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Résumé - Avec le microscope ionique à émission de champ, nous 
avons étudié les interactions des métaux Mb, Ta et Pd avec 
l'hydrogène, l'oxygène et l'azote et plus spécialement divers 
défauts cristallins directement observables avec la résolution 
atomi que. 

Abstract - With the field ion microscope we have studied the 
interactions of the metals Nb, Ta and Pd with hydrogen, oxygen 
and nitrogen especially different crystal defects directly vi
sible in atomic resolution. 

Adsorption and absorption of foreign atoms on and in transition metals 
can sensitively change the surface and the volume properties of these 
metals both in a wanted and also unwanted manner. While in alloys the 
solution of a second metal component is mostly used to improve certain 
physical properties the interactions of transition metals with reac
tive gases which occupy interstitial crystal sites cause there local 
polarizations, 1attice-deformations and dislocations. Higher concen
trations of dissolved gas atoms in Nb, Ta and Pd affect precipita
tions and dislocations especially at lower temperatures when greater 
differences in lattice parameters and expansion coefficients occur in 
context with local phase changes what leads to unwished embrittlement 
and also increases the difficulties for FIM investigations. Numerous 
investigationsof internal friction have proved that the interactions 
between various dislocations and dissolved light atoms are rather 
complex (1)-(6) . 

Whereas at the beginning the main aim was to prepare and investigate 
perfect single crystals and to destin their ideal properties one is 
now especially interested to investigate the different kinds of 
lattice defects. For such studies the transition metals of the 4. and 
5. column of the periodic table of the elements are predestinated be
cause they can absorb hydrogen, oxygen and nitrogen in remarkable high 
concentration partly in solid solution partly in internal precipita
tions with different composition and crystal structure (7). In this 
context the different diffusion coefficients of the light gases in 
different metals differ partly by many orders of magnitude (8)(9)(10). 
While hydrogen can diffuse in niobium and tantalum even at low tempe
ratures by tunneling process the mobility of oxygen and nitrogen is 
there lower by more than 15 orders of magnitude. Oxygen becomes mobile 
in niobium but above 400 K and in tantalum above 600 K. Whereas hydro
gen can be degassed by heating in UHV several hours above 1500 K to 
a high degree degassing of oxygen and nitrogen in UHV needs more than 
2600 l< for niobium and 2850 K for t antal um.Thei r di ff usi on coef f i ci ent s 
decrease in the sequence Nb, Ta, Pd. The solution of hydrogen in these 
3 metals is an exothermal reaction. Dissolved oxygen and nitrogen 
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a t o m s  a c t  as  t r a p s  f o r  h y d r o g e n .  A l r e a d y  a  t h i n  o x i d e  s u r f a c e  l a y e r  
c a n  p r e v e n t  h y d r o g e n  d i f f u s i o n  i n t o  a n d  o u t  o f  Nb s a m p l e s  ( 1 1 ) .  T h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  h y d r o g e n  c o n c e n t r a t i o n  o b e y s  S i e v e r t s  
e q u a t i o n  a t  l o w  h y d r o g e n  c o n c e n t r a t i o n s .  R e s i d u a l  h y d r o g e n  c a n  b e  r e -  
moved  b y  c o v e r i n g  n i o b i u m  w i t h  a  t h i n  c o v e r a g e  ( 0 , 2  p n l  o f  p a l l a d i u m  
a n d  h e a t i n g  t h e  s a m p l e  i n  a n  o x y g e n  a t m o s p h e r e  o f  2 0 0  r n b a r ( l 2 ) .  

