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T H E  USE OF DIFFUSION B A R R I E R S  I N  R E D U C I N G  
M E T A L - M E T A L  I N T E R A C T I O N S  A T  1100 O C  

ABSTRACT 

In fabricating an isotope heat source, design considera- 

tions frequently dictate the use of multiple layer of 

dissimilar metals to contain the fuel. At high temperatures, 

interdiffusion between the dissimilar metals can endanger 

the integrity of the source. The use of diffusion barriers 

is one way of reducing or eliminating the interdiffusion 

reactions. Aluminum oxiae films represent a logical choice 

for a diffusion barrier. Boron siliciae was also suggested 

as a potential barrier material. In this study both materials 

were evaluated as diffusion barriers at 1100 OC with a 

variety of metal-metal couples. 

Aluminum oxide appeared to effectively reduce metal- 

metal interaction as compared to couples in which no 

aiffusion barrier was present. Boron silicide, on the other 

hand, apparently was ineffective in reducing the interaction. 

In some cases it appeared to increase interaction. Based 

on the results obtained with A1203, a more detailed study 

on its use as a diffusion barrier appears warranted. 
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THE USE OF DIFFUSION UARRIURS IN REDUCING METAL-PETAL 

INTERACTIONS AT 1100 OC 

H. T. E'ullam 

INTKOUUCTION 

In fabricating an isotope heat source, design considerations 

frequently uictate the use of multilayers of uissimilar metals 

or alloys to contain the isotope fuel form. If the source is 

intended for high temperature use, reactions between the 

uissimilar metal layers can endanger the integrity of the source. 

These reactions can cause embrittlement or even failure of a 

layer or liner uuring long-term use. Reactions between the 

stainless steels or superalloys and the refractory or noble 

metals appear to be especially bad in this regard. 

Previous work at this laboratory has identified many 

of the metal-metal couples which are subject to severe inter- 

aiffusion reactions at 1100 OC. Since it is highly desirable 

to use some of these same metal-metal composites in constructing 

certain isotope heat sources, methods of reducing the inter- 

action must be found. The use of diffusion barriers to reduce 

or eliminate interdiffusion is the obvious answer. However, 

firlciing suitabie aiffusion barriers which will be effective, 

ana retain their integrity auring the construction and operation 

of the heat source is a difficult problem. 

In selecting materials for testing as diffusion barriers, 

oxiae films are a logical choice. They can be applied in thin 

dense aaherent layers and should serve to reduce diffusion, 

if they are nou-reactive with the substrates. Aluminum oxide 

was selected as the best of the oxide materials to be evaluatea 

as a aiffusion ~arrier. 



It was suggestea that boron silicide (B6Si) might also 

be effective as a diffusion barrier, especially if the outer 

surface of the silicide layer was oxidized to form a thin oxide 

glaze prior to use. The silicide can be deposited as a dense 

adherent film on most substrates by flame spraying. Therefore, 

it too was evaluated as a diffusion barrier in this work. 

Other compounds should also be evaluated as potential barriers, 

but program funds aid not permit a more detailed study. This 

report summarizes the results obtained with aluminum oxide and 

boron silicide diffusion barriers and a variety of metal-metal 

couples. 



SUMMARY 

The effectiveness of BsSi and A1203 as barriers in reducing 

the uiffusion between metal-metal couples at 1100 OC has been 

investigates. Couples stuaieu includea those of 304L stainless 

steel, Hastelloy X and Hastelloy C with rhenium, W/26 Re, 

tantalum, tungsten and TZM. The tests were carrieu out for 

1000 and 4000 hr. 

6 
Aluminum oxide appeared to effectively reduce metal-metal 

interaction as compared to couples in which no diffusion barrier 

was present. Boron siliciae, on the other hand, apparently 

was ineffective in reducing the interaction. In some cases 

it appeared to increase interaction. 

Based on the results obtained with A1203, a more detailed 

study on its use as a diffusion barrier appears warranted. 



EXPERIMENTAL 

Tne cor~struction of isotope heat sources generally calls 

for at least a two layer clad: the outer layer being an oxida- 

tion resistant material, while the inner layer must be compatible 

with the isotope fuel form. In many cases, a refractory metal, 

one of ~ t s  alloys, or rhenium makes up tne inner layer, while 

one of the stainless steels or superalloys make up the outer 

protective layer. Therefore, how these layers of materials 

will interact at elevateu temperatures is vital to the design 

of an isotope neat source. Three aifferent outer layer materials 

were usea in this study: 304L SS as representative of the 

stainless steels, fiaynes 25 as representative of the cobalt 

base superalloys and Hastelloy X as representative of the nickel 

base superalloys. 

