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Sol id-s ta te  d i f fu s ion  bonding of ref rac t -  metals by heat ing 

i n  vacuum has been'developed f o r  &elf-bonding Cb t o  Cb, Mo t o  

Mo, and bi-metal bonding Mo t o  Ta, e t c .  Othtir w t a l s  and a l l oys  

such a s  W, Re, Mo , !Pa, Cb, Y, W-26Re, Mo-50ReJ and Ta-1OW have 

a l s o  been d i f fu s ion  bonded. True metallurgical, bonds a r e  

achieved a t  the  contact ing metal interfageta with only auf f  i c i e n t  

pressure t o  assure  pos i t ioning and contaat  of the  areas  t o  be 

bonded. Grain boundary m i p a t i o n  appears t o  be a major mechanism 

i n  forming the  bonds. S t ress-rupture t e s t a  a t  4 0 0 0 ~ ~  on Mo and 

4 7 0 0 ~ ~  on Ta-1OW a l l o y  were conducted up t o  10 hours i n  hydrogen 

atmosphere t o  permit comparison of d i f fus ion  bonded jo in t  

rupture  s t r eng th  with bas ic  t h i n  sheet  proper t ies .  



The s p a c e  age r e q u i r e 3  extreme weight  conse rva t ion  i n  m e t a l l i c  
' 

s t r u c t u r e s  and p a r t i c u l a r l y  wherever r e f r a c t o r y  meta l s  a r e  used. 

 his c l a s s .  of mate . r i a l s  has . p o t e n t i a l  a p p l i c a t i o n s  a s  t h i n  s h e e t s  

f a b r i c a t e d  i n t o  honeycombs, gas d i v e r t e r s ,  heat-exchangers and 

o t h e r  complex components f o ?  a i r c r a f t ,  m i s s i l e s ,  and space  . . 

n u c l e a r  power r e a c t o r s .   he' j o i n i n g  of r e f r a c t o r y  meta l s  b y  
. . 

s ta.ndar;d. braze  a l l o y  t e c h n i q u e s  E d u c e s  h igh  temperature  c a p a b i l i t y  

due t o  lower me l t i ng  p o i n t  of braze  a l l o y ,  undesi red p r o p e r t y  

chan~Js,  and a tendency f o r  braze a l l o y s  t o  vap.orize w i t h  a 

i r e s u l t i n e ;  . j o i n t  p o r o s i t y .  E l e c t r o n  beam welding i s  an  accep tab l e  
i 

! j o i n i n g  method, bu t  i s  o f t e n  l i m i t e d  by equipment s i z e ,  manipu la t ion  

d i f f i c u l t i e s ,  o r  gas e v o l u t i o n  i n  t h e  weld zone. S o l i d - s t a t e  

d i f f g s i o n  bonding, a s  a p p l i e d  t o  t h i s  work wi thout  r o l l i n s  o r  

p r e s s u r e ,  avo ids  some of t h e  p reced ing  l i m i t a t i o n s  and was 

s e l e c t e d  f o r  development a s  a method of j o i n i n g  t h in - shee t  

r e f r a c t o r y  meta l s .  I n  o rde r  t o  e v a l u a t e  t h e  s t r e n g t h  developed 

by s o l i d - s t a t e  d i f f u s i o n  bonded jo ints ,  c l o s e  t o  t h e  expected use 

temperature ,  s t r e s s - r u p t u r e  p r o p e r t i e s .  were determined on both  

b a s i c  s h e e t  specimens and on d i f f u s i o n  bonded l a p  j o i n t s .  S t r e s s -  

r u p t u r e  cc rves  were completed f o r  t e s t  t imes t o  10 hours a t  4 0 0 0 ~ ~  

(2200 '~ )  f o r  Mo, and s i m i l a r l y  a t  4 7 0 0 ~ ~  ( 2 6 0 0 ~ ~ )  f o r  Ta-1OW a l l o y .  

k l i  work w i t h i n  ' t h i s  program was completed on commercially 

vended s h e e t .  