A  r e m a r k a b l e  s t i m u l a t i n g  e f f e c t  we h a v e  f o u n d  i f  v e r y  h i g h  e l e c t r i c  
f i e l d s  w e r e  a p p l i e d  d u r i n g  g a s - m e t a l  r e a c t i o n s .  W h i l e  p h y s i  s o r b e d  h y -  
d r o g e n ,  o x y g e n  a n d  n i t r o g e n  o n  m e t a l  s u r f a c e s  a t  l o w  t e m p e r a t u r e s  
u s u a l l y  c a n  e a s i l y  b e  f i e l d  d e s o r b e d  t h i s  becomes  m o r e  d i f f i c u l t  i f  
t h e  r e a c t i o n  h a s  t a k e n  p l a c e  a t  h i g h e r  f i e l d s t r e n g t h s  b e c a u s e  a  s t r o n -  
g e r  f i e l d  i n d u c e d  b i n d i n g  i s  e s t a b l i s h e d  e s p e c i a l l y  f o r  i n t e r a c t i o n s  
o f  Nb a n d  T a  w i t h  r e a c t i v e  g a s e s  p e n e t r a t i n g  d e e p e r  i n t o  t h e  b u l k  y e t  
a t  l o w e r  t e m p e r a t u r e  i n  t h e  p r e s e n c e  o f  s u f f i c i e n t  h i g h  e l e c t r i c  
f i e l d s  t h a n  n e e d e d  i n  t h e  a b s e n c e  o f  h i g h  f i e l d s .  T h i s  was d e t e c t e d  
d u r i n g  f i e l d  e v a p o r a t i o n  a n d  p r o f i l e  m e a s u r e m e n t s  w i t h  t h e  F I M  a t o m -  
p r o b e  ( 1 3 ) ( 1 4 ) .  

R e s u l t s  a n d  D i s c u s s i o n  

To s t u d y  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c t i o n  o f  n i o b i u m  a n d  t a n t a l u m  
w i t h  o x y g e n  a n d  n i t r o g e n  t h e  t i p s  w e r e  h e a t e d  f e w  m i n u t e s  a t  7 0 0 ~ ~  i n  
a  r e s i d u a l  g a s  a t  a  p r e s s u r e  o f  P a  m a i n l y  c o n t a i n i n g  h y d r o g e n ,  
w a t e r  v a p o u r  a n d  a  s m a l l  c o n t e n t  o f  c a r b o n n o n o x i d  w h i c h  t o g e t h e r  l e d  
t o  a  s u r f a c e  o x i d a t i o n .  The  t h i n  o x i d e  l a y e r  c o u l d  e a s i l y  b e  f i e l d  
e v a p o r a t e d  s i n c e  t h e  f i e l d  e v a p o r a t i o n  f i e l d  s t r e n g t h  t h e r e f o r e  was 
a p p r o x i m a t e l y  1 0  % s m a l l e r  t h a n  t h a t  f o r  t h e  c o r r e s p o n d i n g  c l e a n  
m e t a l  s u r f  a c e .  

I f  u n d e r  s i m i l a r  c o n d i t i o n s  t h e  h e a t  t r e a t m e n t  was a p p l i e d  i n  a  n i t r o -  
g e n  a t m o s p h e r e  i t  was m o r e  d i f f i c u l t  t o  r e m o v e  t h e  n i t r i d e  l a y e r  b y  
f i e l d  e v a p o r a t i o n  b e c a u s e  t h e  n e c e s s a r y  f i e l d  e v a p o r a t i o n  f i e l d s t r e n g t h  
was n e a r l y  e q u a l  t o  t h a t  f o r  t h e  m e t a l  i t s e l f .  When i n  a d d i t i o n  c a r b o n -  
h y d r i d e s  w e r e  p r e s e n t  w h i c h  a l l o w e d  t h e  f o r m a t i o n  o f  d e n s e  c a r b o n n i -  
t r i d e  o r  e v e n  c a r b i d e  c o v e r a g e s  t h e  c o r r e s p o n d i n g  f i e l d  e v a p o r a t i o n  
f i e l d s t r e n g t h  e x c e e d e d  t h e  v a l u e s  f o r  b o t h  m e t a l s .  C l e a n i n g  o f  t h e  
s u r f  a c e  b y  f i e l  d e v a p o r a t i  on  was t h e n  h i n d e r e d .  

T h e  i n i t i a l  s t a g e s  o f  r e a c t i o n  f o r  i n s t a n c e  o f  n i o b i u m  w i t h  o x y g e n  
a n d  n i t r o g e n  shows  c h a r a c t e r i s t i c  d i f f e r e n c e s .  W h i l e  t h e  r e a c t i o n  
w i t h  n i t r o g e n  s p r e a d s  r a t h e r  h o m o g e n e o u s l y  o v e r  t h e  w h o l e  n i o b i u m  s u r -  
f a c e  t h e  o x i d a t i o n  o f  n i o b i u m  b e g i n s  i n  l o w  i n d e x e d  a r e a s  i n s u l a r l y .  