The couples of these materials 

includea : 

304L SS - 
304L SS - 
304L SS - 
304L SS - 
304L SS - 
kiaynes 25 - 
Haynes 25 - 
Haynes 25 - 
Haynes 25 - 
haynes 25 - 
Hastelloy X - 
Hastelloy X - 
Hastelloy X - 
Hastelloy X - 
Hastelloy X - 

which were studied 

Tantalum 

Tungsten 

W/26 Re 

Rhenium 

TZM 

Tantalum 

Tungsten 

W/26 Re 

Rhenium 

TZM 

Tantalum 

Tungsten 

W/26 Re 

lirieniuin 

T z 14 



Two aifferent aiffusion barrier materials, boron silicide 

ana aluminum oxide, were evaluateu with each couple. 

COUPLE PREPARATION 

The couples used in these studies were prepared from bar 

stock and metal sheet or foil. The 304L SS, Haynes 25, and 

Hastelloy X portions of each couple were machined from bar 

stock, normally 1.5 in. diameter hot-rolled rod. The 

tantalum, tungsten, W/26 Re, rhenium, and TZM portions of 

each couple were made from metal sheet or foil. The diffusion 

barrier materials were appliea to the sheet or foil by flame 

spraying. Each piece of metal which had been coated with B6Si 

was oxidized at 1000 OC for 1 min to form a thin oxide glaze 

on the B6Si surface. 

With 304L SS as an example (Figure l), the following 

procedure was usea in preparing the test couples. A capsule 

was machineu from 1.5 in. diameter 304L SS rod. A plug of 

3 0 4 ~  SS with machineu faces was placed into the capsule (slip- 

fit), A piece of clad metal (i.e., Ta, W, etc.) with the 

diffusion barrier on each face was placed on top of the metal 

plug, The thickness of the clad metal varied from 5 to 15 mils 

uepenuing on the metal. A second plug of 304L SS was then 

inserted, followed by a second clad metal specimen. This 

sandwich-type construction was continued until all five clad 

metals (with uiffusion barriers) were in place. A cap of 

304L SS was then pressed in place and the capsule sealed by 

electron beam welding. After welding, the capsule was 

pneumatically impactea (2r3) to improve the surface contact 

between the various layers. A similar procedure was used in 

preparing the Haynes 25 and Hastelloy X couples. 



c t r o n  Beam 
I d  C l o s u r e  

4L S S  C a p s u l e  

e n i  urn 

2 6  Re 
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F I G U R E  I .  Cross S e c t i o n  o f  T e s t  Capsule 



As a control, similar capsules to those described above 

were prepared without the diffusion barriers between the dissim- 

ilar metal layers, and were tested concurrently with the couples 

containing the diffusion barriers. 

Each capsule was sealed in an Inconel 600 envelope to pro- 

tect the outer surface of the capsule from air oxidation at the 

test temperature. 

TEST CONDITIONS AND COUPLE EVALUATION 

The tests were carriea out in a muffle furnace at 1100 OC. 

Temperature of the furnace was maintained within 510 OC of the 

control point. The couples were tested for 1000 and 4000 hr. 

At the conclusion of the test, the couples were cooled and 

the Inconel 600 protective envelopes removed. Each capsule was 

examined manually for external oxidation. Each capsule was 

sectioned vertically, into quadrants with an abrasive saw. 

One quadrant of the capsule was mounted for polishing and metallo- 

graphic examination. The interdiffusion zone of each couple 

was uetermined from both photomicrographs and electron microprobe 

scans. 

When the couples having aluminum oxide diffusion barriers 

were examined, it was impossible to retain the A1203 surface 

uuring the polishing and etching operation. The oxide washea 

away, leaving a void space between the two dissimilar metals. 

Tnis made estimation of the extent of interaction more aifficult. 