A p r e l i m i n a r y  rev iew of s o l i d - s t a t e  d i f f u s i o n  i n d i c a t e d  t h a t  

removal of s u r f a c e  f i l m s  ( o x i d e s )  m i s h t  e l i m i n a t e  a  major b a r r i e r  

t p  t h e  bonding between c o n t a c t i n g  r r e t a l  s u r f a c e s .  A h igh  vacuum 

environment f o r  s o l i d - s t a t e  d i f f u s i o n  bonding of r e f r a c t o r y  me ta l s  
I 

was s e l e c t e d  t o  a c c e l e r a t e  t h e  removal of t h e  h igh  vapor p r e s s u r e  

I oxide  s u r f a c e  f i l m s ,  Other  ..normal metal-gas r e a c t i o n s  ( N ~ )  a r e  
. . 

a l s o  e l i m i n a t e d  o r  n e u t r a l i z e d  th rough  use  of vacuum a t  e l e v a t e d  

e.empera t u r e s  ( I ) .  Ox ida t i on  s t u d i e s  of  coiumbium t o  2 2 0 0 ~ ~  and 

. . ,.: . : .  " .. : .. ...,. 
5 x $ 0 0 ~  mm Hg oxygen p r e s s u r e  have been r e p o r t e d  ('1 e l sewhere ,  

. .  . . . :. 
. .. i 

I : i  

. . . , and i n d i c a t e  s u r f a c e  ox ides  tend t o .  d i s s o l v e  i n t o  t h e  meta l .  
i i The re fo r e ,  t h e  s o l u t i o n  of s u r f a c e  ox ide s  by. t h e  r e f r a c t p r y  me ta l s  

might  be a n t i c i p a t e d  i n  s vacuum, and would a s s i s t  v o l a t i l i z a t i o n  

r e a c t i o n s  i n  e s t a b l i s h i n g  a c t i v e  s u r f a c e s  f o r  s o l i d - s t a t e  

d i f f u s i o n  bonding. '  Fo r  normal o r g a n i c  and o t h e r  c a s u a l  i m p u r i t i e s ,  

I a  p r e - t r e a tmen t  by chemiczl  c l e a n i n s  of  t h e  me t a l  s u r f a c e s  w i t h  a  

I 3: 1: 1 l a c t i c - h y d r o f  l u o r i c - n i t r i c  a c i d  mix was a l s o  employed I n  

t h i s  i n v e s t i g a t i o n .  

 eta l l o P , r a g h i c  examina t ion  of bonded r e f r a c t o r y  me t a l - i n t e r f a c e s  

a t t a i n e d  i n  t h i s  r e s e a r c h  has suppor ted  t h e  t h e s i s  t h a t  g r a i n  

boundary m i g r a t i o n  a c r o s s  t h e  meta l  c o n t a c t  p l ane  i s  a  major 

c o n t r i b u t i n g  aechanism i n  e s t a b l i s h i n g  t h e  s o l i d - s t a t e  d i f f u s i o n  
. . ..:. . ... ... . . . bond. M e t a l l u r g i c a l  bondinq by t h e  g r a i n  boundary. m i g r a t i o n  

>. :.. ... . . .. . . . ,  . . . . .  . 
. . mechanism has a l s o  been developed by $as a u t o c l a v i n g  a t  h igh  

p r e s s u r e s  and lower t empe ra tu r e s  ( 3 ) .  High g r a i n  boundary m i g r a t i o n  

1 r a t e s  a r e  c h a r a c t e r i s t i c  o f  co ld  worked s h e e t  me t a l s  and t h i s  i s  



f a v o r a b l e  t o  s o l i d - s t a t e  bonding. Other  i n v e s t i g a t i o n s  have 

shown t h a t  g r a i n  boundary m i q r a t i o n  r a t e s  i n  cold-worked me ta l s  

. . 
(4)' can exceed t h o s e  w i t h i n  annealgd m e t a l s .  by a r a t i o  of  1000:l . 

. . 

However, d u r i n g  t h i s  i n v e s t i s a t i o n  s e v e r a l  examples of  bondins  

appeared due t o  t h e  i n t e r f a c e  c o n t a c t  p l a n e .  chansln3 t o  a  normal 

g r a i n  boundary w i thou t  s i g n i f i c a n t  boundary m i s r a t i o n .  

' A .  

