e  9 ,  o r i g i n a l l y  

s u g g e s t e d  t h a t  o n l y  s l i g h t  r e a c t i o n  

h a d  o c c u r r e d .  

VOLATILITY O F  304L STAINLESS STEEL 
The e f f e c t  o f  304L SS v o l a t i l i t y  on 

r e a c t i o n s  w i t h  r h e n i u m ,  molybdenum/50 

r h e n i u m ,  and  t a n t a l u m  i s  summarized i n  0 

T a b l e  I V .  F I G U R P  1 1 .  M e t a l  D i s t r i b u t i o n s  f o r  
P h o t o m i c r o g r a p h s  and m e t a l  d i s t r i b u -  3 0 4 L  SS -Tan taZum C o u p l e  ( 3 5 7 6  h r  a t  

t i o n s  t h r o u g h  t h e  f o i l s  r e s u l t i n g  f rom 1100  O C )  

h e a t i n g  a t  1100 O C  a r e  shown i n  F i g u r e  

1 3 .  The f o i l s  were  l o o s e l y  s e a l e d  i n  

3 0 4 L  SS c a p s u l e s  and  had  min imal  p h y s i c a l  hiaxinurn 

c o n t a c t  w i t h  t h e  s t a i n l e s s ;  a f t e r  t h e  

t e s t s  t h e y  a p p e a r e d  a s  f u l l y  r e a c t e d  a s  

i f  t h e y  had  b e e n  i n  d i r e c t  c o n t a c t  w i t h  

t h e  c a p s u l e s .  The f o i l s  were  much more 

b r i t t l e ,  however ,  t h a n  when t h e  same 

m e t a l s  were  u s e d  a s  c a p s u l e  l i n e r s .  

The e l e c t r o n  m i c r o p r o b e  t r a c e s  
0 

gave  c o n c l u s i v e  d e m o n s t r a t i o n  of  t h e  

m a j o r  r o l e  o f  v o l a t i l i t y  o f  304L SS 

components  ( i r o n ,  n i c k e l ,  chromium) i n  FIGURE 1 2 .  M e t a l  D i s t r i b u t i o n  for  
3 0 4 L  S S - I r i d i u m  C o u p l e  1 8 1 6  h r  a t  

t h e s e  m e t a l - m e t a l  r e a c t i o n s .  V o l a t i l i t y  1 1 0 0  OC) 



T A B L E  I V .  E f f e c t  o f  3 0 4 L  SS V o l a t i Z i t y  on  Meta l  F o i l s  

Approximate Fo i 1 
Diff. Zone Left 

Metal Hours at Thickness, Unreacted, 
Foil 1100 OC in. in. Remarks 

Rh eni urn 1680 0.0049 0.0014 X-ray fluorescence shows gross rhen- 
ium, iron, chromium at surface. Nic- 
kel a 1/10 iron or chromium. 

Tantalum 1680 
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Molybdenum LJ'L Molybdenurn/50 A B Rhenium, 

t wt lo 0 X 
A B 

Maximu 

e. *. 

FIGURE 1 3 .  P h o t o m i c r o g r a p h s  and Meta l  
D i s t r i b u t i o n s  i n  F o i l s  Heated 2 6 8 0  h r  
i n  3 0 4 L  C a p s u l e s  a t  1 1 0 0  OC 



a l s o  e x p l a i n s  why, a l t h o u g h  t h e r e  was 

a  n e t  d i f f u s i o n  o f  b o t h  304L SS and 

t h e  c a p s u l e  l i n e r s ,  304L SS was t h e  

p r e d o m i n a n t l y  m o b i l e  f o r c e .  I n  t h e s e  

c a s e s ,  304L SS components  were o b s e r v e d  

t o  have  b y - p a s s e d  a  t h i n  l a y e r  o f  t h e  

c a p s u l e ' s  c o n t e n t s  and d i f f u s e d  i n t o  

t h e  l i n e r ,  w h i l e  t h e  r e v e r s e  c a s e  

g e n e r a l l y  was n o t  o b s e r v e d .  

D I S C U S S I O N  - 
The m e t a l - m e t a l  c o u p l e s  o f  t h i s  s t u d y  