I n  a l l  t h r e e  m e t a l s  Nb, Ta a n d  Pd d i s s o l v e d  h y d r o g e n ,  o x y g e n  a n d  n i -  
t r o g e n  p r o d u c e  many l a t t i c e  d e f e c t s  a s  i s  shown i n  t h e  f o l l o w i n g  f i g u -  
r e s .  

F o r  t h e  d e m o n s t r a t i o n  o f  t h e  i n f l u e n c e  o f  d i s s o l v e d  r e a c t i v e  g a s e s  i n  
c a s e  o f  t a n t a l u m  t w o  w i r e s  w i t h  d i f f e r e n t  m e c h a n i c a l  a n d  e l e c t r i c a l  
p r o p e r t i e s  w e r e  s e l e c t e d .  T h e  p r e p a r a t i o n  o f  t h e  t i p s  h a s  b e e n  p e r -  
f o r m e d  u n d e r  e x a c t  same c o n d i t i o n s  b y  e t c h i n g  i n  a  d i l u t e  me1 t o f  KOH 
f a c i l i t a t e d  b y  a n  ac  v o l t a g e  l e s s  t h a n  1  V .  N i c k e l  was u s e d  as  c r u -  
s i  b l  e  m a t e r i  a1  . 
I n  F i g . 1  t h e  t w o  u p p e r  F I M - p i c t u r e s  a  a n d  b  b e l o n g  t o  a  t a n t a l u m  w i r e  
Ta I w i t h  a  g o o d  d u c t i l i t y  a n d  a  l o w  r e s i d u a l  r e s i s t a n c e  w h e r e a s  t h e  
F I M - p i c t u r e s  c  a n d  d  c o n c e r n  t h e  w i r e  Ta I 1  w h i c h  was l e s s  d u c t i l e  a n d  
h a d  a  h i g h e r  r e s i d u a l  r e s i s t a n c e .  D i f f e r e n t  i m a g i n g  g a s e s  w e r e  a p p l i e d  

a - s n o t e d  i n  t h e  c a p t i o n .  B e s t  a t o m i c  r e s o l u t i o n  h a s  b e e n  r e a c h e d  w i t h  
t h e  g a s  m i x t u r e  He+Ne a t  3 . 1 0 - ~  Pa as  t o  b e  s e e n  i n  F i g . l a  f o r  Ta I. 



F i g .  1  - F I M - p i c t u r e s  o f  T a  i m a g e d  a t  8 0  K .  I m a g i n g  g a s :  a )  h e l i u m  + 
n e o n , b )  h y d r o g e n  c )  a n d  d )  n e o n  a t  a  p r e s s u r e  o f  3 . 1 0 - 2  Pa.  a )  a n d  b )  
Ta I w i t h  l o w ,  C )  a n d  d )  Ta I 1  w i t h  h i g h e r  c o n c e n t r a t i o n  o f  d i s s o l v e d  
r e a c t i v e  g a s e s .  