. , 

Sound m e t a l l u r g i c a l  bonds have been develcped b y ] h e a t i n g  t h i n  

s h e e t s  ( .002" t o  .030") of W, Re, Mo, Ta, Cb, V,. ~ - 2 , 6 ~ e ,  Mo-50Re, 

and ~a-1OW f o r  s h o r t  p e r i o d s  i n  h igh  vacuum (10-5 mm ~ g )  and w i t h  

low con ta ' c t  p r e s s u r e  ( 0  t o  5 p s i a ) .  s e l f - bond ing  ( ~ b  t o  Cb, e t c . )  

a n d  bi -e lement '  bonding (NO t o  Ta, e t c .  ) have been shown by 

u l t r a s o n i c  t e s  t i n s  and rneta l lo%r.aphic  examina t ion  t o  have been 

e s t a b l i s h e d  by h e a t i n g  t h e  me ta l s  froin 2 5 0 0 ~ - 4 0 0 0 ~ ~  w i t h  on ly  
c : 

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

c o n t a c t  and p o s i t i o n i n g .  The t empe ra tu r e s  r e q u i r e d  t o  i n i t i a t e  . '. 

d i f f u s i o n  bonding between v a r i o u s  r e f r a c t o r y  me ta l s  a re .  g iven  i n  
. . 

Table  I. Me ta l l og raph i c  examina t ion  i n d i c a t e s  t h a t  t h e  bonds 

formed by s o l i d - s t a t e  d i f f u s i o n  a r e  o f t e n  i n d i s t i n g u i s h a b l e  from i 

t h e  b a s i c  meta l  s t r u c t u r e s ,  a s  shown f o r  a  Cb t o  Cb bond i n  . 1 
F i ~ u r e  1. The bonds i l l u s t r a t e d  i n  F i g u r e  1 were ob t a ined  by 1 
s tack i .ng  3/4" x  3/4" s q u a r e s  of  me t a l  i n  a  vacuum fu rnace ,  i 
p l a c i n g  a  s m a l l  molybdenum weight  on t h e  s t a c k  t o  a s s u r e  c o n t a c t  

of  t h e  m a t e r i a l s ,  and h e a t i n g  f o r  one hour  a t  3000'~ i n  vacuum 

(10'~ m ~ g ) .  ~ e t a l l o ~ r a p h i c  ev idence  of d i f f u s i o n  bonded i n t e r -  

f a c e s  developed i n  j o i n i n g  t an t a lum t o  molybdenum which i n  t u r n  

is  bonded t o  columbium by h e a t i n g  a t  3 0 0 0 ' ~  i n  5 x 10-5 mm Hg 

vacuum i s  shown on F i g u r e  2. 



TABLE I 

R E C Q l Q E m D  OR ESTABLISRED COYDIZIOm 2 9  ATTATM' 

SOLID-ST&-TE DIFFUSION CONDING OF F(EFRkCT0RY FETAL3 
\ '  

r4a te r ia l s  h e a t e u  on? hour  a t  t e m p e r a t u r e  indi .cated i n  a vacuum of Hz or less ,  
Bcndec", 

Ma t e r i a  1 -. 

. .  . 
. . .. 

+Only  Gondlng temperature -aur'vey~d', . . . . 







Emphasis has been directed throughout t h i s  program toward es tab l i sh-  

ing large contact areas  f o r  d i f fus ion  bonding, and with proper 

mechanical f i t -up  the weight of the material  generally provides 

required pressure. However, i n  joining complex components cover 

sheets a re  used t o  a s s i s t  i n  assuring contact,  and diminish surface 

separat ions due t o  thermal d i s t o r t i o n  i n  heating the work. 

Evaluation of Solid-state Diff usion Bonm 

Advanced space power nuclear reactors  and associated s t ruc tu re  

an t i c ipa t e  service  temperatures @f 75% t o  more than 90$ of the  

melting point  of the  metals of construction, Therefore, the t en  

(10) hour stress-rupture proper t ies  a t  anbioigated use temperatures 

were determined f o r  two so l id  s t a W  d ~ f f u a i o n  bopded systems, Mo 

a t  4 0 0 0 ~ ~  and ~a-IOW a t  4700%, t o  evaluate jo in t  e f f ic ienc ies .  