were p r e p a r e d  by u s i n g  p n e u m a t i c  impac-  

t i o n  t o  a s s u r e  i n t i m a t e  c o n t a c t  be tween  

t h e  t e s t  m e t a l s .  I n  some c a s e s  t h i s  was 

d e t r i m e n t a l  t o  l i n e r s  and f o i l s .  Rhen- 

ium, f o r  e x a m p l e ,  was a d v e r s e l y  a f f e c t e d  

by t h e  i m p a c t i o n ,  and l e s s  t h a n  t h e o -  

r e t i c a l l y  d e n s e  s i t e s  p r e s e n t  a f t e r  p r e p -  

a r a t i o n  o f  t h e  rhen ium f o i l s  d e v e l o p e d  

i n t o  h o l e s  d u r i n g  t h e  i m p a c t i o n .  Where 

o n l y  a  0 . 0 0 3  i n .  r h e n i u m - l i n e r  was 

p r e s e n t  i n  304L SS c a p s u l e s  h e a t e d  a t  

1100 O C  f o r  a b o u t  3000 t o  4000 h r ,  

t h o r o u g h  p e n e t r a t i o n  o f  t h e  l i n e r  by 

304L SS components  o c c u r r e d  a t  t h e s e  

" h o l e "  s i t e s .  The e f f e c t  o f  t h e  impac-  

t i o n  on a n  i r i d i u m - l i n e d  c a p s u l e  was 

e v e n  more p r o n o u n c e d .  R e a c t i o n s  be tween  

s l i p  - f i t  m e t a l l i c  l a y e r s  (measured  i n  

l a t e r  e x p e r i m e n t s )  were l e s s  e x t e n s i v e  

t h a n  r e a c t i o n s  between p n e u m a t i c a l l y  

i m p a c t e d  l a y e r s .  

The s l i g h t l y  d i f f e r e n t  b e h a v i o r s  o f  

H a s t e l l o y  X ,  H a s t e l l o y  C ,  and 304L SS 

i n  r e a c t i o n s  w i t h  p o t e n t i a l  c a p s u l e  

l i n e r s  s u g g e s t  t h a t  minor a l l o y  c o n s t i -  

t u e n t s  p l a y  i m p o r t a n t  r o l e s  i n  l i m i t i n g  

t h e  n e t  d i f f u s i o n  o f  t h e  c o u p l e s .  For  

e x a m p l e ,  t u n g s t e n  i s  n o m i n a l l y  0 . 6 %  and 

4 % ,  r e s p e c t i v e l y ,  o f  H a s t e l l o y  X and 

H a s t e l l o y  C ,  w h i l e  t h e  d i f f e r e n c e s  be 

tween o t h e r  e l e m e n t a l  c o n c e n t r a t i o n s  a r e  

f a r  l e s s .  I t  was n o t e d  p r e v i o u s l y  t h a t  

H a s t e l l o y  C e x h i b i t e d  a d v a n t a g e s  ( l e s s  

r e a c t i o n  w i t h  l i n e r  m e t a l )  o v e r  H a s t e l -  

l o y  X ,  which migh t  be a t t r i b u t a b l e ,  i n  

p a r t ,  t o  t h e  d i f f e r e n t  t u n g s t e n  concen-  

t r a t i o n s .  No o t h e r  c o r r e l a t i o n s  w i t h  

a l l o y  c o n s t i t u e n t  c o n c e n t r a t i o n s  were  n o t e d .  

A more p ronounced  e f f e c t  o f  t u n g s t e n  

a s  a  d i f f u s i o n  impeder  c a n  b e  s e e n  from 

c o m p a r i s o n  o f  t h e  a l l o y - r h e n i u m  and  

a l l o y - t u n g s t e n / 2 5  rhen ium c o u p l e s  a f t e r  e 

s i m i l a r  r e a c t i o n  t i m e s .  I n  a l l  c a s e s  

t u n g s t e n / 2 5  rhen ium was l e s s  r e a c t i v e  

t h a n  rhen ium w i t h  t h e  e n c a p s u l a t i n g  

a l l o y .  The r e s u l t s  s u g g e s t  t h a t  t u n g s t e n ,  

o r  some o t h e r  a s  y e t  u n i d e n t i f i e d  m e t a l ,  

m i g h t  be a d v a n t a g e o u s l y  i n c o r p o r a t e d  

i n t o  a  d i f f u s i o n  b a r r i e r  f o r  t h e  m e t a l -  

l i n e d  f u e l  c a p s u l e s .  

M e t a l - m e t a l  c o u p l e s  w i t h  1 3 a s t e l l o y  X ,  

H a s t e l l o y  C ,  o r  304L SS a l l  d e v e l o p e d  

v o i d  s p a c e s  be tween  t h e  d i f f u s i o n  zone 

and t h e  t e s t  a l l o y ,  p r o b a b l y  d u r i n g  t h e  

c o o l i n g  p e r i o d  a f t e r  t h e  c o u p l e s  were 

removed from t h e  f u r n a c e .  P r e s e n t l y ,  i t  

i s  n o t  known w h e t h e r  t h e s e  v o i d s  d e v e l o p  

a t  a  r e l a t i v e l y  h i g h  ( n e a r  1100 OC) o r  

low t e m p e r a t u r e ,  b u t  t h e  a c c e l e r a t e d  

r e a c t i o n s  o b s e r v e d  a f t e r  t e m p e r a t u r e  

c y c l i n g  t e s t s  s u g g e s t  t h a t  a  p a r t i a l  

s e p a r a t i o n  may o c c u r  a t  o r  above 700 O C .  