RESULTS AND DISCUSSION - 

Capsules that had been pneumatically impactea, but not 

tested at temperature, were examined to see what affect impaction 

had on the various couples. Microscopic examination showed 

no interaction between dissimilar metals when a diffusion barrier 

was not present. Where B Si was present, there was a very thin 
6 

reaction zone (less than 0.1 mil) between the flame sprayed 

silicide and the metal substrate. It was no thicker, however, e 

than for the B Si coated metal which had not been pneumatically 6 
impacted. The siliciae film dia not appear to be physically 

damaged by impaction. The same comments apply to the A1203 

containing couples. In summary, therefore, it does not appear 

that pneumatic impaction caused any measurable interaction between 

the uissimilar metal and uiffusion barriers. 

The metal-metal aiffusion observed in the control couples 

without diffusion barriers is summarized in Table 1. The values 

presented are the average of the uiffusion zone thicknesses 

of the two faces of each clad metal specimen. Typical photo- 

micrographs of the metal-metal interfaces are shown in Figure 2. 

Tne diffusion zones rneasurea for 304L SS and Hastelloy X couples 

are generally somewhat less than those reported previously. (1) 

The uata obtaineu with the control couples serve as a basis 

for judging the effectiveness of the diffusion barriers. 

When boron silicide is present as a diffusion barrier, the 

reactions that occur at the interface are quite complex. Exam- 

ination of the couples indicate little reaction between the 

aissimilar metals. However, there are extensive reactions between 



TABLE I. D i f f u s i o n  i n  C o n t r o l  Couples  a t  1100 O C  
( a )  

Approximate Diffusion 

Couple Composition 

304L - Rhenium 

304L - Tungsten 
304L - Tantalum 

1 

304L - TZM 

Hastelloy X - Rhenium 
dastelloy X - W/26 Re 

Hastelloy X - Tungsten 

Hastelloy X - Tantalum 
Hastelloy X - TZM 

Aaynes 25 - Iirienium 
Haynes 25 - W/26 Re 

Haynes 25 - Tungsten 
Haynes 25 - Tantalum 
haynes 25 - TZM 

- - 
Zone Thickness, mils 

1000 hr 4000 hr 

( a )  As de te rmined  from photomicrographs and e l e c t r o n  
microprobe a n a l y s e s .  



R a s t e l l o v  X 

Hastelloy :! 

Hastelloy X 

4000 h r  b 

F I G U R E  2 .   iffu us ion i n  C o n t r o l  Couples  a t  1 1 0 0  OC 



the metals and the boron silicide. In Table 2 is summarized 

tne uata for the B Si containing couples. The extent of the 6 
interaction zone was estimated from the thickness of clad metal 

that was unaffected for each couple. On a comparative basis, 

the clad metal appears to react as rapidly when the BsSi is pre- 

sent as when it is not. In some cases, the rate of reaction 

appears to increase. Typical photomicrographs of silicide con- 

taining couples are shown in Figure 3. 

b 

Data for the aluminum oxide containing couples are given 

in Table 3. Again, the extent of clad metal interaction was 

estimated from the thickness of unaffected metal. A1203 
definitely appears to have reduced the extent of interactions 

of the couples under consideration. An exact measure of the 

interaction is difficult because of the void space created by 

the loss of A1203 during polishing and etching. However, the 

data present should be accurate within 20 to 30% of the actual 

values. Photomicrographs of various A1203 containing couples 

are shown in Figure 4. 

In carrying out these studies, the only intent was to obtain 

a measure of the effectiveness of the diffusion barriers. No 

attempt was made to determine the actual mechanisms of the 

interaction under consider3tion. Those desiring more informa- 

tion on the actual meckanisms of the metal-metal interactions 

are referred to Reference 1. 



T A B L E  2 .  D i f f u s i o n  i n  Couples  w i t h  Boron S i l i c i d e  B a r r i e r s  
a t  1 1 0 0  O C .  

Approximate Thickness of Clad 
Metal Reacted, mils (a) 

Couple Composition 1000 hr 4000 hr 

304L - Rhenium 
304L - W/26 Re 

304L - Tungsten 
304L - Tantalum 

Hastelloy X - Rhenium 
Hastelloy X - W/26 Re 

Hastelloy X - Tungsten 
Hastelloy X - Tantalum 

Haynes 25 - Rhenium 
Haynes 25 - W/26 Re 

Haynes 25 - Tungsten 
Haynes 25 - Tantalum 

( a )  As d e t e r m i n e d  from photomicrographs  and e l e c t r o n  
mic roprobe  a n a l y s e s .  
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T A B L E  3 .  D i f f u s i o n  i n  C o u p l e s  w i t h  A1203 ~ a r r i e r s  a t  1100 O C  