A diffusion bonded l ap  Joint  having one-fourth lnch overlap distance 

was assembled f o r  stress-rupture testiw, and standard unjoined 

sheet speclmena from the or ig ina l  sheet  were a l ao  tes ted a s  control  ' 

data points. Standard sheet  and dif fueion bond bes t  pieces, before 

and a f t e r  tes t ing,  a r e  shown i n  Figure 3. Note t h a t  the f a i l u r e  i n  

the l a p  jo in t  specimen is outside the bond area.  Fai lure  i n  the 

base metal was ant ic ipated because the contact area of the di f fus ion 

bond measures 1/4" x 1/4" whereas the sheet  gross-section adjacent 

the bond measured .MOW x l/4". 

Stress-rupture t e s t s  were conducted i n  a furnace designed f o r  

e i t h e r  t e n s i l e  or  stress-rupture t e s t i n g  i n  hydrogen, vacuum, or  

i n e r t  gas atmosphere. A l l  rupture t e s t s  reported herein were 

conducted i n  hydrogen except f o r  heating and cooling the Ta-1OW 





a l l o y  from room temperature  t o  2400°p i n  argon.  Temperatures a r e  

d e v e l n ~ e d  by h e a t i n g  tungs t en  r e s i s t o r s  I n  t he  furnace .  d cmal l  

closed-end tube  of t h e  m a t e r i a l  being t e s t e d  ( d r i l l e d  w i t h  a sma l l  

b lack  body h o l e )  was a t t a c h e d  t o  each  t e s t  p i e c e  and pos i t i oned  

a t  t h e  c e n t e r  of t he  test s e c t i o n  t o  permi t  o p t i c a l  tempe:ztuye 

measurement, The o p t i c a l  temperature  measuring system was c a j i -  

b r a t ed  by s e v e r a l  t echniques  one of which was de te rmin ing  t h e  

me l t i ng  p o i n t  of co lumbi~m t o  be 4480'~ w i t h  op t$ca l  s i g h t  g l a s s  

c o r r e c t i o n s .  This  coppargs d i r e c t l y  w i th  publ ished va lues  of 4474 

1.18'~ as t h e  m e l t i n g  p o i n t  of  columbium. The stress r u p t u r e  

test fu rnace  w i t h  o p t l c a l  s i g h t i n g  tube is showp i n  F igu re  4. 

t e t i @ r a t s  %F? i n  er?@@e @ @@ a$ %W ml%&n% Wwerqtm .qf 

e a c h  rrrateri*l., T@: s$pse@-~4qQ@~ tea t  P~,@Y.I@ $&%en i n  
% b l e  II, . .~ and V.Re s t ~ 6 a ~ ~ a ~ ~ ~ s  pa b~gm 6F?.m f;r\ )%guys 5. qM 

in  isw we 6, %~-oy m-?W e1Xogc 

molybdenum etpsa-z .~?~p$g~g ;e;pe@&w:m, Pb$P control a;Trd 

l ap  joznta, @e.wippeq e l a t w t f g M  GQ 30.. g$ C I Q Q ~ ~ P .  m 
r u p t u r e s  were ew.e.njjbaeed thrarp~y? qM Blf$ri(s$e,@ 9a.WeQ Jsan@@., 

as shown by Figure 5, the s t ~ * . q % - r , ?  $We of a dlfftqkpl? 

Bonded test gleoe was somewbat ghopten gthigq twhat o l  &@la e m $  

molgbdenum. TSle! Ssactur@~ i n .  t ' e  twl;ybd,eq+g t e s  piece$ dWW@ 

tw strase-rupture teat@ ,wq+ua_lly war% Xosqtcsd i w 4 % a t e l y  



krg. 4 - Stress rupture rurnace (P62-3-15A) 



 tress ~ u p t u r e ' , ~ a . t a  ~t 40000 ~ n d  470.0~~ For m-IOW And MO 

T ~ s  t 
Temp., 

OF 

Type of* 
Specimen 

Sheet 
Sheet 
D i f  f  . Eond 
D i f  f . B ~ n d  

Sheet 
Sheet 
Dif  f .  Bond 
Sheet 
S h e e t  
D i f  f  . Eond 

S h e e t  
D i f f  .Bond 

S t r e s s  ,. 
PS i 

1000 
1000 
iooo 
1000 

750 
75Q 
750 
600 
500 
500 

1000 
1000 

R u p t u r e  Time, 
no.ur 8 

$ Elongation 
in 1" Gauge 

Length  
.. . 