L e s s  a t o m i c  r e s o l u t i o n  was o b t a i n e d  i f  h y d r o g e n  was u s e d  as  i m a g i n g  
g a s  a s  i n  F i g .  l b  b e c a u s e  o f  s u r f a c e  r e a c t i o n  a n d  a d s o r p t i o n  p r o c e s s e s .  
The  F I M - p i c t u r e  o f  F i g .  l c  shows many l a t t i c e  d e f e c t s  a n d  d i s l o c a t i o n s  
m a r k e d  b y  a r r o w s .  We s t u d i e d  i n  m o r e  d e t a i l  t h e  d i s l o c a t i o n s  c a u s e d  b y  
l i g h t  g a s  a b s o r p t i o n  e s p e c i a l l y  a t  t h e  4 2 1 - a n d  < l l O > p o l e s  d u r i n g  f i e l d  
e v a p o r a t i o n  o f  1 5 0  l a y e r s  ( 1 1 0 )  as  f i n a l l y  shown i n  F i g .  I d .  Numerous  
new a n d  d i s a p p e a r i n g  d i s l o c a t i o n s  w e r e  o b s e r v e d .  Whereas  t h e  d i s l o c a -  
t i o n  s p i r a l  o n  t h e  ( 1 2 1 )  r e m a i n e d  u n c h a n g e d  w i t h  a  B u r g e r s  v e c t o r  
a / 2  [Ill] c o n t i n u o u s  c h a n g e s  o f  t h e  d i s l o c a t i o n  s p i r a l  a t  ( 1 1 0 )  w e r e  
n o t i c e d .  I n  F i g .  I d  t w o  o p p o s i t e  s p i r a l s  m a r k e d  b y  a r r o w s  a r e  o f  s p e -  
c i a l  i n t e r e s t .  The b e n d i n g  n e t  p l a n e  r i n g s  i n d i c a t e  t h a t  i n  t h i s  c a s e  
p a r t i a l  d i s l o c a t i o n s  a r e  p r e s e n t  w h i c h  g i v e  r i s e  o f  a  s t a c k i n g  f a u l t .  
S i m i l a r  p r o p e r t i e s  h a v e  b e e n  o b s e r v e d  a l s o  f o r  n i o b i u m  w i t h  a n d  w i t h -  
o u t  d i s s o l v e d  h y d r o g e n ,  o x y g e n  a n d  n i t r o g e n  a n d  w i t h  a n d  w i t h o u t  c o l d  
w o r k  t r e a t m e n t s .  
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F i g .  2  - F I M - p i c t u r e s  o f  Nb w i t h  d i s l o c a t i o n s  and s l i p  s t e p s  1 , 2 , 3 , 4 , 5  
imaged w i t h  neon a t  3 . 1 0 - ~  Pa and 8 0  K b e f o r e  r u p t u r e  o f  t h e  t i p .  
T i n e  i n t e r v a l s  2  s e c o n d s .  

I n t e r e s t i n g  d y n a m i c a l  p r o c e s s e s  c o u l d  be  o b s e r v e d  w i t h  n i o b i u m  t i p s  
e t c h e d  i n  a  m e l t  o f  K O H  and NaN02 and e l e c t r o p o l i s h e d  w i t h  a c  v o l t a g e s  
be tween  0 , 5  and 1 , 0  V when h y d r o g e n  and oxygen had been d i s s o l v e d  i n  
t h e  t i p s .  I f  s u c h  Nb t i p s  a t  h i g h  f i e l d s  a r e  warmed t o  50°C i n  U H V  and 
t h e n  imaged w i t h  neon a t  3 . 1 0 - ~  Pa d u r i n g  c o o l i n g  down t h e  s a m p l e  one  
o b s e r v e s  sudden  d i s p l a c e m e n t s  o f  l a r g e r  s u r f a c e  a r e a s  by f i t s  and 
s t a r t s .  To p r e v e n t  a  r u p t u r e  o f  t h e  t i p  t h e  f i e l d s t r e n g t h  h a s  been d i -  
m i n i s h e d  by n e a r l y  1 0  %. I t  was t h e n  p o s s i b l e  t o  image t h e  a p p e a r a n c e  
of  s l i p  s t e p s  w i t h i n  t i m e  i n t e r v a l s  o f  2  s e c o n d s .  

F i g . 2 a  shows t h e  FIM p i c t u r e  o f  a  n i o b i u m  t i p  w i t h  d i s s o l v e d  r e a c t i v e  
g a s  imaged w i t h  neon a t  3 . 1 0 - ~  Pa a t  8 0  K w i t h  a  l a r g e r  d i s t u r b e d  a r e a  
on t h e  l e f t  s i d e  a f t e r  r u p t u r e  of a  l a m e l l a  and many d i s l o c a t i o n s  on 
t h e  r i g h t  s i d e  o f  t h e  p i c t u r e  s e v e r a l  marked by a r r o w s .  The F i g . 2  b , ~ ,  
d show t h e  s u c c e s s i v e  a p p e a r e n c e  o f  s l i p  s t e p s  1 , 2 , 3 , 4 , 5  w i t h i n  6 s e c .  