The p r e s e n c e  o f  v o i d s  would a l l o w  s u r -  

f a c e  d i f f u s i o n  t o  o c c u r ,  w h i c h ,  t o g e t h e r  

w i t h  t h e  e f f e c t s  o f  v o l a t i l i t y  and i n t e r -  

g r a n u l a r  d i f f u s i o n ,  would a c c e l e r a t e  

t h e  r e a c t i o n s .  The e f f e c t  would be 

e s p e c i a l l y  n o t i c e a b l e  i f  v o i d  f o r m a t i o n  

p r o c e e d e d  d i r e c t l y  a l o n g  t h e  g r a i n  

b o u n d a r i e s  and i n t o  t h e  c o n t a i n i n g  a l l o y .  

S U G G E S T E D  F U T U R E  S T U D I E S  

H a s t e l l o y  X and 304L SS r e a c t e d  

s i m i l a r l y  w i t h  v a r i o u s  p o t e n t i a l  c a p -  

s u l e  l i n e r s .  Because  o f  t h e  a p p a r e n t  

deve lopment  o f  a  l i m i t i n g  d i f f u s i o n  



zone t h i c k n e s s  w i t h  t h e  304L SS-rhenium 

c o u p l e s ,  t h e  same p o s s i b i l i t y  i s  s u g -  

g e s t e d  f o r  H a s t e l l o y  X .  A d d i t i o n a l  

l o n g - t e r m  t e s t s  w i l l  be r e q u i r e d  t o  

v e r i f y  t h e  304L SS-rhenium r e a c t i o n s ,  

and t o  make s i m i l a r  d e t e r m i n a t i o n s  f o r  

H a s t e l l o y  X and o t h e r  a l l o y s  w i t h  

rhenium and p o t e n t i a l  l i n e r  m e t a l s .  

At tempts  shou ld  a l s o  be made t o  d e t e r -  

mine whether  a  l i m i t i n g  d i f f u s i o n  

zone t h i c k n e s s  w i l l  be obse rved  f o l -  

lowing  l ong - t e rm  t e m p e r a t u r e  c y c l i n g  

t e s t s .  

The tendency  o f  n i c k e l  and i r o n  t o  

c o n c e n t r a t e  when r e a c t e d  w i t h  t a n t a l u m  

s u g g e s t s  t h a t  o t h e r  m e t a l s  may a l s o  

undergo  s i m i l a r  r e a c t i o n s .  Haynes 25  

s h o u l d  be t e s t e d  w i t h  t a n t a l u m  t o  

check t h i s  p o s s i b i l i t y ,  and t e s t e d  w i t h  

o t h e r  m e t a l s  t o  o b t a i n  d a t a  p e r t i n e n t  

t o  c o b a l t - b a s e  a l l o y s .  O the r  p o t e n t i a l  

e n c a p s u l a t i n g  m a t e r i a l s  t o  be t e s t e d  

s h o u l d  i n c l u d e  TZM, t an t a lum/ lO  t u n g -  

s t e n ,  e t c . ,  a l o n g  w i t h  t h o s e  m e t a l s  

and a l l o y s  f o r  which d a t a  a r e  p r e s e n t e d  

i n  t h i s  r e p o r t .  

E a r l y  e f f o r t s  shou ld  be made t o  d e -  

v e l o p  and t e s t  a  d i f f u s i o n  b a r r i e r  t o  

r e d u c e  o r  e l i m i n a t e  t h e  m e t a l - m e t a l  

r e a c t i o n s  o c c u r r i n g  i n  m u l t i l a y e r e d  

c a p s u l e s .  Techniques  t o  be s t u d i e d  

might  i n c l u d e  e l e c t r o p l a t i n g ,  e l e c t r o -  

p o l i s h i n g ,  vapor  d e p o s i t i o n ,  f lame 

s p r a y i n g ,  and t h e  u s e  o f  c e r amic  l i n e r s .  

The e f f e c t s  o f  m e t a l - m e t a l  r e a c t i o n s  

and l ong - t e rm  s t a t i c  and c y c l i n g  t e s t -  

i n g  on t h e  p h y s i c a l  p r o p e r t i e s  of  a l l o y s  

and l i n e r  m e t a l s  s h o u l d  be de t e rmined .  

Higher  t e m p e r a t u r e  s t u d i e s  would a l s o  

p r o v i d e  v a l u a b l e  i n f o r m a t i o n .  

A C K N O W L E D G E M E N T S  

The m e t a l l o g r a p h i c  and e l e c t r o n  mic ro -  

p robe  a n a l y s e s  were conducted  by t h e  

Me ta l l og raphy  L a b o r a t o r y ,  and pneumat ic  

impac t ions  were per formed by M a t e r i a l s  

P r o c e s s  Development U n i t .  J .  D .  Cudmore 

and  C .  A .  Fu l che r  p r e p a r e d  many o f  t h e  

c o m p a t i b i l i t y  c o u p l e s  and t e s t  c a p s u l e s .  
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