110.0 
., 123 ..O 

Mn GOOC Sheet 750 3.83 19.0 
Mc UOOO D i f f  .Bond 750 3.2 '. 17.0 
Mo 4000 Dif  f . Bond 75c . . 2.55 5.0 

Ivl L\ 4000 Sheet 6CG 5.32 28.0 
ivl i: 4000 Sheet 300 5.05 30.5 
Mc !4./300  iff .Gun:.: 500 11. 116 5.5 

+~a-lgW Sheet .020t' t h i c l < ;  Mo shee t  ,510" t h i c k .  
D i f f u s i o n  bonds: - ya-la - 4 hrs  g;: 4 0 0 0 ~ ~  

::I o - 4 h r s  @ 3 5 ~ 0 %  



TIME, hours 

Fig. 5 -Comparison of stress rupture life for Mo sheet (0.010 in.) and diffusion 
bonded Mo lap joints at 4000°F (Hz) 



Lap joints spec. 

Formed in 4 hours 
at 4000°F in 2 x 10" 

TIME, hours . . . . - - -- 

Fig. 6 -Comparison of stress rupture 'life. for Ta - 10W sheet (0.020 in.) and 
diffusion bonded Ta - 10W lap joints at 4700°F (H2) 



a d j a c e n t t o  t h e  l ap- jo . in t ,  and it is be l i eved  t h a t  s t r e s s -  
. . 

c o n c e n t r a t i o n s  i n  c o n j u n c t i o n  w i t h  moderate d u c ' k i l i t y  i n i t i a t e d  , , 

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

t - S t r e s s - r u p t u r e  t e s t s  on t h e  Ta-lOW a l l o y  showed e l o n g a t i o n  ' v a lue s  

of 8% t o  150$ i n  a l l  t e s t s  u i , t hou t  undes i red  J o i n t  f r a c t u r e s  i n  - 
t h e  d i f f u s i o n  bonded a r e a  of  t h e  t es t  specimens.  The s t r u c t u r e  

a s s o c i a t e d  w i t h  t h e  bond i n t e r f a c e  i n  a  Ta-1OK specimen is  shown 
. . . t. 

i n .  F i g u r e  . . 7 a f t e r  t e s t i n g  a t  4700'~.  . . 

Temperatures used i n  s o l i d - s t a t e  d i f f u s i o n  bonding i n  t h i s  program 

: were n o t  l i m i t e d  by g r a i n  growth c o n s i d e r a t i o n s ,  b u t  were 
i 

/ r e s  t r i c . t e d  t.o 500 '~ .  below s t r e s s - r u p t u r e  t e s t  te ,mpera tures .  I n  
. . 

t h e  bond-rup t u r e  test  cyc l e ,  l a r g e  g r a f n s  were .  d.eveloped a s  shown 

i n  l ? i g u r e 7  which f u r t h e r  i l l u s t ~ r a t e s  t h e  d30s s ihg  of  t h e  i n t e r -  

f a c e  c o n t a c t  by g r a i n  boundary m i g r a t i o n  accompanying g r a i n  
. . . , .' 

. ,. growth. 

P o t e n t i a l  A p p l i c a t i o n s  Fo r  S o l i d  S t a t e  ~ i f f u b i o n *  Bonding 

S e v e r a l  p o t e n t i a l  a p p l i c a t i o n s  of s o l i d - s t a t e  d i f f u s i o n  bonding a r e  

. under c o n s i d e r a t i o n .  A m u l t i - l a y e r  honeycomb representing a 

t r a n s i t i o n  from h i g h  t o  lower m e l t i n g  p o i n t  me t a l s  is  shown i n  