F i g .  3  - F I M - p i c t u r e s  o f  Pd w i t h  d i s l o  a t i o n  a n d  s t a c k i n g  f a u l t s  w i t h  
d e c o r a t i o n  i m a g e d  w i t h  h y d r o g e n  a t  Pa a n d  1 2 0  K .  

T h e  d i s l o c a t i o n  d i p 0 1  t o  b e  s e e n  o n  t h e  ( 0 1 0 )  p l a n e  i n  F i g . 2 b  e x t e n d s  
a f t e r  f i e l d  e v a p o r a t i o n  o f  o n e  l a y e r  o v e r  t w o  p l a n e s  as  c a n  b e  r e c o g -  
n i z e d  i n  F i  . 2 c .  The  s l i p  s t e p s  1  a n d  2  a l l o w  t o  d e t e r m i n e  t h e  B u r g e r s  
v e c t o r  a i 2  f l i 1 7  b e l o n g i n g  t o  t h i s  d i s l o c a t i o n .  The  f i r s t  f o u r  s l i p  
s t e p s  o f  F i g . 2 b  a n d  c  d i s a p p e a r e d  r a p i d l y  b y  f i e l d  e v a p o r a t i o n  b e f o r e  
s l i p  s t e p  5 i n  F i g . 2 d  a p p e a r e d .  

F i g . 3  shows F I M - p i c t u r e s  o f  a  Pd t i p  i n  [ I 0 0 1  o r i e n t a t i o n  w i t h  a  t i p  
r a d i u s  o f  27  n n  i m a g e d  w i t h  h y d r o g e n  a t  1 2 0  K .  V a r i o u s  l a t t i c e  d e f e c t s  
c a n  w e l l  b e  r e c o g n i z e d .  The  b r o a d  d a r k  s t r i p e  t h r o u g h  t h e  c e n t r a l  ( 1 0 0 )  
p l a n e  i n  F i g . 3 a  a n d  b  m a r k e d  b y  a r r o w s  i s  l i m i t e d  b y  s l i p  s t e p s  w h i c h  
a r e  o r i g i n a t e d  b y  p a r t i a l  d i s l o c a t i o n s .  T h i s  i s  p r o v e d  b y  t h e  s t e p p e d  
s p i r a l  t o  b e  s e e n  o n  t h e  ( 1 0 0 )  p l a n e  i n  F i g . 3 b  a f t e r  t h e  f i e l d  e v a p o -  
r a t i o n  o f  3  l a y e r s  ( 1 0 0 ) .  F u r t h e r  f i e l d  e v a p o r a t i o n  o f  3  l a y e r s  ( 1 0 0 )  
l e d  t o  t h e  F i g . 3 ~ .  The n a r r o w  d a r k  t r a c e  b e t w e e n  t h e  l a r g e r  a r r o w s  i n  
F i g . 3 ~  i n d i r a t e s  a  p e r f e c t  d i s l o c a t i o n  w i t h  a B u r g e r s  v e c t o r  a / 2  [100] 
The s l i p  p l a n e  o f  t h i s  d i s l o c a t i o n  i s  a  ( 1 1 1 )  p l a n e .  T h i s  d i s l o c a t i o n  
d i s a p p p e a r e d  y e t  a f t e r  f i e l d  e v a p o r a t i o n  o f  o n l y  o n e  ( 1 0 0 )  l a y e r .  
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The b r i g h t  d e c o r a t e d  t r a c e  i s  r e l a t e d  t o  a  s t a c k i n g  f a u l t  p r o d u c e d  b y  
p a r t i  a1 d i s l o c a t i o n s .  The s p l i t t i n g  o f  t h e  b r i g h t  d e c o r a t e d  t r a c e s  a t  
t h e  r i m  s u p p o r t s  t h e  c o n c l u s i o n  t h a t  t h e  r e l a t i n g  s l i p  p l a n e s  a r e  ( 1 1 1 )  
p l a n e s .  I n  t h i s  c a s e  t h e  d i s l o c a t i o n s  a r e  p a r t i a l  d i s l o c a t i o n s  o f  t y p e  
a / 6  l 1 1 2 1 .  
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