Approximate Thickness of Clad 

Couple Composition 

3 U 4 ~  - Rhenium 

304L - W/26Re 

304L - Tungsten 

304L - Tantalum 

304L - TZM 

Hastelloy X - Rhenium 

Hastelloy X - W/26 Re 

Hastelloy X - Tungsten 

Hastelloy X - Tantalum 

Hastelloy X - TZM 

Haynes 25 - Rhenium 

Haynes 25 - W/26 Re 

Haynes 25 - Tungsten 

Haynes 25 - Tantalum 

Haynes 25 - TZM 

- - 

Metal Reacted, mils Ia) 
1000 - nr 4000 hr 

(a) As d e t e r m i n e d  from p h o t o m i c r o g r a p h s  and e l e c t r o n  
m i c r o p r o b e  a n a l y s e s .  



H a y n e s  25 
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F I G U R E  4 .  D i f f u s i o n  i n  Metal-Metal  Couples  a t  1100 O C  w i t h  
A l 2 O 3  B a r r i e r s  P r e s e n t  (4000 h r ,  lOOXl 



CONCLUSIONS 

Without t h e  u se  o f  d i f f u s i o n  b a r r i e r s ,  a l l  of t h e  meta l -  

me t a l  coup l e s  s t u d i e d  show s u f f i c i e n t  i n t e r a c t i o n  a t  1100 OC 

t o  raise doubt  a s  t o  t h e  u l t i m a t e  i n t e g r i t y  of  t h e  coup l e  o v e r  

ex tenaeu  p e r i o d s  of  t i m e .  I n  an a c t u a l  i s o t o p e  h e a t  s o u r c e ,  

where pneumatic impact ion would p robab ly  n o t  be u sed ,  t h e  rate 

of  i n t e r a c t i o n  would p robab ly  be less t h a n  i n  t h e  test  coup l e s .  

T n i s  would be a u e  t o  t h e  poo re r  meta l -meta l  c o n t a c t  i n  a h e a t  

sou rce .  However, even w i t h  t h e  poo re r  c o n t a c t ,  i n t e r d i f f u s i o n  

would s t i l l  be a  problem and shou ld  be t a k e n  i n t o  accoun t  i n  

t h e  ciesign o f  t h e  sou rce .  

The u se  of  boron s i1 ic i .de  a s  a  d i f f u s i o n  b a r r i e r  a o e s  n o t  

appear  t o  h e l p  t h e  s i t u a t i o n .  I n  f a c t  t h e  d a t a  show t h a t  t h e  

claa metal r e a c t e a  a t  t h e  same r a t e  o r  f a s t e r  when B S i  is  pre -  
6 

s e n t  t h a n  when it i s n ' t .  However, when t h e  s i l i c i d e  i s  p r e s e n t ,  

t h e  r e a c t i o n  appeared t o  be between s i1 ic i .de  and t h e  i n d i v i d u a l  

m e t a l s  r a t h e r  t h a n  between t h e  m e t a l s  themselves .  A t  l o n g e r  

t i m e  p e r i o a s ,  ( > 4 0 0 0  h r )  t h e  B - S i  would be comple te ly  r e a c t e d ,  
6 

however, and t hen  t h e  m e t a l s  would be expec ted  t o  i n t e r a c t .  

Aluminum ox ide  does  appear  t o  reduce  t h e  i n t e r a c t i o n  between 

t h e  i a e t a l s .  S i n c e  t h e  A 1  0 was removeu d u r i n g  t h e  p o l i s h i n g  
2 3 

and e t c h i n g  o p e r a t i o n s ,  it i s  a i f f i c u l t  t o  t e l l  t h e  e x t e n t  o f  

i n t e r a c t i o n  t h a t  had occu r r eu ,  b u t  t h e  t h i c k n e s s  o f  t h e  c l a d  

me ta l  p i e c e s  i n u i c a t e s  t n e  i n t e r a c t i o n  was dec r ea sed  a s  compared 

t o  t h e  c o n t r o l  samples.  A more a e f i n i t i v e  s t u a y  of  t h e  u s e  o f  

aluminum ox ide  a s  a  d i f f u s i o n  b a r r i e r  appea r s  war ran ted .  
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