~ i g u r e  8 a s  one p o t e n t i a l  a p p l i c a t i o n .  The m u l t i - l a y e r  s t r u c t u r e  

i n c l u d e s  a  bottom p a n e l  of tanta lhrn  (M.P. 5450'~)  d i f f u s i o n  bonded 

t o  a c o r r u g a t i o n  . o f  molybdenum (M.P. 4750 '~ ) ;  which i s  jo ined t o  

a  c e n t e r  p a n e l  of molvbdenum, and i n  t u r n  i s  bonded t o  a  t o p  

c o r r u g a t i o n  of  columbium w i t h  a  t o p  s u r f a c e  p a n e l  of  co.lumbium 



i:. . 8 ~  
= , , .  ,, = I,. 

cnt a rea  of s o l l d - s t a t 6  d i f fue ion  bond isp join$ I n  Ta-f OW 
a g & q : s ; t b . ~ r .  $:,I bo'uys stres.s-ruBtwre t .es t  a t  700 F under 60 
psia  -load. @ra,,in qrowth and gra in  boundary mi@-atlon have 
elimi,qat$@d : t h e  o@ginal, c ~ n t a c t  :face. " Sp:,vezal 'unbonded aSea 

, ,,, S "  & &  '&@~iopbginaJ e'o&act interfaqe. 
8 ' .  . . I 





(M.P. 4474'~). Many s i m i l a r  honeycomb s t ruo tu re s  have been 

fabr ica ted  of molybdenum, tantalum, and columbium shee t s  during 

t h e  development 'program. Ncmerous Jo in t s  have been examined 

metallographically,  and have shown s a t i s f a c t o r y  bonding wi th  

t h e  required i n i t i a l  i n t e r f ace  contact  properly provided. 

Explosive forming-coining techniques have been developed t o  

assure  required mechanical tolerances,  and t o  provide proper 

contact  f o r  d i f fu s ion  bonding. 
, , 

. , -  :. - :). . . ' . . 
,. , .<.+..., . . 

. . .  
, . 

afiaa:.. k o w e - ~ ~ ~ . ~ '  a: ta 
' .  

*.&l "@&, 

summary 1 

A process has been developed f o r  joining r e f r ac to ry  metals and 

a l l oys  i n  vacuum a t  elevated temperatures. Low pressurns e r e  

used $0 assure  contact  between metal interfacruts, and %hi& f e a t u r e  

enables complex h ~ l l o w  th inshepas  t o  be joinad w i t i q m t  damage. 

Diffusion bond in^ between d i f f e r e n t  metals and a l loys  has been 

demonstrated. The removal and d i s so lu t i on  of surface  oxide f i l m s  

by the  vacuum i n  heat ing a8SiBtS i n  obtainiqg mefsellurqical bonds. 









These bonds have been evaluated th rough ' s t r e s s - rup tu re  t e s t i n g  

and show h i s h  j o i n t  e f f i c i e n c y .  

Conclusions 

1. Refractory metals and a l l o y s  may be m e t a l l u r g i c a l l y  bonded 
. . .  . 

by s o l i d - s t a t e  d i f f u s i o n  i n i t i a t e d  upon h e a t i n g ,  i n  a  vacuum. 

2. No low melt ing o r  oxide f l u x i n g  addi tons  a r e '  requi red  t o  

promote bonding i n  the contac t ing  metal  zone.  heref fore, 

changes i n  phys ica l  p r o p e r t i e s  . o r  melt ing '  p o i n t  lowering of 

the  r e f r a c t o r y  metal a r e  avoided. 

3. S t ress- rupture  t e s t s  of d i f f u s i o n  bonded j o l n t s  i n  d u c t i l e  
. . 

Ta-1OW a l l o y  and on l e s s  d u c t i l e  Mo have shown- hlgh j o i n t  

e f f i c i e n c i e s  a t  temperatures of 4 7 0 0 ~ ~  and 4000°~ ,  r e spec t ive ly .  

4. Thin shee t  metal of s e v e r a l  r e f r a c t o r y  a l l o y s  can be combined 

i n t o  mult i -mater ial  t r a n s i t i o n  honeycombta. and o ther  s t r u c t u r e s  
_..  , 

of i n t e r e s t  i n  secur ing  optimum stiffness. , ' .  cor ros ion  

r e s i s t a n c e ,  mel t in3  trans.ib5oy~; sr  lowest weight designs.  
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